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Using estimated strain rates across the actively deforming region of Asia to infer vari- 
ations in viscous stress, it is shown that gradients of stress point uphill toward the center 
of Tibet, where gravitational potential energy per unit surface area reaches a maximum. 
Thus, the dynamics of the deformation seem to obey the equation of creeping flow, which 
expresses a balance between gradients in stress and the gravitational body force. This 
balance, in the region of the Tibetan plateau, yields an estimate of 10" pascal second 
for the average viscosity of the Tibetan lithosphere, which is only about 10 to 100 times 
greater than the viscosity of the convecting upper mantle. 

Plate tectonics gained acceptance 25 to 30 
years ago because it passed a simple quanti- 
tative test of its central tenet, that the 
kinematics of surface motions can be de- 
scribed by the rigid-body motions of a small 
number of plates. A single angular velocity 
 res scribes the relative velocities of all 
points on any pair of rigid bodies on the 
surface of a snhere: relative motions mea- 
sured across the narrow (tens of kilometers 
wide) bands of intense seismicitv and defor- 
mation that separate broad regions with 
little or no seismic activitv agreed with the , 
motions expected from the relative rotation 
of rigid plates, and demonstrated the valid- 

& 

ity of plate tectonics, at least for the oceanic 
Darts of Earth (1  ). 

No comparably simple description of 
the tectonics of the continents has been 
accepted. The deformation of continental 
regions is not confined to narrow bands, 
but is spread over regions hundreds to 
thousands of kilometers in horizontal ex- 
tent. The actively deforming part of Asia, 
which we consider here, is larger than 
several of the smaller oceanic ~ la t e s .  The 
diffuse nature of the deformation led to 
the inference that the continents, like 
Earth's mantle, behave as continuously de- 
forming solids, rather than as rigid plates 
[for example, (2-4)]. 

The hypothesis of rigidity of plates was 
tested by measurements at widely spaced 
points around the edges of plates (1 ), without 
the need for measuring velocities in the plate's 
interior. In contrast, testing the hypothesis 
that continental deformation is continuous 
requires knowledge of spatial derivatives of 
stress, quantities much more difficult to deter- 
mine than velocities. Furthermore, measure- 
ments must be made not only at the bound- 
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aries of deforming continents, but throughout 
entire deforming regions. Making some sim- 
plifications to the equation of stress balance 
in a continuous medium, we carried out a test 
of its applicability to the tectonics of Asia, 
estimating the stress field from observations of 
Quaternary faulting. 

Inertial terms are negligible in tectonic 
processes, so the governing equation for the 
deformation of a continuous lithosphere is 
the stress balance equation, which states 
that gradients of stress are balanced by the 
force of gravity per unit volume 

where a,, is the ijth component of the stress 
tensor, x, is the jth coordinate direction, p is 
the density, and g, is the ith component of 
acceleration due to gravity ( 5 ) .  

Because neither stress nor strain can be 
measured at depth within the lithosphere, it 
is impossible to determine the vertical gra- 
dients of stress in Eq. 1 (6). We therefore 
treat deformation of the lithosnhere in 
terms of vertical averages of stress and strain 
rate in a thin sheet of fluid [for example, (3,  
4 ,  7)]. This simplification is appropriate 
where the horizontal dimensions of a region 
of active deformation exceed by many times 
the thickness of the lithosnhere (8). 

Gravity anomalies show that, on length 
scales >I00 to 200 km, densitv contrasts 
within the lithosphere are isostatically com- 
pensated. Thus, the weight per unit area of 
any column of rock is supported by the 
vertical traction, a,,, on its base 

where 7 is depth, z' is a variable of integra- 
tion, and g is the acceleration due to grav- 
ity. With this simplification, a,, can be 
specified from a knowledge of the density 
structure of the lithosphere. 

The horizontal equations in Eq. 1 may 
be expressed in terms of deviatoric stress 
(9) ,  and simplified by taking vertical aver- 

ages and neglecting shear tractions on the 
base of the lithosphere [for example, ( lo) ]  

where L IS the thickness of the llthosphere, 
7,) 1s the Ilth component of the devlatorlc 
stress tensor, averaged verticall) through 
the llthosphere, and 

L 

= -[ a--(zIdz = g [[p(zOdzt (4)  

For isostaticallv balanced columns of litho- 
sphere, differences in r are equal to differ- 
ences in the gravitational potential energy 
per unit area between columns (4,  10-12). 

Equation 3 states that horizontal gradients 
of the deviatoric stress required to deform a 
thin viscous sheet are balanced by horizontal 
gradients of its gravitational potential energy 
(4, 7, 10, 11 ). A simple test of the hypothesis 
that deformation of the continents is de- 
scribed by this balance would be to determine 
whether the left-hand side of Eu. 3, derived . , 

from observations of deformation, corresponds 
to gradients of lithospheric potential energy, 
derived from a knowledge of the density struc- 
ture of the lithosuhere. Because there are no 
observations of components of vertically av- 
eraeed stress in the lithosphere and no direct 
observations of the gravitational potential en- 
ergy of the lithosphere, we proceeded by using 
observable proxies for both quantities. 

The stresses in Eq. 3 can be related to 
deformation by specihing a relation be- 
tween the vertically averaged deviatoric 
stresses and the vertically averaged strain 
rates in the lithosphere. The vertical aver- 
ages of a wide range of possible rheological 
profiles for the continental lithosphere 
probably obey a relation of the form 

where E, is the ijLh component of the strain 
rate, assumed independent of depth 

where u, is the ith component of velocity, 
and E = a, with the convention of 
summation over repeated subscripts (1 3). 
Equation 5 expresses the rheology of a 
"power law" fluid, whose effective viscosity, 
l/ZBE""~', decreases with increasing mag- 
nitude of the strain rate ( 1  3). 

We make the simplii$ing assumption, 
which is doubtless wrong in detail, that the 
variations in components of the average de- 
viatoric stress in the lithosphere, T,), arise prin- 
cipally from variations in strain rate (that is, 
we assume B to be constant). With this as- 
sumption, we can define a dimensionless 
stress 
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7.. where 

7; = 2 x (1 set)'''' = x (1 sec)'ln 
B r* = r /BL x (1 sec)"" (9) 

and Eq. 3 becomes 
is the dimensionless potential energy of a 
column of lithosphere. 

&=Jax - &2ax + aQay = ar*/ax I' in Eq. 3 is related to the gravitational 
potential energy of the whole lithosphere - a72ay + a72ax = ar*/ay (1 I ) .  Assumine constant crustal densitv and . . " 

(8) ignoring lateral variations in the density of 

Fig. 1. Field of crustal velocities in Asia [from figure 9 of (1911. Arrows show crustal velocities calculated 
by integrating estimates of strain rates within triangular regions, derived from Quaternary slip rates on 
faults. Velocity is shown relative to undeforming Eurasia. 

Flg. 2 Strain rates of triangular regions in Asia [from figure 9 of (19)], converted to dimensionless stress 
using Eq. 7, with n = 3. ~ a k  show principal horiiontal stresses; black bars correspond to contractional 
stress and whiie bars to extensional stress. Lengths of symbols are proportional to the magnitude of the 
respective principal nondimensional stresses (arbitrary scale). 

the mantle, the difference Ar in gravita- 
tional potential energy per unit area be- 
tween any two isostatically balanced col- 
umns of lithosphere is simply 

where p, and p,,, are, respectively, the den- 
sities of crust and mantle, and S1 and S ,  are 
the thicknesses of crust in the two columns. 
We use Eq. 10 to approximate gravitational 
potential-energy differences, estimating 
crustal thickness from surface elevation by 
assuming isostatic balance with a standard 
column of oceanic ridge (14). We recognize 
that w i b l e  variations in the thickness and 
temperature structure of the mantle portion 
of the lithosphere can also contribute to 
potential-energy contrasts within the litho- 
sphere [see, for example, (1 1, 15, 16)], but 
these variations are poorly determined in 
Asia. 

Because logistical and political difficul- 
ties preclude the direct measurement of 
strain rates over the whole of the actively 
deforming region of Asia, determination of 
the active strain of this region relies on 
incomplete information fro; earthquakes 
(1 7, 18) and from the rates of slip on faults 
(19, 20). Strain rates estimated from such 
observations are likelv to be inconsistent 
between neighboring kgions, thus forming 
an unreliable basis for estimating the gradi- 
ents of strain that are required for the test 
proposed above. 

We circumvented this deficiency [fol- 
lowing (1 8, 21 )] by imposing on the obser- 
vations the constraint that the strain rates 
be self-consistent (or compatible in the 
sense of St. Venant) in that they should be 
derivatives of a velocity field (19, 22). We 
covered the region of interest with a mesh 
of triangles (Fig. I), in each of which we 
determined strain rates from estimated 
Quaternary slip rates of the major faults in 
Asia, using the method of Kostrov (23). We 
related strain-rate components within each 
triangle to the relative velocities of its ver- 
tices, forming a set of normal equations that 
could be solved to yield the velocity field 
(Fig. 1). Self-consistent strain rate compo- 
nents were then derived by differentiation 
of these velocities. 

The most active deformation in eastern 
Asia occurs within the region 70° to 1 10°E, 
and 25" to SON, and we restricted our 
analysis to this region. If the deformation in 
Asia can be approximated by that of a thin 
viscous sheet, then the gradients of dimen- 
sionless stress in Eq. 8 should point in di- 
rections of increasing potential energy, and 
therefore, approximately uphill on a map of 
regional topography (Eq. 10). 

We converted the self-consistent strain 
rates into dimensionless stress, using Eq. 7 
(see Fig. 2), then interpolated them onto a 
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regular grid of spacing 2' in latitude and 
longitude, using a Gaussian smoothing 
function with a half-width of 200 km. From 
these gridded data, we constructed the spa- 
tial derivatives of dimensionless stresses by 
standard space-centered finite difference 
approximations. Estimating the left-hand 
side of Eq. 8 from these derivatives yields 
vectors (Fig. 3; arrows) that indeed point 
uphill around the Tibetan Plateau. 

A second comparison can be made by 
integrating these gradients of dimensionless 
stresses to yield the dimensionless potential 
energy (Eqs. 8 and 9). This quantitity 
reaches its maximum over the Tibetan pla- 
teau (Fig. 3), as should be expected if this 
region deforms, at least approximately, as a 
viscous sheet (Eq. 3). There is, however, far 
from perfect agreement between estimated 
and calculated potential energy in other 
parts of Asia. For example, large variations 
of potential energy are calculated in the 
northeastern part of the region, around 
Lake Baikal, where the topographic slopes 
are small, and the calculated potential-en- 
ergy decreases across the Tien Shan, in 
disagreement with the increase that is ex- 
~ected from the increase in surface height. 

These disagreements may arise because 
of thesimplifing assumptions made in our 
analysis. To calculate gradients in stress, 

and estimates of potential energy from these 
gradients, we assumed that the same rheo- 
logical parameter B applies to the entire 
region. Variations in B, as well as influenc- 
ing the distribution of deformation, would 
contribute significantly to mismatches in 
potential energy (24); such variations have 
been suggested among northwest Tibet, the 
Tarim basin, and the Tien Shan [for exam- 
ple, (25)l. The assumption of Airy isostatic 
compensation to estimate potential energy 
also introduces an error; variations in po- 
tential enerev due to lateral variations in .., 
the temperature structure of the upper man- 
tle can be as large as those due to changes in 
crustal thickness (1 1, 15); such variations 
may affect the region of Mongolia and Lake 
Baikal, which seems to be underlain by 
buoyant upper mantle (26). The assump- 
tion that differences in the potential energy 
can be determined from differences in sur- 
face height works best where crustal thick- 
ness variations are largest; in Asia, this is in 
the region of Tibet. Finally, the application 
of Eq. 3 implies that basal shear tractions 
are negligible-a reasonable assumption for 
Tibet but perhaps not for other regions, 
such as the Himalaya, where Indian litho- 
sphere is thrust beneath the southernmost 
Tibetan plateau. For these reasons, we con- 
sider the comparisons of potential energy to 

be meaningful only in the region of Tibet. 
The potential energy calculated from strain 
rates and the potential energy calculated 
from topography are completely indepen- 
dent quantities; agreement between the two 
in the region of Tibet provides support for 
the hypothesis that Eq. 3 describes the ac- 
tive deformation there. 

If deformation of a homoeeneous viscous 
sheet characterized the tecGnics of the re- 
gion, then estimates of dimensionless po- 
tential energy made from the strain-rate 
field would vary linearly with potential en- 
ergy estimated from topography, with a 
slope equal to the value of BL (Eq. 9). 
Comparison of these two estimates of po- 
tential energy per unit area over Asia (Fig. 
4) reveals considerable scatter for low areas 
but a linear trend for the region around 
Tibet. Assuming L = 100 km, the slope of 
this trend yields an estimate for the spatially 
averaged rheological parameter, B = 1.3 X 
1012 N mw2 sln. For this value of B, the 
effective viscosity of the lithosphere is ap- 
proximately N m-2 s-' (Table I). This 
viscosity, Pa-s, appropriate to a typ- 
ical strain rate of 10-l6 to 10-l5 s-', is 

PE from topography (lo1* N m) 

Fig. 4. Calculated dimensionless potential energy 
(PE) (contours in Fig. 3) against the potential ener- 
gy calculated from Eq. 10, using observed values 
of surface height in Asia. Wid symbols are for 
regions where surface height lies above 3000 m 
(on the Tibetan plateau), and gray symbols are for 
the region around Lake Baikal. Open symbds are 
for the remainder of the region shown in Fig. 3. 
The straight line has a slope of 1.3 X 1 01* N rn-= 
s1 13 (28). 

Table 1. Strain rate (i: = fie), effectiveviscosity 
of the l i p h e r e  h = (1/2)BE1/"-I], and vertical- 
ly averaged deviatoric stress [T = Bil/nfi(l/n-lq, 
calculated for B = 1.3 x 1 012 N m-= sl" and n = 

k 3. 

80' 100' 
i: rl 7 

go' (s-l) (pas) (Mpa) 

Fig. 3. Arrows show gradients of dimensionless gravitational potential energy, derived by taking the 
1v14 

appropriate combinations of derivatives of dimensionless stress, as given by Eq. 8. Lengths of arrows 1v15 
1.1 x 102' 22 

are proportional to the size of the gradients, but scale is arbitrary. Contours show values of dimension- 
5 Xl02' 10 
2 x 1 P  5 

less gravitational potential energy, derived by integrating the gradiits of potential energy. Labels on 10-17 1.1 x lOP 2 
contours show values of dimensionless potential energy (Eq. Q), multiplied by a factor of 108. 
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greater than the viscosity of the convecting 
upper mantle by only one, or at most two, 
orders of magnitude [for example, (27)], 
suggesting that the continental lithosphere 
of Asia is more properly regarded as belong
ing to the fluid portion of the solid earth 
than to the relatively small fraction of Earth 
that behaves as rigid plates. 
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Deformation in the Lower Crust of the San 
Andreas Fault System in Northern California 

Timothy J. Henstock, Alan Levander, John A. Hole 

A continuous seismic velocity and reflectivity cross-section of the San Andreas fault 
system in northern California shows offsets in the lower crust and the Mohorovicic 
Discontinuity near the San Andreas and Maacama strike-slip faults. These faults may cut 
through the crust to the upper mantle in a zone less than 10 kilometers wide. The northern 
California continental margin to the eastern edge of the Coast Ranges is underlain by a 
high-velocity lowermost crustal layer that may have been emplaced within 2 million years 
following the removal of the Gorda plate slab. The rapid emplacement and structure 
within this layer are difficult to reconcile with existing tectonic models. 

The relation between deformation in the 
crust and mantle is uncertain. A key area in 
which to examine this relation is the San 
Andreas fault fault system (SAFS) in north
ern California. Here, the SAFS includes the 
San Andreas fault (SAF), Maacama fault 
(MF), and Bartlett Springs fault (BSF). We 
wish to know whether the faults cut directly 
through the crust and into the mantle, or 
whether the upper crustal faults are linked 
by sub-horizontal detachments to the lower 
crust and mantle, so that motion in the 
mantle is not directly coupled to that in 
the overlying crust. The development of 
the SAFS is related to the migration of the 
Mendocino Triple Junction (MTJ) (1). As 
the MTJ migrated northward, the Gorda 
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slab is thought to have been removed from 
beneath northern California and replaced 
by the upwelling of asthenospheric mantle 
(2). 

Here, we present results from the 1993 
and 1994 MTJ seismic experiments (3, 4) 
along an east-west line at latitude 39.4°N 
extending from the Pacific Ocean basin to 
the eastern side of the Coast Ranges (Fig. 
1A). Gravity (5), teleseismic (6), and crust
al seismic data (4) suggest that the southern 
edge of the Gorda slab lies 50 to 100 km to 
the north of the profile. Recent volcanism, 
dated at 2 Ma, in the Clear Lake region 50 
to 100 km to the south of the profile has 
been attributed to upwelling in the wake of 
MTJ migration (7). 

We developed a P-wave seismic velocity 
model using the travel times (8) of reflected 
and refracted arrivals from land, marine, and 
onshore-offshore recordings (Fig. 1C). The 
seismic velocity model shows that the upper-
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