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ABSTRACT. The subsurface deformation associated with earthquake
faulting is modeled within a three-dimensional homogeneous half-space. It
is found that at the boundary of ruptured fault, the strike slip faulting
changes mainly the horizontal displacement field, shear stress; while dip
slip events affect primarily both the vertical and horizontal components,
normal stress. Yiscoelastic gravitational layered model was utilized for
computing the postseismic displacement. The modeled postseismic
subsurface uplift for five historical events match the geoid high found in the
Himalayas. Such geoid residual may serve as a signature of historical
events thus can be used to study the existence of seismic gaps.

1. INTRODUCTION.

Stress and its changes are two of the most important factors controlling

the earthquake process. And direct measurement of stress in the Earth at the

depth of hypocenter is very difficult. Changes in stress associated with

seismic activity, however, can be calculated using simple model (Deng

and Sykes, 1997). The subsurface change due to earthquake faulting is an
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important factor in studying induced earthquakes, aftershock sequences, and

seismicity migration. Kagan (1994) states that normal stress level has little

influence on earthquake occurrence. Bodin and Gomberg (1994), and

Anderson et al. (1994) have noticed that major earthquake trigger sequences

of events. Rydelek and Sacks (1990) studied the surface deformation caused

by stress diffusion from the viscoelastic response of a major event. These

studies rely on the temporal and spatial distribution of stress associated with

earthquakes and fault creep. However, these studies focus on the surface

stress change only. To understand such phenomena in detail, a model capable

of calculating the three-dimensional subsurface stress change and

displacement is needed. Using the elastic dislocating model proposed by

Okada (1985, 1992); Mansinha and Smylie (1967, 1971); and Press (1965)

for a uniform dislocation over a rectangular fault plane in a half-space, we

can compute normal, shear stress changes and displacements due to

earthquakes with various rakes at different depths. For the postseismic

displacement field, we used the viscoelastic gravitational layered model of

Fernández et al., (1996), and Yu et al. (1995). In this work we study the

stress changes and displacements in elastic (coseismic) state at different

depths. We also model the subsurface uplift due to thrust events in order to

match the 11O-km wave length geoid residual high observed in the Himalayas.

2. THE ELASTIC DISLOCATION HALF-SPACE 3D MODEL.

Steketee (1958) derived the set of equations that can be used to

compute deformation caused by a shear dislocation of a fault embedded in

elastic half-space. This kind of the Volterra's formula gives the displacement

field as an integral over the fault surface involving nuc1ei of strain that can be
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interpreted as being due to the action of systems of point sources. With

contribution from many other authors (e.g. Press, 1965; Mansinha and

Smylie, 1967, 1971; Okada, 1985, 1992) it is now possible to compute the

changes in stress at various depths associated with any style of earthquake

faulting that can be modeled using dislocation displacements across patches

of simple planar geometry. Although the formula of Okada (1985, 1992) have

been widely cited to compute the displacement and stress changes associated

with earthquake faulting, the numerical singularity problem in this formula

creates unreasonable results at the case of dip angle close to horizontal and

vertical. To avoid such error in computation, many special condition have to

be considered within the code; for example, the vertical fault have been

treated differently in Okada' s formula for both the cases of strike and dip slip

fault. Not only the case of vertical fault will product the singularity problem,

but also for the cases of dip angle close to 0° and 90°. Ensuring such bugs

have all been taken cared, we deploy the formula from Press (1965);

Mansinha and Smylie (1967, 1971) to double check the computed results.

3. THE VISCOELASTIC GRA VITATIONAL LA YERED MODEL.

Stress change resulting from the slip on fault is concentrated at the fault

tip Das and Scholz, (1982). Li et al. (1987) also stated that shear stress is the

dominant force in the earthquake triggering mechanism. However, these

statements are valid only for the case of strike slip faulting. The coseismic

displacement and stress change at surface and underground due to an

earthquake faulting in a homogenous half-space can be computed with the

formula of Okada (1982, 1995). It is found that stress change is concentrated

at the edge of the fault, and the shear stress is dominated in the case of strike
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slip faulting. On the other hand, normal stress controls the case of dip slip

faulting (Yu, 1995).

The gravitational-viscoelastic displacement model due to a fault in an

elastic layer overlying a viscoelastic half-space developed by Rundle (1978),

Yu (1995), Fernández et al. (1996) were used. This involved calculating

Green's functions for the point thrust source in an elastic-gravitational layer.

The viscoelastic half-space behaves as a MaxwelI solido The gravity is

incorporated into this calculation because it contributes a measurable amount

to the displacements generated by the thrust faults (Rundle, 1982). The

reduced form of the goveming equation that is solved for a viscoelastic

gravitational half-space is (Love, 1911; Rundle, 1982):

2 1 Pog ( ) Pog\7u+--\7\7. u+--\7 u·ez ---ez\7·u=O,
1-2a p p

(1)

where u is the perturbed displacement vector in cylindrical coordinates (r, B,

z), r is distance, e is the azimuth, z is depth, e is the Poisson' s ratio, g is the

gravitational acceleration, Po is the density, and 11 is the rigidity. The

correspondent principle is used to introduce time dependence (Lee, 1955).

Which as sumes that if the solutions to the elastic problem are known, the

corresponding viscoelastic solutions can be found by simply replacing the

moduli with complex moduli in the expressions for displacements and stresses

and computing the inverse transforrns (Golden and Graham, 1988).

Therefore, the elastic-gravitational solution is directly related to the Laplace

transforrned viscoelastic gravitational solution. FinalIy, Green's function is

integrated over the entire source region to obtain near field displacements that
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vary over time from finite fault planes. The actual relaxation time of the

asthenosphere (in unit of tau) is found by comparing the computed

displacements with those observed. Once this is determined, the viscosity of

the viscoelastic medium can be estimated with 't=211/¡"¡', where 11 is the

viscosity of the Maxwell solid and ¡..¡. is the shear modulus which is roughly

1O11 dyne/crrr', In surnrnary, the viscoelastic-gravitational model used here

shows that when a fault ruptures in an elastic layer, the displacement creates

traction on the elastic-viscoelastic boundary. Such traction at depth is

propagated upward through the medium to arrive at the surface

displacernents.

4. SUBSURFACE DISPLACEMENT FIELD.

We first compute the subsurface displacement field due to a 300dipping

strike slip fault with fault width equal to 30 km, and fault length of 100 km.

Both the horizontal and vertical displacement fields are computed at the

surface, 10, 20, and 30 km depth in elastic state. For the purely elastic case,

the Lamé parameter (u) is equal to 3x1011 dyne/crrr. The three dimensional

images for this strike slip fault at depth equal to 10, 20, and 30 km are shown

in Figures 1, 2, and 3, respectively. For horizontal component, the maximum

slip is located at upper block of the fault and the magnitude is very similar to

each other for all the shown depths. As the vertical displacement field, the

pattern of uplift at depth equal to 10 and 20 km are very similar to each other.

But the rnagnitude of rnaximum slip at the lower edge of the fault plane, depth

= 20 km, is three times larger than the one within the fault plane (depth = 10

km). Another dramatic feature of this computed result is the opposite vertical

displacement pattern across the lower edge of the fault planeo In depth = 20
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Figure l. Con tour and 3D plot for the horizontal (upper diagram) and
vertical displacement field (lower diagram) due to a 30 o strike slip fault at
depths equal to 10 km. Direction and size of the arrow in horizontal field
are proportional to the computed size. X and Yaxis are shown in km, scale
of computed output are the ratio to the origin slip across the fault plane in
percent. The input parameters are length of the fault = 100 km, width = 30
km, ,,1,= u = sio" dyne/cm',
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Figure 3. The same as Figure 1, except depth = 30 km
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km case, we have positive vertical movement at upper-right portion of fault

plane and negative at the lower-left. Meanwhile, in depth= 30 km case, the

upper-right portion of the fault has negative vertical displacernent. The

magnitude of maximum vertical displacement at the edge of the fault plane is

about five times larger than the one beneath the fault. This phenomena

represent the maximum contrast of traction happened at the boundary of the

lower edge of fault planeo

In Figures 4,5, and 6 we show the case of dip slip with dip angle equal

to 300at depth 10, 20 and 30 km, respectively. In the depth = 10 km result, we

found the displacernent field is very similar to the one at surface. When the

depth increased to the position that is undemeath the lower edge of the fault

plane, 20 km, the vertical uplift has a reversed pattem when compare to the

one within the fault plane, depth = 10 km. For depth = 30 km, the vertical

plane with almost three times larger in magnitude. To the horizontal

displacernent field, the maximum magnitude at 30 km depth is almost doubled

the size for case of depth equal to 20 km. This implies that the maximum

traction change caused by dip slip fault is not located at the boundary of edge

of the fault, it happened at the place beneath the fault plane instead, and it

affects not only the vertical component but also horizontal, too.

5. SUBSURFACE UPLIFf.

Bilham (1995) computed the 1l0-km wavelength local geoid residual

from satellite data in the Himalayas. The peak of the geoid residual is

coincident with the location of major earthquakes in the collision zone (c.f.,

Figure 7). And the residual of geoid high in this plot also have close linkage to
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Figure 4. The same as Figure 1, except for the case of 300dipping thrust
fault at depth = 10 km.
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Figure 5. The same as Figure 4, except depth = 20 km.

4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
000
-0.50
-1.00
-1.50
-2.00
-2.50
-3.00
-3.50
-4.00
-4.50
-5.00
-5.50
-6.00
-6.50
-7.00



44 Ting-To Yu, José Femánde; and John B. Rundle

150.00

100.00

50.00

000

-50.00

-100.00

-150.00

-200~:ro:t.-=0-::-0--+:T:-=--+-~-:-:----:_50:::r::.OO!---O:--. t:-----!50~.00-=---+-:-1 0::-:0T:.OO:::-'>---:-1::-:50T.OO~

Dip slip dip=30 degree, depth=30 km

Figure 6. The same as Figure 4, except depth = 30 km.
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the mountains with 7000 meters height and above at the region. Those

founded negative geoid belts lie right at the collision zone, and also shown a

similar bending shape with topography. Whether the geoid residual height is

caused by the compensation of those high mountains or direct relative to

earthquakes? Does the India plate collided with the Eurasian plate cause the

negative geoid residual in front of the Himalayas? To model the origin of the

geoid residual, we assigned dislocations to five major events (1843, 1897,

1905, 1934 and one unknown time) to compute the subsurface uplift from

elastic to fully relaxed state. The reason for this assumption is that the

relaxation time in Himalayas in not well understood, and the acceptable value

of relaxation time ranges from years-to-decades globally. Therefore, it is

reasonable to assume the asthenosphere is in fully relaxed state for this study,

since the most recent event was 60 years ago. We used the Yu and

Fernández's programs to ca1culate the subsurface uplift due to 15° dipping

thrust events, length of the faults are 200 km, width of the fault equal to 40

km, and assumed all the earthquake fault ruptured to the surface. The

dislocation assigned for all the events across the ruptured fault plane are equal

to 5 m. Contour and 3D plot of the subsurface uplift due to these five events

surnmed from elastic to fully relaxed state with time step of 0.1 Tau at 20 km

depth is shown in Figure 8. The maximum uplift is 300 cm beneath the

projection of the ruptured fault, and we found corresponding uplifts

associated with those historical events. Modeled result have smaller

magnitude of subsurface uplift than the observed, this might caused by all the

assigned slip across the fault planes are all equal to 5 meters only. If we

increase this value to 6.7 meters than we can also match the magnitude of the

observed geoid without altering the pattern of displacement. With this

computed result, we can explain both the geoid high and low observed in
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Figure 7 without considering the effect of mountain compensation and plate

collision. The geoid high found in Figure 7 without a known dated earthquake

might be caused by an undocumented historical evento Computed subsurface

uplift associated with the geoid residual can thus be interpreted as the

signature of a historical event. In this way, our technique can be used to study

seisrnic gaps and paleoseisrnic events.

6. DISCUSSION AND CONCLUSIONS.

Homogeneous elastic half-space models based upon Okada (1986,

1992) formulas show that strike slip faulting affects primarily the horizontal

component of displacement field, shear stress; while dip slip faulting produces

changes mainly in both vertical and horizontal displacement field, normal

stress. Subsurface uplift summed from elastic to the fully relaxed state due to

five historical thrust events matches the local geoid residual in the Himalayas,

which may thus serve as a signature for historical events. This result implies

that all the five historical events, neither the mountain compensation nor the

plate collision at this boundary attribute to this anomaly solely affects the

observed geoid residual. This is very reasonable, since the wave length of

geoid due to mountain root compensation and plate collision should be longer

than 11O km as shown in Figure 7. As the result, these effect will be treated

as back ground geoid; than be removed in the process of frnding local geoid

residual, therefore it will not be seen in Figure 7.
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