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ABSTRACT

The crustal deformation  patterns associated with the
earthquike cycle can depend strongly on the rheological
properties of subcrustal material. Substantial deviations fron
the simple patterns for a upiforaly elastic earth are expected
vhen viscoelastic f£low of subcrustal material is considered. The
detailed description of the defgormation pattern and in particular
the surface displaceuents;{ displacemept rates, strains, and
strain rates depend on the étructure and geometry of the material
near the seismogeuxic zone. In the past few years various
viscoelastic models of crustal deformation have been publi . :d.
These models differ in their predictions concerning the temporal
and spatial patterns of crustal defarmation. In some cases these
differences are due to varying choices for the physical mecranisn
under studya. In other cases, however, the differences are the
result of the details of the makhematical treatmepnt or the choice
of wodel parameters. We seek to resolve the origin of some of
these differences by analyzing several different linear
viscozlastic models with a comamon finite element computational
technique. The models involve strike-=slip faulting and include a
thin channel asthenosphere amodel, a mode! with a varying



thickness lithosphere, and a model with a viscoelastic inclusion
below the brittle slip plane. The calculations reveal that the
surface deformation pattern is most sepsitive to the rcheology of
the paterial that lies below the slip plane ip a volume whose
extent 1is a few times the fault depth. If this material is
viscoelastic, the surxface Qeforqatibn pattern resembles that of
an elastic layer lying over a viscoelastic half-space. When the
thickness or breadth of the viscoelastic material is less than a
few times the fault depth, then the surface deformation pattern
is altered and geodetic measurements are potentially useful for
studying the details of subsurface geometry and structure.
Distinguishipy among the various mQdels is best accowplished by
making geodetic measurements not ogly pear the fault but out to
distances equal to several times the fault depth. This 1s where
the nodel differences are greatest; these dififerences will vpe
most readily detected shortly, after an earthquake vhen
viscorlastic effects are mast pronaqunced. For a thin channel
asthenosphere model we have found that the predicted
displaceuwents are less tban thcse for a haif-space astheanosphere.
This resalt is contrary to wecently pub}is@ed pesults based on
analytical approximations. The defxéiéhc;zs of the Laiter work
result from ignoring materiai belew the asthenosphere and in
using thickness averaged deformation parameters. Athough the
displacements predicted for a thin changel astheposphere are less
thay those for a half-space asthenosphere, the postseismic strain
rates at intermediate distances from the fault are greater (in an
absolute value sense) in the forwer model.



CRUSTAL DEFORMATION, THE EARTHQUAKE CYCLE, AND MODELS QF
VISCOELASRXC FLOW IN THE ASTHENQSPHERE

INTRODUCTION

There are many reasons for the eurrent interest in the
development of nmodels of the crustal deformation in active
seismic 2zones. Obviously a thorough understanding of the
deformations that develop prior to an earthguake would contribute
greatly to predicting a torthcoming event and mitigating +the
hazards associated with it. The analysis of the deformatioys
that accompapy the earthquake provide very basic information on
the rupture process, the size of the eveant, and the state of
stress in the lithosphere. Postseismic deformation has been used
to study relaxation processes within the asthenosphere and the
coupling between surface slip and aseismic creep at depth..

The models that have been developed to accouat for the crustal
deformation of the earthquake cycle fall into twvo broad
catagories, the first involving aseismic slip and the second
viscoelastic flow. The purpose of this paper is to analyze in
some detail various viscoelastic¢ models of c¢rustal deformation.
Our objectives are three-fold. First we want to elucidate which
model parameters are likely to be determinable from present or
future geodetic measurements. Second ve want to compare various
models to determine whether the different predictions of
alternative wmodels arise from different physical assumptions or
different mathematical treatments. Finally we want to determipe
the range of conditionc over which substantial viscoelastic
effects are likely to be present. We are primarily interested in
the effacts ¢f either vertical or lateral confinement of the low
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viscosity f£lcw in either the asthenosphere or an intracrustal
decoupling layer separating upper and lower elastic Lithosphere
layerse. Hedels that focus of these problems have either
horizontal oxr lateral variations in viscosity. All of the models
that we have iuvestigated use linear viscoelastic rheoloyies and
all are applied to strike-slip faults.

The first of the wodels relevaat to the present study was
developed by Savage and Prescott (1978) £for the deformations in
an elastic lithosphere layer 1lyiny over a viscoelastic
asthenosphere half-space. A conceptually similar, but
nathematically distinct, uodel was developed by Spence and
Turcotte (1979) whose analysis yields similar results. The
Savage and Prescott model, which we will discuss in nore detail
below, serves as the basic viseoelastic half~space asthenosphere
nodel for our comparisons with other models. These early papers
piomeered the extention of elastic mgdels of the earthquake cycle
to include viscoelastic flow at depth. Since their publicaticn
there have Lbeen a number of papers in which the vertical and
horizontal variation of rheological properties has beea wmore
complicated than an elastic layen over viscoelastic half-space.
Promineat amcny these are the thin asthenosphere model of Lehner
and Li (1982) and a model with a thin lithosphere near the fault
and thicker ome further awvay (Yang apd Toksoz, 1980). The latter
wodel is called the varying 1lithosphere model ia this paper.
These models, along with scme variakious, will be the subject of
the comparisgns discussed here. Other relevant work has focused
on visgselastic iaclusions in subducticn zones (Wahr and Wyss,
197¢), an dntracrustal low-viscosity zone (Turcotte, et.al.,
1983), viscoelasticity both withim the lower lithosphere and
asthenosphere (Cohen, 1982) , power law flow within the
asthenosphere (llelosh and Raefsky, 1983), and sea anchor effects
of subducting slabs (Melosh and Fileitout, 1982). All of the
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aforementioned models use viscoelasticity as the wmechanism for
time varying deformation rmates. Hodels involviny time varying
aseismiz &lip are also imporbant, particulacly in wmodelingqg
postseismic rebound. . There is, however, a so far uncesolved
ambiguity din distinguishing between elastic slip and viscoelastic
flow at depth on the basis of surface geodetic mnmeasurements.
Finally it may be importamnt in some locales to take into account
distributed yielding and the interactiop of multiple faults . An
analysis similar to ours could be made for dipwslip faults hy
building on the modeling work of Bischke (1974), Thatcher and
Rundle (19789), and Savage (1983)..

MODELS AND TECHNIQUES

Tha comparisons that we will present “owve are based on the
four viscoelastic me’'els and one elastie¢ mi(el shown in Figure 1.
In each case there is a vertical strike=slip £fault that extends
from the surface down to a depth D. The fault penetrates all or
part of an elastic layer which we identify with the crust or
lithosphere. In the sinple elastic half-space model this elastic
layer extends to infinite depth. In the viscoelastic half-space
model the elastic layer extends from the surface to a depth H (I
> D) whare a viscoelastic half-space begins. This low viscosity
layer is identified with the asthenosphere or an intracrustal
decoupling layer within the lithosphere. Whereas in Figure 1b,
the low viscosity layer is a half-space, in Figure 1¢ it has
finite thickness. The new parameter introduced in this thin
channel asthenosphere model is the asthenosphere thickness, AH.
While this model allows for some vertical variation ia the
viscosity structure, other models have allowed for lateral
variations. One such wmodel, the varying lithosphere model, is
show in Figure 1d. Here the lithosphere is thianner in the
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vicinity of the faul% and thickens farther away. The parameters
introduced by this model are the lithosphere thickening, AL and
the half~width of the nearc~-fault, thin lithosphere zone, We
Finally #Figure 1e is one example of lateral and vertical
confinesent Qf the low viscosity zogpe. This inpclusion model is
defined by the haltf-width pavaneter, W, anhd the thickness
parameter, £4H.

The technique wWwe #se to coupute surface crustal deformations
congs from a finite element adaptation of the procedure used by

Savage and Prescott (1978) for analyzing the repetitive cycle of

earthquakes on strike=slip faults. The displaceuments
attributable to a single episode of strain accumulation and
release are decomposed into two coptributions. The first

contribution is due to block motion of the lithospherz at a
constant velocity, Ve The second contribution comes £ron
backward fault creep frou the surface to depth, D, at velocity,
Ve The backward creep starts at time zero and continues until
the earthquake occurrence (recurvreuce) time, T. At T an
earthjuake occurs resulting in a relative displacement across the
fault of AU = 2vT. Strain accumulated prior to the eatthquake is
relieved by the coseismic slip. Considering the combined
contributions of the tvo components, the fault is locked at at
all times before an earthquake as the two terms cancel. At the
tine of the earthquake a sudden relative displacement occurs
across the faulﬁ; subsequently the fault is again locked. A
sequence of recurring earthguakes is génerated by superposiny the
tinme dependent deformations from individual earthquake cycles
appropriately shifted in time from oune another. The degree to
which the pth earthquake cycle in a sequence contributes
deformation later in the sequence depends on the ratio between
the racurrence time for earthquakes and the relaxation time of
the viscoelastic mediun. The finite element code that we use in
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implesrenting the mnodels has been discussed in previous papers
{(e«.g. Cohen, 1982). We employ a tw¢ dimensional, three deyrees
of freedon, antiplane strain analysis. The rheological
representation used for the viscoelastic elements is a Maxwell
fluid in shear and elastic solid in bulk, The Naxwell relaxation
tine, =, is defined by r = 2 0//4 wvhere y is the viscosity
and 4 the rigidity of the viscoelastic material. To facilitate
comparisons with earlier work, the depth of the coseismic slip
plane D will be taken to be the bottom of the elastic layer, H (D
= H dn Figures 1b to 1e). Except in the special cases discussed
later, the dimensions of the finite element grid are chosen to be
large compared to all other dimensions discussed in this paper.
This assures that the boundary conditions at the sides aand the
bottom of the grid do not effect the results. Explicit
inteyration c¢f the constitutive equatians 1is employed with the
integration step size chosen to be small compared to the Maxwell
time of the viscoelastic material.

It follows fron the preceeding discussion that the
displacement, u(t), at time t can be written:
L &
u(t) = VT + ua(t) +3 [uz(t+aT) =~ uz(nl) ) (),
=)
In this eguation the first term is the displacement due to the
block motion and does not coatribute to the stress or strain
field. The second term is the countribution to the crustal
deformation frow the coseismic slip and the aseismic backwasd
creep during the current earthquake cycle. The terms under the
summation sign arise from the viscqelastic response to siip apd
backward creep during earlier cycles. For an elastic earth each
of thz difference ‘terus (for a givea m) would be exactly zero.
In adiition for am elastic earth u,(T) = O Figure 2 shows how
the viscoelastic flow in the asthenosphere alters this behavior.
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Results wre shown for Dboth nailf~-space and thin channel
asthenospheres. Here the indavidual diiference terms are o
longoer zero. The higher order termws in the viscoelastic response
becoane of yreater relative juporrtance as distance from the fault
increases. Also the higher ordur terms have a somewhat yreater
signiricance at nost locations in  the thin asthenosphere wodel
than in the half-space case. Tonat the overall aumplitude of the
viscoelastic effect in the thin channel model is less than in the
half~space model is also apparenta Summing together alli the
contributions to the displacesents we generate a set of curves
for the displacenents as a functionp of distance from the fault
and tiwe Letween earthquakes as shown in Figure 3. For the
viscoelastic amodels, postseiswic dasplacements (2.y. t/T = 0.2)
at intermediate distances from the fault not only exceed those in
the near and far fields but airso change with a veloclty yreater
than the uniform translatiou rate of the loading blocks. This
accelerated motion is a cowmmon chagacteristic of the postseisnmic
rebound. To make this point more explicit we show in Figure 4 a
sample plot ¢f velocity, u, versus distance at various times.
Notice that at t/T = 0.1 the velocity at X/D = 2 excseds that at
yreat distances from the fault by over 50 perceunt. At sowe later
tines 1o the earthquake cycle, however, the velocity is
consilderably slower than taat for an elastic earth.

Let us wnow turm to a more detailed comparison of tae thin
chanuel ana half-space asthenosphere results. Exauwples of the

displacenent patterns are couwpared in Figutes 3¢ and 3d.
Comparel to the halE~space asthenosphere model, the displaceuwents
in the thiu channel model are rpeduced in amplitude for all times
t < 1. The diiferences between the two nmodels are greatest early
in the cycie, when viscoelastic effects are most pronounced, and
progress toward zero as the recurrence time is approached. The
location o©f the peak in the displacement pattern wmarks the
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boundary between a zone of positive shear astraifn near the fault
and uegative shear strain farther avay. The width of the zoune of
positive strain increases with time and eventually encompasses

the entire reglion shown in the¢ figure. For the thin channel
modeL the lccation of the point: of greatest displacement is
displaced faultward. This reflects the geueral confinement of

the zone of significant deformation (high straipg) closer to the
faulte Tovard the end of the cycle, hovwever, the deformation
field approaches that for a half-space asthenosphece. Figure 5
shows an exaaple of the variatlon in displacement at X = D as Al
increases. For example with t/T = 0.2, u/AU = 0.05, 0.10, and
0.12 for AH/D =0, 1, and 4§ and respectively. The latter value
is close to the half-space asthenosphere value.

Since strain cates rather than displacements are the
guantities wost readily deduced from most multilateration
measurements we will, henceforth, focus most of our attention on
a comparison  of couputed strain rates. Examnples of
representative engineering shear strain rates, €, are showan as a
function of distance from the fault, X, and at two times in
Figyura 6. . The prinary observation that ocan be made about the
strain rates iu the two models is that they are in fairly yood
agreengnt. This is true despite the fact that the thickness of
the low viscosity layer in the thin asthenosphere model is fairly
small, i.e., AH = H. On a closer examination, however, we Ltind
that there are some important second order differences between
the uwolels. In the near-field, the strain rates after the
garthjuake are somewhat reduced when the asthenosphere thickness
is decreased. The situation is reversed toward the end of tae
earthjuake cycle. Thus the near~field strain cates go through a
greater range of values as the asthenosphere thickness iacreases.
Furthermore the ninima in the postseismic strain rate patterns
vary im both magnitude and location with the asthenosphere
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thickness. We focug on these differences in the next two figures
and discuss those circumstances for which the thizkness of the
low viscosity =zone might be estimated f£rom comparisons of
calculations and observations. Figure 7 shows the dependence of
the near~field (X/D=0.025) postseismnic strain rates on the
asthenosphere thickness  AH/D. The normalized strain rate,
¢/{AU/DT), rises rapidly Erom its elastic value (when AH =0) of
0.3 to umar the half-space asthenosphere value of just ovec 1 as
M increases. Even for the very modest value of asthBHOSphane
thickness f£ox which AH = D, &/(AU/DT) = 0.9 and for AH/D > 1 the
strain rate is nearly the half-space value. Thus measurements
made in the near-field are sensitive to the asthenosphere
thickuess only over a narrow rahye of values. If the thickness
is more than about one fault depth, the shear strain is close to
tnat obtained with a hali-space. Measurements wade fartner away
from the fault have a somewhat greater relative sensitive to tue
asthenosphere thickness. Figure B shows how the magnitude, &p,
and location, Xp, of the winimum in the postseismnic strain rate
pattern (at a fixed time) vary as a function of asthenosphere
© thickness., The magnitude increases (im an absolute value sense)
as asthenosphere thickness increases uutil AH/D > 1 then slowly
decreases toward the half~space value of approximately ~0.7.
Thus for most values of asthenosphere thickness the winimum is
deeper than that predicted for the half-space. The position of
‘the wininum differs markedly from that for a half-space when the
asthenosphere thickness is less than about 3D. For example with
D =20 ke, Xp = 50 ke, 65 km., and 72 km. £for Ad = 20 Kkum., 40
~km., 2nd iafinity respectively. The position of the minimum Lor
the half-space model is almost 50 percent further from the fauit
than it is for AH/D = 1. Note also that the position of the
minimum noves away from the fault rapidly for AH/D < 1 as elastic
behavior is approached and the extremunm disappears.

10



ORIGINAL PAGE &
OF POOR QUALITY

The results presented above were obtained with the ratio of
the earthquake recurtence tiwe to Maxwell relaxation time equal
o five, l.8., T/r = 5. We have rerun a few of our calculatiuys
with T/y = 20 to see how decreasing the asthenosphere viscosiby
effects these results, As wvas expected the postseisumic
displacements are greater whoen the viscoelastic relaxation is
more rapid. Therefore the developuent of the peak an the
posts2ismic displacement patiern at intermediate distances fromw
the fault is more pronounced. The postseismic strain rates
increase roughly linearly with T/r. Associated yith the increase
in the postseismic strain rates near the fault is a decrease in
the rates later on; thus the gJreatest fraction of the straining
hefore an event in an earthguake sequence occups shortly after

the preceeding event in the seqguence. The strain rate in the
ueax-field undergjoes an increasing time variation when the
viscosity of the asthenosphere decreases. Even though the

postseismic strain rates are increased with the wmore rapid
wisngpelastic response, we still f£igd that the pear-field strain
rate becomes 90% of the half~space asthenosphere result when AH/D
> 1.75. This is because the postseismic strain rates increase
with a reduction in viscosity for bqth the thin channel and half-
space asthenosphere models.

One of the wost iwportaat findipgs of this study is tuat the
effect of having a finite width asthenosphere is much different
from that predicted by the recent apalytic approximations of
Lehner and Li (1982) . Their model predicts displacements which
are generally wmuch greater than that for a  half~spage
asthenosphere (when X/D < 1% whereas, we have found smaller
displacements when the asthenosphere has a finite width. In
addition Lelner and Li find that deviations from half-space
asthenosphere behavior oc¢cur over a much larger rcange of
asthenosphere thickness than are ,indicated by the finite =lement

1"
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calculations. For example, with Al/b = 5, they find that the
displacements at t/%=0.2 are as wmuch as 40% bigyger than that
predicted by the half-space asthenospere nmodel. On the other
Land, we find the displacements are close to that predicted by
the half~space asthenosphere wodel and slighly swmaller. After
performing a number of numerical experiments we now believe that
we understand at least some of the difficulties with the Lehner
and Li wodel. Their model is a two~layer approximation with Lthe
material bedlow “the asthenosphere ignored. The wathematical
developaent Q£ the nodelr‘ﬁtilizes thickness averaged deformation
and stressz variables and ignores soue of the shear stresses
within the asthenosphere. As the authors paint out, the model is
most suspect near the fault, the region where ihe greatest
crustal deformation occurs. The authors also indicate that the
wodel may be dinaccurate at large distapces from the fault. We
have attempted to mimic the calculatiqns of Lehner aad Li by
using their choice of viscosity, rigidity, earthquake recurrenge
time, layer thickness, etc. in a nuaber of calculations. One of
these calculations is a a. two~layer «calculation using finite
elements wikh the bottom boundainy of the finite elemeant grid held
fixed for the calculation of Une In a second case, the saume
calculation is performed with the bottom boundary made free. Ln
a third balwu;&tién Ve ‘use our bthree layer model with elastic
naterial extending frdm the bottom of the asthenosphere to a
great depth (the chosce of the bounpdary condition at the bottou
of this g¢rid is immaterial). We have also reproduced the
analytic calculations and performed calculations using a half-
space astherosphere model. (In the latter case several different
techniques yield substantially the same result. In redoing the
analytical calculation a sigyp error was corrected imn the
published equations, but this error has aot airfected the
figures.) A comparison of these five calcalations is shown in
Figure 10. We see ‘that the analytical model predicts the

12
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yreatest displacements. The smallest displacements are predicted
by the three layer model and the tyo layer model with the botton
boundary held fixed (these two calculations are in very close
agreement). In adhition the three layer results are fairly close
to and a little smaller than the half-space asthenosphere results
as expected frow our earlier analysis. Interagstingly the free
boundary, two-layer model yields displacements which are somewhat
greater than ‘the half~space astheunosphere displacements. The
free boundary condition results are the closest results we have
obtaiared to the analytical model, but the agreement between the
two is still not satisfactory. The results obtgined with a free
(Eixed) boupdary can also be obtaiped using a three layer model
with a low (high) rigidity elastic layer below the asthenosphere.
The validity of the finite element calculations is confirmed not
only by checking with independent calculatiomns in the half-space
asthenosphere limit, AH =¢ , but also by veritying the smooth
transition to elastic behavior as AH approaches zero. On the
basis of these calculations we conclude that the enhanced
displacements predicted by the analytical model result from model
simplifications that are unlikely to o¢ccur in nature, suck as
ignoring the presence of material below the asthenosphere and
averaging variables over the fault depth. Despite the fact that
the displacewents are smaller in the thin channel model than in
the half~-space asthenosphere nmodel, we £find that +the minima in
the postseismic strain rate pattern are deeper as indicated
earlier in Figure 8.

Before leaving consideration of the finite width asthenosphere
wodel we examine how the half-width of the gtrain rate field
varies with time. W®e define the half-width, Xy2s as the distance
from the fault at which the stiain rate is ope~half its maximuam,
near~fault value. The width increases with time, an example
being shown in Figure 11. In general the growth in the width of

13
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the strain field accelerates with time following an earthquake as
the near-field strain rates decrease and the far-field values
increase. The details of the growth depend on the thickness of
the asthenosghere. Just atfter an earthquake the width of the
strain rate field and its time rate of change are comparable for
the half-space astheposphere and the thin layer asthenosphene
nodels. As time passes, however, the growth rate for the half-
space asthencsphere model increases more rapidly.

The next model we consider, the varying lithosphere model, is
shown ia Figure 1d. For distances from the fault X > W the
lithosphere thickness is H. At greater distances from the fault
the thickness is H + AL. As an 1ilustrative case we take W = D
and AL/D =1.5 (with H/D = 1 and T/r = 5). In Figure 12 we onge
again see +that the strain rate curves for this model and the
half-space asthenosphere model are quite similar but there are
some importapt differences. The posiseismic near=-£field strain
rates are less in the varying lithosphere nodel. Toward the end
of the earthquake cycle these strain rates are yreater. As for
the spatial vattern, the strain rates at intermediate aad far-
field distances show less variation with distance from the fault
than do the corresponding strain rates for the haif—-space wodel.
This is because the lithosphere is thicker at these greater
distances and the deformation pattern takes on some 0f the
aspects of an elastic field. As in the previous case it is
informative to examine how the magnitude of the near~ and
intermediate~field postseismic strain rates vary with the umodel
parameterg, Figure 13 shows the variation in the near-field rate
with width apd thickening. Strain rates within 90% of the half-
space asthenosphere value are achieved whepever the width of the
thin lithosphere zone exceeds one—-and—a-half times tne fault
depth, D Similarly whenever the distant thickening of the
lithosphere is less than 50%, the strain rates are 90% or yreater

14
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of the half-space asthenosphere value. As to the location and
wagnitude of the postseismic strain rate minima, the results are
shown in Figure 14. Four points sheuld be noted. First when tae
width, W/D, is small the magpitude and porition of €y depend
strongly on thickening, AL/D. Second when the width is greater
than about 3D nearly half-space asthenosphere bzhavior is
achieved dindependent of the value of AL. Taird, when the
thickening of the lithosphere away from the fault =zone exceeds
three times the fault depth, then ep and Xy depend strongly on #
{for W/D < 3)a Fourth, at the swail lithosphere thickening value
of AL = 0.5D, gn/(AU/DT) increases from —-.05 to ~-.71. as W/D
increases from tvo tp infinity. The location of the winiwmuuw,
Xn/D, decreases from 4.9 at W/D = (0.5 to about 3.5 for W/D equal
to 2.0 and 3.75 and varies only slightly thereaf ter.

Th2 final model vwe investigate is somewhat of a hybrid of the
precezding two models. Here viscoelastic flow is confined to a
rectangular inclusion located symmetrically about the bottom of
the ropture tip. The inclusion width, AH, is analogous to the
layer thickness for the thin layer asthenosphere model; the
inclusion half-width is w. FigJure 15 shows represeuntative
calculations of the strain rate for this model with AH/D = 1.5
and w/D = 1. The viscoelastic features are still preseant but
somevhat mutgd' compared to the half-space asthenosphere result.
Particularly noticeable are the decrease in the postseismic near-~
field strain rates, the poorer development of the postseisnic
intermediate and far-field negative strain rate pattern, and the
higher strain rates in the near field toward the end of the
earthjuake cycle. These are all effects we have seen in other
models with finite dimensions £or the asthenosphere. Figure 16
provides information on how the nérr-field strain rate approaches
the half-space asthenosphere result as AH and w increase.
Basically we find that when the thickiess and the half-width are

156
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yreater thap about one or two times the fault depth, tnen the
near~field strain rates are close to the half-space results. On
close inspection of the results, such as those presented in
Figura 13, we are again led to the counclusion that the best hope
for detergiping the asthenosphere structure comes rfrom making
very accurate weasures at distances up to several times the fault
depth away fron the fault,

SUUMARY

We have exawmined the strain pates and, to a lesser extent, the
displacment patterus associated with several different linear
viscoelastic wodels of the earthguake cycle. These models differ
in the geometric structure assuned for the subsurface
vigscoelastic material. ‘Genenally we find that when the
viscoelastic material has an exteat greater than a few times the
fault depth, then the crustal deformation patteru looks very nmuch
like that obtained when the viscoelastic region is a half-space.
In this case it is ditfigult to determine information about the
vertical or lateral structure of the low viscosity zone. On the
other hand, when the low viscosity zone extends over a smaller
dowain in either a vertical or lateral direction then geodetic
neasurements wight be used to distinguish amony wmodels and
determine the geometric structure of the asthenosphere. Although
such a determination will not be umique, the greatest amount of
information will come from geodetic surveys made shortly after an
earthjuake (whem the viscoelastic effects are greatest) and at
distances away from the fault up to several times the fault depth
(vhere model differences are most important). Among the features
predicted by the finite element viscoelastic calculations is that
the confinesent of viscoelastic flow to a finite ‘thickness
channel reduces the displacements over that 'expected for a
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viscoelastic half-space. Indications to the contrary based on
analytic work are the result of ignoring the presence of high
viscosity material beloy the viscoelastic channel and using
thickness averaged variables which are inapplicable near the
fault.

17
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Figure 1: Models used in earthjuake cycle simulations:
a. Blastic half-space model
b. Viscoelastic nalf-space asthenosphere model
c. Viscoelastic thin~chanhel asthenosphere model
d. Viscoelastic varying lithosphere model
€. Viscoelastic inclusion model.

Figura 23 Supecposition of nulticycle displacewent fields for
thin channel and half space asthenosphere models.

Fiyure 3: Displacements versus distance from the fault at various
times for several different umodels: '

a. Blastic model

b.- Viscoelastic half-space asthenosphere model

C. Viscoelastic thin channel asthenosphere model.

Figure 43 Velocity versus distance from the fault at various
times for half-space asthenosphere model.

Figure 5: Displacement at X/D = 1 and at various times versus
thickness of asthenosphere channel.

Figyure 6: Strain rate versus distance from the fault at various
times for half~space and thin chaunnel asthenosphere models.

Figure 7z Near-field, postseisnic strain rate versus
asthenosphere thickness for thin channel asthenosphere model.

Figure 8: Magnitude and location of postseismic strain rate
ninimum for thin channel asthenosphere model.
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Fiyure 9: Comparison of displacements and strain rates for
viscelastic xodels with different relaxation times.

Figure 10: Half-width of strain rate field versus time for half-
space and thin channel asthenosphere wodels.

Figurea 11: Comparison of patterns of displacdement versus distange
frouw the fault for thin channel analytic model and finite element
nodels employing various boundary copditions (b.c.) for the
calculation cf u,.

Figure 12: Strain rate versus distapce from the rfault at various
times for half-space asthenosphere and varying lithosphere
nodels.

Figure 13: Near-field postseismic strain rate dependence on the
width of the thin lithosphere zone and magnitude of thae
lithosphere thickening.

Figure 143 Magnitude and position of postseismic strain rate
pinimum for varying lithosphere model.

Figure 15: Straim rate versud distapce from the fault at various
times for the half-space asthenosphere and inclusion mod=ls.

Figure 16: Near-field postseismic strain rate depeandence on
inclusion width and thickness.
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Figure 1: Models used in earthquake cycle simulatioans:
' a. EBlastic half-space model
b. Viscoelastic half-space asthenosphere model
C. Viscoelastic thin-channel asthenosphere model
d. Viscoelastic varying lithosphere model
e. Viscoelastic inclusion model.
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Figure 15:

Strain rate versus distapce from the fault at various

times for the half-space asthenosphere and inclusion models.
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