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Abstract

We have constructed a physical model of tectonic loading processes at tran-
scurrent plate boundaries by considering viscoelastic stress relaxation in the
asthenosphere and spatial variation in fault constitutive parameters (peak
strength and critical weakening displacement). With this model we have
simulated the process of stress accumulation and release at a seismogenic
region on a plate boundary, and obtained the following results. The increase
of slip deficits in the seismogenic region with relatively high strength brings
about stress concentration on its margin. The accumulated stress is released
by unstable rupture if the critical weakening displacement D, is small, and by
stable slip if D. is large. When a fault system consists of two high strength
regions, interaction between them becomes essential in the stress accumu-
lation and release process.

Introduction

The generation of large interplate earthquakes can be regarded as a process of tec-
tonic stress accumulation and release, resulting from relative plate motion.The stress
accumulation process essentially controls the subsequent stress release process, dy-
namic rupture propagation and stop, in the seismogenic region. So far it has been
simply assumed that the tectonic stress accumulation uniformly proceeds in space
and time in many earthquake simulation studies. The assumption of uniform load-
ing is clearly contradict to the facts obtained through geodetic measurements (e.g.,
Lisowski et al., 1991 [1]; Thatcher, 1983 [2]). Matsu’ura and Sato (1997) [3] have
constructed a kinematic model of tectonic loading by considering the effects of vis-
cous drag at the base of the lithosphere and dislocation pile-ups at edges of a seismic
fault. In the present study, first, we develop their model into a physical model by
incorporating a fault constitutive relation between fault slip and shear stress into
the kinematic model. Then, with this physical model, we simulate the process of
tectonic loading at transcurrent plate boundaries.

Physical modelling

Given structure of the lithosphere-asthenosphere system and geometry of a plate
boundary, we can describe the physical process of tectonic loading by coupled non-
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linear equations, consisting of an internal viscoelastic stress function to fault slip on
the plate boundary, the constitutive relation between fault slip and shear stress, and
the relative plate motion. The lithosphere-asthenosphere system is modeled by an
elastic surface layer overlying a Maxwellian viscoelastic half-space (Table 1). The
constitutive equation of the surface layer is given by

Oij = A(l)Ekk(Sij + Zu(l)sij , (1)
and that of the underlying viscoelastic half-space is given by
(2) 1 oL oL
Gij + MT <0ij - §”kk5ij> = ABeppdiy +2pei; (2)

where 05, €55, and d;; are the stress tensor, the strain tensor, and the unit diagonal
tensor, respectively. The dot indicates differentiation with respect to time. A9 and
p¥ (i =1,2) is Lamé elastic constants of each medium (the superscripts (1) and (2)
correspond to the surface layer and the underlying half-space, respectively), and 7 is
the viscosity of the underlying half-space.

p kg/m’] X [GPa] p[GPa] 7 [Pas|
Lithosphere 3000 40 40 —
Asthenosphere 3400 90 60 10%?
p : density, A, p: Lamé elastic constants, n : viscosity.

Table 1: Structural parameters.

The elastic lithosphere is divided into two parts by an infinitely long vertical
interface, and interaction between these two parts is represented by the increase of
tangential displacement discontinuity (fault slip) across the interface. We divide the
fault slip w into the steady plate motion at a constant rate v, and its perturbation
u:

(@, t) = vt + u(x, 1) . (3)

The shear stress o due to the fault slip w is obtained by the hereditary integral of
the internal viscoelastic stress function H(x,t;&,7) to a unit step slip on the plate
boundary:

otw.t) =oo@)+ [ [ P - ng0dedr ()

where the first and the second terms indicate the contributions from the steady plate
motion and the slip perturbation, respectively.

In our problem the distribution of the fault slip w on the interface is unknown.
What we know is the relation between the fault slip and the shear stress, that defines
the frictional properties of the fault surface. We assume the constitutive relation
between the fault slip w defined by Eq. (3) and the shear stress o defined by Eq. (4)
as a function of position:

o(x,t) = flw(z,t);z] . (5)

The physical process of stress accumulation on the plate interface is essentially gov-
erned by the coupled nonlinear system that consists of Egs. (3), (4), and (5).
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Numerical simulations

In the present study we take a simple slip-weakening constitutive relation with the
following form:

s w(w? — 3wy), (0 <w < w,)
fw) = we : (6)
Up(u%) we exp I:Z—: (1 — u%):| , (wo < U))

Here, 0, , w, , and w. are the position-dependent parameters, related with two
key parameters; the breakdown strength drop Ao, and the critical weakening dis-
placement D.. We simulate the processes of stress accumulation and release in some
representative cases with different values of these parameters by solving the coupled
nonlinear equations, and obtained the following results.
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Figure 1: Stress accumulation on the Figure 2: Stress accumulation on the fault

uniform-strength fault with the effective
length of 100 km. The relative plate ve-
locity is 50 mm/yr. The increase of slip
deficits in the seismogenic region brings
about stress concentration on its margin.
The system becomes unstable at t = 40 yr

system with a narrow weak zone. The to-
tal length of the fault system is 100 km.
First, the smaller fault becomes unstable,
and then, a few years later, the larger fault
becomes unstable.

The increase of slip deficits in the seismogenic region with relatively high strength
brings about stress concentration on its margin (Fig.1). The rate of stress accumu-
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lation is nearly inversely proportional to the effective length of seismogenic regions.
The accumulated stress is released by unstable rupture if the critical weakening dis-
placement D, is small, and by stable slip if D, is large. When the seismogenic region
is divided into two sub-regions with different sizes by a narrow zone, the sudden
stress release in the smaller fault accelerates the stress accumulation in the larger
fault (Fig. 2). This indicates the importance of interaction between adjacent seismic
faults in the stress accumulation and release process.
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