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Influences of recurrence times and fault zone temperatures
on the age-rate dependence of subduction zone seismicity
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Abstract. Correlations among subduction zone seismicity, convergence rate and subducting
plate age are reassessed considering the possible roles of both recurrence times and fault zone
temperatures. Distributions of earthquakes with respect to subducting lithosphere age and con-
vergence rate are grossly explained by a recurrence relation when ages and rates at the world’s
trenches are taken into account. Correlations between maximum earthquake size M,,/" and con-
vergence rate occur because faster subduction lowers the average recurrence time, so that at ran-
dom within a limited sampling time, faster subduction zones have larger earthquakes. Published
empirical slopes of an assumed linear relationship between M,™ and convergence rate are pre-
dicted to within 1 standard deviation by such a recurrence model. Recurrence predicts that M,,™
should be related to the logarithm of convergence rate and revised age-rate-M,,™™ data agree with
such a relationship. No resolvable global correlation between age and M,,™ is found. Hence me-
chanical explanations of subduction zone seismicity based on such correlations are not required.
Predicted average steady state temperatures, based on age and dip of the subducting lithosphere
and convergence rate, at most subduction zone thrust faults are within a small range of values
(£50°C). The few warm outliers, that is, Cascadia, Mexico, and southernmost Chile (south of
Chile Rise) that subduct very young lithosphere, also have low seismic coupling coefficients sug-
gesting that high temperature may inhibit seismicity. Fault zone temperatures can explain global
variations in seismic coupling coefficients as well as the slab anchor model of Scholz and Cam-

pos [1995]. Applying this to the Cascadia subduction zone, in contrast to conclusions drawn
from mechanical models of subduction and consistent with many other observations, due to its
extremely high temperature, Cascadia may be a region where aseismic subduction predominates.

Introduction

Subduction zones are clearly among the Earth’s great natu-
ral hazards owing to the size of the earthquakes they produce.
Quantifying this hazard, however, is elusive because our ob-
servations of seismicity are often limited to fractions of the
earthquake cycle. Hence we still wonder whether variations in
seismic behavior among subduction zones over the past cen-
tury are characteristic of long-term steady state behavior aris-
ing from some physical property of subduction or are simply
the present stage of a poorly understood and under sampled
cycle of strain accumulation and release. This distinction has
practical importance in understanding the earthquake potential
of enigmatic subduction zones, Cascadia in particular, where
past seismicity gives few clues to its future behavior.

In an attempt to find common characteristics of subduction
zone seismicity, Ruff and Kanamori [1980] note a linear cor-
relation between the convergence rate at a trench, the age of
the lithosphere subducting, and the size of the largest earth-
quake known to occur near the trench. They conclude that be-
cause large and great subduction zone earthquakes during this
century occur predominantly where convergence rates are high
and the subducting lithosphere is young, fast subduction of
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young, buoyant lithosphere creates a shallow trajectory of the
subducting plate that enhances stress across the plate bound-
ary [Uyeda and Kanamori, 1979). Jarrard [1986] confirmed
the age-rate-M,™™ relationship but did not find the expected
variation in dip angles and questioned the physical model.
Nevertheless, the Ruff and Kanamori correlation is used to
infer possible maximum size of earthquakes at poorly under-
stood subduction zones, notably Cascadia [Heaton and Ka-
namori, 1984; Heaton and Hartzell, 1987], and has since en-
tered textbooks as a fundamental relationship in seismology
[e.g., Lay and Wallace, 1995]. Scholz and Campos [1995]
propose a similar mechanical model in which the resistance of
the subducting slab to lateral motion through the mantle de-
creases the normal stress at the plate boundary. They claim
that this model, which also predicts a high rate of seismic
moment release for Cascadia, is in part validated by and ex-
plains global variations with the seismic coupling coefficient.
The purpose of this paper is first to reexamine age-rate-
seismicity correlations while taking into account both the
nonuniform distributions of ages and rates at the world’s
trenches and the influence that rate has on recurrence times. It
is shown that observed earthquake distributions are strongly
influenced by both of these factors, suggesting that faster rate
merely reduces recurrence intervals and does not have to in-
volve rate-related physical mechanisms. Then, noting the in-
fluence of subducting plate age and convergence rate on tem-
perature of subduction thrust faults, I examine the correlations
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of earthquake size and the seismic coupling coefficient with
temperature. This work is motivated by the fact that none of
the subduction zones included by Ruff and Kanamori [1980]
and Scholz and Campos [1995] to develop their models sub-
duct oceanic lithosphere younger than 20 Ma, while at Cas-
cadia the subducting lithosphere is less than 10 Ma. Because
most physical properties of oceanic lithosphere, such as den-
sity, temperature, and heat flow, vary with the square root of
age, it may not be expected that earthquake size will vary di-
rectly with subducting plate age, especially at young ages.
Earthquake depths [Tichelaar and Ruff, 1993] and agreement
between geodetic and thermal models of the locked zone, both
at Cascadia and the Nankai trough [Hyndman et al., 1995],
suggest that temperature is a useful predictor of the downdip
extent of the seismogenic portion of the plate interface and
hence may be diagnostic of the potential for a great earth-
quake. To gain insight into if and how temperature influences
seismicity, I estimate fault temperatures at the world's sub-
duction zones based on their convergence rates, dip angles,
and subducting lithosphere ‘ages and compare them to earth-
quake sizes and seismic coupling coefficients. While the cor-
relations by themselves are not compelling, they are no worse
than those of the mechanical models, that is, the proposition
that high temperature on the thrust fault decreases seismicity
is consistent with global subduction zone seismicity variations
and with the present quiescence of Cascadia. Hence a thermal
explanation of global seismicity variations has very different
implications for seismic hazard at warm subduction zones
such as Cascadia than do mechanical models.

Data

Several modifications are made to previous compilations
[Ruff and Kanamori, 1980; Kanamori, 1983; Jarrard, 1986]
of earthquake sizes, subducting plate ages, and convergence
rates at subduction zones to account for errors, more recent
earthquakes, revised plate motions, and improved age esti-
mates for the subducting lithosphere. I also estimate and use
formal uncertainties in the subduction parameters (Table 1).
Revisions to the maximum magnitudes of thrust earthquakes
were made for the Caribbean, Izu, Ryukyu, and Sumatra be-
cause earthquakes other than thrust events were used in the
original lists and the Marianas and Java trenches had recent
large earthquakes. Dip angles are estimated from mechanisms
of thrust earthquakes in the Harvard centroid-moment tensor
catalog (HCMT [Dziewonski et al., 1981]) and therefore likely
represent the dip angles along the seismogenic plate interface.
Estimates of the downdip lengths (W) of the active plate in-
terface based on centroid depths of moderate-sized earth-
quakes are taken from Pacheco et al. [1993] and Tichelaar
and Ruff [1993). Hyndman and Wang [1993) and Hyndman
et al. [1995] estimate W from geodetic data for Cascadia and
SW Japan. Two data sets are used to estimate numbers of
earthquakes: (1) thrust earthquakes of M, = 7 from both
Pacheco and Sykes [1992] for 1900-1976 and from HCMT
for 1977 through April 1996, referred to as the PS7 data set,
and (2) thrust earthquakes of M,, > 6 from HCMT for 1977
through April 1996, called the CMT6 data set. Uncertainties
in earthquake magnitudes are assigned based on the year of
the event’s occurrence (i.e., 1.0 for quakes prior to 1920, 0.5
for those between 1920 and 1960, and 0.2 for those during or
after 1960; Table 1).
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Convergence rates and subducting lithosphere ages are es-
timated point-wise along the trenches (Figure 1) (see Appen-
dix for sources of ages and convergence rates) from which av-
erages and standard deviations for each trench are determined
(Table 1). Trench lengths are also binned according to age and
rate (in 5 Ma and 5 mm/yr bin increments; see Appendix for
details). Table 2 shows the discretized distribution of trench
length as a function of rate and age that will be used to esti-
mate seismicity as a function of age and rate. Note that the
bins are not for contiguous lengths of trench; for example, any
particular bin can contain contributions from more than one
trench and any trench contributes to a range of bins.

One of the implied assumptions made in earlier analyses is
that convergence rates and plate ages are evenly distributed at
the world's trenches. However, the binned trench lengths show
very peaked distributions (Figures 2a and 2b are histograms of
the marginal distributions from Table 2), dominated by con-
vergence rates of 50 to 80 mm/yr and lithosphere of age 10 to
60 Ma (Figures 2a and 2b and Table 2). The peak in age at
100 Ma results from assigning an age of 100£20 Ma to all
Cretaceous age seafloor (Appendix).

The numbers of earthquakes in both the PS7 and CMT6
data sets are shown as functions of convergence rate and sub-
ducting plate age in Figures 2c through 2f. The PS7 and
CMT6 earthquakes are distributed similarly with convergence
rate. The distributions with age are also similar except for a
large peak in the PS7 quakes at 10 to 15 Ma (all of which are
from Mexico and the Central America trenches that have had
33 earthquakes of 7.0 < M,, < 8.0 in this century) that does not
appear in the CMT6 data. A peak at 100 Ma is relatively
higher in the CMT6 data. Figure 3 shows that most earth-
quakes of M,.> 7 have occurred where rate is between 50 and
80 mm/yr, mimicking the trench length distribution (Figure
2a). There appear to be more and larger earthquakes at
younger ages of lithosphere (<75 Ma, Figure 3b) but again
young lithosphere is subducting at most trenches (Figure 2b).
As noted also by Jarrard [1986], there does not appear to be
any direct correlation between earthquake size and dip angle
(Figure 3c) as is required in the mechanical models to enhance
coupling.

Dependence of Numbers of Earthquakes on
Plate Age and Convergence Rate

The world’s trenches most commonly have convergence
rates of 50 to 80 mm/yr and subducting lithosphere ages of 10
to 60 Ma (Figures 2a and 2b). Hence, if earthquakes are ran-
domly distributed with age and rate, then we expect to find
most of them at young ages and high convergence rates, as is
seen (Figures 2 and 3). Here I test this supposition but take
into account also that faster subduction should result in more
and larger earthquakes because it influences recurrence times.
To examine the influence of the nonuniform distribution of
rates and ages at trenches on the quake distributions, I derive
an expression for how the expected number of earthquakes
varies with convergence rate and trench length. This proce-
dure also tests whether or not the observed earthquake distri-
bution with age occurs simply because age is also unevenly
distributed at the world’s trenches.

The number of quakes of seismic moment greater than or
equal to M, is distributed as

NM,) = aM,?
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Figure 1. Map of world’s trenches analyzed in this paper. Each section is labeled with a three-letter code.
Geographic limits of trenches and abbreviations are given in Table 1.

for values of M, less than or equal to some maximum mo-
ment M,™ where o and B are constants that depend on fre-
quency-magnitude and moment-magnitude relationships
[Wyss, 1973; Richter, 1958]. Kagan [1997] suggests that
there is no resolvable variation in  or M,"* among subduc-
tion zones, which if true allows the number of quakes above a
particular magnitude to be a proxy for moment release. Noting
that the seismic moment rate on a fault of length L, downdip
width W, rigidity p and slip rate vis w L W v, the recurrence
interval T for earthquakes of seismic moment M, or greater is
expressed as [Molnar, 1979]

' PP

- 2 6]
(A-p) pWvL

T(M0)=

Hence the recurrence time for an earthquake of a given seis-
mic moment varies as the inverse of the product of conver-
gence rate and trench length. If the earthquakes are independ-
ent in time, the number of expected events of moment equal to
or greater than M, in a given time period Tis T/ T or

oo - AP @
(M) M

The conversion from moment to magnitude is
M, =2/3logM,-6.0

(M, in Newton-meters [Hanks and Kanamori, 1979]). By se-
lecting a value for M,, (2) becomes N(v, A) because N is a
function of v and L, and L is a function of v and A. Using L =
L(v, A) from Table 2, (2) predicts the marginal distributions of
earthquakes in the PS7 set of M, > 7 earthquakes (M,=3.5 x

1019 N'm; 1 = 96.6 years; W=75 km; M, =1025 N m) and in
the CMT6 set of M,, > 6 quakes (M,=1.1x1018 N m; 7 = 19.6
years; W=75 km; M, =2.0x10%* N m). The values for M,™**
were chosen to result in the correct total numbers of events for
each group; hence I am testing the distribution of the events
with age and rate and not the total number of events. The pre-
dicted distributions of earthquakes are shown with solid lines
in Figures 2c through 2f.

The distributions of M,, > 6 and M,, > 7 events with rate are
predicted well using the distribution of convergence rates at
trenches (Figures 2c and 2e). Both groups show a small deficit
at low convergence rates but the general trends agree well
enough that it would be difficult to argue for a rate-dependent
difference. Considering that uncertainties in the plate rates are
at least a few mm/yr, the excess events in the 80 to 85 mm/yr
range satisfy the deficiency in the 70 to 80 mm/yr range.
Hence the distribution of the numbers of earthquakes with
convergence rate can be explained with a recurrence model
and does not require rate-related physical mechanisms
[McCaffrey, 1994].

The distributions of the numbers of earthquakes with sub-
ducting plate age are not as well matched (Figures 2d and 2f).
However, considering broad age ranges, the events are dis-
tributed correctly between young and old subducting litho-
sphere. For the M,,> 7 events, where A<65 Ma (57% of trench
length), 116 events occurred, while 101 are expected and for A
> 100 Ma (33% of trench length), 57 events occurred, while
60 are predicted. The age range of 10 to 15 Ma has 23 more
M,, > 7 events than expected due to the large number of M,, <
8 earthquakes off Mexico (MEX) and Central America
(CAM). Except for MEX and CAM, lithosphere of ages less
than 75 Ma shows seismic behavior as expected considering
only the distributions of convergence rates and subducting
lithosphere ages at the trenches. Hence there is no clear differ-
ence in seismicity of old (> 75 Ma) and young (< 75 Ma) sub-
ducting lithosphere.
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Figure 2. Histograms of the distributions of trench lengths and earthquakes with convergence rates and plate
ages. Details of how the histograms are produced are given in the Appendix. The solid lines in Figures 2a and
2b are the accumulated lengths (normalized by 10). L at top is the total length of all trenches in the histogram;
these differ between Figures 2a and 2b because some trench sections have unknown ages. Histograms in Fig-
ures 2c and 2d show the distributions of 96 years of subduction zone thrust earthquakes of M,, >7 (set PS7, see
text) and Figures 2e and 2f show 19.6 years of quakes of M,, >6 (set CMT6, see text). Solid lines in Figures 2¢
through 2f are the predicted distributions based on the recurrence model (2). Dashed and dotted lines are the
observed and predicted cumulative distributions (normalized by factor of 5), respectively. N within the panel is
the total number of quakes in the distribution.

namori [1983] and Jarrard [1986], can be explained by recur-
rence. They used a relationship of the form

Maximum Earthquake Size and Convergence
Rate

It is demonstrated here that the correlation of the size of the
largest thrust earthquake M,™ at a subduction zone with
convergence rate, found by Ruff and Kanamori [1980], Ka-

M, =c,A+c,v+c,

where ¢, ¢, , and c, are constants estimated by regression.
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Figure 3. Earthquake magnitudes distributed with (a) convergence rate, (b) subducting plate age, and (c)

subducting plate dip angle. (d) Maximum earthquake sizes M,

max

at each trench plotted against convergence

rate along with linear and log fits as discussed in text. Symbols with error bars are the M,™ at each trench
plotted at age and rate averages for the trench (averages and abbreviations from Table 1). Small dots are
events from PS7 data and pluses are from CMT6 data, each plotted at their local rate or age. Curves in Figure
3d are labeled according to their convergence rate dependence as described in text and Table 3.

The estimation of statistically significant values for ¢, and c,
was used to suggest that the force acting across the plate in-
terface increases with faster convergence and younger plate
age [Ruff and Kanamori 1980; Kanamori, 1983, 1986].

To test the physical interpretation of the rate dependence,
the coefficient ¢, is estimated from earthquake recurrence.
Noting that the larger the earthquake, the less likely it is to oc-
cur in some time interval, we can look at "contours" of T(M,)
to see how the seismic moments of earthquakes with equal
likelihood (within some time interval) are distributed with
convergence rate. Consider earthquakes with a recurrence in-
terval of K, so that T(M,) = K; that is, in the time period K
each trench will have the same likelihood of having the earth-
quake that has a recurrence time of K. According to (1), the
moment of this earthquake will be larger for trenches with

faster subduction. Setting T(M,) = K and solving (1) for M,
gives

K1-B)u LW
Mf= ( ﬁ)#1—f3v
(M ;™)

Replacing M, with M,, as above, taking the logarithm of both
sides, and solving for M,, gives

2log(Cv)
w="3p - 6.0
c-Ka-pptw 3)

(Mama)()l‘— ﬁ
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The theoretical value for c,, (the change of M, with conver-
gence rate) is then

CdM. 5 0290
“TTa T 3BWm10 v By

The observed largest earthquake M, at any trench in any
given time period can be represented by M,, + AM,,; where M,
is derived from (3). If AM,, is random then the slope of M,,"™
(v) will be the same as c, in (4). The expression for ¢, has v-
dependence (1/v form) so the straight-line slope derived from
such data will depend strongly on the values of v used. Here
the theoretical value of c, is estimated by calculating M,, using
(3) for each trench (using L, W, and v from Table 1; K = 96.3
years) and finding the slope of M,, with respect to v by regres-
sion (c, and ¢, are largely independent shown by a small co-
variance).

The theoretical slopes estimated in this way compare well
to the observed slopes for the Ruff and Kanamori [1980], Ka-
namori [1983], and Jarrard [1986] regressions (Table 3). In
one trial, the Kanamori [1983] data are weighted by the in-
verse of the sum of the squares of the uncertainties in age,
rate, and M,™™ (estimated for the. revised data). Weighting
changes the relative importance of the trenches in the regres-
sion which in turn affects the slopes slightly, but still the theo-
retical and calculated slopes agree. The revised data show less
agreement between observed and expected values of c,,
probably because the new rates, that include rapid subduction
at New Hebrides (NHE) and Tonga (TON) span nearly twice
the range of the Kanamori [1983] data. When observations
are not weighted by uncertainties, the coefficients are strongly
influenced by NHE and TON that have large convergence
rates (Figure 3d), giving ¢, = 0.011. When weighted by the
uncertainties, NHE and TON, with large uncertainties, have
less influence on the solution and a larger c, is found (0.038).
If NHE and TON had lower convergence rates, as in the Ka-
namori [1983] data, M,,"* would appear to be much more
linear in v.

Equation (3) suggests that M,"™ should be proportional to
log(v) rather than to v. Using an equation of the form

(4).

M, =c, A +c,log(v) +c,

fits the data with 12% less misfit variance than the linear re-
lationship for unweighted data (Table 3). For weighted data,

Table 3. Summary of Fits to Age-Rate- M,,"* Data
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the log(v) equation gives a 6% poorer fit. The data from NHE
and TON are visually better explained by the log(v) relation-
ship (Figure 3d) but the large uncertainties in their ages and
rates cause them to have little influence in the weighted solu-
tion. Thus whether or not the log(v) relationship is the better
one depends on the faith one puts in data from those two
trenches. The expected coefficient ¢, for the log(v) relationship
is 1.0 if B=2/3 [Rundle, 1989] (equation 3). The computed
best fit coefficients are between 2.1£0.7 (unweighted) and
2.8+0.5 (weighted), within a few standard deviations of 1.0,
which itself gives an acceptable match to the data (Figure 3d).
If there is any tendency in the v - M,™™ data with respect to
the expected log(v) relationship, it is for the largest quakes to
occur at rates between 60 and 80 mm/yr. Within this rate
range the observed M, vary by about 1.5 magnitude units
from their predicted values. In conclusion, the dependence of
maximum earthquake sizes on convergence rates at trenches is
similar to that expected from consideration of recurrence times
only (if AM,, =1.5) and additional convergence rate related
mechanisms are not required.

The revised data show no direct dependence of M, on
plate age (Figure 3b); that is, the regression values of c, are
not significantly different from zero for either linear or log re-
lationships (Table 3). Lithospheric buoyancy [Kanamori,
1983] and thrust fault temperatures (discussed below) suggest
that earthquake size may scale with the inverse of the square
root of age. However, using the relationship

M, ™ =c, A" +c,log(v) +c.

in the regression again results in unresolved non-zero values
for ¢, (Table 3).

Earthquake Size and Temperature on the
Thrust Fault

The foregoing treats lithosphere age and convergence rate
as independent in their impacts on seismicity. Moreover, the
regressions are dominated by the majority of subduction zones
that have moderate convergence rates and ages. One way that
age and rate are related is through their influence on the tem-
perature on the thrust fault [Molnar and England, 1995].
Temperatures at and near the plate interface may influence
earthquake size by controlling the maximum depth of seismic

Data Used . Number of ¢, Fit, ¢, Theory, ¢, Fit, Misfit
Trenches M, per mm/yr M,, per mm/yr M, per Ma ¢, Fit Variance
Ruff and Kanamori [1980] 21 0.013+0.004 0.011+0.002 -0.008+0.002  7.9+0.3 0.20
Kanamori [1983] (no uncertainties) 22 0.015+0.003 0.010+0.001  -0.009+0.002  8.0+0.3 0.16
Kanamori [1983): (with uncertainties) 22 0.011+0.002 0.010+0.001 -0.012+0.002  8.5+0.3 0.14
This paper: linear (no uncertainties) 28 0.011+0.005 0.006+0.001 -0.001£0.004  7.0£0.5 0.97
This paper: linear (with uncertainties) 28 0.038+0.006 0.015+0.001 -0.005+£0.003  5.6+0.3 0.80
This paper: log(v), no uncertainties 28 2.1+£0.7 1.0 0.000+0.004  6.1+0.6 0.85
This paper: log(v), with uncertainties 28 2.8+0.5 1.0 -0.002+£0.003  5.6£0.4 0.85
This paper: log(v), A", no uncertainties 28 2.1£0.7 1.0 0.5+2.1 4.0£1.4 0.85

In the regressions, rates (in mm/yr) and ages (in megaannum) were divided by 10 to make their uncertainties of the same order of mag-
nitude as those of the magnitudes. The coefficients here are corrected to remove the normalizations. Weighting of each observation is by
(Op? + 0,2 + 042)" (Table 1). Coefficients estimated by Jarrard [1986] (¢,=0.0159, ¢,=0.0105, ¢,=8.01) do not differ significantly from

those of Kanamori [1983].
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slip (i.e., the downdip width W of the seismogenic zone)
[Tichelaar and Ruff, 1993; Hyndman and Wang, 1993].
Higher temperatures may inhibit seismic slip by causing sta-
ble sliding in the thrust zone [Tse and Rice, 1986; Scholz,
1990] and by promoting anelastic strain or intraplate quakes
in the upper and lower plates that dissipates strain energy that
is otherwise released in subduction thrust earthquakes. Tem-
perature, as a possible control on seismicity, will have par-
ticular relevance to the Cascadia subduction zone which is
quite hot [Hyndman and Wang, 1993]. Here I estimate tem-
peratures of the world’s subduction thrust faults based on age,
rate, and dip angles and compare these temperatures to ob-
served earthquake behavior.

In the absence of shear heating and crustal heat production,
the steady state temperature 7; on a thrust fault subducting
oceanic lithosphere of age A at a trench-normal convergence
rate v, is [Molnar and England, 1995]

ind
T =l__T0ﬁ_, S=1+b,’-‘2ff—sm—- (%)
s S,/mc(A+t1) K

where T, is the initial temperature of the half-space (mantle
asthenosphere), z; is depth on the fault, x is thermal diffusiv-
ity, t; = z;/ (v, sin ) is the time for the lithosphere to subduct
to depth z;(A+t; is the age at z5), b is a constant close to
unity, and J is the dip angle. This equation describes the
thermal consequences of advection of the oceanic lithosphere
beneath the forearc. In this formulation the oceanic lithosphere
has a thermal structure governed by its age, 0°C at the top and
T) =T, erf [2 2 (KA) "1, where z is depth into the cooling
half-space and erf is the error function [Carslaw and Jaeger,
1959]. The heat flux through the top of the oceanic lithosphere
is kT,(nkA)", where k is the thermal conductivity of the litho-
sphere. Thus the younger the lithosphere, the higher the heat
flux. However, if the subduction rate is fast (S is large) then
the fault remains cooler because the temperature at the base of
the hanging wall is more influenced by the cold, top surface of
the subducting lithosphere than by the warm interior.

Figure 4 shows contours of the average steady state tem-
perature on the thrust fault from 10 to 60 km depth below the
seafloor as a function of subduction age and rate, for dip an-
gles of 15° and 25°, derived from (5) (because T is nearly lin-
ear with z; this is also the approximate temperature at 35 km
depth on the fault). The limits of the fault are taken at 10 km
depth because the upper 10 km or so of subduction zones are
generally aseismic [Byrne et al., 1988], and at 60 km which is
the downdip end of seismicity on the thrust interface seen
globally [Pacheco et al., 1993]. Frictional heating will pro-
duce a convergence rate-related temperature increase of A Ty =
O Vv, % (Sk)* [Molnar and England, 1995], where o is the
shear stress. Heating due to 20 MPa of shear stress on the
fault (a best estimate of the global average by Tichelaar and
Ruff [1993] and Peacock [1996]) varies from tens of degrees
at low convergence rates to over 100°C at high rates (Table 4).
Also, heating due to 20 MPa of shear stress roughly offsets
the cooling due to advection and temperatures become inde-
pendent of convergence rate when young lithosphere is sub-
ducting (Figure 4c). Because the magnitude of the shear stress
is poorly constrained, it is clear that we cannot in this simple
way make accurate estimates of the actual temperature at sub-
duction zones. Nevertheless, the relative temperatures should
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Figure 4. Contours (labeled in °C) of the calculated average
temperature on a dipping thrust fault from 10 to 60 km depth
as a function of plate age and trench-normal convergence rate
(5). Each trench is plotted at its position in age-rate space
(Table 1). Figures 4a and 4b are for different dip angles and
Figure 4c includes heating from 20 MPa of shear stress.
Three-letter codes given in Table 1.
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Table 4. Observed and Estimated 7 and W

Trench W,km W,km W,km T, W, T Wo, %
(TR) (PS) (HW) °C km °C km

ALA 139 113 139 165 230 165 0.77
AND 150 162 125 208 125 0.01
CAM 93 203 136 300 93  0.07
CAS 80 435 65 528 28 0.01
CCH 123 88 129 136 227 136 0.55
EAL 108 94 122 142 210 142 0.84
JAV 130 102 149 199 149 0.01
KAM 129 97 70 102 158 102 0.82
KER 97 91 125 171 125 0.15
KUR 144 82 69 116 162 116 0.38
MAR 74 120 121 168 121 0.01
MEX 58 65 296 103 377 55 0.37
NEJ 196 109 72 136 171 136 0.21
NHE 66 106 109 220 109 0.13
PER 149 141 136 233 136 0.02
SCO 53 123 112 193 112 0.01
SUM 150 126 149 209 149 0.05
SWIJ 150 192 142 276 117 1.00
TON 68, 63 125 204 125 0.66
WAL 53 158 136 210 136 0.57

W estimates from Tichelaar and Ruff [1993] (TR), Pacheco et al.
[1993] (PS) and [Hyndman and Wang, 1993; Hyndman et al. 1995]
(HW). T, and W, are calculated average temperature and downdip
width of thrust between 10 and 60 km depth without shear heating. T,
and W, are the same but with heating from 20 MPa of shear stress on
the fault.  is the seismic coupling coefficient.

be useful unless the shear stress is high and variable among
subduction zones, but there is little evidence to support such a
possibility [Peacock, 1996]. Radiogenic heating will produce
a temperature increase of less than 20°C [Tichelaar and Ruff,
1993] and is ignored here.

Figure 4 demonstrates that when the lithosphere is younger
than about 30 Ma, subducting plate age has a profound im-
pact on temperatures and that most subduction zones probably
have very similar temperatures despite their differences in age
and rate. That the range of observed convergence rates at the
world’s trenches produce relatively small temperature varia-
tions is consistent with the point made earlier that seismicity
variations due to convergence rate are largely explainable by
recurrence times.

Although Cascadia (CAS), Mexico (MEX), and south
Chile (SCH), that have not had known subduction earth-
quakes in excess of magnitude 8, are similar in age and rate to
Central Chile (CCH), SW Japan (SWJ), and Colombia
(COL), that have had great earthquakes, the differences are at
young ages and have significant thermal consequences (Figure
4a). For example, Cascadia is on average more than 200°C
warmer than Central Chile (Table 1) largely because its sub-
ducting lithosphere is half as old. All of the trenches studied
by Tichelaar and Ruff [1993], except Mexico, revealed a
maximum depth of seismicity of around 50 km. Mexico’s
maximum depth of 25 km is consistent with inferences from
the thermal calculations that it is significantly hotter than the
others. The maximum depth of interplate seismicity is un-
known at Cascadia and south Chile.

McCAFFREY: SUBDUCTION ZONE SEISMICITY

If earthquakes do not occur on the thrust fault where it ex-
ceeds some limiting temperature 7, then we can estimate W as
a function of plate age and rate by setting Ty = T, and z; = W
sin & in (5). This limiting temperature is probably between
250°C and 400°C [Tse and Rice, 1986; Tichelaar and Ruff,
1993]. Tichelaar [1991] concludes that coupling depth does
not correlate with age and rate, but this is based on a few
comparisons at ages greater than 20 Ma (at this age the tem-
peratures are not as dependent on age as they are for younger
subducting lithosphere). Using (5) and T, = 350°C, both the
average temperature on the thrust and W are calculated for
each trench from the estimates of dip angle, plate age, and
trench-normal convergence rate (Table 4). In general, some
agreement between thermal estimates of W and those from
earthquake depths and geodetic data is evident (Figure 5a),
suggesting that W may be thermally controlled. In addition to
decreasing W, temperature might limit earthquake size also by
changing mechanical properties of the fault surface that may
decrease the amounts of seismic slip and along strike slip
propagation. For example, high temperature promotes ductile
shearing at the expense of frictional behavior and lowers the
shear stress on the fault [Stesky et al. 1974]. However, com-
paring calculated temperatures (Figure 5b) and W (Figure 5¢)
to M, is less conclusive possibly because most subduction
zones are nearly the same temperature and because great
earthquakes probably saturate the downdip dimension of the
thrust fault [Scholz, 1990]. The few thermal (hot) outliers
have only earthquakes of M,, = 8 or smaller, but many cooler
subduction zones show this feature as well. Statistically, there
is a 30% chance that the maximum earthquake sizes at the
three hottest subduction zones represent a random sampling of
all subduction zones. In conclusion, temperature appears to be
a useful predictor of W but not of M,™, probably owing to
factors other than W that contribute to maximum earthquake
size.

Seismic Coupling Coefficients and Temperature

The ratio of the observed to expected seismic moment re-
lease on a fault is known as the seismic coupling coefficient
(%) and is often used as a measure of the seismic behavior of a
fault. y has been correlated with other subduction zone pa-
rameters to gain insight into the physics of subduction
[Peterson and Seno, 1984; Pacheco et al., 1993; Scholz and
Campos, 1995]. The total seismic moment for any given re-
gion is typically dominated by the largest event which con-
tributes 20% to 40% of the moment [Peterson and Seno,
1984] making % unstable through time [McCaffrey, 1997].
Not surprisingly, y and M,™ are strongly correlated
[Pacheco et al., 1993] but using y instead of M,™™ as the
measure of seismic coupling has the possible advantage that it
can account for more than one large event.

Scholz and Campos [1995] present a mechanical model for
subduction in which the subducted slab dragging through the
mantle is pulled downward, lowering the normal stress across
the thrust fault at the plate boundary above. The decrease in
normal stress should promote stable sliding on the plate
boundary and a decrease in ). Scholz and Campos [1995]
show that a large inferred decrease in the normal stress across
the plate interface corresponds with low Y, while a small de-
crease in the normal stress produces a low or high 7 (i.e., only
the combination of high decrease in the normal stress and
high y are excluded; Figure 6a).
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Due to-the possible thermal effects on slip stability, the
seismic coupling coefficient might also be expected to de-
crease with higher temperature. Comparing the calculated av-
erage temperature at subduction zones to ) inferred from
earthquakes in this century only (see Appendix) shows simi-
larity to the variation of y with change in normal stress, in that
high temperature and high  are excluded (Figure 6b). Neither
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of the mechanisms provide a statistically robust explanation of
the seismic coupling coefficients. In the slab drag mechanism

~ (Figure 6a) there is a 5% chance that the five points with high
decrease in normal stress and low ) (AF, > 3, y < 0.2) com-
prise a random sample of the total population of . Moreover,
the five points come from only two contiguous subduction
zones (Jzu-Mariana and Tonga-Kermadec-New Zealand). If
these are used as two subduction zones, then the chance of
randomness is 24%. In the thermal model (Figure 6b) there is
a 32% chance that the three warm (7 > 250°C, % < 0.4) sub-
duction zones are randomly drawn from the global ¥ popula-
tion. Hence, to the degree that ) is a useful measure of long-
term seismic behavior, the slab anchor and thermal models
have similar success in explaining its global distribution. Yet,
the two concepts make very different predictions for the seis-
micity of warm subduction zones such as Cascadia.

Implications for the Cascadia Subduction Zone

Mechanical models for subduction zones are used to pre-
dict a high degree of coupling for Cascadia [Heaton and Ka-
namori, 1984; Scholz and Campos, 1995] yet the seismic qui-
escence of Cascadia remains inconsistent with such models.
The 1992 M,=7.2 Cape Mendocino quake may [Hagerty and
Schwartz, 1996] or may not [Tanioka et al., 1995] have been
on the plate boundary but in any case would account for little
of the expected seismic moment. Buried coastal marshes and
associated sand layers have been interpreted as evidence that
Cascadia ruptures in great thrust events every few hundred
years [Atwater, 1992; Nelson et al., 1995]. Recent thermal
and dislocation models of the Cascadia subduction zone sug-
gest that the downdip extent of the cool and presumably seis-
mogenic portion of the plate interface is small but not insig-
nificant [Hyndman and Wang, 1993, 1995] and a M = 9
earthquake could occur if the entire 1000 km length of the
subduction zone ruptured.

Cascadia has a long stretch of slowly subducting, very
young lithosphere (Figure 7) producing to a warm plate inter-
face. Moreover, the newly formed oceanic lithosphere is blan-
keted with sediments that keeps its surface warm, estimated at
about 250°C as it enters the subduction zone [Hyndman and
Wang, 1995]. Other trenches that have estimated temperatures
relatively close to that of Cascadia are Mexico and South
Chile. The South Chile subduction zone is also largely void of
seismic moment release. The HCMT catalog contains only

Figure S. (a) W estimated from earthquakes depths and geo-
detic data plotted against W estimated from (5) and T, =
350°C, based on the average lithosphere age, trench-normal
convergence rate and dip angle at each trench. Solid symbols
are from Pacheco et al. [1993] and open symbols are from
Tichelaar and Ruff [1993)]. Circles are temperatures without
shear heating and squares include heating from 20 MPa
stress. The crosses (no stress) and pluses (20 MPa stress) are
from CAS [Hyndman and Wang 1993] and SW Japan (SWJ)
[Hyndman et al., 1995] as labeled. All data are shown in Ta-
ble 4. Estimated average temperature (b) and W (c) plotted
against observed maximum earthquake size at each subduc-
tion thrust fault. Open symbols are temperatures and W with-
out shear heating, and solid symbols include heating from 20
MPa stress. Where open and solid symbols overlap ih Figure
5S¢, the critical temperature is reached below 60 km depth with
and without shear heating.
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Figure 6. (a) Change in normal stress (per unit length) on
subduction thrust faults from slab anchor model of Scholz and
Campos [1995] plotted against seismic coupling coefficients
from Pacheco et al. [1993]. (b) Inferred average temperature
on the subduction thrust faults plotted against the same seis-
mic coupling coefficients without shear heating. (c) Tem-
peratures including 20 MPa shear heating. Abbreviations
given in Table 1.

two (moderate-sized) thrust events, the Pacheco and Sykes
[1992] catalog contains none, and there is no known history of
great quakes [Richter, 1958]. The Mexico and Central Amer-
ica subduction zones have anomalous behavior in that they
produce many quakes of M,, < 8.0 but not larger. Mexico and
Central America have a combined ) of about 0.2 and so either
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they are storing a large slip deficit or have a large component
of aseismic slip. Mexico may be transitional between coupled
and thermally uncoupled subduction in that it has small
quakes, a shallow maximum extent of coupling [Tichelaar
and Ruff, 1993], and a low coupling coefficient. I suggest that
the seismic quiescence of Cascadia is not anomalous when
compared to its closest thermal analogs and that it may have a
large component of aseismic slip.

The suggestion that the Cascadia subduction zone is largely
aseismic may seemingly be at odds with evidence for geologi-
cally rapid subsidence events, tsunamis, and present-day
strain accumulation [Mitchell et al., 1994]. Such a contradic-
tion may be resolved if the Cascadia subduction fault does not
rupture solely in the form of rapid earthquakes but instead has
some large but unknown component of slow slip. By slow, 1
mean rupture that takes several minutes to months instead of
seconds and thus does not produce high-frequency seismic
waves. Recent slow quakes along the San Andreas were de-
tected only by strain meters [Linde et al., 1996], and other
suspected quakes are “silent”, that is, seen only in very long-
period seismic data [Beroza and Jordan, 1990]. Global Posi-
tioning System (GPS) measurements from Japan show similar
amounts of fast (seismic) and post seismic slow slip from a
recent M,, = 7.6 subduction event [Heki et al., 1997] while a
more recent possible M,, = 6.3 event occurred entirely by slow
slip [Sagiya, 1997]. The increasing observations of slow
events, that are possible due to technological advances, and
the global average of the seismic coupling coefficient of 0.3
[McCaffrey, 1997] may be showing that slow slip predomi-
nates at subduction zones.

Slow earthquakes can be tsunamigenic. The 1960 Chile M,,
= 9.5 event began with a 20 min duration “slow” quake with
5 to 10 min period waves [Kanamori and Cipar, 1974] and an
estimated seismic moment that accounted for about one third
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Figure 7. Square root of the age of subducting oceanic litho-
sphere along the world’s youngest subduction zones (distance
axis is positive in direction faced if hanging wall is to ob-
server’s right and is offset arbitrarily for clarity). Circles show
where M,>8 (labeled by magnitude) earthquakes have - oc-
curred along each trench (open and solid symbols used only
for clarity). Cascadia has the longest stretch of the youngest
subducting lithosphere in the world. CAM, Central America.
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of the total moment for that event [Cifuentes and Silver,
1989]. The low-frequency precursor apparently produced a
large tsunami (see Appendix). Similarly, the 1992 Nicaragua
slow subduction event produced a large tsunami but relatively
little high-frequency seismic energy [Ide et al., 1993].

While the section of the Central Chile trench where the
1960 event occurred (37°S to 47°S) is often compared to Cas-
cadia [Heaton and Hartzell, 1987; Rogers, 1988], subduction
at Central Chile is twice as fast and the subducting litho-
sphere is on average twice as old (Figure 7), resulting in
cooler average temperatures along the plate interface (Table
4). While the mechanics of slow rupture are not understood,
one might expect that such behavior is enhanced by high tem-
perature and that Cascadia is as likely a place as any for this
to occur. Based on its seismic moment only, if a slow quake
the size of the 1960 Chile long-period precursor occurred on
the Cascadia subduction zone, it would account for hundreds
of years of subduction. Because slow slip is also associated
with stress drop, it should produce geologically rapid defor-
mation of the upper plate. However, vertical displacements
estimated from paleoseismic observations alone would place
little constraint on the size of the seismic portion of the event.

Estimates of Cascadia earthquake potential have focused
on the maximum earthquake size for important social reasons,
but we might also consider other possibilities that can account
for the observations. Amplitudes of the coastal subsidence
events are not well known but could be of the order of a meter,
consistent with the present maximum coastal uplift rate of 4
mm/yr [Mitchell et al., 1994] and a 300 year repeat time.
Hyndman and Wang’s [1995] geodetic estimate of plate cou-
pling at Cascadia is a maximum because they assumed full
coupling out to the trench. However, the same on-land uplift
rate data can be satisfied with as little as 20% of the conver-
gence contributing to upper plate strain (model E, Figure 8),
that is, up to 80% of the 40 mm/yr convergence may occur
without any increase in stress across the fault. If so, the 300-
year Cascadia event need only involve an average of about 2
m of combined rapid and slow slip on the dipping thrust in-
terface. If this slip event was entirely rapid and propagated
100 km along strike (a typical distance for a 2 m slip event) it
would be a M,, = 7.8 quake. Rupture of the entire margin
would produce a M,, = 8.5 quake (using a length of 1000 km
from Mendocino triple junction to the Nootka fault and a
downdip width of 80 km for the locked fault). These
“seismic” events will be smaller if some part of the slip is
taken up by slow processes. The tsunami observed in Japan is
a possible constraint on the amount of slip during the event
300 years ago if it can be convincingly linked to Cascadia
[Satake et al., 1996] but offers limited constraint on the dura-
tion of the slip.

Conclusions

The distributions of large thrust earthquakes at subduction
zones are examined from recurrence, mechanical and thermal
points of view with a focus on the effects of relative plate con-
vergence rate and subducting plate age. Earthquake behavior
shows a dependence on convergence rate because faster slip
decreases the recurrence times of earthquakes. The numbers of
quakes of M,, = 7 in this century and M,, > 6 in the past 19.3
years as distributed with rate and plate age are also consistent
with the recurrence model and mimic the non-uniform distri-
bution of rates and ages at the worlds subduction zones. The
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Figure 8. (a) Models of plate locking for the Cascadia sub-
duction zone off southern Oregon and (b) their resulting on-
shore uplift rates. This figure is used as an example to show
that very little coupling is required to satisfy onshore geodetic
data, which holds true for most of the Cascadia margin. Pos-
sible distributions of slip deficit (convergence rate minus
aseismic slip rate) are shown with distance inland from
trench. A is the 40-40 model of Hyndman and Wang [1995] in
which the plate boundary is fully locked for the first 40 km
downdip from the trench and decreases linearly to no locking
over the next 40 km. This produces the coastal uplift rates
shown by curve A in (b). Other inferred locking distributions
shown by curves B through E give uplift rates also consistent
with the geodetic data. Model E, for example, has only 19% of
the convergence locked. Data are from Mitchell et al. [1994]
and Hyndman and Wang [1995] (triangles, tide gauges at
Charleston, Crescent City, and Newport in order of increasing
distance; squares, Bandon to Coquille leveling line, crosses,
Coquille to Dillard line, squares, Newport to Albany line).

slopes of the Ruff and Kanamori [1980] and Kanamori
[1983] regressions that relate maximum earthquake size to
convergence rate are also predictable from the recurrence rela-
tion. Revised age-rate-M,™ data are better explained with a
logarithm of rate relationship, predicted from recurrence
times, if the New Hebrides and Tonga trenches, with their fast
rates, are given importance. The revised data show no general
correlation of M,,™ to subducting plate age. The seismic cou-
pling coefficient shows similar agreement with inferred tem-
perature on the thrust fault as it does with the change in nor-
mal stress across the plate boundary in the slab anchor model
of Scholz and Campos [1995]. Finally, from a thermal point
of view, Cascadia falls in the category of aseismic plate
boundaries rather than a coupled one as predicted by me-
chanical subduction models. Cascadia is far warmer than any
other subduction zone and may be a good place to look for
significant aseismic slip.
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Appendix
Trench Data

The geographic locations of each trench were taken at an
interval of approximately 10 to 15 km from the digital seafloor
data DBDBS5 and smoothed. At each point the relative plate
convergence vector and the age of the subducting lithosphere
were calculated. Convergence rates at most trenches are taken
from NUVEL-1A rotation poles [DeMets et al., 1994]. Rates
at trenches surrounding the Philippine Sea plate are poorly
known, yet recent GPS measurements indicate that the Seno et
al. [1993] poles may provide rates within 20% of true values
(discussed by McCaffrey [1996]). Rates were calculated from
poles of rotation that satisfy GPS measurements at Tonga
[Bevis et al., 1995] and New Hebrides [Calmant et al., 1995].
The pole for Cascadia is taken from Wilson [1993] and De-
Mets et al. [1994]. Plate motion vectors for the Scotia trench
are from Pelayo and Wiens [1989].

Subducting plate ages were taken mostly from the com-
piled grid of Mueller et al. [1993], either by interpolation
between nearby grid points or by finding the closest grid point
within 200 km of the trench point. In cases where ages are not
available from the grid, approximate ages were assigned
based on the map of Cande et al. [1989] (Table A1). This pre-
cludes detailed analysis of variation with age for older sub-
duction zones but does not affect conclusions regarding the
differences between young (i.e., <60 Ma) and old (>80 Ma)
ones. For lithosphere produced in the Cretaceous magnetic
qu1et zone (84 to 118 Ma), ages of 100+20 Ma have been as-
signed. In the western Aleutians and Kamchatka subduction
zones, where the only constraint is that the subducting litho-
sphere is Cretaceous or older, an age of 115+35 Ma was as-
signed. These sections, mostly > 80 Ma in age, form less than
20% of the total trench length and have little impact on the
conclusions.

Trench averages of age and rate were estimated from dis-
cretlzed samples along the trenches. X;; is the location of the

™ digitized point at trench j; Dj; is the distance from X,, to
X, .1,j» Ajj is the subducting lithosphere age at X;;; and R;; is the
plate convergence rate at X; The length of the trench L; is

Table A1. Sections of Trenches with Poorly Constrained Ages

Section of Age,
Trench Trench Ma Notes
W. Aleutian 164°E to 100+20 At least 80 Ma,
169.5°E oldest Emperor
Seamount;
likely CQZ
Aleutian 169.5°E to 48+4 Lonsdale [1988];
175°E anomalies 19 to
22
Izu-Bonin 24°N to 27°N 150420 near M18 to M22
Java 104°E to 100£20 CQzZ
114°E
Kuriles 44°N to 48°N 12745 M1 to southeast
Kamchatka 48°N to 115+35 Mesozoic to SE,
54.6°N or CQZ
New Hebrides 18°S to 22°S 45+5 40 to 50 Ma to
south
Tonga- 14°S to 43°S 100£20  CQZ; at least 70
Kermadec- Ma at Osborne
New Zealand Seamount

CQZ, Cretaceous magnetic quiet zone (80 to 115 Ma).
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2,D,, the average age is XA, L / L;, and the average conver-
gencje rate is 2R, D ! L. Trénch lengths are binned by con-
vergence rate and’ age at 5 mm/yr and 5 Ma increments to
produce Table 2; L(km) = X;D; where k=int(A;/5)+1,
m=int(R;/5)+1, summations are over both i and j. The histo-
gram for age, for example, is then calculated by summing L
over all rates for each age range. The age of the lithosphere
and rate of convergence at Qy;, the epicenter of earthquake g at
trench j, is taken from the trench point X;; that is closest to
Q,;- The standard deviations listed in Table 1 for convergence
rates, ages, and dips reflect variations in these parameters
along the subduction zones more than uncertainties in the val-
ues themselves.

Rivera Trench

At the north end of the Mexico trench there is a high level
of seismicity associated with the Cocos - Rivera - North
America triple junction, including M, = 8 quakes in 1932
[Singh et al., 1985] and 1995 [Courboulex et al., 1997]. Both
of these earthquakes nucleated within the subducting and
broadly deforming Cocos - Rivera plate boundary [DeMets
and Wilson, 1997] and propagated to the NW into the Rivera
subduction zone. Hence they are probably not a good test of
the influence of temperature alone and the Rivera trench is
grouped with the Mexico trench. The subducting plate age at
the Rivera trench is from DeMets and Wilson [1997].

1960 Chile Tsunami

According to Cifuentes and Silver [1989], the main shock
of the May 22 Chile event was preceded by a 1150 s long
slow precursor. The main shock origin time was 1911:30 UT
and therefore the precursor origin time was about 1852:20
UT. The tide gauge at Talcahuano (=36.8°S), within 100 km
of the epicenter, shows a clear large amplitude signal starting
prior to 1900 UT [Japan Meteorological Agency 1961], sug-
gesting the low-frequency precursor was tsunamigenic. This
tsunami was probably not due to a M, = 7.8 quake at 1855:57
UT [Cifuentes 1989] because its amplitude was much larger
than that due to a closer M, = 8.3 event the preceding day.

Seismic Coupling Coefficients

Seismic coupling coefficients are taken from Petersen and
Seno [1984] and Pacheco et al. [1993]. In their estimates of 7,
Scholz and Campos [1995] include large earthquakes of the
19th century at some subduction zones, thereby increasing .
The pitfalls of including 19th century quakes are that the
earthquake data set becomes heterogeneous in time and that
there is at least an order of magnitude uncertainty in the seis-
mic moments for 19th century quakes, which are based on
written accounts of earthquake effects. For example, a conser-
vative factor of 2 uncertainty in each of length, width and slip
results in a factor of 8 uncertainty in the seismic moment.
Consider also that the uncertainty in seismic moment for the
1960 Chile earthquake is still a factor of 2, although it is
based on instrumental recordings [Cifuentes and Silver, 1989]
rather than descriptions of the quake’s effects. Given that the
useful range of y is over only 1 magnitude order (0.1 to 1.0),
data that have order-of-magnitude uncertainty do not add in-
formation. The revisions of Scholz and Campos [1995] are
not used here but make little difference on the conclusions.
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Notation

K thermal diffusivity, 10 m%s.

k thermal conductivity, 3.3 W m"°K".

n shear modulus, 4 x 10" N/m’.

X seismic coupling coefficient.

B slope of log(N) versus log(M,), 2/3.

(o] shear stress on thrust fault, 20 MPa.

A subducting plate age.

v subduction convergence rate.

Va trench-normal convergence rate.

L trench length.

w downdip length of seismogenic plate boundary.

) dip angle of thrust fault.

T time.

m,™ moment of largest possible earthquake at trench.

M, magnitude of largest observed earthquake at trench.

T recurrence time for earthquake.

c, slope of M,,"* versus v relation.

Ca slope of M,,™* versus A relation.

T; temperature on thrust fault.

z depth on thrust fault.

T, initial mantle temperature, 1350°C.

b constant close to unity, from Table 1 of Molnar and
England [1995].

T. critical temperature above which the fault slides sta-
bly, 350°C.
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