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Introduction

The scismicily on the Vancouver Island area is concentrated on the Pacific North American plate
boundary, where the Pacific plate fragments into the Explorer and the Juan de Fuca Plate which then
subduct under the North American plate. It includes the lithosphenc seismicity associated with the
transition from the Pacific into the North American plate. The three strongest main shocks of magnitudes
above 6.0 that occurred recently in the subduction of Explorer and Juan de Fuca plates were preceded by
activation of the earihquake flow in the lower magnitude range both in space and time. The time and
space pattern of those strong earthquakes were analyzed (Brown et al. 1988) by pattern recognition
algorithm M8. This study used the number of main shocks, the ratio of average radius of a fracture 10 the
averape event separation, the deviation of the rate of main shocks from its long term linear trend and the
bursts of seismicity. All strong earthquakes were preceded by a high level of foreshocks, a high ratio of
fraciure radius to event separation and bursts of seismicity. The strong event of April 29, 1965 at 47.4N,
122.3W was also preceded by the high deviation of the rate of main shocks from the long term linear
trend. The strong event of December 20, at 49.0N, 128.7W shows the activation quiescence scenario.
After about four years quiescence, the strong earthquake occurred at the boundary of the activated area.

The observation that recognizable patterns precede large carthguakes in the Vancouver Island area,
and that these patterns are similar to those observed elsewhere with the M8 algorithm (Keilis-Borok and
Kosobokov 1984) suggests that models of the seismic generating mechanism might be possible, Since
there is generally not enough data to justify strictly empirical earthquake predictions such models might
assist in the problem of predicting strong eanhquakes in this area. The construction of a physical model
for earthquake mechanism and its use to generate the entire earthquake cycle has been approached
experimentally (Burmidge and Knopoff 1967), kinematicalty (Savage and Prescott 1978; Spence and
Turcotte 1979; and Savage 1983) and dynamically (Dieterch 1978, 1979; Rice 1983; Rice and Tse 1986,
Stwart 1985, 1986; Rundle 1987).

The mass-spring model (Burridge and Knopoff 1967) was too simple 10 account for the
complexity of a real fault sysiem. With a constitutive relation for the fault zone material we can exploit
the idea that instead of an abrupt drop of stress from the static to the dynamnic value with the onset of slip,
there is a transition caused by a decrease of fault strength from peak w residual value. Such an instability
is then interpreted as an earthquake (Rice 1979). This is valid, for slip weakening has been observed in
laboratory shear tests. A rate dependence of friction also exists and an important feature of both the slip
weakening and rate dependence relation is the appearance of a characteristic sliding distance in the
equations describing the system. Rundle (1987) represents earthguakes as a fluctuation about the long
term motion of a plate. He describes the physics of earthquake occurrence in terms of a functional
potential for the external stress on the fault plane. The model shows the transition from a spatially
ordered, temporally disordered state to a spatially disordered, 1emporally ordered state, and for long
enough faults, the dynamics are chaotic.

A simple model designed specifically 1o suppon attempts at earthquake prediction (Gabrielov et
al. 1986) exploits the hierarchical block structure of the lithosphere (Sadovsky 7?7). In this hierarchical
structure blocks of the lithosphere are connected by thin, weak, less consolidated boundary layers, such
as (ransition zones, lincaments, or tectonic faulis. In the seismo-tectonic process major deformation and
most earthquakes occur in such boundary layers. The boundary layers themselves have block structure
and are systems of blocks of lesser scale. In Gubrielov's model a seismic region is represented as a
system of absolutely rigid blocks divided by infinitely thin, elastic boundary layers. The system of
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blocks moves because the motion of the boundary blocks is prescribed but relative displacement of all
blocks much smaller than their characieristic dimension, As the blocks are rigid, all deformation takes
place in the bourkiary layers and the conesponding stresses depend on the value of relative displacement
of blocks. This dependence is assumed linear elastic up to a strength threshold when a boundary layer
breaks, stress drops, and an earthquake is said to occur.

Different time scales are an essential property of the model and in the extension discussed below
these different time scales lead to a stiff system of differential equations. The boundary blocks move with
a constant rate in "slow”, or tectonic time. The siowness of this time means that the whole system of
blocks is in a quasistatic equilibrium state in which the sum of all the forces and moments acting on each
block is zcro. After a break the system of blocks in the model moves loward a new equilibrium state by
means of processes which must be described on a much shorter time scale than that used to describe
tectonic deformation. From the point of view of this time scale, which we call “fast time", the position of
the boundary blacks which move at a much lower rate in "slow lime" is unchanged during the transition
1o a new equilibrium point. It is central to this approach that processes of very different time rates
dominate at different instants during the evolution of the system. When the system reaches a new
equilibrium state elastic interaction and strength are restored and the rapid processes are tumed off. This
healing, which means strength exists across the faults that developed is necessary to ensure the process is
stationary. As timne evolves an artificial catalog of earthquakes in which each event is characterized by its
tirne of occurrence, source or the pattern of breaks, and magnitude defined as the logarithm of the energy
released by the system of blocks between the old and the new equilibrium states is generated.

An important assurmption is contained in the statement that boundary blocks move at a constant
rate and that earthquakes occur under essentially constant displacement boundary conditions. The model
assumes that the stresses that drive plaies do not directly affect seismo-tectonic zones but rather that the
seismo-tectonic zones are controlled by the constant motion gencrated by these plate driving stresses. 1f
we drop this assumption and treat the model as having constant siress boundary conditions earthquake
ruptures in the model would never reach equilibrium.

The modeling discussed in this paper is a devetopment on this approach. A time dependent finite
elernent modet permits relative motion between some of the elements. This relative motion is controlled
by viscous shearing in a fault zone whose rheology is intrinsically non-linear and considers the
temperature dependence of apparent viscosity explicitly. The model can be reduced to a system of
ordinary differential equations that describe the fault motion in the elastic matrix of the surrounding rock.
Solution of these equations indicates time intervals of rapid motion which we identify with earthquakes.
The matrix around the visco-clastic fault zone is modeled by elastic, constant strain triangular elements.
Since the width of a fault is much smaller than the scale of such a tectonic block, we ignore the thickness
of the fault zone and mode] each fault with a number of infinitely thin interface elements.

The elastic moduli of these interface elements were taken as the ratic of the elastic modulus of the
fault zone material and the fault zone thickness. On a real fault zone the relative displacement is of the
same order as that of two points with the scparation of tectonic block scale and not on a fault zone.
Therefore in our finite element model we chose the elastic modulus for the fault zone so that the relative
displacement of the nodes on two surfaces of the fault should be of the same order as the relative
displacement of off-fault nodes. We chose the Poison ratio of an interface element close to 0.5 in order
to make the compressibility of the fault zone malerial much larger than the shear modulus.

Models with elastic elements and temperature dependent fault rheclogy
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“The material in fault zones is rock and at temperatures T>Ty,,/3, where Ty, is the absolute melting
temperature, and for long duration of application of stress the creep rate in most rock depends on
temperature and pressure by

& = Def(ne T 0

(Weertman 1970). Dg and A are material parameters, £ is the shearing strain and f{) is a function of
shearing stress or deviatoric stress T. Since Ty, varies with pressure, this relation is also pressure

dependent. Atlow shearing stresses f(1) is a linear function of 1, a specific alomic model of which
could be the diffusive process known as Nabarmo-Herring or Coble Creep. At higher smesses where
solidus creep is more readily measurable f(t) is a non-linear function of T generally taken as a power law
of the form 1", with n in the range of 2 to 5. When © >10-3y, where p is modulus of quasi rigidity
govemning rapid deformation of material, (Weertman and Weertman 1975), the power law breaks down
and a more rapidly varying function of T has to be considered. At such a high shearing stress, an
exponential dependence of f(t) has been suggested (Dorn 1955, Van Bueren 1961, and others). A
constitutive equation that represents these different regimes of stress dependence below Ty, and at the
same time has some physical basis may be written as

£
i::co"e k'I.Sinh‘;‘—;:.— 2
where v and cg are parameters, E is an activation energy, k is Boltzman's constant, and T is absolute
temperature. A general physical basis for the form of equation (2 ) can be given in ierms of thermally
activated distocation mdvement that becomes biased in a particular direction by the applied shear stress
{Van Bueren 1961, Feltham 1966 ).

If the stress T is constant the temperature profile in this system, which evolves in a quasi-static
way, can be found as a solution of the conductive heat transfer equation with distributed heat sources per
unit volume.
pu:psﬂ - Kﬁ = t€ = distribution of heat

t ox2 Q)




Page 18 of the ICTP Leclures printed on Tue, Nov 22, 1M

where p is density, cp is specific heat, K is conductivity, T is temperature, x is direction of heat flow,
and t is time. If this temperature dependent viscous shear occurs on a thin layer of thickness 2a equations
2 and 3 can be approximated in a useful way. Let T be the temperature at the center of the layer and Ty

ar _ = ,K
be the temperature of the surrounding medium. Equation 3 becomes Py = T€- 2= (T-To) and if the
a

anelastic displacement at +a is A the shear strain rate éﬁ. Defining & as the mass per unit area of

this fault, and K1=4K/a as the conductivity for thin fault we have oc, ‘g— = 't.dde - K (T-Tg). The ime
rate of change of anclastic displacement can be written in terms of the stress and the temperature by

writing 2 as d‘f— = c‘%ﬂ%ﬁ“h % and the temperature dependent, creep behaviour of a thin, uniform, fault
element can be fully defined by

dr _ - B(T-

This development assumes that inertial effects are negligible and that stress is constant over the
thickness 2a of the fault element. If cither condition is violated we can say we have an instability which

can be interpreted as a seismic event. Inertial effects clearly become important when pv= :T where v is

rate of change of sirain rate integratedwith respect to x from -a to a. Let pt be the shear elastic modulus of
. _2a
the fault material. If the creep properties of the medium change significantly in times of the order  fp

p
inertial effects must be included and in this case we perceive a rupture 1o be ocourring.

Finite Element Models with Fault Elemenis

The finite element problem for a model with discontinuities can be formulated as the solution of

Kd=f=A1b+A25+A3g
where K is a stiffness matrix, d is the vector of N nodal displacements, and the source terms are
contributions from boundary displacements b, anelastic fault displacements 8, and gravity g respectively.
The matrices Ay, Az, and A3 are the ransformations that conven their respective vectors into source
terms or body force equivalents and A) contains the effective shear modulus of the fault. In the actual
process of computation the terms on the right hand side arise from constraints such as boundary
constraints, slips computed on fault elements by methods external to the elastic finite elernent calculation,
and initial conditions. For fault zone dynamics the shear stress on the M fault elements is t=Myd +
M3A and '

dt - db dA dA

aMiK {"W* “W]* Mrar
Here M| and M3 are an M by N matrices. The boundary conditions are
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K
b(')=bo+‘2"kck =bg+t Cv
k=1

where the vectors ¢} are composed of the indexes of ail those boundary disptacements that move at
velocity vi. In this case there are only K independent boundary conditions. The time rate of change of
stress on the fault elements can be writtien

dt -1 -1 A
I{M,K AC ]v+[M1K At Mz% )

These equations with equation 4 completely determine the time evolution of the fault system by
2M ordinary differential equations in the shear stress and iemperature on the fauli elements,

These equations depend on two rather complicated matrix expressions that are acually easy to
evaluate. Let X=K-1A{C and Y=K-1A3. These marrices have columns which are the solutions of an
associated elastic finite element problem for KX=A1C and KY=A3. The matrix multiplications are
routine once A] and A3 are determined.

Results

It is natural to begin this calculation with the ambient temperature as the initial temperature, and
the equilibrium stress state as the initial stess. The equilibrium stress is calculated for known
displacement at the left boundary of the model and the initial slip values Ag are taken as zero. We reduce
equations {4) and (5) to their nondimensional forms to simplify calculations. There are two assumptions
involved in the normalization process, In order o obtain the finite displacement for the infinitely thin

fault, the elastic constant of the interface element is defined so that Y;=Lim % remains finite. Y is the
a—0

elastic constant of the fault material, and Y § is the elastic constant of the one dimensional imerface
element. Y is so determined that displacement across the interface element (fault) is of the same order of
magnitude as the displacement across a normal finite element. Since the stress in an interface element and
in a neighboring finite element are of the same order of magnitude, YL = Y., where Y, is the elastic
constant of the normal finite elements, and L is the typical length of the interface elements. The tength
scale L provides the indication of the various proceses that may occur in the system and from this
argument the average length of the fault elements is the correct scale length. For the elastic moduli
assumed here L=35km is a coarse grain characieristic size of the fault geomerry.

The quantities t, T, A and T are reduced to their nondimensional forms by 1/8, LM>, L and
M2L2/0cp. where M3 is the maximum element of the matrix M. After this normalization

dl 1A (7-To)

dt dt

~ Q
dA - e SinhAL
m Ce77 Sinh T
dt

~ — dA
E —Ml\' + MZE'
~. C Eoc vOC, -~
here 1, 6, A and T are nondimensional variables, C is g, Qis —— &=, A is —F, M, is
¥ BL Q RMzL2 RL '
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[M,K"A,C]Mz. and ﬁ,is[ MK A# MZ]IM}

€, Q and A can be estimated from the typical physical constants in subducting slabs (Ogawa
1987). In order to determine the surface density o and one dimensional conductivity K1, we need to
know 2a, the thickness of the fault. The thin ¢lement approximation requires that the thickness of the
fault is much smaller than its length and we chose a = 0.5km. This puts a quite different length scale into
the problem. The density p is about 3000 kg/m3, Cp about 800 J/kg deg, the thermal conductivity K is
about 2 1o 3 J/m-s-deg, the elastic constant Y is about 70 1 130 GPa, the activation energy E is about
390 t0 570 kJ/mole, For the kind of plastic creep normally considered in metallurgy the activation volume
is in the range 107 10 107 13m3/mole, since it must be controlled by a length scale of the order of the
atomic spacing, 10-10m, In our prablem we deal with proceses on a much larger scale and estimate the
activation volume as the square of the Burger vector of the dislocation tirmes the jog spacing of
dislocations. This gives activation volumes on the order of 4 x 10-3m3. The atomic vibration frequency
1/cq is of order 1012 10 1014, |n our one dimensional model, we choose the surface densityoby o
=2ap. B varies from 1.3x10-115-1 10 4.0x10- 1151, Q varies from 4.6x10-2 10 6.7x10°2, A varies from
4.8x10°3 10 4.8x10°5. T is of the order of 3.6x1020 to 1.1x1023. Most of these numbers are very
uncertain and constrained only by observational data that suggest the low stress viscosity of rock is in the
range 1021 10 1028, 5o changes o make the system produce realistic carthquake sequences are entirely
justified.

The two dimensional finite clement model used in this calculation is representative of structure on
a line crossing Vancouver Island and perpendicular 1o the coast of North America (Figure 1). Because
the Juan de Fuca plate has moved in a direction N359 E relative to the America plate for the last million
years (Riddihough 1984; Keen and Hyndman 1979), we assumed the driving force on the Juan de Fuca
plate would be in this direction. The geometric configration of our model is mainty based on the results of
analysis of LITHOPROBE seismic profiles (Yorath et al. 1985; Green et al. 1986a, 1986b) and the
gravity model of that area (Riddihough 1979). Since in a two dirnensional elastic model, a bent fault must
be accommodated by a more complex structure, we ignored the known sudden increase of the slope of
the subducting oceanic plate bencath the continental plate under Vancouver Island and modelled the
boundary between the subducting plate and continental plate and upper mantle which we considered a
fault zone, by a straight fault of 18 degree dip.

Figure 2 shows the mesh of the model. The material parameters are those used previously
(Nyland and Li 1986). The oceanic plate and the upper mantle beneath it move at a constant velocity
along the fault. Such movement corresponds to the push from the Juan de Fuca Ridge or drag from
mantle convection. The gravitational pull is not dominant in that arca (Nyland and Li 1986). This model
was used to calculate the interaction matrix and the time evolution of the dynamics was explored by the
modified algorithm discussed above for 2 variety of fault parameters and initial conditions.

We chose the middle of the plausible range of parameters and integrated the resulting equations
using a 12th order Adam's method as implemented in the routine DIVPAG (IMSL, p640 1987). No
extraordinary efforts, other than a liberal aplication of computer time, were required to get solutions over
a time interval of 5000 years, The system very quickly seitled down to continuous small stress drops on
the the first and the fourth elements and constant stress constant strain rate creep elsewhere. The shallow
seismicity in this case is not a very good simulation of the observed shallow seismicity under the west
coast of Canada, but we ascribe this 10 the coarseness of our model there. It corresponds to depths from
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0 to 40km.

The simulation is most sensitive to the choice of activation volume and quile sensitive to the
choice of ambient temperature, Small changes here can eliminate the oscillatory pairing we observed on
elernents one and four and produce a sequence with only shallow seismicity on ¢lement one, In spite of
extensive attempls we never got activity on the deeper elements with the material parameters discussed
above.

It is possible to activate deep clements if we change the initial conditions. It can be argued
convincingly that fault zones must have a blocky structure. If this is so the stresses that act at the limited
areas of contact between these blocks must be much larger than those that drive the zone as a whole and
such stresses are much more likely to be in the plastic regime for the material. When we amplify the
initial stressses, by a factor of 10 to stresses on the order of 103 bars the numerical integrator encounters
points at which the solution is changing so rapidly that it fails. The equation is clearly changing
character, becoming stff. This invariably occurs as temperature is high and rising on one or more fault
elements and the siress is high on such elements. We interpret this condition as an indication that failure
is imminent on this element and that the equations discussed in the previous section will not be adequate
10 describe this failure. In this situation we raised the temperature of the interface ciement until it was
possible to calculate the stress drop required to stabilise the time rate of change of stress to zero on this
element and continued the integration using this state as a new initial condition.

This is an assumption about the nature of fracturing that occurs in the system. It says that at some
point an element melts and that it drops very rapidly to an equilibrium point at the stress level where the
time rate of change of stress is zero. Such a ground state must exist, for ar instability the ime rate of
change is negative and during quasistatic loading it is generally positive. Clearly other hypotheses about
fracturing could be introduced, but this one is both reasonable and computationally casy to use. Observe
that the "instantaneous” nature of the transition means that heat flow cannot play a role and that the energy
that appears as a consequence of the stress drop can radiate away as seismic waves. This assumption of

100% seismic efficiency is obviously also open to question.

Conclusions

The assumption that laboratory derived constitutive equations are legitimate for material in
fault zones is by no means proved but it is worth testing with simulations. The idea is particularly
interesting in an area such as the west coast of Canada and the northwest US. There some
speculation suggests an occasional very large thrust carthquake may have occurred. Nevertheless
our objective was not to sirulate this zone, it was 10 explore whether lemperature dependent non-
linear creep laws can generate chaotic seismic sequences. They can, but only with choces of
material parameters perceived to be unreasonable in the light of laboratory results. Our preliminary
results suggest that shear melting instabilities cannot provide an explanation for deep carthquakes
associated with the subduction of the Juan de Fuca plaie. This is useful for such carthquakes have
not occurred in the short time the area has been monitored and suggests that the holocene geologic
evidence for major thrust events on the Cascadia subduction zone (reference) may have another
explanation.
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It is of course possible that our simulation is inadequate. We have for instance not
included the modified behavior of the constitutive equation near melting suggested by Mahboobi

E
(1981). She points out that the effective viscosity of a fault element is Nlefr = —E—= — kL
A  acgsinh XE
o3 kT
Y

£ o . .
and (Mefr ko= glgvtﬂ could be identified with any Newtonian process such as the Nabarro-
Herring viscosity. As a consequence in microscopic theories of creep, cg is related to the range

of atomic order in a system and (M), can be constrained to have a limiting low stress

AT,
viscosity in the form (Tozer 1972) vgpTe T where VFB{%LI(“‘W"h c'(T'Tm)}"Lz}z B is the
atomic vibration frequency L] can be thought of as the grain size of material at sub solidus
temperatures arxl L as the interatomic distance in the liquid phase and ¢’ is an adjustable
parameter determining the melting range.

To take account of the effects of grinding and annealing which may occur in the process
of fauling L1, the grain size of material at subsolidus temperatures, is not treated as a constant,
Normal stress, strain and temperature are factors involved in controlling the grainsize of the
material in a faulting process (Engedler 1974, Anderson et al. 1980, Phillips 1982, Anderson et
al. 1983, Sammis et al. 1986). The rate of change of Ly can be formalized as

dL, gA [L-L
—d(— = a{L I'Lmi - (_n.E_,.’.
To
normal stresses and Ly, is the mininum grainsize obtained as a result of grinding. It's lowest
value has been estimated to be of the order of ]0'9m {Lowrison 1974). The second tenm in the
right hand side of the above equation is the annealing term. Ly, is the limiting size that the

6 AT,
muaterial tend to grow as a result of annealing a.ndto is a relaxation time defined as T=10 ¢ T .

where a is a parameter in the range of O to 1 and is related to

The difficulty with this argument is that for conditions in a subduction zone the values of
the parameters are most uncertain and almost any result could be generated with it. There are
really only two ways 1o constrain this kind of modelling other than the desire 1o make the maierial
parameters “reasonable”. The resulting seismicity catalog should be an adequate representation of
the actually observed behaviour and the deformation in the system should be simitar to that actually
observed in the area. We have a model that predicts the essentially shallow seismicity in the area
and can run this model for 5000 years without secing a major thrust earthquake. With the limited
resolution of the model we cannot predict details of the shallow seismicity catalog. In any case
such details are likely to be the consequence of more processes than thermally controlled non-
linear creep. We have not done the calculations required 1o predict surface sirain and 10 compare it
with the known compression parallel the subduction direction and tilting of the overthrust plate
towards the underthrust one. Such macro constraints may fix the activation volume, and possibly
correct the initial sress states for the simulation.

Page 23 of the ICTP Lectures printcd on Tue, Nov 22, 1904

Acknowledgements

This work was begun while AMG visited University of Alberta from the Institute for Physics of
the Earth in Moscow, USSR. The rheology of the fault zones and methods of computing their evolution
were derived from the doctoral thesis done by NN at University of Newcastle on Tyne after an
undergraduate education in Iran, QL is a graduate student at Albenta from the Peopie's Republic of
China. EN is grateful to uncounted bureaucracies for the opportunity to put together this group. We are
also grateful to the Natural Sciences and Engineering Research Council of Canada and the Alberta Qil
Sands Technology and Research Authority for support

References

Cook, R. D. 1981. Concepts and Applications of Finite Element Analysis. by John Wiley & Sons, Inc.

Gabrielov A M., V.I. Keilis-Borok, T.A. Levshina, V.A. Shaposhnikov, Block model of dynamics of
the lithosphere, Computational Seismology, 19, pp 168-177, Moscow Nauka, in Russian

Green, A. G., Berry, M. 1.,Spencer, C. P., Kanasewich, E. R., Chiu, §,, Clowes, R. M., Yorath, C.
L., Stewart, D, B.,Unger, J. D, and Poole, W. H. 1986b. Recent seismic reflection studies in
Canada. American Geophysical Union, Geodynamics Series, Vol 13, pp. 85-97.

Green, A. G., Clowes, R. M., Yorath, C. J., Spencer, C., Kanasewich, E, R.,Brandon, M. T., and
Brown, A, 5. 1986a. Reflection mapping underplated oceanic lithosphere and the subducting
Juan de Fuca plate. Nature (London), 319, pp.210-213.

IMSL, Maih/Library user's manual version 1.0, IMSL Inc_, April 1987

Keen, C. E,, and Hyndman, R. D. 1979. Geophysical review of the continental margins of eastern and
western Canada. Canadian Journal of Earth Sciences, 16, pp. 712-747.

Keilis-Borok V.1, and V.G. Kosobokov, Time of Increased Probability for the Great Earthquakes of
the World, Computational Seismology, 19, pp 48-57, Moscow, Nauka, in Russian

Li, Q. 1986. Analysis of Seismic Instability of the Vancouver Island Lithoprobe Transect, M.S¢. Thesis,
The University of Albena, Edmonton.

Nyland, E., and Li, Q. 1986. Analysis of seismic instability of the Vancouver Island lithoprobe transect.
Canadian Journal of Earth Sciences. 23, pp.2057-2067.

Ogawa M., 1987 Shear Instability in a Viscoelastic Material as the Cause of Deep Focus Earthquakes,
Journal of Geophysical Research, 92, B13, pp13801-13810

Riddihough, R. P. 1979. Gravity and structure of an active margin-British Columbia and Washington,
Canadian Journal of Earth Sciences, 14, pp. 384-396.

Riddihough, R. P. 1984. Recent movements of the Juan de Fuca plate system. Journal of Geophysical
Research, 89, pp. 6980-6994,

Sadovsky M.A., L.G. Bolhovitinhov L.G., V.F. Pisarenko, On the propenty of discreteness of the
rocks, Proc. Ac. Sci. USSR, Physics of the Earth, 1982, no 12, pp3-19, (in Russian)

Yorath, R. M., Clowes, R. M., Brown, A. §., Brandon, M. T., Massey, N. W. D, Green, A. G.,
Spencer, C., Kanasewich, E. R., and Hyndman, R. D. 1985. Lithoprobe phase 1: southem
Vancouver Island: prelininary analyses of reflection seismic profiles and surface geological
studies. In Current research, pan A. Geological Survey of Canada, Paper 85-1A, pp. 543-554 4,

T S e =~ —pplp——rrh - -

-

- ==

PR



Page 24 of the ICTP Lectures printed on Tue, Nov 22, 1904

Page 25 of the ICTP Leciurcs printed on Tue, Nov 22, 1904

A Linear Creep Model of Aftershocks

Qing Li, Yuchun Wang and Edo Nyland
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Preliminary and Subject to Revision

Abstract
A study of the detailed earthquake catalog of North Central China shows that the curve of cumulative energy
released during the aftershock sequences of Haicheng earthquake, February 4,1975 and Tangshan carthquake,
July 28, 1976 are characterized by several straight line segments when the time axis is logarithmic. A linear
viscoelastic modet can therefore explain portions of the aftershock sequence as a time relaxation process, Here
we apply the logarithmic creep law to a large volume of shear strained and fractured material. The frequency
independent Q implied in seismic frequency range by these data is 450 for Haicheng area and 200 for
Tangshan area.
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1. Iatroduction

Seismic behavior in an area is directly related to the local geological environment and material properties.
Numerical models of subduction in the Middle America Trench and beneath Vancouver Island have exploited
the relationships between stress concentrations and geological structures (Uribe 1984; Nyland and Li 1987).
The barrier and asperity model relates the characteristics of earthquake patierns to the mechanical propertics of
the region (Kanamori 1981). All this suggests that the features of earthquake sequences are sensitive to
mechanical properties of local lithospheric material. Generally it is not sufficient to consider the carth elastic
when we deal with earthguake processes. Surface displacement and their temporal development immediately
after an carthquake have been observed by geodetic measuremenis. An elastic rebound theory to explain this
effect was first proposed by H. F. Keid in 1911. Recently more studies have been done on such subject {Lang
et al., 1984; Mclosh and Raefsky, 1983).

Earthqguake sequences occur in different pattemns which vary from region to region. These patterns, such as
seismic gaps, bursts of seismicity and rigration, have been intensively siudied by a number of seismologists,
and may be precursors of strong eanhquakes (Mogi 1979; Keilis-Borok et al. 1980 a, b, c; Lamoreaux 1982).
Their physical causes are not fully understood, but some statistical and mechanical models of earthquakes may
give qualitative explanations for these parems (Kagan and Knopoff 1976; Aki 1979; Kanamori 1981;
Barenblatt, Keilis-Borok and Vishik 1981).

The most evident feature of an earthquake catalog consists of aftershocks preduced by smong earthquakes.
The behavior of afiershocks are as complicated and varied from region to region as those of mainshocks but
their three major characteristics are: {(a) the number of aftershocks per day decreases with time, which is
formulated as Omori's law; (b) the energy released per day decreases with time; (¢) the duration of aftershock
sequences depends on the magnitude of mainshocks and is very short compared with récurrence time of
mainshocks. These properties show thai afiershocks are local effects in time, they may be excluded from
analysis of the overall dynamics of the lithosphere. However, we need a better understanding of aftershocks
before we remove them from the catalog.

Recent development in the field of deterministic chaos may provide a convenient ool for this analysis for it
allows us to consider the dynamics of lithosphere as a deterministic system. By coarse graining the
lithosphere, its dynamics can in principle be described in a high dimensional phase space and an earthquake
catalog corresponds to a collection of the points on a specially chosen Poincare section (reference???) of this
space. The return times of the lithospheric phase space trajectory crossing this Poincare section correspond 1o
the time intervals between successive seismic events (Li and Nyland 1988). Thermal instability models have
shown that the eratic behavior of the earthquake catalog could be caused by nonlinear coupling among a group
of processes which describe the dynamics of the system. Such coupling effects correspond to the interactions
between different fault segments (Gabrielov et al. 1988).

To fully understand aftershock sequences we need knowledge of geological structure and the properties of the
materials where aftershocks occur, and the knowledge of physical laws which govems fracture processes. It
seems, therefore, the study of aftershock sequences is not easier than the study of mainshock sequences,
which is now far from being understood. As long as we do not demand derailed knowledge of the earthquake
generating process but are content with estimates of the rate of energy release it is possible to exract
information from a mode! of a fractured region that is described in an average, rather than an exact way. The
processes we consider, the main shock and its associated afiershocks, occur in a volume of 1he lithosphere
which could degenerate 1o a fault plane but is not required to do so. The aftershock sequence is caused by
fluctuations of stress about its mean value in this volume. It is the mechanical properties of this volume which
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afffect the aftershock sequence.

One of advantages in analysing afiershock sequences is that their driven mechanism can be estimated. We
approaches this problem by examine the energy released during the afiershock sequences. This approach
certainly will involve some assumptions and we can only obtain a pan of knowledge of the afiershock
process. Our purpose is 10 get some fundamenal insight into how the rheology of the materials influence the
aftershock sequences from this model which we try to make it simple. This is general philosophy in modelling
problem.

We have investigated the features of two aftershock sequences. The main shocks occurred on February 4,
1975, with magnitude 7.3 at Haicheng, and July 28, 1976, with magnitude 7.8 a1 Tangshan, People's
Republic of China, We explain the energy released during these aftershock sequences with a linear creep
model. In order 1o study these processes we use an earthquake catalog containing the events identified by
China's national seismic network from 1970 o 1984 in North Central China. Since 1966, seismic monitoring
has been grealy enhanced in our study area and the afiershock sequences of the Haicheng and Tangshan
earthquakes are well decumented, probably to a magnitude threshold of 1 on Richter Scale. Cenainly, not all
small magnitude earthquakes are present in the catalog.

In solid materials the properties of transient creep, iniernal friction and dispersion, can be correlaied on the
basis of a linear theory, which cenainly applies for the small strain case. Creep tests in igneous rocks indicates
the existence of such a linear region for rocks (Lomnitz 1956, 1957). The logarithmic creep function for rocks
was also proposed by Lomnitz. In this paper we assume a linear model with a logarithmic creep law applied 1o
a volume a few kilometers in linear dimension can explain the energy released during the aftershock
sequences.

The imperfection of this medium is well known to cause seismic wave amplinude anenuarion, described by
quality factor Q. These effects mainly relate to anelasticity and inhomogeneity of the material, the first convers
elastic energy to heat and the second scatiers the energy away from the direction of propagation. The factor
calculated for Haicheng and Tangshan area with our model only relates to the first effect. These values
therefore may be higher than those determined from analysis of seismic waves which include scatiening effects
due to randomly distributed scauerers (Aki, 1969, 1975).

2. Creep and Aftershocks

The studies of creep and seismicity supported models suggesting that creep occurs in such a manner as to load
relatively strong areas or asperities within the fault zone that subsequently fail in earthquakes (Wesson 1988).
Laboratory studies of creep deformation of rocks and other solid materials under conditions appropriate 10
brittde fracture show a remarkable uniformity of behavior. Three stages of creep deformation are displayed as
the materials stessed close 1o the breaking point. The primary creep is a transient stage of response associated
with the application of the load. Secondary creep is a steady respond, the slope is approximately constent. The
teniary phase is an accelerating process that culminates in the catastrophe of fracture. Some phases disappear
when the shear stress and the temperature vary in the experiments. The empirical creep laws have been
suggested for first and second stages, the tertiary stage is less undersiood.

The most commonly used empirical creep law are power law and logarithmic law, They provide useful
representations of experimenial data in transient and sieady-state creep. When the stress and temperature are
rather low, the materials generally obey the logarithmic law. These conditions are not unlike those under which
shallow earthquakes occur. Underground experiments shows good agreement with logarithmic creep. In flat-
jack measurament, the creep between pins of flat-jack afier cutting the slot into a rock behaves logarithmically.

A a -
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Such situation is close to the relexation of a region after a strong earthquake which released a certain amount of

stess.
The logarithmic creep law

@(1) = ale(1 + at)

where a and @ are two constents depends on the conditions of experiments. The constant ¢, which has
dimension of frequency, appears to be related to the frequency of vibration of a vacancy in the crystal [attice, It
has a value of 10°Hz for a creep test of igneous rocks, and ranges from 10'0 to 10'"*Hz from theoretical
consideration of metals,

Power low creep function is also suggested for rocks. The commonly used form is given by Jeffreys (1958)

&) = al(1 + arp- 1]

where @, ot and [} are three constents. Some other creep laws have been derived from simple linear rheologic
models visualized as lincar combinations of springs and dashpots. For a standand lincar solid, the creep
funciion is

> =(—E- l](l —ed)

where T, and 1 are characteristic relaxation titme of strain and stress respectively.

Earthquake occurrence can be treated as a stress accumulation and release process. Due to tectonic movement
in an area, shear stress and strain increase with time around faults. A strong earthquake happens when the
stress exceeds the strength of the fault zone described in term of asperities or equivalent barriers (Kanamori
1981}, or the fault system becomes unstable as described by instability model (Rudnicki 1988; Ogawa 1987;
Gabrielov et al. 1988). The clastic strain energy stored in the medium around the fault releases immediately
and the stress in the area drops from a high level to a low level.

Immediately after the earthquake, the deviatoric stress starts to relax by viscous creep. This stress relaxation
leads to the stress redistribution in the fault zone. The stress will concentrated on some unbroken section or
the weak zones of the subfaults newly caused by the mainshock or some other area with a local structure
anomaly. These places are the candidates for the future fractures. As such a relaxation process goes on, an
aftershock will release the strain energy by the failure of those sections, An afiershock sequence generally last
two to three years following a strong earthquake. The strain energy released during this period is mainly
remaining strain energy of the srong earthquake.

H., F. Reid in 1911 suggested such anelastic relaxation following an elastic break in his elastic rebound theory.
Figure 1a illustrates such a process. The line AOB is marked just before a strong earthquake. During this
stage, the elastic rebound happens. The AOB break into two parts: AC and BD. The elastic strain energy
releases in this stage. During the second stage, the curve AC changes to AC and BD 10 BD', the strain energy
releases by means of an aftershock sequence governed by anelastic properties of the materia). In this paper we
focus on the second stage of the strain energy relief. The increase of strain energy due to to tectonic motion can
be neglected in such a short period. This process are influenced by the lithosphere and asthenosphere rheolopy
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as well as local geological structure (Lang et al., 1984)

We generally identify afiershocks as statistically dependent events following main shocks. They happen in
spatial and temporal windows determined by the main shocks. Physically, they might be explained as a stress
distribution readjustment and release process after mainshocks. The features of aftershocks vary from region
1o region due to the inhomogeneity of the media. Their behavior is erratic although statisticaly the number of
aftershocks decreases with time as in Omori's law.

Mathematical modelling has shown that such erratic behavior can be due 10 nonliear interaction between
different fault segments. In this paper we consider an aftershock sequence as a stress relaxation process due to
the anelasticity of the material which indicates that it might depend on the entire history of loading and
unloading. The strain energy released during the aftershock sequence consists of the energy stored in the
region less the energy released by a mainshock, which is treated as an elastic break in that area, A remarkable
fact of this consideration is that the driving force of the dynamic system of aftershocks is govemed by the
visco-elastic properties of the lithosphere, The energy supplied by the driving force will equal the energy
dissipated by the system in term of aftershocks.

Figure 1b illustrates such a process with & simple springs and dashpots model. The relief of strain energy
consists of two stages, an elastic break followed by an anelastic relaxation. Before a strong canthquake, the
strain energy is stored in the fault zone, ie. stored in spring k1 and k3. During the elastic break, the elastic
strain energy stored in spring k| is released. The stress o drops to a lower level. The relaxation start
immediately after the carthquake. In this stage the energy stored in spring k3 starts to release, and stress ¢ will
increase. When stress s drops again, a sequence of aftershocks will be generated. The relaxation process is
governed by anelastic properties of the material, or the properties of the dashpot.

Afier a strong carthquake the stress state drops to a low level. If such stress fluctuares around a constant value
during the redistribution process, the relation of the cumulative sirain energy released in the aftershocks to time
can be easily calculated. Although such approximation may not be true, the following study on Tangshan and
Haichen earthquakes suggests that this approximation is applicable to these areas.

3. Catalog Analysis

The catalog used in this paper contains events that occurred in North Central China from 1970 to 1984, The
magnitude of the recorded events range upwards from 1.0. and the catalog has detailed records of the
aftershock sequences of 1975 Haicheng carthquake and 1976 Tangshan earthquake, Epicenters of of large
earthquakes in this study are shown in Figure 3 as circles. The big circle at Haicheng shows the event of
February 4, 1975 with magnitude of 7.3. The three circles at Tangshan represent events that happened on the
same day, July 28, 1976 with magnitudes of 7.8, 7.1 and 6.5 respectively.

An aftershock sequence consists of events physically related to the main event. Unfortunately, the physical
causal relationship between the mainshock and its aftershocks has not been fully understood so far. Only some
empirical relations have been drawn out. To extract the aftershock sequence of a mainshock from the catalog,
we have to define a somewhat arbitrary criteria. Generally we consider two events with time sequence number
i and j, i>j. The second is an afiershock of the first if and only if the following conditions are satisfied: (1) the
distance between their epicenters is less than R(Mj); (2) the time difference L < T(Mj). and; ) M; < Mj.
T(Mj) and R(Mj) are empirical functions which can be viewed as simple box car windows containing obvious
"mainshock-aftershock” clustering (Lamoreax 1982). Gardner and Knopoff (1974) gave a logarithmic
relations between time T and magnitude M;; and distance R and Mj. Table 1. lists the relationships used as
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time and space windows for the identification of aftershock sequences in this study.

Table 1 Windows for identification of aftershocks

M R(km) Tidays)
6.0 54.0 510.0
6.5 61.0 790.0
7.0 70.0 915.0
7.5 810 960.0
8.0 94.0 985.0

Figure 4 shows the cumulative strain energy released in the afiershock sequence of Haicheng earthquake of
magnitude of 7.3, February 4, 1975. The abscissa is time plotted logarithmically for the reason which will be
discussed in next section. 928 aftershocks were identified with the criteria given in the table 1. The pattern of
the Haicheng earthquake is characterized as a single mainshock followed by an aftershock sequence dominated
by a number of intermediate earthquakes, about 4.0 to 5.0 in magnitude. The energy was calculated with
logE=15M+11.8

Two straight segments in figure 4, comrespond to two periods of seismic activity in the area. The jump at about
200 days after the mainshock corresponds to a 5.4 magnitude event on August 28 of the same year,

The similar analysis was done for the afiershock sequence of Tangshan earthquake, magnitude of 7.8, July
28, 1976. Figure 5 shows the cumulative energy released in the afiershock sequence. Following the
mainshock two other events of magnitude of 6.5 and 7.1 happened on the same day. These two are
responsible for the great jump in the cumulative energy curve on the first day. Two straight segments denoted
by AB and CD show clearly in the figure. The jump following the segments corresponds o the event of
magnitude 6.5, May 12,1977,

4, Linear Viscoelastic Models

1t is well krown fact that earthquakes are associated with a nonlinear process, however, in the relaxation of the
earth after an earthquake, a linear viscoelastic model might be applicable. So far we don't have any in situ
experimental results showing us what kind of constitutive law we should apply to the lithosphere. We chose a
linear viscoelastic model in this study because of its mathematical simplicity, and also because the creep law
will become Newtonian when the stress is low (Gabrielov 1988). The stress concentration which initiates an
earthquake is a local effect so it is reasonable to consider the stess state of the entire region is low. Numerical
modeling shows that linear and norlinear viscoelastic rheologies do not give substantial different results for the
pattern of stress field afier an earthquake so the linear viscoelastic model is a good approximation when we
deal with relexation of the earth afier an earthquake.
For viscoelastic material there is an instantaneous strain and a time dependent contribution to strain in response
10 applied stress. When soess °ij(‘)' a function of time, is applied to a viscoelastic solid initially free of strain
and stress, the resulting strain in a linear medium may expressed as a convolution (Aki and Richards 1980,
Fung 1965):

t
gjjn = Eijkl o) (O + Ickl (44] d’ijkl([ -T)dt

e
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Where Eiju is an elastic modulus, and ¢in is known as the creep function. For an isotropic medium, the

fourth-order tensor ¢ij“ can be written as
s 2L o PR
Diji8) = —E5— 8 8y +— 1 Bi Bt + & 8w )

Where @, and &, are scalar functions. ®, is the shear strain creep function and @, the dilatational strain creep
function. Therefore the strain and stress relation can be described as

C',j(l) = Eijuokl(l) +j [q’%m‘[)&j + ¢1(l-1)(0‘q(1) - %Ggg(f)sij]] dt

The first term inside the integration is the confining pressure, and the second term is the deviatoric stress. If
an earthquake is a shear failure, we can assume that after the earthquake, the shear stress drops to a lower
level, but the confining presure remains essentially the same. Therefore, the first term inside of integration can
be omitted in the following discussion.

. ; o .
We consider a region loaded to a level ij) since ime -T. Attime t = 0, the stress suddenly drops to a lower

level, which comesponds a mainshock. After the mainshock a number of subfaults are generated, or activated.

The strength of the material in that region therefore becomes lower. The remaining strain energy releases
successively in aftershocks.

According to the above discussion, the cnergy released by an aftershock sequence is equal to the energy
released during the relaxation following the strong earthquake. It can be wiriten as

AE = -[ dvj Uij(l)dcij(l)

We assutne that the lower level stress fluciuates around its mean value during the relaxation period, ic. we can

express the stress as G;i(t) = o‘lf) + 8aij(t) . The above integration is then

&;(D =I (0(“2)_ ‘%Gﬁ)sij : 1(-T)dt +I (O’ij(t) - -:I;-Ou(‘t)ajjph(l-‘t)d‘t

J &ay;(tf(x)dt = 0 if Bojj(1) and the function f{t) are not correlated. This applies if f is a creep function and
¢

7? is the stress fluctuation 7777,

= (o8- %og}’aa,)[ [ (04(0) - Loulypy et - I (Gij(t)--:];—ﬂu(t)&j)‘i’;(—‘t)dt]dv
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Since the recurrence time interval is much larger than afiershock duration, ie. the loading precess is much

longer than the transient period of creep, we can take the approximation !‘bl(t-t) - &),(-1;) ={}whent<-T. We
then have

AE = J [6@6{ax(T) - &(T - 1) + 6P AcDM)dv

where Ag = a{1) - 6(2), For the reason of simplicity, the deviatoric stress is denoted by @ in above
expression, and will be so for rest of this paper. Again with the approximation

O(T +1) - (T) =0, we have

AE = Vo Acd(1)

where V is the volume within which the stress drop due to the mainshock is significant. The over bar indicates
volume average. This relation shows the energy released in afiershocks is directly related to the crecp function
of the lithosphere. Therefore the cumulative encrgy released in aftershocks as a function of time indicates what
kind of crecp function we should use to describe the lithosphere.

The linear relationship between energy E and logarithmic time T shown in Figure 4 and 5 suggest logarithmic
creep, which was deduced from laboratory measurements on intact specimens and gives better agreement with
experimental data than other models. We have tried the power law crecp function and the creep function for the
standard solid to match the energy released in afiershocks, it shows larger deviation. The increase of the slope
of the straight segment CD (Figure 4) can be explained by the superposition of the energy due to the aftershock
of the mainshock and that due to the event at August 28, 1975, with magnitude of 5.8. This quake may have

been triggered by the mainshock, but the stress level of that region may have not dropped to 6 afier the
mainshack, In other words, the strain energy released in this event is not due to the anelastic part of energy
stored in the region. Although this event may have a causal relationship o the main event, the mechanism must
be different from other aftershocks. The same explanation can be applied to Figure 5.

We have to emphasize that most experiments, such as flat jack underground experiments, on which the
logarithmic creep law is based are carried out to measure dilatational strain creep phenomena. For an
earthquake process, shear strain relief is dominant. In the analysis of this paper, only the shear strain creep
function is concerned in our energy budget. The results of this paper are thus obviousty restricted to the case
of material which suffers shear stress.

5. Estimates of Q
Due to the "internal friction” of materjal, seismic wave amplitudes will attenuate when a seismic disturbance

propagates through the media. Such materials are said to be anclastic and generally described by
viscoelasticity. The measure of the internal friciion is the dimensionless quantity Q, which is defined by the
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ratio of the peak strain encrgy stored in the specimen and the energy dissipated in each cycle.

1 AE

Q e
The seismic quality factor Q is stricily frequency dependent because of causality, but it is observed to be
effectively constant over the wide range of frequencies observed in seismology (0.001 -- 100 Hz). The

logarithmic creep law implies an effectively frequency independent Q under the condition w << o, and g << 1
(Aki and Richards 1980)

1 nq

— —

Q 2

Here q is one of two parameters of creep function is equal to 2ua in our expression. Their result is
applicable to our discussion.
We have an expression for the energy released during aftershock sequences in terms of logarithmic creep law:

AE = Aln(1 + ct)

1 .
where A = 3 Vv o® Aca , 6@ is final state of pure shear stress afier the mainshock, Aa is the pure shear

stress drop during the mainshock. The energy released in the mainshock is

=Ly Ag
E —-i-V(o‘ +»:s”’)2’l

‘main
Therefore, we can express q by

q=(1+92) A

main

To calculate g, we need to know stress states before and after the earthquake.
777 We therefore are justified in teking the zero-th approximation for q

2A
E

main

q:

With known q, Q can be casily calculated.

1 x4
Q7 Epyin
Since we have approximate expression for AE:
AE = Alna + Alnt
{the approximation is valid when ot >>1), two parameters A and a can be determined by the slopes of the
segments and their intercepts with the energy axis. The slope of segment AB in Figure 4 is 0.4 x 10?0

ergs/In(day) and the intercept is11.76 x 10?% ergs. The parameters q and a are calculated to be 0.0014 and 6.8
x 10" Hz, which satisfy the approximation conditions used to derive the effectively frequency independent Q.
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The factor Q calculated for Haicheng area is 450.

The same analysis is carried out for Tangshan region. Since the events of magnitude 6.5 and 7.1 happened on
the same day as the mainshock, we take the energy released by these three events as the value forE . inthe
formaula. The q and Q are calculated 10 be 0.003 and 200 respectively.

Li and Gu (1980) have calculated Q by means of the amplitude of P arrivals recorded at many stations in the
Haicheng area. The average Q they find is 530 for upper crust of Haicheng region. The Q, for lithosphere is
calculated from the aftershock data of Tangshan earthquake, which is recorded by the siations at Haicheng
area. The Q_ value of 200, gives the average effect of the lithosphere under Tangshan and Haicheng area.
The mainshocks of Haicheng and Tangshan have the depth of 12 and 16 km, respectively. The Q we obtained
for Haicheng arca may be influenced by the effect of upper crust which has a high Q.

n afier

If we include the effect of the efficiency of seismic wave radiation, the Q will be modified by the factor
mawn

where h, g and 1., represent seismic efficiencies for afiershock and mainshock respectively. The Q will

decrease if T|;q. is smaller thanm

Again we have to ¢emphasize that since the ¢creep function participated in the analysis is the shear strain creep

function, the dimensionless quantity Q determined above is only valid for shear wave propagation through the

media.

6. Conclusion .

From the analysis of two recent earthquakes in North Central China, we can successfully explain the
aftershock sequences as relaxation processes. The features of such processes depend on the anelastic
properties of local lithosphere. The curves of cumulative energy released during the afiershock sequences are
characterized by several straight segmenis. These results imply that besides the simple definition of aftershock
events from space and time causal relations, we can classify the afiershock events as two kinds: one is due 1o
the relief of strain energy which stored in the medium and can not be released suddenly with an elastic break;
the other is due to the break of some unbroken sections where the stress level did not drog to a lower level
afier the mainshock. This classification will help us to distinguish the aftershock events of two different
mechanisms.

The analysis supports the notion that the energy reteased during aftershock sequences can be explained by a
linear creep model. This suggests that the logarithmic creep law can be applied to large scale shear strained and
fractured body as well as to laboratory scale samples. The two parameters in the creep function estimated from
our maodel of aftershock sequences are in reasonable agreement with the experimental results. The
dimensionless quantity { estimated with this model has a value of 450 for Haicheng area and 200 for
Tangshan area. These estimates are high, but they include only the dissipative, not the scattering part of Q.
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List of Figures
Figure 1 - a simple model to illustrate recurrence of earthquakes, (a) shows stress accumulation and drop. (b)
shows cumulative energy release during each earthquakes.
Figure 2 --- an elastic rebound and relaxation model. Different curves correspond to different stages of
carthquake process.
Figure 3 — a map of epicenter Jocation of Haicheng carthquake, February 4, 1975; and Tangshan earthquake,
July 28, 1976.
Figure 4 --- cumulative energy released in the aftershocks of Haicheng earthquake in February 4,1975
Figure 5 --- cumulative energy released in the afiershocks of Tangshan carthquake in July 28,1976
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