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PRECURSORY SURFACE DEFORMATION IN GREAT PLATE
BOUNDARY EARTHQUAKE SEQUENCES

By V. C. L1 aND J. R. RiCE

ABSTRACT

We present an analysis of time-dependent precursory source processes and
associated ground surface deformation prior to the great earthquake rupture of
a long seismic gap zone along a transform plate boundary. This work is based
on a theoretical model proposed by Li and Rice (1983) and reviewed briefly here.
In the model, thickness-averaged stress transmission in the lithosphere is ana-
lyzed by a generalized Elsasser plane stress model which includes coupling to a
viscoelastic asthenosphere. Upward progression of preseismic rupture at each
section along strike is analyzed as quasi-static extension, in local antiplane
strain, of an elastic-brittle crack; this provides the necessary boundary condition
(in the context of the “line-spring procedure™) along strike for the Elsasser plate
model. The approach to instability is simulated using what are thought to be
typical material and tectonic parameters. It is found that prior to a large earth-
quake, the shear strain increases rapidly near the seismic gap zone but tends to
diminish at moderate distances from the plate boundary. Such a strain-reversal
phenomenon, although difficult to measure at present due to its small magnitude,
may be helpful in the interpretation of geodetic measurements and in the planning
of geodetic network locations for the purpose of earthquake prediction. The
acceleration of slip, with consequent acceleration of stress increase in the upper
brittle crust, predicted by the model may provide a plausible explanation for
nonlinear features associated with seismicity preceding some major events (see,
e.g., Raleigh et al., 1982). A “precursor time”, {...., during which anomalous strain
rate at the seismic gap exceeds twice its background level, is found to be in the
range of a couple of months to 5 yr, depending on the tectonic loading rate; t,..
varies approximately as R~"?(where R is a dimensionless loading rate parameter).
This precursor time may be associated with physical anomalities related to rapid
stress increase such as ground tilting, water table variation, and radon emission
which precede some large earthquakes. Consistent with observations, the anal-
ysis predicts longer precursor times for larger earthquakes.

INTRODUCTION

It has been observed that the majority of great shallow earthquakes occur at
tectonic plate boundaries, and that some have rupture lengths in the hundreds of
kilometers, or several times the lithospheric thickness. These earthquakes involve
a finite segment of the plate boundary which undergoes sudden stress drop accom-
panied by relative slip between the broken fault surfaces. In this paper, we are
interested in the time-dependent processes preceding seismic rupture at such a plate
segment under increasing tectonic load. These processes include the quasi-static
progression of zones of slip or concentrated shearing at the soon-to-rupture segment
as well as the resulting precursory ground surface deformation.

According to Reid’s (1910) theory, tectonic loading causes the accumulation of
elastic strain (near a locked segment along a plate boundary) which is released in
an earthquake. Superimposed on this strain field is that due to any preseismic fault
slippage at depth in the lithosphere. Such slip is plausible because the presence of
large-scale, block-like, tectonic movement implies that material deep in the litho-
sphere at a plate boundary takes on large concentrated shear deformations. Presum-
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ably, the high temperature and pressure at depth allow aseismic inelastic shear
displacement along deep portions of a plate boundary, consistent with the relative
shallowness of the seismogenic layer. The picture emerging is that a crack-like zone
of slip or concentrated shear spreads upward from the base of the lithosphere at a
plate boundary and progresses toward the surface due to increasing tectonic load
(Figure 1, a and b). Such a manner of loading the shallow and apparently brittle
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FiG. 1. (a) Coupled lithosphere/asthenosphere system showing zone of slip or concentrated shear
deformation progressing upward at a plate boundary. (b) Antiplane strain model of local section at x =
constant showing slip zone progression from which the constitutive relation ¢ = f(8) is derived. (¢) Two-
dimensional plate representation of (a); ¢ — 6 relation from (b) holds along discontinuity ~L < x < L.

portions of the lithosphere has been discussed by many authors (e.g., Savage and
Burford, 1973; Turcotte and Spence, 1974; Turcotte et al., 1979; Prescott and Nur,
1981; Dmowska and Li, 1982), and the preinstability slip processes implied have
been modeled by Stuart (1979a, b), Stuart and Mavko (1979), and Nur (1981). In
this paper, and in a companion paper (Li and Rice, 1983) on which it is based, we
emphasize the important role which coupling of the lithosphere to the asthenosphere
plays in the preinstability processes; this seems otherwise to have been neglected.
We also take into account the finiteness of the rupture length along strike, which
has been ignored in much of the existing modeling. We assume that the ends of the
slip zone (perhaps representing a “seismic gap zone”), Figure la, are bounded by
material or geometric barriers, or are a result of the destressing of material outside
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the gap by stress drops in recent adjacent ruptures. Results by Li and Rice (1983)
for rupture of a transform boundary, expanded upon here and based on their
“elastic-brittle crack” model of rupture progression, suggest that upward extension
of this slip zone is stable until some time before the earthquake on the order of
several months to several years (based on representative values for material and
fracture parameters that they infer; see subsequent discussion on “Precursor Time”).
It is this final stage of the slip zone progression that we shall address in the present
paper. Indeed, although the elastic-brittle model of plate boundary response is
hardly adequate for describing the activation of slip at depths of ductile shear flow,
it does seem appropriate for this final stage which, as will be seen, involves upward
penetration of the slip zone through the strongest portions of the brittle seismogenic
layer. We focus, in particular, on the ground surface strain and strain rate during
this final period, since a description of their time and space characteristics may
form a basis for interpreting possible precursory signals to an imminent great
earthquake.

The basic modeling of the upward progression of rupture described above has
been carried out in the companion paper. To make this paper self-contained,
however, the modeling procedures are first described briefly. But primary emphasis
is placed on presentation of results on the time-dependence of the rupture process
and associated consequences for surface strain and strain rate.

THE MODELING PROCEDURE

The lithosphere/asthenosphere system with a seismic gap zone is modeled as a
two-dimensional plate containing a discontinuity along —L < x < +L (Figure 1c).
With increasing tectonic loading, the plate is assumed to undergo “generalized”
plane stress deformation. In the context of a linear formulation, the lithosphere
thickness-averaged shear stress ¢ (= o0,,, x directed along strike, y perpendicular)
on the discontinuity may be related to arbitrary thickness-averaged slip 6(x, t) [=
u(x,y=0%t) — u.(x, y = 07, t)], within the approximation of a two-dimensional
plate model, by,

2
o(x, t) = go(x, t) — f f glx — %', t') J Z(%att ) dt’dx’ (1)

where oo(x, t) is the tectonic stress that would be transmitted across the plate
boundary in the absence of slip (see section on “Tectonic Stressing Rate” for
detailed discussion of ¢¢). Here, g(x, t) is a Green’s function which represents the
structural stiffness of the earth model. The explicit time-dependence of g(x, t) is
appropriate when account is taken of viscoelastic mantle deformation as in our
present modeling. In fact, g(x, ¢) is the thickness-averaged stress at a point x along
strike and at time ¢ due to a unit dislocation of thickness-averaged slip suddenly
introduced uniformly along x = 0 and at time ¢ = 0. Of course, this two-dimensional
plate model by itself cannot account for details of the slip process along the plate
boundary. To supply it with the missing information in the depth-wise direction at
the discontinuity, an antiplane strain model (Figure 1b) is adopted to represent slip
progression at each plane slice x = constant. Specification of depth-wise variation
of material behavior affords a relation between ¢ and 6 at the plate boundary. Thus

olx, t) = flé(x, t), x]. 2

The explicit x dependence allows the possibility of mechanical heterogeneity along
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strike. Equations (1) and (2) combine to form a closed system, from which ¢(x, t)
and 6(x, t) may be solved, once gy(x, t) is specified. Such an approach is really a
simple generalization of the Rice and Levy (1972) “line-spring” procedure for
analyzing part-through tensile cracks in elastic plates. Essentially, it recognizes
that owing to the part-through cracked section, the lithospheric plate has severe
local concentrations of strain over distances from the fault surface of extent
comparable to the plate thickness (Figure 1a). Such concentrated deformations are
conveniently lumped into a discontinuity along strike of the plate boundary (Figure
1c). The modeling procedure described is quite general and can take on any degree
of sophistication in the description of the lithosphere/asthenosphere system [i.e.,
g{(x, t)] and in the description of the mechanical property of the seismic gap zone
[i.e., f(3, x)]. For illustration, a specific earth model and a plate boundary slip-
progression model is presented in the following two sections. There, two simplica-
tions are adopted. First we ignore nonuniformity of mechanical strength along strike
so that o(x, t) = f[6(x, t)] only. Second, we treat ¢ and é as uniform along a long
seismic gap zone (2L > H), as in the “single degree of freedom” procedure of Li and
Rice (1983). Thus, equation (1) may be replaced by a relation between a (£), ao(t),
and 6(t), conveniently written in an inverted form as

6(t) = f Clt—1t')— dt’ [o0(t") — o(t')]dt’ 3)

where C(t) is a compliance of the adopted earth model. Relaxation of the above
simplications have been attempted by Li (1981) only in the case when the asthen-
osphere is uncoupled from the lithosphere.

Time-dependent compliance of the generalized Elsasser model. The plate model
adopted here is the generalized Elsasser model developed by Rice (1980) and
discussed in detail by Lehner et al. (1981). It treats the lithosphere as an elastic
plate (with shear modulus G and Poisson’s ratio ») of thickness H which can undergo
elastic plane stress deformations and which rides on a Maxwellian viscoelastic
asthenospheric foundation with averaged viscosity n and thickness k (Figure 1a).
Consideration of the thickness-averaged stress equilibrium equation, the plane
stress-strain relation and an elementary Maxwell model of the foundation (Lehner
et al., 1981) leads to the equations governing the in-plane thickness-averaged
displacements u;(x, y, t) (where j = x, y)

(92u_,' 1+ azuk _ Gu,-
<°‘ M Bar) kE,y <ak2 T gk) T e

a = hHG/y, g =0bH (4)

Here, b = (n/4)°H is an effective short-time elastic coupling thickness of the
viscoelastic foundation (assumed to have shear modulus G as well) which supplies
resistive basal shear to the deformations in the lithospheric plate. It has also been
shown that for strike-slip motions, where the predominant displacement u is parallel
to the strike of the plate boundary, equation (4) may be replaced with little error
by the simpler model equation

2 2
(a+ﬁ%){(l+y)z?_+g.y_}=%g ®
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(having associated shear stress ¢,, = G(du/dy), the solution of which matches very
well that of (4) in several important limits (Lehner et al., 1981). Of particular
interest is the ratio 8/« = 7b/Gh which defines the relaxation time of the viscoelastic
foundation. For numerical illustrations, we have assumed the values = 2 x 10Y
Pa-s, G = 5.5 X 10" Pa, h = 100 km, and H = 75 km which gives 8/a = 5 yr. [The
value of 7 is based on postseismic rebound studies by Thatcher et al. (1980); see
also Lehner et al. (1981) for details.] For detailed development of equations (4) and
(6) and the choice of parameters, the interested reader is referred to the paper by
Lehner et al. and also to the companion paper by Li and Rice (1983).

Physically, the coupled plate model [equation (5)] describes the transmission of
stress in the lithospheric plate. The elastic shear strain stored in the plate and the
driving of the episodic movement at the plate boundary depends on the tectonic
load ¢o. As we shall discuss in more detail later in this paper, this tectonic load
must be related in some manner to the large scale tectonic plate movements remote
from the plate boundary. However, the structural compliance C(t) of the coupled
plate system also determines the manner in which slip occurs at the plate boundary
(much like the behavior of a test specimen with a saw-cut loaded by a machine of
finite stiffness). This compliance is necessarily time-dependent because of the
coupling to the viscoelastic asthenosphere. For example, if a stress drop suddenly
occurs along the plate boundary, the instantaneous reaction of the coupled plates
is stiff with the foundation behaving as an elastic solid, whereas the long time
reaction is more compliant since then, the foundation is completely relaxed and the
elastic lithospheric plate may be regarded as effectively uncoupled from the asthen-
ospheric foundation. The time scale of this relaxation process depends on the
relaxation parameter 8/, henceforth denoted ¢,, but is several times greater because
of coupling to the elastic plates (see Appendix).

The coupled plate compliance is also a function of the length 2L of the rupturing
zone. The longer the length, the more compliant is the coupled plate system. Indeed,
if we imagine a constant stress drop uniform along an infinitely long plate boundary,
the compliance tends to infinity as the foundation relaxes so that its load carrying
capacity diminishes to zero. In contrast, for a finite rupture length, the stress drop
could be carried by the unbroken part of the plate boundary so that the compliance
tends to a finite limit, even when the foundation is completely relaxed. Derivation
of the compliance C(t) that we use in our work has been carried out by Li and Rice
(1983) and is based on the solution to equation (5) given by Lehner et al. (1981) in
their approximate simulation of a finite zone of uniform stress drop along a plate

boundary. The result (Li and Rice, 1983, Appendix 2) can be written in the Laplace
transform domain as

o 2/L lfL
CO) = TG o, lerf V2N (6)

where A = 1/(1 + ») V8 + a/s. Inversion of (6) is not readily available in analytic
form. Note that a rupture zone length of 2L is assumed, and the relaxation time t
= B/« comes in through .

A mode 111 elastic-brittle crack model of antiplane strain deformation at a plate
boundary. The generalized Elsasser model described above deals with deformation
in the elastic plate in a thickness-averaged sense. In order to treat the rupture
progression at the plate boundary, and especially the surface deformation precursory
to an imminent earthquake, it is necessary to supply more detailed description in
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the thickness direction. To do this, we model the antiplane strain slip by progression
of a crack (of current length a; see Figure 1b) which advances under load ¢ when
the stress intensity factor at the crack tip reaches a prescribed level K, = K. (a).
The length of the crack corresponds to the depth of slip zone penetration.

Such an elastic-brittle model envisions that once the crack tip has passed a given
point, the local shear stress r there falls to a (possibly depth-dependent) residual
level. As commented by Li and Rice (1983), one can measure local stress levels from
this residual level, since only changes in stress are relevant for description of
changes in strain during the earthquake cycle, and hence, choose the thickness-
averaged stress ¢ so that one would have ¢ = 0 in a hypothetical state for which the
entire plate boundary was ruptured and slipping simultaneously. The elastic-brittle
model therefore models slip, once initiated, as taking place at constant local stress.
Ductile shear flow at depths below the seismogenic layer is perhaps better modeled
by taking 7 as a nonlinear function of local slip rate; but for strong nonlinearity, 7
varies little with substantial changes in slip rate, and hence slip at constant r as in
the elastic-brittle model may be an acceptable approximation. This seems particu-
larly so in the present case since we are concerned with the preinstability period
during which, so our calculations suggest, increases of ¢ are serving to drive the
advancing tip of the slip region upward through the strongest portions of the
seismogenic layer, and material response in that layer might plausibly be taken as
elastic-brittle.

For the elastic-brittle crack model, the stress necessary to achieve the critical
stress intensity factor and the corresponding thickness-averaged slip are [Li and
Rice (1983) as developed from Tada et al. (1973)]

K.(a)

o= (7a)
v2H tan(ma/2H)
4 H 1

5=;5“ﬂ{mﬁ>]- (7b)

Equations (7) are regarded as a constitutive relation [in the form of equation (2),
but now expressed parametrically in terms of @ and having no x variation] between
the plate boundary stress ¢ and the plate boundary relative slip 6 along —L < x <
+L. The choice of K.(a) means a specification of the mechanical property (i.e.,
K2/2G is the critical fracture energy ¥ of elastic crack mechanics) of fault zone
material as a function of depth. Motivated by Stuart (1979a, b), we have assumed
the fracture energy to have a Gaussian distribution, reflecting the increase of
fracture strength with higher normal pressure across the fault surface with depth
and decrease of fracture strength with higher temperature at depth. This decrease
corresponds to a decrease in the difference between local stress levels required to
initiate slip and those to sustain slip. Presumably, the peak of the fracture energy
Goax = Kn2/2G occurs at typical focal depths (H — a;), and the width of the brittle
layer is controlled by b (Figure 2). The fracture energy variation thus prescribed
confines seismicity in the upper brittle crust, while aseismic yielding occurs below
this seismogenic layer.

The elastic-brittle crack mode] can be regarded as a limiting case of the slip
weakening model used by Stuart (1979a, b). Li and Rice (1983) discuss conditions
for validity of this limiting case. They also show that instability predictions based
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on the elastic-brittle crack model sensibly simulate hypocentral depths, seismic
slips, and stress drops in great earthquakes if H — a;, the depth to peak resistance,
is taken in the range of 5 to 15 km, b in the range of 5 to 10 km, and %4,,, around 4
X 10° J/m? or perhaps a little lower.

The specific simulations that we show in this paper are based on choosing H =
75 km, H—a; = 7.5 km, b = 5 km, v = 0.25, and %, = 4 X 10° J/m?2. (See the
Appendix for the dimensionless form used for the governing time evolution equa-
tion.) The results shown are representative of those for other parameter choices in
the range cited, and Li and Rice (1983) show how predictions of the model depend
on these parameters. Further, although a Gaussian mathematical form is chosen
for the distribution of ¢ with depth, Li and Rice comment that only the portion
corresponding to values of a in the rise to peak fracture resistance, i.e., a values
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F1G. 2. Fracture energy variation as a function of depth; a is measured from base of lithosphere, a =

His bat ground surface, and a = q, is at maximum fracture resistance. Parameters chosen: H — o; = 7.5
km; b =5 km. )

slightly smaller than a,, are relevant to the prediction of postpeak (on a o versus &
plot) behavior and instability.

TIME-DEPENDENT PROCESS AT PLATE BOUNDARY

Equations (2), in the form given by (7), and (3) can be solved numerically
(Appendix) to trace the time history of the slip zone progression, if we define that
o = 6 = 0 at the beginning of the earthquake cycle (¢ as well as ¢, can be measured
relative to the residual frictional strength at the completion of the previous earth-
quake cycle). The o versus é relation resulting from the antiplane strain model in
equation (7) exhibits deformation weakening behavior. This means that the plate
boundary stress and slip first increase in response to increase in tectonic load oo
but, after some slip §, to peak strength, ¢ decreases while & continues to increase
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(Figure 3). This behavior reflects the diminishing load carrying capacity. of the plate
boundary and naturally leads to instability, or an earthquake.

A period of interest for generation of rapid preseismic time-dependent effects is
that between initial instability [corresponding to a state denoted by “I”, when the
plate boundary following ¢ — & relation unloads faster than the relaxed coupled
plate system with compliance C() in response to plate boundary slip] and final,
dynamic instability {state denoted by “D”, when the plate boundary unloads faster
than the unrelaxed coupled plate system with smaller compliance C(0)]. During this
period, the plate boundary is in a self-driven state, i.e., slip will continue to increase
even if the tectonic load is held fixed. These three stages at peak stress “P”, initial
instability, and dynamic instability are indicated in Figure 3, for a plate segment
with rupture length equal to five times the lithospheric thickness.
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Fic. 3. Postpeak stress-slip relation at plate boundary. The two states of initial instability (I ) and
dynamic instability (D) are shown for a rupture length equal to five times the lithospheric thickness;
(P) denotes peak stress state.

The rapid postpeak stress decrease with time at the plate boundary is shown in
Figure 4 for two tectonic loading rates. [The normalizing factor for stress is Kn /
VH =~ 24 bars, for %= 4 X 10¢ Jm~2and H = 75 km; a loading rate parameter R
is defined by R = t,6¢/(Kwn/ vH ).] It must be kept in mind that this is a thickness-
averaged stress, so that the stress level in the upper locked crust will actually be
increasing since a higher level of stress is being transmitted across a smaller surface
area. An estimate of this smaller area may be obtained by considering the amount
of slip zone penetration a into the lithosphere which is shown in Figure 5. The
unslipped portion is proportional to (H — a), which decreases with time. Figure 5 is
drawn in such a way that the normalized penetration depth increases from zero to
one in the growth from peak stress P to dynamic instability D. Figure 6 shows the
normalized thickness-averaged slip 6, which, like the slip zone penetration a,
accelerates as dynamic instability approaches. The rapid increase of slip coupled
with the fact that the slip front is penetrating the brittle (high-fracture energy)
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crust suggest the possibility of short-term increased seismicity prior to a large
earthquake. Indeed, Raleigh et al. (1982) observe that “the strains that ultimately
lead to [great plate boundary] earthquakes accumulate non-linearly” and that
periods of high-regional seismic activity are often associated with large or major
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earthquakes. It should be clear from Figures 5 and 6 that da/dt and dé/dt approach
infinity as instability is reached, which is characteristic of most quasi-static insta-
bility models (Stuart, 1979a, b). As shown in Figures 4 to 6, the change of a, 4, and
o with respect to time depends on the tectonic loading rate 4, for a given rupture
length. Dynamic instability arrives earlier for a higher a,.

SURFACE DEFORMATION

Although the slip front position and the plate boundary stress and slip are useful
in describing the time-dependent preinstability process of rupture progression, it is
the surface deformation that is directly measureable by geodetic means and is,
therefore, perhaps more important in terms of earthquake prediction. The near-
fault surface deformation can be obtained from the antiplane shear crack model
shown in Figure 1b. From a modification of the solution for an infinite plate
containing collinear cracks under mode III loading [e.g., Tada et al. (1973)], the
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Fic. 6. Normalized slip accelerates with time toward dynamic failure; shown for two tectonic stress
rates and for rupture length equal to five times the lithospheric thickness.

surface shear (tensorial) strain at a distance y from the plate boundary is

—1/2
e = 2*@ cosh<2H> {sinhz (;H) + cos (;r}a{ )] . (8)

The characteristics of near-fault surface deformation are influenced by the
following two factors: first, the slip softening behavior causes a decrease in thickness
average stress o, and hence in surface strain at moderately remote distances y,
perhaps of the order of a lithospheric thickness from the plate boundary [Stuart
(1981) has commented on this in a simpler context]. But, second, the approach of
the slip front toward the ground surface along the plate boundary trace causes a
local accumulation of strain there, which would be expected to dominate within
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distances on the order of the unbroken ligament (i.e., lithospheric thickness H
minus the slip zone penetration a) if, as is assumed in this model, precursory slip
occurs more or less in a plane. Qutside this distance, the softening factor dominates.
These two opposing effects create an interesting phenomenon of strain reversal, as
shown in Figure 7, a and b, which gives the normalized surface shear strain profile
at three different times (at peak stress, at initial instability, and just before dynamic
instability) for two rupture lengths. At distances less than 0.2H from the plate
boundary, the strain increases with time while at distances beyond 0.2H the strain

SURFACE STRAIN

00 0J 0.2 03 04
DISTANCE (y/H)

05

FI1G. 7. Surface shear strain profiles for three different times (at P, I, and D) and for rupture lengths

(a) five times and (b) equal to the lithospheric thickness. Note strain reversals, slightly exaggerated for
clarity.

decreases. Presumably, this distance is related to the depth H — a; of the fracture
energy peak, taken as 0.1H here.

'The magnitude of the strain changes between peak stress and initial instability,
and between initial instability and dynamic instability can be better appreciated in
Figure 8, a and b. They show that even though strain softening occurs, the amount
of strain reduction [on the order of 0.1 ustrain for (K,./vH)/G chosen as earlier]
tends to approach the limit of current geodetic measuring precision (Thatcher,
1981) and may, therefore, not be easily detectable from background noise. The near-
fault strain increase, however, should be quite measurable. For example, the strain
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increase at the plate boundary (y = 0) during the self-driven period ranges from 1.1
pstrain for 2L = H to 2.2 ustrain for 2L = 5H. This is approximately an order of
magnitude higher than for a uniform strain accumulation model (i.e., with strains
based on changes in a¢/G).

The surface strain discussed above is defined equal to zero at the beginning of
the current earthquake cycle. At times, it may not be easy to establish such a
reference level due to lack of geodetic network coverage. It may, therefore, be
instructive and useful to consider the strain rate rather than the strain itself. The
strain rate is positive and increasing where the slip front advancement factor
dominates and is negative and decreasing where the softening factor dominates, as
shown in Figure 9, a and b. The shapes of these curves are of course dependent on
the tectonic stress rate. What is somewhat surprising here is that the strain rate
does not take off rapidly once the self-driven stage arrives but seems to linger on
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FIG. 8. Surface shear strain changes between P and D and between I and D for rupture lengths (left)
five times and (right) equal to the lithospheric thickness.

until the last quarter of the self-driven period during which the strain rate changes
(increase at y = 0) rapidly toward dynamic instability. (At this stage, a is close to
a, where ¥ peaks). The implications of this strain acceleration period before
dynamic instability are further discussed in the following section entitled “Precursor
Time”.

The time-dependent surface deformation discussed so far indicates the general
trend of what geodetic measurements might seek in relation to an imminent
earthquake. However, there are reasons to expect possibly strong deviations from
these results even if our general picture of upwardly progressing slip rupture is
correct. For example, the assumption of a lithosphere of homogeneous material is
obviously violated; variations in mechanical properties of surface rock are the rule
rather than the exception, and this complicates the analysis of surface strain.
Another complication may come from slip of nearby or branch faults as mapped,
e.g., along the San Andreas fault system. A third factor influencing the surface
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strain profile may come from the fact that fault properties or geometry are not
homogeneous along strike and so our assumption in this model of a more or less
uniform stress distribution would be violated. This last effect may be accounted for
by introducing “asperities” into the fault as in Li (1981) and Dmowska and Li
(1982), and will be discussed in detail in a separate paper. The results presented
here should therefore be regarded only as a general guide to interpreting strain data.

PRECURSOR TIME

In the discussion of surface deformation, we show that the near-fault (y < 0.2H,
or within 15 km of the fault traces for 75-km-thick lithosphere) strain rate increases
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-

rapidly as an earthquake approaches (Figure 9, a and b). It may be expected that
this higher strain rate will be accompanied by physical changes in the upper crust,
inducing anomalies such as ground tilting. Other precursory phenomenon, such as
water table variation, radon emission, etc., may also come into effect because of
rock dilatancy caused by the rapid stress increase in the fault vicinity. Thus, for
prediction purposes, it should be useful to have an estimate of the time scale when
such precursory anomalies may be expected to occur according to our model.

To quantify this time scale, we define (necessarily, somewhat arbitrarily) a
precursor time ¢,.. here as the period between t, and ¢, where ¢, is the time when
the near-fault strain rate has doubled that at initial instability ¢;, and ¢, is the time



1428 V. C. LI AND J. R. RICE

of dynamic instability. In other words, the strain rate in the precursory period has
value at least double that of the background level near the plate boundary, while
the strain rate may noticeably decrease further away (e.g., at y = 0.3H, Figure 9, a
and b). It is found that such a precursor time increases with rupture length but
decreases with tectonic loading rate (Figure 10), approximately with .. propor-
tional to R~%. The former relation between precursor time and rupture length has
been suggested by several studies of observed anomalies prior to large earthquakes
(e.g., Rikitake, 1976; Scholz et al., 1973). The relation between precursor time and
stressing rate, although intuitively appealing, has not been carefully studied. It

PRECURSOR TIME IN MONTHS

Mo | I

&x10™* 2xI0°  5xI0° 24102
_t o
TECTONIC LOADING RATE R=g%

Fic. 10. Precursor time as a function of tectonic loading rate for two rupture lengths. See text for
definition of precursor time.

implies that a seismic gap in a plate with high velocity (or high convergence rate at
a subducting plate boundary) should have a shorter precursor time, other parameters
being equal. For constant tectonic stressing rate of 0.006 to 0.1 bar/yr (which should
cover most situations, see discussion in the next section), we find the precursor
time to be in the range of a couple of months to 5 yr, which falls within the precursor
times suggested by studies of Rikitake and Scholz et al. The present calculation is
based on H = 75 km, H— a, = 7.5 km, and b = 5 km. For a broader brittle zone b
or deeper fracture peak H — ai, it is found that both initial and dynamic instabilities
occur earlier [i.e., at smaller a; and ap, Li and Rice (1983)]. It also appears that the
surface strain rate proceeds to accelerate at a time closer to dynamic instability,
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resulting in a shorter precursor time. This reflects the deeper source of stress
concentration (H — ap) and hence lesser effect on precursory deformation near
ground surface.

It should be noted that the results obtained from this crude model must be taken
as valid in an order of magnitude sense only. Indeed, mechanisms other than
asthenospheric coupling may also be responsible for some of the precursory anom-
alies (e.g., fluid flow in dilating rocks, rate dependence of slip rupture, etc.).

TECTONIC STRESSING RATE

The results presented in the previous sections depend on the tectonic loading rate
do, which has been assumed to be constant during the time period of interest in our
calculations. In this section, we shall try to justify this assumption and the range
of o that we have used in our numerical illustrations, particularly for the estimation
of precursor times (previous section and Figure 10). The “tectonic stress” oo has the
precise interpretation as the stress that would have been transmitted across the
plate boundary segment had there been no slip since the beginning of the current
earthquake cycle. Preseismic slip (appearing in our model as a nonzero thickness-
averaged 6 due to slip at depth associated with advancement of the slip front)
diminishes this stress by an amount equal to the integral term in equation (1).
Physically, the tectonic stress accumulation is related to (more or less uniform)
plate movements far from the plate boundary on the order of a few centimeters per
year. The tectonic stress rate varies over the period of a earthquake cycle. Imme-
diately following the previous earthquake in the plate segment of interest, the high
stresses thereby shed to depths below the seismic rupture zone cause relaxation
processes in the upper mantle to transfer stress onto the lithospheric plate boundary
at a fast rate. This rate (and thus the tectonic stress rate on the lithospheric plate
boundary) decreases over the relaxation time of the time-dependent process in the
upper mantle. The stress transfer process has been studied by Lehner and Li (1982)
in the context of the same generalized Elsasser plate model as is used here. They
analyzed the lithospheric thickness-averaged strain rate associated with the relax-
ation process of a viscoelastic asthenosphere in an earthquake limit cycle. Their
results indicate that the strain rate decreases significantly at the plate boundary
segment over the entire period when the cycle is short (40 yr). However, it becomes
relatively constant after roughly half a cycle when the cycles are moderately long
(150 yr), based on a relaxation time of & yr for the viscoelastic asthenosphere.

Since the large earthquakes normally have cycles more than a hundred years, it
may be safe to assume a uniform value for ¢, for our purpose, as we are interested
in a relatively short time period (typically less than one-tenth of repeat time) before
an imminent earthquake. Assuming a lithospheric thickness of 75 km and plate
velocity of 3 cm/yr, the analysis of Lehner and Li (1982) gives a thickness-averaged
stress rate of 0.02 bar/yr near the end of 150-yr earthquake cycle.

Adopting a different point of view, if typical interplate earthquakes have a stress
drop of, say 30 bars (Kanamori and Anderson, 1975) and if the dynamic rupture
occurs over a 15-km brittle layer in a 75-km thick lithosphere, then the thickness-
averaged stress drop would be 6 bars. If this stress drop is a result of stress
accumulation at a constant rate over the same 150-yr cycle, then the average stress
rate would be 0.04 bars/yr. This averaged over-the-cycle stress rate may be treated
as an “upper bound”, while the end-of-cycle stress rate from the analysis of Lehner
and Li may perhaps be regarded as a reasonable “lower bound”.
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If we extend the above argument to a typical range of cycle times from 100 to 300
yr, the corresponding “upper bound” range of stress rate would be 0.06 to 0.02 bar/
yr while the “lower bound” range of stress rate could be 0.03 to 0.006 bar/yr.
Actually, the real stress rate may be even higher than what we have just estimated
as an “upper bound”. This is because recent adjacent ruptures may transfer stress
onto the plate boundary segment of interest. Such a stress diffusion process along
strike has been discussed in detail by Lehner et al. (1981) in connection with the
study of migration of large earthquakes along a plate boundary. They show that a
great earthquake rupture can raise the stress rate at a nearby location on the order
of 50-km distance along strike by as much as 1} times, although exact values of this
factor depend on cycle time, rupture length, stress drop, and distance of point of
interest to previous earthquake location (for more details, see Figure 8 and discus-
sion of Lehner et al., 1981). Thus to include all possibilities, it would perhaps be
suitable to adopt a stress rate ¢, ranging from 0.006 to 0.1 bar/yr, for the purposes
of analyzing the time-dependent postpeak (referring to the slip softening ¢ — §
behavior) source rupture process. It is expected that errors would not be significant
even if a constant stress rate is used starting at a state before peak, as long as the
time period from this state to dynamic instability constitutes less than half the
cycle time. The corresponding range of the dimensionless rate R, choosing other
parameters as earlier, is approximately 0.001 to 0.02, and this explains the choices
in Figures 4 to 6.

CONCLUDING DISCUSSIONS

We have presented a method of describing the time-dependent process of pre-
seismic rupture progression at a strike-slip plate boundary and its associated ground
surface deformation based on a “line-spring” procedure employing a generalized
Elsasser earth model and an antiplane strain shear crack model. We have empha-
sized the time scale and spatial distribution of precursory strain changes in the
hope of improving the current understanding of strain-related phenomena precur-
sory to some large earthquakes.

A basic assumption here is that the plate boundary is a narrow zone where slip
displacement can be accommodated by aseismic slip at depth and that the slip
deficient upper crust catches up by seismic slip. Advancement of the slip front is
represented by a crack-like propagation. It is likely that some kind of healing
process may operated under conditions at depth and that there is sensitivity to slip
rate in the fracture resistance. Such processes can, in principle, be included in the
modeling procedure of Li and Rice (1983), and this is a reasonable aim for further
work. However, it is expected that qualitative trends of surface deformation as
presented here would not be much affected by including rehealing and other rate
effects.

We made no attempt to address the behavior of the seismic gap zone for a
complete earthquake cycle, and it is not clear that this can be done sensibly on the
basis of the elastic-brittle model. Rather, our attention has been directed here to
the final period, typically less than 5 yr duration, of the cycle, just before a large
earthquake.

The nonlinear acceleration of surface strain predicted during the later stages of
this period is due to the progressive penetration of the slip zone into the brittle
seismogenic layer, while lower portions of the shear zone experience constant local
stressing, as required by the crack model. For example, the distinctly nonlinear
stage of strain build-up for 2L = 5H is seen in Figure 9 to start at § — 6; = 0.5.
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Calculating a at that time from Figure 5, for R = 0.005, and using other parameters
as given previously, the depth of the advancing slip zone tip at the onset of the
strongly nonlinear strain accumulation is H — a = 7.8 km. In this calculation, the
brittle zone has its peak fracture strength at 7.5-km depth, and the strength decays
over an additional 5-km depth (Figure 2). In fact, as remarked in the caption to
Figure 5, for the parameters chosen there peak strength is reached when the
advancing tip of the slip zone is at 8.6-km depth, and the final earthquake instability
occurs when it has moved upwards to 7.7-km depth. Thus the nonlinear surface
strain increases that we show are a direct result of slip penetration through the
strongest portion of the seismogenic layer as the gap approaches instability.

The model described in this paper stands in contrast to many earlier fault models
in which the earthquake is represented as a suddenly imposed dislocation or array
of dislocations on the plate boundary. Here, the earthquake (a slip instability) is
achieved more realistically as a result of tectonic loading associated with large scale
movements of the lithospheric plate. Only by doing so could precursory crustal
deformation be analyzed.

Also, although the model is crude in many ways, it has improved over previous
fault models by including the effect of lithospheric coupling to an inelastic (visco-
elastic) asthenosphere. We have established that this viscoelastic behavior acts to
stabilize the fault from immediate catastrophic failure, giving rise instead to the
self-driven creep regime. The slip zone is seen to accelerate, penetrating the brittle
upper crust accompanied by increasing average slip while the average stress drops
from a peak value, thus contributing to the phenomenon of a small strain reversal
at moderate distances from the fault trace. This means that surface shear strain
increases rapidly close to the fault trace but decreases (less markedly) further away,
as the earthquake approaches. If geodetic measuring precision continues to improve,
it may be possible to detect such a strain reversal phenomenon; it could sensibly be
taken as a first signal that the plate boundary is approaching instability. A clearer
signal may be the strain rate close to the fault trace. It is shown that the strain rate
may increase by a factor of two or more over its background level within a precursory
time period of a couple of months to several years. Unfortunately, possible sources
of contamination of these useful signals are plentiful, such as material inhomoge-
neity, nearby fault movements and stress heterogeneity along strike.

The precursor time, although somewhat arbitrarily defined, appears to fit in well
with the time scales reported as those of precursory phenomenon. Data from Scholz
et al. (1973) suggest long precursor times (>3 yr) for large earthquakes and hence
favor the lower end of the range of tectonic stress rate (<0.005 bars/yr) used in this
paper. However, such interpretation must be guarded because the data points used
in Scholz et al. are for earthquakes with short rupture lengths (<100 km) only,
while our analysis procedure is sensible only for rupture lengths at least the
thickness of the lithosphere. It is also possible that some physical anomalies (such
as change in V,/V,) may be related to the rupture progression process at depth and
hence occur at an earlier time than anomalies associated with surface deformations.
If this is true, then perhaps a longer time period, like that between initial and
dynamic instabilities, may be appropriate for defining a precursor time.

In a tectonically different environment (such as a shallow dipping thrust zone),
the softening effect may be more prominent than we have suggested here and hence
more significance should perhaps be attached to the stress state P. Precursory
strain softening has been proposed by Wyss et al. (1981), although the observed
magnitude appears too high to be accountable by the present model.
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For more realistic modeling of plate boundaries, the assumption of uniform stress
must be relaxed to allow for the inclusion of strength asperities along strike. This
could be done by developing an appropriate ¢ — 6 relation that is position dependent
as indicated by the explicit x dependence in equation (2), in which case equation
(1) will be solved rather than the simplified equation (3). This has been carried out
in a preliminary study by Li (1981) in connection with an attempt to rationalize
certain precursory seismicity patterns (Dmowska and Li, 1981). In the preliminary
study, however, the asthenosphere was assumed to be fully uncoupled from the
lithosphere. :

Finally, the “line-spring” procedure adopted in this paper can, in principle, be
extended to the study of converging plate boundary earthquakes, even though the
present effort has only addressed strike-slip or transform boundary earthquakes. It
is expected, despite differences in detail, that the process of strain accumulation
and precursory strain changes at a converging plate boundary may share some of
the characteristic features described in this paper.
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APPENDIX

Solution method of equation (3). Because of the mathematical complexity of the
time-dependent compliance [as given by equation (6)] of the coupled-plate system,
a simplification was made by approximating it as the displacement response of a
standard linear solid (insert in Figure Al) under a unit step load. Thus, the
normalized compliance [C(8) — C(0}]/[C(x) — C(0)] which runs from 0 in the short
time limit to 1 in the long time limit is matched by 1 — e~ (Figure Al). The
dimensionless relaxation time constant v is chosen so that the match is exact when
6 = v. This gives ¥y = 5 for 2L = H and v = 18.5 for 2L = 5H. Even though the
approximation is far from perfect, it was found that in a few solutions that were
carried out employing both numerical inversion of (6) and the standard linear
model, results differed by less than 1 per cent in the cases examined, while economy
in computing time justifies the approximation. By differentiating (3) with respect
to 8 and rearranging, we obtain

a _ L, @b 2L oo
da_ <av0777H’Ha H’V’Km/\/__H) (Al)
where
f= dé/da + C(0) do/da
C(0)t,60 + C(o)ao/y — (8 + C(®)a)/y
and

R
i

B

The parameters a1, b, and K, describe the fracture strength of the fault zone (Figure
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2), and are discussed in more detail in Li and Rice (1983). Numerical illustrations
in this paper are based on a; = 0.9H, b = 0.07H, v = 0.25, and %« = K..*/2G = 4
x 10® Jm™2.

The nonlinear first order differential equation (A1) is solved using the Runge-
Kutta method. The initial condition is provided by considering an initial penetration
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Fic. Al. Approximation of the time-dependent compliance of the coupled-plate system (solid lines)
by that of a single parameter standard linear model as shown in dashed lines, for two rupture lengths.

depth a, less than that at peak stress. Equation (7) then gives the corresponding ¢
and 6. If it may be assumed that the plate boundary is in complete equilibrium so
that C = C(») (i.e., foundation relaxed), then the corresponding tectonic stress at
this initial state is oo = 8/C(%) + ¢. Equation (A1) is then solved successively by
increments of « for a fixed ¢, with oo = £.d¢0.



