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An elementary mechanical model of a coupled subduction zone is presented. It is used to study the 
transfer of extensional stresses along the underthrusting plate, and shear stress interactions between the 
plate itself and its thrust contact zone with the overriding plate, during the earthquake cycle. The model 
assumes an elastic plate which deforms one dimensionally, has shear drag interactions (treated approxi- 
mately by the Elsasser procedure) with a Maxwellian viscoelastic mantle, and is subject to steady 
gravitational sinking forces. Great thrust earthquakes are simulated as sudden stress-relieving displace- 
ments at the contact zone between the slab and overriding plate. The model allows analysis of the space- 
and time-variable stresses in the main thrust zone, the adjacent oceanic plate, and the subducting slab 
over each earthquake cycle. Stress variations leading to outer-rise events are discussed, as well as stress 
changes responsible for intraplate seismicity downdip from the main thrust zone, based on simulations of 
periodic great earthquakes. The results of simulated slow progression of deformation (slip) from below 
into the thrust contact zone are also presented. Such preslip, occurring over a time scale that is small in 
comparison with the whole seismic cycle (e.g., of the order of a tenth or so), is shown to transiently slow 
the rate of buildup of, or even relieve, extensional stresses in the slab. In the absence of preslip those 
stresses build up steadily in time during the latter part of the cycle. The results have implications for 
induction of sesimic quiescence as well as for explaining patterns of seismicity in relation to spatial 
position along the underthrusting plate and to time throughout the cycle. Correlations are reported 
between the model simulations and seismicity observations from coupled subduction zones around the 
world. The observations include tensional outer-rise events after large subduction earthquakes and 
compressional ones in the latter parts of the cycle, normal (tensional) intraplate earthquakes preceding 
the main thrust events and positioned downdip from the thrust zones, and interlaced periods of seismic 
activity in the lower part of the main thrust zone and in the descending slab. 

1. INTRODUCTION 

The concept of large earthquakes repeating themselves 
along coupled subduction zones has long been recognized 
[Fedotov, 1965] and used as the basis underlying seismic gap 
predictions [e.g., Mogi, 1969, 1979; Kelleher, 1970, 1972; 
Sykes, 1971; Utsu, 1972; Kelleher et al., 1973; Ohtake et al., 
1977; McCann et al., 1979]. However, its logical development 
into the idea of earthquake cycles (though usually of different 
recurrence interval and very often of different length of the 
main rupture as well) has been slower and has occurred only 
in recent years [Gonzalez et al., 1984; McNally and Gonzalez- 
Ruiz, 1986; Drnowska et al., 1986; Astiz and Kanarnori, 1986; 
Christensen and Ruff, 1983; Korrat and Madariaga, 1986; 
Spence, 1987]. The distinction is that the notion of a seismic 
gap involves, essentially, only the area of main thrust earth- 
quake. By comparison, that of an earthquake cycle en- 
compasses space- and time-dependent phenomena occurring 
not only in the zone of the main subduction event but also 
downdip from that zone, including intraplate seismicity in the 
descending and overriding slabs [e.g., Shirnazaki, 1978] and 
phenomena in the nearby oceanic plate, including outer-rise 
events. It includes the time variation of stress and hence seis- 

micity in all such regions, especially complex seismicity pat- 
terns in the area of the future main shock, including eventual 
quiescence. All these phenomena are linked together by the 

underlying mechanism of subduction of the descending slab, 
moderated and opposed by frictional forces arising from con- 
tact with the overriding continental plate and from motion 
relative to the mantle. 

As a result of the episodic motion of the subducting slab, of 
which the upper part is locked and slides only in the main 
event, and of the gravitationally driven sinking of the lower 
parts of the slab, stresses pulsate in time throughout the cycle, 
with stress transfer interactions occurring between different 
regions of the slab and its surroundings. We present here an 
elementary model of such stress accumulation and transfer. 
Before doing that we briefly review the observational basis for 
such modeling, using our own observations as well as those 
reported by others and concentrating on the interactions be- 
tween the thrust contact zone and the subducting plate. 

2. INTERACTIONS BETWEEN LOADING PROCESSES 

AND SEISMICITY IN COUPLED SUBDUCTION ZONES 

To better understand the stress redistribution in space and 
time during the earthquake cycle along the downgoing, gravi- 
tationally sinking slab and its zone of contact with the over- 
riding continental plate, as well as in the oceanic plate adja- 
cent to the area of the main subduction event, we report here 
some observational evidence from coupled subduction zones 
around the world. 
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2.1. Extensional Intraplate Earthquakes 

The direct evidence of tensional stresses acting in the 
downgoing slab in the latter portions of the earthquake cycle, 
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Fig. 1. Sequence of events for Chilean earthquakes of May 21, 
1960, La Ligua earthquake of July 9, 1971, and Valparaiso earth- 
quake of March 3, 1985 [after Astiz and Kanamori, 1986]. 

at depths starting from just below the zone of thrust earth- 
quakes and reaching 200-250 km depth, is the occurrence of 
normal, extensional earthquakes in many zones around the 
world. These intermediate-term precursory phenomena show 
that this particular part of the subduction zone entered the 
mature stage of the cycle, though how mature is difficult to 
assess, as this kind of seismicity might happen 15 years before 
the main event (as in the Middle American Trench [Gonzalez 
et al., 1984; McNally and Gonzalez-Ruiz, 1986]) or occur only 
a few months before the great subduction earthquake (e.g., 
before the Michoacan 1985 earthquake [McNally et al., 
1986]). The presence of large normal earthquakes, downdip 
from interface thrust zones, that preceded large gap-filling 
subduction events has been reported for Chile [Malgrange and 
Madariaga, 1983; Astiz and Kanamori, 1986] and Peru 
[Dewey and Spence, 1979; Beck and Ruff, 1984]. Dmowska et 
al. [1986] presented a simple mechanical model of subduction 
in coupled subduction zones, rationalizing the existence of 
such earthquakes. Lovison [1986] identified such earthquakes 
before recent large subduction events in the Middle American 
Trench area. McNally et al. [1986] investigated the presence 
of normal events before the Michoacan 1985 earthquake. 

Also, geodetic data from different subduction zones in 
Japan suggest that slip occurs at depths downdip from the 
interface thrust zones before great earthquakes. The presence 
of such slowly acting slip is also evidence of tensional stresses 
occurring deeper in the slab before great subduction earth- 
quakes; this has been discussed and modeled by Thatcher and 
Rundle [1979, 1984]. 

Here we will list some additional observational evidence 

concerning large normal earthquakes occurring before gap- 
filling subduction events. 

1. In the region of La Ligua in north central Chile, an 
event of March 28, 1965, on a steeply dipping normal fault 
preceded by 6 years the large thrust event of July 9, 1971 
[Malgrange et al., 1981] (see Figure 1). 

2. The large underthrust Valparaiso event of March 3, 
1985, was preceded by a normal fault earthquake on Novem- 
ber 7, 1981 [Dziewonski and Woodhouse, 1983; Astiz and Ka- 
namori, 1986] (see Figure 1). 

3. Fault plane solutions of April 20, 1949, and March 1, 
1934, intermediate-depth earthquakes are consistent with 
steeply dipping normal faults and suggest downdip tensional 
stress [Astiz and Kanamori, 1986]; both events occurred 
before the May 21, 1960, Chilean earthquake (Figure 1). 

4. Seven months before the Ometepec doublet of June 7, 
1982 (Middle American Trench zone), a normal earthquake 
with m b - 6.3 occurred downdip, at about a 70-km depth [Lo- 
rison, 1986] (see Figures 9 and 10). 

5. In the region of Colima (Middle American Trench zone) 
a normal earthquake occurred on February 27, 1966, preced- 
ing by 7 years the main underthrust event of January 30, 1973 
[Lovison, 1986] (see Figures 7 and 8). 

6. The area downdip of the Playa Azul (October 25, 1981) 
and Michoacan (September 19, 1985)earthquakes in Mexico 
shows extensional seismicity on and off for 2-9 years before 
the Playa earthquake [Lovison, 1986; McNally et al., 1986] 
and a normal event with mb- 5.2 that occurred 3.7 months 
before the Michoacan event, 100 km downdip from the main 
event [McNally et al., 1986]. See Figures 5 and 6. 

2.2. Outer-Rise Earthquakes 

We will now look for possible signs of space- and time- 
dependent stresses during the whole earthquake cycle in the 
outer-rise zones, that is, zones of oceanic lithosphere adjacent 
to subduction regions. The areas of outer rise are thought to 
be under bending stresses [Chapple and Forsyth, 1979; For- 
syth, 1982; Chen and Forsyth, 1978; Ward, 1983, 1984]. How- 
ever, as pointed out by Christensen and Ruff [1983], these 
areas are also showing signs of stresses related to spatiotem- 
poral variation of activity of interplate thrust earthquakes. 
For coupled subduction zones the outer-rise events are com- 
pressional prior to large subduction zone earthquakes 
[Christensen and Ruff, 1983] and tensional after large subduc- 
tion events, as the tensional stress from slab pull is temporari- 
ly transmitted to the outer rise. We are inclined to assume, on 
the basis of our modeling and observations, that the ad- 
ditional pulsating tension-compression stresses associated with 
earthquake cycles (see later discussion) are perhaps sufficient 
to cause the observed change of mechanism of outer-rise 
events. The magnitude of the pulsating stresses might not be 
very large, but they superpose on the more or less steady 
bending stresses which may be near to conditions for either 
extensional or compressional failure at different depths. 

First, let us note here that only tensional outer-rise events 
are found for uncoupled subduction zones (Kermadec, Java, 
New Hebrides, Marianas, and Izu-Bonin [Christensen and 
Ruff, 1983-1), suggesting that the slab there is constantly under 
tension due to the slab pull. The only exception is the Tonga- 
Kermadec Trench, which has both tensional and compres- 
sional events [Christensen and Ruff, 1983]. 

As Christensen and Ruff [1983] note, about 60% of the 
known tensional outer-rise events occur in the coupled zones. 
Of the 34 tensional events in coupled zones, at least 28 oc- 
curred after large subduction events. Twenty-three of those 
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events occurred within a 15-year period following some of the 
largest subduction events in recent history (Rat Islands, 1965, 
five events; Aleutian Islands, 1957, six events; Kurile Islands, 
1963, four events; Chile, 1960, five events; Alaska, 1964, one 
event; Kamchatka, 1952, one event; and Hokkaido, 1952, one 
event). 

One more extensional (normal) outer-rise event is reported 
by Korrat and Madariaga [1986], namely the event of Septem- 
ber 25, 1971, in Chile, occurring oceanward of the large sub- 
duction event of July 9, 1971. 

For compressional outer-rise events we make the following 
observations: 

1. On October 16, 1981, and February 25, 1982, there were 
two compressional outer-rise events oceanward of the 1906 
earthquake zone in Chile, the cycle in this place being closed 
by the Valparaiso subduction event of March 3, 1985 [Korrat 
and Madariaga, 1986]. The time span between the outer-rise 
events and the underthrust main earthquake is 4 and 3 years, 
respectively. 

2. Also in Chile, oceanward and north of the 1922 rupture 
zone, there was a compressional outer-rise event on August 
18, 1964 [Christensen and Ruff, 1983], with rn b = 6.1. We 
searched this area for further events, and we found that on 
August 3, 1978, there was an intermediate-depth normal 
earthquake with rnb = 6.3 (depth of 49 km, from the Interna- 
tional Seismological Centre (ISC) catalog), downdip from the 
main zone of thrust subduction earthquakes. This was fol- 
lowed on October 4, 1983, by a main thrust event, closing the 
cycle in this part of the subduction boundary (rn• = 6.4, depth 
of 15 km, from the U.S. Geological Survey (USGS) catalog). 
The sequence, and the 10-day aftershock area for the main 
event, are presented in Figure 2. 

3. Oceanward of the Kurile Islands gap there were two 
compressional outer-rise events, on March 16, 1963, and De- 
cember 2, 1971 [Christensen and Ruff, 1983]. 

4. In the Tonga-Kermadec Islands region there was a 
compressional outer-rise event on July 2, 1974, followed by an 
underthrust doublet on January 14, 1976 [Christensen and 
Ruff, 1983]. The time span between these earthquakes is 1.5 
years. 

5. It is plausible that the October 11, 1940, earthquake in 
southern Chile is a compressional outer-rise event I-Astiz and 
Kanamori, 1986], which occurred 20 years before the large 
May 21, 1960, Chile earthquake. 

2.3. Loading Episodes, Interactions Along Slab 
and Quiescence 

Now we turn to more subtle seismicity observations on 
loading episodes, that is, trends of updip progression of seis- 
micity during the whole earthquake cycle, that are cited in 
subsections 2.1 and 2.2. In our pursuit of observations con- 
cordant with the idea of stresses pulsating during the whole 
earthquake cycle in the mode suggested by our modeling and, 
also, with the idea of progressive loading of the locked thrust 
zone coming from below and caused by the sinking slab, we 
will concentrate here on ephemeral phenomena of seismicity 
patterns of small earthquakes (m• _> 4.0), treating their oc- 
currence as a kind of stress gauge, that is, as a sign of higher 
stresses in the area. Here we would not claim that the ob- 

served seismic patterns indicate unambiguously the stress 
transfers and interactions taking place in the subduction pro- 
cess. However, it does appear that they can be interpreted in a 
manner which is not discordant with the general notions of 
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Fig. 2. Sequence of events for northern Chile earthquake of October 
4, 1983 (m b = 6.4). 

stressing processes in our modeling, especially with notions of 
progression of loading from downdip to the thrust zone 
during the later half or so of the cycle and of stress interac- 
tions between preslip in the thrust zone and transient unload- 
ing of the descending slab, possibly related to intervals of 
quiescence there. Our data come from recently assembled ob- 
servations on different zones of large earthquakes in the 
Middle American Trench [Lovison, 1986]. We are using the 
ISC catalog up to December 1984, and the preliminary deter- 
mination of epicenters catalog subsequently, for earthquakes 
with m b > 4.0. We show the seismicity for each case in the plot 
of epicentral distance from the trench versus time, for space 
windows hugging the aftershock zones of main underthrust 
events and going downdip, along the subducting slab. 

Figure 3 presents the area of the Petatlan earthquake of 
March 14, 1979 (mo = 6.3), for earthquakes with rno > 4.0 and 
the time window of January 1, 1964, to October 31, 1986. The 
aftershock zone of the Petatlan earthquake is marked. The 
dotted line surrounds the area of our search, of which the 
results are shown in Figure 4. 

In this figure the seismicity is presented in the plot of epi- 
central distance from the trench versus time. The period of 
higher activity in the downdip zone coincides here with 
quiescence updip (for the period up to 1969), which is followed 
by the activation of the updip zone, close to the area of the 
future main event, for the period 1969-1975. This latter period 
is much more quiet in the downdip zone. Then the area down- 
dip gets activated again (in 1976), with quiescence updip, fol- 
lowed by a foreshock sequence in the updip area, preceding 
the main event. The observed pattern of activity shows how 
the loading from downdip seems to activate the updip zone, 
and how activity updip can perhaps transiently unload the 
slab. 

Figure 5 shows the setting of our search for seismicity pat- 
terns associated with the Playa Azul earthquake of October 
25, 1981 (mb = 6.3), of which results are presented in Figure 6, 
again in the plot of epicentral distance from the trench versus 
time. In the period shown before the main event it appears 
that when the downdip zone of normal earthquakes is active 
the updip thrust zone is quiet and vice versa. Also, there is 
relative seismic quiescence in the thrust zone prior to the main 
event. 
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Fig. 3. Seismicity in the area of Petatlan (Mexico) for the time period January 1, 1964, to October 31, 1986. The dotted 
line surrounds the area of our search, and the dashed line shows the aftershock zone of the Petatlan earthquake of March 
14, 1979 (m b = 6.3). 

Figure 7 shows our search area for seismicity patterns as- 
sociated with the Colima earthquake of January 3, 1973, of 
which results are presented in Figure 8. Here, for the limited 
period covered before the main event the downdip area of 
normal earthquakes is slightly active, with some seismicity in 
the lower thrust zone of the main event, and then the downdip 
area turns quiet, with seismicity concentrated in the thrust 
zone updip. This is followed by quiescence, lasting for 23 
months. 

Figure 9 shows the setting of our search for seismicity pat- 
terns associated with the Ometepec double earthquakes of 

June 7, 1982, and Figure 10 presents the results. There is a 
relative quiescence in the area of the future event for the 
period May 1975 to January 1979 (44 months), with few earth- 
quakes happening during that time, all with m b _< 5. Before 
that period, during 1971-1972, the area updip shows a mix- 
ture of normal and thrust events (the mechanisms are shown 
whenever known). 

These and other observations of seismicity patterns for large 
subduction events in Mexico [Lovison, 1986] encourage us to 
hypothesize that at least in some cases the equivalent of a 
concentrated deformation front (modeled later as preslip) 
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Fig. 5. Seismicity in the area of Playa Azul (Mexico) for the time period January 1, 1964, to October 31, 1986. The 
dotted line surrounds the area of our search, and the dashed line shows the aftershock zone of the Playa Azul earthquake 
of October 25, 1981 ½% = 6.3). 

enters, from below, the thrust zone of the future large earth- 
quake. It relieves stress there as it progresses upward and 
manifests itself as seismic activity. If big enough, such preslip 
could, as suggested by our modeling, significantly but tran- 
siently lower the stresses in the slab downdip of the thrust 
zone, causing quiescence there. Also, the appearance of normal 
events just below that zone which we presume to undergo 
preslip (as observed for the Ometepec area around 1972, 
Figure 10) can be rationalized by local extensional stress con- 

centrations in the slab below such a progressing deformation 
front. Continued gravitationally, gradually this process re- 
builds shear stress on the now quieter thrust zone. 

3. ELEMENTARY MODEL OF STRESS ACCUMULATION 
AND TRANSFER IN COUPLED SUBDUCTION ZONES 

DURING THE EARTHQUAKE CYCLE 

Models of stress accumulation and transfer in coupled sub- 
duction zones during the earthquake cycle are usually directed 
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Fig. 6. Seismicity from the area of Playa Azul (Mexico) for the time period January 1, 1964, to October 31, 1986, 
shown in the plot of epicentral distance from the trench versus time. The arrow marks the Playa Azul earthquake of 
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Fig. 7. Seismicity in the area of Colima (Mexico) for the time period January 1, 1964, to October 31, 1986. The dotted 
line surrounds the area of our search, and the dashed line shows the aftershock zones of the Colima earthquake of January 
30, 1973 (rn b = 6.1). 

to the area of main thrust event, with consideration of the 
near-trench areas on one side of such zones and the overriding 
continental plate on the other. They have been constructed 
primarily for comparisons with geodetic observations of 
space- and time-variable surface deformation in the regions of 
great subduction earthquakes [Fitch and Scholz, 1971; Nut 
and Mavko, 1974; Smith, 1974; Bishke, 1974; Scholz and Kato, 
1978; Melosh and Fleitout, 1982; Melosh and Raftsky, 1983; 
Savage, 1983; Thatcher and Rundle, 1979, 1984]. Some of the 
models have involved dislocated elastic layers over viscoelastic 

half-spaces. Their purpose is to understand the slow defor- 
mation processes in zones of great subduction events and thus 
to gain an insight into the recurrence of large earthquakes. 

The model we present here encompasses the deformation of 
a larger area, namely the oceanic crust adjacent to the zone of 
large subduction earthquakes, the thrust zone itself, and the 
part of the downgoing slab to depths of around 200-250 km, 
that is, before it enters the zone of higher resistance from the 
surrounding mantle. It specifically treats the underthrusting 
plate as a stress guide. The model is an extremely simple one, 
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Fig. 8. Seismicity from the area of Colima (Mexico) for the time period January 1, 1964, to October 31, 1986, shown in 
the plot of epicentral distance from the trench versus time. The arrow marks the Colima earthquake of January 30, 1973. 
Focal mechanisms are shown when known. 
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Fig. 9. Seismicity in the area of Ometepec (Mexico) for the time period January 1, 1964, to October 31, 1986. The 
dotted line surrounds the area of our search, and the dashed line shows the aftershock area of the Ometepec double 
earthquakes of June 7, 1982 (mb = 6.0 and 6.3). 

but it accounts for several important features associated with 
the earthquake cycle and allows us to gain some insight into 
interactions between different parts of the slab. We seek corre- 
lations between our model predictions and seismicity observa- 
tions from around the world, as reported in the previous sec- 
tion. 

Figure 11a shows the oceanic lithosphere with the thickness 
H dipping under the continental plate and into the astheno- 
sphere, with average velocity Vet. The subduction process is 
intermittent in that the locked cool brittle contact zone be- 

tween the downgoing slab and the overriding continental plate 
unlocks completely only in great thrust earthquakes. 

The locked contact zone undergoes a transition to a more 
ductile shear zone, which broadens into an asthenosphere be- 
tween the descending slab and the overriding continental 
plate. This picture encompasses the downgoing slab up to the 
depth where the sinking motion is more or less constant: at 
greater depths the asthenosphere is thought to resist the sink- 
ing even more as the slab thickens. 

Observe that the fields of stresses t•i• and displacement rates 
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shown in the plot of epicentral distance from the trench versus time. The arrow marks the Ometepec doublet of June 7, 
1982. Focal mechanisms are shown when known. 
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Fig. 11. (a) Subducting oceanic lithosphere, descending at average 

velocity Vpt. (b) One-dimensional model for perturbative stressing of 
plate due to intermittent slip along thrust contact zone. 

fii at position r (= x, y, z) in space, near the subduction zone, 
and at time t may be given the representations 

aij = aij"(r) + •u'(r, t) fii = a/'(r) + a/(r, t) (1) 

Here the fields •ij"(r), fii"(r) denote an imagined steady sub- 
ducting state with the following characteristics' 

1. The fields are driven by body forces from density mis- 
match (slab pull, ridge push). 

2. The forces are opposed by long-term viscous flow resist- 
ance in the asthenosphere below the underthrusting plate and 
in the wedge between it and the overriding plate and by slow 
bending resistance of the underthrusting plate. 

3. The slip rate /k" along the thrust contact zone is im- 
posed, artificially, as being uniform in time, with A" = Vvtt. 

The steady state may be regarded as representing an 
average of the displacement rates over many earthquake 
cycles, and the magnitudes of ti['(r) along the face of the slab 
are compatible with Vvt. 

Hence the fields au'(r, t), tii'(r, t) are to be regarded as pertur- 
bations from the steady state just described, due to the irregu- 
lar slippage in the thrust zone. Their characteristics are as 
follows' 

1. They are driven by the difference slip function, A'(x, 
t)-----A(x, t)- V•tt, along the thrust contact zone (where x is 
the position coordinate along that zone and A(x, t) is the total 
slip function there). 

2. The stresses a u' equilibrate zero body forces, since the 
ao" already equilibrate the gravitational forcing. 

3. There is viscoelastic (rather than steady viscous) resist- 
ance of the asthenosphere beneath the underthrusting plate 
and in the wedge between it and the overriding plate, since 
now the stresses and strain rates vary in time. The subducting 
and overriding plates respond elastically. 

The viscoelastic response to the perturbative fields should 
be described, strictly, as the response to a time-dependent per- 
turbation from the steady strain rate field associated with 
tii"(r ). If that viscoelastic perturbative response is approxi- 
mated as being described, as here, by linear constitutive rela- 
tions, then the ao'(r, t) as well as the ti[(r, t) have zero time 
average. 

In the present work we address the perturbation fields. This 
is done in the context of a highly simplified one-dimensional 
model of the underthrusting plate, as in Figure 1 lb, for which 
only extensional and compressional deformation pertur- 

bations are considered, and simple Elsasser representations of 
the viscoelastic shear coupling are adopted. While the results 
of such a model are perhaps as much qualitative as quantita- 
tive, the model does seem to incorporate the essential overall 
physics of stress guiding and interactions in the subduction 
environment. The model has the virtue of simplicity and is 
tractable in a form which allows study of rather complex 
stress transfers and interactions. 

The equations defining the model are as follows. Equilibri- 
um requires that 

H r3a'(x, t)/r3x = z[(x, t) + zb'(x, t) (2) 

Here x is the coordinate running along the plate, a' is the 
thickness average of local extensional stresses of type %•', and 
r,' and %' are the resistive shear stresses (Figure 11b) acting, 
respectively, on the top and bottom surface of the plate. The 
plate is assumed to extend elastically, under plane strain con- 
ditions, so that 

,'(x, t)= [2tt/(1 -- v)]•u'(x, t)/c•x (3) 

where u' is the thickness average of local displacements of type 
u•',/• is the shear modulus, and v is the Poisson ratio. 

The region --oc < x < 0 is referred to as the ocean plate, 
0 < x < z as the thrust contact zone (later we take z equal to 
3H), and z < x < oc as the descending slab. Shear resistance 
r t' is equal to 0 along the ocean plate, whereas r,' along the 
descending slab (z < x < oc) and %' everywhere (--oc < x < 
+ oc) are assumed to follow the Maxwellian viscoelastic cou- 
pling 

r3u'(x, t)/•t = (b/!•)[r3z'(x, t)/r3t + (1/t•)z'(x, t)] (4) 

where r' stands for %' on -oc < x < + oc or for r,' on z < 
x < oc. This is a generalized Elsasser approximation to the 
coupling, as in previous work by Rice [1980], Lehner et al. 
[1981], Lehner and Li [1982], and Li and Rice [1983, 1987]. 

The relaxation time for the shear coupling is t,, and b is an 
effective scale length of the coupling deformation. The primary 
features of this description are that sudden plate displace- 
ments u' are resisted elastically by suddenly developed shear 
stresses r' - tin'lb and that in the absence of ongoing displace- 
ment the resistive shear stresses simply relax in time, in Max- 
well form. The corresponding relation adopted along the 
thrust contact zone, 0 < x < z, incorporates the same type of 
elastic response to sudden plate displacement u' in the absence 
of slip there but in the presence of slip A'(x, t) (= A(x, t) - V•tt ) 
along the thrust contact makes the response there proportion- 
al to u' - A'. Thus 

rt'(x, t) = tt[u'(x, t)- A'(x, t)]/b 

on0<x<z. 

Mechanically, equations (4) and (5) correspond to approxi- 
mating the surroundings of the plate as a continuously distrib- 
uted array of elastic spring elements and inelastic elements 
arranged in series. The inelastic elements are of viscous type, 
displacing at rate br'/ttt•, in (4) and of simple frictional type 
with displacement A' in (5). This approximation gives local 
relations between the displacement and stress variables, 
whereas the actual relation between them is nonlocal. For 

example, the resistive shear stresses r'(•, •) should actually be 
regarded as functional of u'(x, t) and A'(x, t) over all x for 
which the latter are defined and, because of the viscoelastic 
nature of response, over all t < œ. We discuss in Appendix A 
how to choose the parameter b. It is suggested there that a 
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suitable choice, in order to have an approximately correct 
relation between sudden stress drop and average slip along the 
thrust contact, is that b = 2.3H when z = 3H. 

The specification of A(x, t), with rate averaging over time to 
V•t at each x, generates by the above system of equations 
(2)-(5) histories of extensional stress perturbations a'(x, t) 
along the plate and shear stress perturbations •%'(x, t) along 
the thrust zone that we plot in the representative cases to 
follow. 

It is important to recognize that those plots of a' and 
represent only the cyclic (perturbative) parts of the stresses. 
Each averages in time to zero because of the linear per- 
turbative constitutive description adopted. Hence comparison 
of stresses as plotted at different locations x should not be 
used to draw inferences on differences of absolute stress levels 

at those locations. The magnitudes and spatial distributions of 
the stresses a" and z/' of the steadily subducting state, which 
may also be interpreted as the time averages of stresses over 
several earthquake cycles, have not been determined here. 
Consideration of the gravitational loading of subducting 
plates, as reviewed recently by Spence [1987], does, however, 
allow some characterization of these time average stresses. For 
example, the presumed dominance of slab pull as a driving 
force suggests that a" will correspond to extensional stresses in 
regions of the plate downdip from the thrust contact zone, 
that is, in the subducting slab zone of Figure 11. Also, since 
flexure of the plate is significant updip from the thrust contact 
toward the outer rise, we may expect •" to have a strong 
bending component there, that is, to be extensional at shallow 
depth and compressional at greater depth in the plate. 

We wish to use our stress calculations to draw inferences on 

the induction of moderate seismicity, as documented in the 
earlier discussion. While the connections between stressing 
and seismicity are not clear in detail, the following hypothesis 
seems justified: Seismicity is induced when stresses are large 
and increasing. Here, by "large" in a seismically active zone 
undergoing earthquake cycles we mean of a magnitude ap- 
proximately comparable to the largest stresses of the same 
type that occurred in previous cycles. The attribute "increas- 
ing" is necessary in the sense that reduction of stress will shut 
off seismicity (although a large enough reduction could induce 
seismicity of a different mode, e.g., with reverse slip). 

3.1. Results for Simple Thrust Earthquake Cycles 

In the first case we assume that A(x, t)jumps by VvtT every- 
where along the thrust contact zone after each lapse of earth- 
quake cycle time T but remains constant in the interseismic 
period (Figure 12). Shortly, more elaborate spatially nonuni- 
form slip histories A(x, t) will be considered which are still 
consistent with periodic earthquake cycles. In those, A has net 

increase VvtT at each location x after a lapse of cycle time T 
but has different detailed time histories by which that 
common increase accumulates at different locations x along 
the thrust contact zone. 

The method of solution begins with expanding A'(x, t) in a 
Fourier series for the sawtooth difference function, A -- V•t, of 
Figure 12. Thus 

A'(x, t)= (V__•)Re I• (!•e2nint/T] O<X <g (6) n=l kin/ _1 

Here Re denotes "real part." Thus the approach is to generate 
solutions of type f'(x, t) - f'(x)e ix' for all variables of the 

A(x,t) for O- •x_<z 

-T 

t 

• t (time) 
I I = 

T 2T 

b [ZX'(x,t) = A (x,t)- Vp! t 

Fig. 12. (a) The slip history A along the thrust contact zone, with 
average time rate equal to Vvt, which describes periodic events with 
recurrence time T. (b) The slip history A', which drives the per- 
turbative fields and hence controls the time variation of stress. 

problem (u', a', z/, %') in response to A'(x, t) = A'(x)e ixt and to 
superpose these according to the above series for A'(x, t). De- 
tails are given in Appendix B. 

Given the dimensionless manner in which the results are 

plotted in the following figures, the solutions depend on only 
two parameters. These are z/H and tr/T. We show results in 
Figures 13-15 for a case in which the thrust contact zone 
width z is equal to 3/-/(H = 30 km would be representative for 
the Middle American Trench off Mexico) and the relaxation 
time tr is equal to 0.14T (e.g., t• = 5-10 years if T = 35-70 
years). 

Figure 13 shows the shear stress r t' throughout the cycle at 
two locations along the thrust contact zone, one toward the 
lower border at x = 2.9H and the other toward the middle at 

x - 1.6/-/. Each stress shown here and subsequently is strictly 

(1- u) r•H 
O. oe 

2 t• V• T 

O. 04 

/ . •. .fit 
O. 0•) . I , I , I • I ß -'• • ß ! , I , • ß I 

O O. I 0.2/• 0.5 0.8 0.7 O.• 0.9 l, O 
-o. o• 1.6 

-0. OB 

Pi•. 13. Shear stress perturbation ;,' alon• the thrust contact 
zone, due to periodic events of Figure 12. The zone extends from 
x = 0 to x = 3H, and • = 0.14T. Thc history of this and all othcr 
stresses shown subsequently for 0 < UT < 1 repeats periodically on 
1 < UT < 2, 2 < UT < 3, etc. 



7878 DMOWSKA ET AL.' STRESS TRANSFER IN COUPLED $UBDUCTION ZONES 

O. 08 

O. 03 

O. O0 
O, 

-0. 03 

(1 
21a V• T 

6 0.3 

2 

4 

O. Oe 

• .7 -- . 0.0-• O.e 

-0. O• 

-0. Oe 

Fig. 14. Extensional stress perturbation a' in the subducting slab 
downdip from the thrust contact at x = 3H, 4H, 5H, and 6H, and at 
location x = 2H beneath the thrust contact. 

(1 - t•) tr'H 
' 2•V•T 
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Fig. 15. Extensional stress perturbation a' updip from thrust con- 
tact, toward the outer rise, shown at x = 0, --H, -2H, --3H, and 
--4H. 

periodic so that the history shown on 0 < t/T < 1 repeats on 
1 <t/T < 2, etc. The stress accumulation is nonlinear in time 

with half the earthquake stress drop being regained in the first 
37% of the cycle. Of course, the stress histories are consistent 
with a relative absence of thrust seismicity in the earlier por- 
tions of the cycle by comparison to later portions when high 
shear stresses have been recovered. The simple model is not 
able to deal realistically with the inevitable stress con- 
centration at the lower portion of the thrust contact zone (r t' 
would have a crack-tip-like singularity at x = 3H in an exact 
analysis based on the boundary conditions imposed here). 

Figure 14 shows the extensional stress a' in the descending 
slab at locations downdip from the thrust contact between 
x = 3H and x = 6H and also at a location beneath the thrust 

contact at x = 2H. The most severe variations in stress occur, 
as expected, at the downdip edge of the thrust contact zone at 
x = 3H, and the stress variations attenuate with distance 
downdip in the slab. 

To interpret these results in terms of seismicity, recall that 
total stress a is equal to a" + a' and that because of the domi- 
nance of slab pull in driving the subduction process the time- 
independent mean stress a" will be of extensional character in 

the part of the descending slab considered. Thus one expects 
the total stress a to be extensional at all times. Not only is the 
magnitude of a reduced by the great earthquake, but as shown 
by the curves for x = 4H, 5H, and 6H in Figure 14, a within 
the descending slab continues to reduce for 15-30% of the 
next earthquake cycle. These results are consistent with the 

relative absence of extensional seismicity in the slab during the 
first half or so of the cycle, as noted earlier, whereas the in- 
creases of a in the latter part of the cycle are consistent with 
the reactivation at that time of extensional normal faulting. 

Figure 15 shows the extensional stress a' updip from the 
thrust contact in a region of ocean plate extending from the 
trench (approximately at x = 0) over negative values of x 
toward the outer rise. The time-independent mean stress a" 
should correspond to a bending distribution in the vicinity of 
the outer rise, which is extensional at shallow depths and 
compressional at greater depths in the plate, and the time- 
dependent extensional stress a' shown is added to it to form 
the total stress a = a" + a'. 

Thus in the early portion of the cycle when a' is positive the 
effect is to produce large shallow extensional a but to diminish 
the compressional a at greater depths in the plate. Similarly, 
in the later portions of the cycle when a' begins to diminish 
and become negative the effect is to produce large compres- 
sional a at depth but to diminish the extensional a in the 
shallower parts of the plate. The first feature is consistent with 
the observed extensional seismicity toward the outer rise dis- 
cussed previously, in the early part of the earthquake cycle. As 
the curves for x = --H to --4H in Figure 15 show, the stress 
a motivating such seismicity continues to increase for up to 

x=O x=z(=3H) 

zone mid-position 

x/H = 2.91 (A) 
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time of rupture 

t/T : 0.775 
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Fig. 16. The thrust contact zone divided into two parts, one (with 
1.5H < x < 3H) which preslips and partially drops its stress before 
completion of cycle of duration T, and another (with 0 < x < 1.5H) 
which remains locked and slips only during the main event, by 
amount V•,T. The preslip zone also slips during the main event, to 
make up the deficit between Vt, l T and preslip. For numerical pur- 
poses, the preslip zone is divided into eight sectors which move only 
at discrete times, spaced by T/40--0.025T. Preslip is represented as 
an episode in which the slip zone starts at the lowest point of the 
thrust contact at x = 3H and propagates upward to x- 1.5H at a 
uniform rate over time interval 0.2T. Once a sector is traversed by the 
slip zone, i.e., once "ruptured," it slips for all subsequent time in the 
cycle to maintain fixed stress drop At. Sector-by-sector advance of the 
slip zone is indicated in the lower part of the figure. 
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30% of the next cycle, suggesting a prolonged period of exten- 
sional seismicity. The later changes toward compressive a as 
the cycle goes on are consistent with an absence of extensional 
seismicity toward the outer rise in the later portions of the 
cycle but with occasional compressive (or thrust) seismicity in 
that region of the ocean plate, as observed in cases noted 
earlier. 

The shapes of the curves in Figures 14 and 15 reflect a 
competition between stress diffusion from the unloading event 
along the thrust zone and continued loading from the ongoing 
subduction process. The former is important in the earlier 
portions of the cycle and dominates the shape of the curves 
there, producing the local extrema in a. It is a negligible effect 
in the later portions of the cycle where stress accumulation is 
dominated by the ongoing loading process. 

3.2. Interactions Between Preslip in the Thrust Contact 
Zone and Slab Stressing 

The previous discussion of seismicity noted regions along 
the Middle American Trench where the lower portions of the 
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Fig. 17. Shear stress perturbation rt' at various points along 
thrust contact zone for (a) small stress drop AT and (b) large Az. Refer 
to Figure 16 for locations of points labeled A, B, C (in preslip zone), 
and D (main rupture zone). 

these periods of activity appeared to precede temporary 
quiescence of extensional seismicity downdip in the slab. It 
seems plausible that seismicity of thrust type in the lower, and 
hence hotter, regions of the thrust contact zone could be a 
sign of a partially aseismic preslip taking place there well prior 
to slip in the great earthquake. Such preslip below a cooler, 
more firmly locked fault zone occurs in the Tse and Rice 
[1986] simulations of slip development throughout the strike 
slip earthquake cycle based on frictional constitutive relations 
dependent on slip rate, history, and temperature. 

Here we report model calculations based on the same pa- 
rameters as before but with the assumption that the lower half 
of the thrust contact zone between x = 1.5H and x - 3H un- 

dergoes preslip. As suggested by Figure 16, we represent the 
preslip as an episode in which a slip zone starts at the lowest 
portion of the thrust contact zone, at x - 3H, and extends at a 
uniform rate up to x- 1.5H over a time interval At- T/5. 
For computational purposes the preslip region is subdivided 
into eight equal zones, broken consecutively by the propagat- 
ing slip event with time interval T/40 between successive 
breaks. Breaking is taken to mean that the shear stress r, is 
suddenly reduced by some fixed stress drop AT. In these calcu- 
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locations x updip in the slab and along the ocean plate (nega- 
tive x values) toward the outer rise. Figure 20 shows a' at 
x = 2H, a location traversed by the preslip episode, which 
thereby creates a large transient stress pulse there. 

We note from Figure 18 that preslip episodes like those 
considered can appreciably reduce the rate of growth of exten- 
sional stress in the descending slab and, if large enough, can 
even transiently reverse the late-cycle buildup of extensional 
stress there. Figure 19 shows similar but more modest effects 
on compressional stress updip in the plate. These transient 
unloading effects within the subducting plate occur while the 
still locked thrust zone segment (D of Figure 16) continues to 
experience an every rising shear stress, as seen in Figure 17. 

The scenario just described provides a possible mechanism 
for seismic quiescence before great subduction zone earth- 
quakes. What seems to be required is a preslip episode, which 
significantly drops shear stress in the slipped region, over a 
relatively short fraction of the whole cycle time, but whose 

0.05 • 01 
I•.• (1- •,)dH [ continued propagation undip in the thrust zone (and hence, one assumes, continued generation of thrust zone seismicity) is 

blocked by encounter with a strong asperity. The interactive 
reductions of downdip extension and updip compression in 
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Fig. 19. Extensional stress perturbation a' updip, toward outer 
rise, at x = 0, -H, -2H, --3H, and -4H for (a) small Az and (b) 
large At. 

lations we assume that once a zone breaks, it stays broken 
such that the stress h there remains at the reduced level for 
the remainder of the cycle. As part of what then turns out to 
be a rather elaborate calculation (Appendix B gives details), 
we calculate the slip history A(x, t) at each broken segment 
which is necessary to keep r t reduced there. However, to save 
computing and programming time, we readjust the stresses 
back down to their proper level only after each time interval 
T/40 so that the preslip accumulates in eight steps over 20% 
of the cycle, rather than continuously. 

Figure 17 shows the results for h at the three locations (A, 
B, and C) of Figure 16 through which the preslip propagates 
and at location D at the center of the remaining part of the 
thrust contact that ruptures only during the great earthquake 
at t = T. Figures 17a and 17b represent the respective cases of 
modest and large stress drop Ar in the preslip. Figures 18-20 
are divided similarly. In the large Ar case the stress h during 
the preslip is reduced by 75% of its total reduction to the level 
just after the great earthquake (at t = T +, corresponding also 
to t = 0 + in the periodic model). 

Figure 18 shows histories of extensional stress a' at lo- 
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Fig. 20. Extensional stress perturbation a' at location x = 2H, 
cations along the descending slab downdip from the bottom of beneath preslip zone (and traversed by propagating slip front at the 
the thrust contact (x _> 3H). Figure 19 shows a' at various time indicated by the arrow), for (a) small Az and (b) large 
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the plate, described above, stop the seismicity from those re- 
gions too. The blocking asperity may, in fact, simply be a zone 
of cooler (shallower) and hence stronger but more brittle ma- 
terial, whose eventual penetration by accumulating shear 
stress triggers the final instability. 

Similar mechanisms provide a possible basis for interlaced 
periods of seismicity and quiescence, as we have shown for 
some regions along the Middle American Trench. Devel- 
opments of large extensional stresses from slab pull transfers 
shear stress to the thrust contact zone. A preslip episode in- 
duced by these stresses could transiently unload the exten- 
sional stress in the descending slab through the mechanism 
described above but could ultimately become blocked by en- 
counter of the advancing slip front with strong asperities. Ulti- 
mately, the ongoing loading effects redevelop extensional 
stresses in the slab, and these transfer yet greater shear stresses 
to the thrust contact, enabling more advance of the preslip 
zone there as it penetrates some of the blocking asperities, but 
possibly also producing yet another transient unloading in the 
descending slab. A plausible pattern of seismicity to go with 
this conjectured scenario is as follows: extensional seismicity 
in the descending slab (signifying the high stresses), initiation 
of thrust zone seismicity (start of preslip episode) with induced 
quiescence in the slab, quiescence in the thrust zone (blockage 
by asperities), reactivation of the slab (ongoing loading), and 
reinitiation of thrust zone seismicity (penetration of blocking 
asperities) with possible reinduction of quiescence in the slab. 

The results of Figure 20 show that an advancing slip front 
induced significant extensional stress in the slab below. Al- 
though we do not address it here, there would also be com- 
pressional stresses induced similarly in the overriding plate. 
Some of the seismicity induced by slip advance in a thrust 
zone may be from these adjoining regions. The particular lo- 
cation x --- 2H, at which a' is shown in Figure 20, is traversed 
in the sixth (marked by arrow) of the eight steps of preslip 
advance in our model. After traversal the stress reduces mod- 

estly until the ongoing loading effects cause it to increase 
again. 

4. CONCLUSION 

The results of an elementary model of stress variation in 
time through the earthquake cycle for coupled subduction 
zones are compatible with seismicity observations from such 
zones around the world. In particular, model simulations are 
compatible with the presence of extensional outer-rise earth- 
quakes early in the cycle and compressional ones later in the 
cycle and with extensional (normal) intraplate earthquakes, 
downdip from the zones of main subduction events, in the 
latter part of the cycle. Also, the model simulations of interac- 
tions between preslip in the thrust zone and stressing in the 
descending slab may successfully, though nonuniquely, explain 
some observed seismicity episodes and, also, precursory seis- 
mic quiescence. 

According to the concepts introduced here, the combination 
of both moderate compressional events in the outer rise and 
normal (tensional) intraplate events in the descending slab 
provide mechanical signals that stresses in both those regions 
are attaining values comparable to the largest stresses sus- 
tained in previous earthquake cycles. Correspondingly, the 
high-compressional stress in the oceanic plate and tensional 
stress in the descending slab imply that the locked thrust zone, 
which impedes motion of the ocean plate into it and of the 
slab downdip, is subjected to high shear loading. Thus the 

occurrence of both types of events, as seen in Figure 1 before 
the Valparaiso earthquake of November 7, 1981, and in 
Figure 2 before the northern Chile earthquake of October 4, 
1983, looks very promising as an intermediate-term precursor 
to large subduction earthquakes. Further search of seismic 
catalogs has revealed other combinations of this type, some 
completed by large subduction events and some not yet com- 
pleted [Dmowska and Lovison, 1988]. 

APPENDIX A' CHOICE OF PARAMETER b 

Working with the equations of the one-dimensional model 
described by equations (2), (3), and (4), suppose that the stress 
r t is suddenly dropped by the uniform amount z along the 
thrust contact zone 0 < x < z. The surroundings respond elas- 
tically, and the sudden displacement u in the plate is such that 
B d2u/dx 2 must be equal to u on --oo < x < O, u -- bz/# on 
0 < x < z, and 2u on z < x < oo. Here B -- 2bH/(1 -- v). The 
solution for u is constructed by requiring that u and du/dx be 
continuous. The resulting expression on 0 < x < z is 

bz 
. = [2(1 + x/•) -- (1 + x/•)e 

2•(• + v/•) 
- 2x/•e-{Z-x)/B'/2 + (x//•- 1)e -{2•-x)/•/2] (A1) 

The corresponding sudden slip A along the thrust contact may 
be calculated from (5) as u + br/#, and the average value • of 
A over the zone 0 < x < z is 

br 
a = {4z(1 + x//•)- BX/2(1 --e -•/•/2) 

2#z(1 + x//•) 
ß [(1 + 3x/• ) -- (v/5 - 1)e-:/•'/:]} (A2) 

In comparison, the average slip 2[ for a shear fault of width 
z, penetrating the boundary of an elastic half-space and sus- 
taining a uniform stress drop z under plane strain conditions, 
may be approximately estimated as that of a fault of width 2z 
in an elastic full space with the same stress drop. This estimate 
is exact for antiplane (strike slip) faults, penetrating perpen- 
dicularly to the boundary of a half-space. It is not exact for 
plane strain (thrust) faults, as are of concern here, nor is it 
exact even for antiplane faults when the dip angle differs from 
90 ø . Thus we write 

A = 4(1 -- v)zz/r•# (A3) 

where • --- 1 would correspond to the fault of width 2z in a full 
space. Dmowska and Kostrov [1973] developed and solved 
numerically an integral equation for the slip distribution on a 
dip slip fault with uniform stress drop. W. D. Stuart (private 
communication, 1986) has recently used a similar formulation 
and has kindly provided some estimates of • for faults dipping 
at 15 ø into an elastic half-space with v = 0.25. He obtains 
• = 0.56 for uniform z on a fault of width z. When the total 
fault width is z/(1- •) and there is uniform •: over a deep 
segment of the fault of width z but zero stress drop over the 
remaining shallow segment of width •z/(1- •), he obtains 
• = 0.64 when • = 0.2 and • -- 0.70 when • --- 0.4. The latter 
estimates assume that the shallow segment (i.e., that between 
the trench and the upper edge of a great rupture zone) actually 
slips in the great event. When the shallow segment is locked 
against slip, • will be yet larger; its largest feasible value is 
• -- 2, corresponding to •--} 1, with no slip over any but the 
deep segment of width z sustaining stress drop z (this corre- 
sponds to the fault of width z in a full space). 
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We have done the calculations here for a value of B such 

that (A2) and (A3) give identical results when • = 0.9. Equat- 
ing the two determines B1/2/z as a function of z/H. When 
z = 3H, this gives B • 6H 2 which, taking v = 0.25, corre- 
sponds to b • 2.3H. 

APPENDIX B: SOLUTION OF EQUATIONS 

Let u'= u'(x)e izt be the response of equations (2), (3), (4), 
and (5) to A'= A'(x)e •t, where A'(x) is defined on 0 •_ x _• z 
and, to fit the range of applications considered here, may be 
assumed to have the rectangular form 

/X ' ( x ) =/x,' • < x _< •t 
(B•) 

A'(x) = 0 otherwise 

where 0 < • < r/< z and A,' is constant. Then (2), (3), (4), and 
(5) require that 

d2u'(x)/dx 2 = a2(x)u'(x) -- A'(x)/B (B2) 

where B = 2bH/(1- v), one deletes the term A'(x) outside 
0 < x < z, and a(x) has positive real part and has piecewise 
uniform values given by 

a2(x) = ao 2 • i2tffB(1 + i2t•) --c• < x < 0 

a2(x) = at 2 --• (1 + 2i2t•)/B(1 + i2t•) 0 _< x • z (B3) 

a2(x) = as2• 2ao 2 z < X < oO 

Hence the solution in the various domains is 

if(x) = Ao eo'øx --oo < x < 0 

u'(x) = Ate ø•'x + Bte -ø•'x + uv'(x ) 0 < x < z (B4) 

u'(x) = B s e-•x z < x < c• 

where ue'(x) is the particular solution of (B2) corresponding to 
(B 1), that is, 

%'(x) = (A,'/2Bat2){sgn (x -- •)[1 -- e -•'lx-d] 

- sgn (x- r/)[1 --e-•'lx-"]} (BS) 

where sgn (x) means "sign of x." 
The constants Ao, A,, B,, and B s must be chosen to make 

u'(x) and du'(x)/dx continuous at x = 0 and x = z. They are 
thus expressed by 

A t = (%- as)E(a , -- ao)e-•,Zuv'(O) + (at + ao)Uv'(z)]/C 
(B6) 

e t = (a t -- %)[(% + as)e•'Zuv'(O) + (%- as)Uv'(z)]/C 
where 

C = (a t + ao)(a t + as)e •': -- (a t -- ao)(a t -- as)e -ø•': (B7) 

A o = [2a,/(a, + ao)][A t + uv'(0)] 
(B8) 

B s = [2ate•Z/(a t + %)][Bte -•': + uv'(z)] 

Let the solution described for u'(x) in (B4)-(B8) be denoted 
henceforth as A.'U(x, 2; 4, r/). Thus u'(x, t)= A.'U(x, 2; 4, 
r/)e i*t is the displacement history in response to the slip history 
A'(x, t) = A,'e •x' on • <_ x _< r/and A'(x, t) = 0 otherwise. 

The sawtooth A'(x, t) history of Figure 12, which is uniform 
along 0 _< x _< z, has the Fourier representation as in (6). Thus 
the solution in response to that sawtooth history is 

= 1 U X, 2nit. z)e2i•nt/T ] U'(X,,) (V4) Re[,=•(•n) ( •-0, (B9) 
and this solution, when used in (3) and (5), is the basis for the 

plots of h'(x, t) and a'(x, t) shown in Figures 13-15. To speed 
convergence, we extract the part of the series behaving as 1In 
to write 

u'(x, t) = Wl T U(X, oo'0, z)S(t) + Re i-•nn = 

[(2nzt ) ] } U x,T' 0, z --U(x, c•;0, z) e 2i•nt/T (B10) 

where S(t) is the unit sawtooth of period T, as in Figure 12b 
but with amplitude equal to 2 x, that is, discontinuous jump of 
unity. 

To describe periodic earthquake cycles with preslip in the 
thrust contact zone, 0 _• x _• z, we divide that region into seg- 
ments. Slip A(x, t) is assumed to be spatially uniform in each 
such segment. For example, Figure 16 shows a nine-segment 
division of the thrust zone, of which the eight small segments 
over z/2 _• x _• z describe the preslip zone and the large seg- 
ment over 0 _• x _• z/2 describes the part which slips in the 
great event. Let k = 0 index the latter segment and k = 1-8 
the smaller segments. A segment is allowed to slip only at a 
discrete time t• = jT/40 when the cycle is broken into 40 steps 
as in our Figures 17-20, where j- 0, 1, 2, -.-, 39. Time t o 
corresponds to the large earthquake (and thus is equivalent to 
t4o). Let Ak• be the slip step in segment k at time t•. Evidently, 

39 

Aoo = [/rpl T A•, o = V•tT -- • A•,j k >_ 1 (B 11) 
j=l 

since each zone slips by Wl T in a cycle. Note that A w = 0 for 
j > 1 and that A•,j for k = 1-8 and j = 1-39 describes the pre- 
slip history. Once we convert A to A', we may calculate u'(x, t) 
as the sum of response to 9 x 40 slip histories of type 

A'(x, t) = A•jS(t- tj) • < x < qk 

A'(x, t) = 0 otherwise 
(B12) 

where •, < x < rh, gives the range of segment k. Thus the solu- 
tion for u'(x, t), in response to a history that includes preslip 
and is repeated periodically, is 

u'(x, t)= Re •n 
k=Oj= n =1 

W(x, 2-• ß (B13) 

(in practice the infinite sums are rearranged as in (B10) above). 
This solution is used with (4) to calculate z/(x, t) along the 
thrust contact as 

8 39 

zt'(x, t)= • • A•qF•,(x, t-- tfi (B14) 
k=O j=O 

where 

F&(x, t) = (g){Re [n=• 1 (i•-•)U(x, 7' •, rll•)e 2i•nt/r] 
-- «S(t)[sgn (x -- ½•,) -- sgn (x -- rh,)] } (B15) 

(again, the infinite sum is rearranged in practice). Here sgn 
(x)= +1 for x>0, and sgn (x)=--I for x<0. When the 
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constraint of (B 11) is recognized, we have 
8 

ß ,'(x, t)= l/p,T • rk(x , t) 
k--O 

8 39 

- t)- t- 

where now only the Anj of the preslip history enter. Of course, 
the first term here represents the solution without preslip, and 
the summation can be more simply evaluated in terms of the 
stress history •,'(x, t) calculated from (B10) and shown in 
Figure 13. 

In the preslip zone, k-- 1-8, we specify the time step j-- 
j,(k) at which segment k begins to slip. For example, the seg- 
ment marked A in Figure 16, which we call segment 1, begins 
at time t -- 31T/40, so j,(1)-- 31; that marked B, which we 
call segment 4, begins at t -- 34T/40, so j.(4) -. 34. Thus 
will be nonzero only for j --j.(k), j.(k) -t- 1, ..., 39. The non- 
zero Anj are chosen to maintain a fixed stress drop AT. Thus 
we require that 

zt'(xn, t•.(k)) -- rt'(xn, t• +) = A•: (B 17) 

for each segment k = 1, 2, ---, 8 and for each time for j = 
j,(k), j.(k)+ 1, -.-, 39; here xn is the midpoint position of 
preslip segment k. Using (B16), this provides as many linear 
equations as there are unknowns of the preslip history An•. We 
solve these equations numerically for the An• and insert the 
results into (B13) and (B16) to compute the stress histories 
shown in Figures 17-20. 
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