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SOURCE CHARACTERISTICS OF HYPOTHETICAL SUBDUCTION
EARTHQUAKES IN THE NORTHWESTERN UNITED STATES

By THoMmAs H. HEATON AND STEPHEN H. HARTZELL

ABSTRACT

Historic earthquake sequences on subduction zones that are similar to the
Cascadia subduction zone are used to hypothesize the nature of shallow sub-
duction earthquakes that might occur in the northwestern United States. Based
on systematic comparisons of several physical characteristics, including phy-
siography and seismicity, subduction zones that are deemed most similar to the
Cascadia subduction zone are those in southern Chile, southwestern Japan, and
Colombia. These zones have all experienced very large earthquake sequences,
and if the Cascadia subduction zone is also capable of storing elastic strain
energy along its greater than 1000 km length, then earthquakes of very large
size (M, > 8}) must be considered. Circumstantial evidence is presented that
suggests (but does not prove) that large subduction earthquakes along the
Cascadia subduction zone may have an average repeat time of 400 to 500 yr.

INTRODUCTION

This is the third in a series of four papers that lead to an estimation of the seismic
hazard associated with the subduction of the Juan de Fuca and Gorda plates beneath
North America. In the first paper, Heaton and Kanamori (1984) compared physical
characteristics of the Cascadia subduction zone (also referred to as the Juan de
Fuca subduction zone) with those of other subduction zones and concluded that the
Cascadia subduction zone is similar to other subduction zones with strong seismic
coupling, and thus may be capable of producing great shallow subduction earth-
quakes. In the second paper, Hartzell and Heaton (1985) compared the nature of
the time history of seismic energy release for 60 of the largest subduction earth-
quakes to occur in the past 50 yr. In this paper, we extend the results of the previous
studies to estimate the nature of shallow subduction earthquakes that could be
postulated if the Cascadia subduction zone is assumed to have strong seismic
coupling. In the fourth paper, Heaton and Hartzell (1986) estimate the nature of
strong ground motions that may result from earthquakes hypothesized in this study.

Key issues addressed here are: (1) the dimensions and geometry of hypothetical
Cascadia subduction earthquakes; (2) plausible repeat time; (3) identification of
analogous historic earthquakes; and (4) estimation of possible tsunami amplitudes.

Subduction of the Juan de Fuca and Gorda plates has presented earth scientists
with a dilemma. Despite compelling evidence of active plate convergence (Riddi-
hough, 1977; Snavely et al., 1980; Hyndman and Wiechert, 1983; Adams, 1984a;
Nishimura et al., 1985), subduction on the Cascadia zone has often been viewed as
a relatively benign tectonic process (Riddihough, 1978; Ando and Balazs, 1979;
Acharya, 1981, 1985). There is no deep oceanic trench off the coast; there is no
extensive Benioff-Wadati seismicity zone; and most puzzling of all, there have not
been any historic low-angle thrust earthquakes between the continental and sub-
ducted plates. The two simplest interpretations of these observations are: (1) the
Cascadia subduction zone is completely decoupled and subduction is occurring
aseismically, or (2) the Cascadia subduction zone is uniformly locked and storing
elastic energy to be released in future great earthquakes. Full resolution of this issue
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may prove elusive. Although it is somewhat surprising that no shallow subduction
earthquakes have been documented in this region, the duration of written history
is relatively short. It seems certain that great shallow subduction earthquakes have
not occurred in this region since the 1850’s and highly probable that they have not
occurred since the 1790’s, If large shallow subduction earthquakes do occur on the
Cascadia subduction zone, we can infer their characteristics only by studying the
nature of subduction earthquakes that have occurred on other subduction zones
that can be considered as analogous. Unfortunately, no subduction zone is exactly
the same as the Cascadia subduction zone, and thus, the search for analogs will
always lead to fundamental ambiguities.

Systematic variations in the nature of seismic energy release with physical
characteristics of subduction zones have been discussed by Kelleher et al. (1974),
Kanamori (1977), Uyeda and Kanamori (1979), Ruff and Kanamori (1980), Lay et
al. (1982), Peterson and Seno (1984), and Uyeda (1984). Many types of correlations
have been suggested, but since quantification of the physical characteristics of
subduction zones and their earthquakes is often rather subjective, not all of these
studies seem-to reach compatible conclusions. Perhaps the most consistent obser-
vation is that subduction of young lithosphere is associated with strong seismic
coupling whereas subduction of old lithosphere is associated with weak seismic
coupling. Ruff and Kanamori (1980) demonstrate that the seismic coupling is well-
correlated with a simple linear function of subducted plate age and convergence
velocity in which decreasing age and increasing convergence velocity imply stronger
seismic coupling. Heaton and Kanamori (1984) show that the Cascadia subduction
zone is clearly different from the class of aseismic subduction zones that is charac-
terized by the subduction of old lithosphere. They further show that it shares many
characteristics with subduction zones that have experienced very large shallow
subduction earthquakes. In this report, we do not restate all of the arguments given
by Heaton and Kanamori (1984), but instead we extend that study by systematically
comparing trench bathymetry and shallow seismicity for a world-wide sampling of
subduction zones.

TRENCH BATHYMETRY AND GRAVITY

Uyeda and Kanamori (1979) suggest that strongly coupled subduction zones are
accompanied by relatively shallow trenches, whereas weakly coupled subduction
zones are accompanied by deep oceanic trenches. Similarly, they conclude that free-
air gravity anomalies tend to be larger for those trenches with weak seismic coupling.
The Cascadia subduction zone is somewhat unusual in that it has virtually no
bathymetric trench. In order to assess just how anomalous this is, we have con-
structed profiles of bathymetry and free-air gravity for many circum-Pacific con-
vergent boundaries. Figure 1 shows shiptrack segments that were used to construct
the profiles shown in Figure 2. The shiptrack data were obtained in digital form
from NOAA (1981). All data are plotted on a common scale, and the subducted
plate is always on the right-hand side of the profile. Bathymetry and free-air gravity
are plotted together. Unfortunately, gravity data were not available for all the
shiptracks selected, and thus, only bathymetry is plotted for some of the profiles.

Comparing the profiles from differing subduction zones, we see that the Cascadia
subduction zone (profiles 38-43) is indeed remarkable for its lack of a bathymetric
trench, very shallow ocean floor, and very small gravity anomalies. However, there
are several factors that may help to explain these characteristics. The shallow 3 km
depth of the Juan de Fuca plate before subduction is near the average depth of very
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young oceanic lithosphere (Parsons and Sclater, 1977). Furthermore, reflection
profiles (Snavely et al., 1980; Kulm et al.,, 1984) reveal the presence of a shallow
trench that has been completely inundated by approximately 2 km of sediments.
Grellet and Dubois (1982) show that there is a good correlation between the age of
subducted plate and both the absolute trench depth and the trench depth relative
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to the adjacent abyssal plain. Once again, the very shallow depth of the Cascadia
trench is consistent with the subduction of very young oceanic lithosphere.
Searching through the profiles in Figure 2, we see that there are other subduction
zones that have features similar to those observed for the Cascadia subduction zone.
New Zealand, Nankai Trough, Alaska, Colombia, and southern Chile are all notable
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for the absence of a well-developed bathymetric trench. Hilde (1984) reports
extensive trench sediments for all of these areas, and with the possible exception of
New Zealand, these trenches have experienced very large shallow subduction earth-
quakes. We particularly note striking similarities in both bathymetry and gravity
profiles between the Cascadia subduction zone, Colombia, and southern Chile.

SEISMICITY

One of the most striking features of the Cascadia subduction zone is the remark-
able paucity of shallow earthquake activity between the trench axis and the coastal
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mountain ranges (Taber and Smith, 1985). Despite the continuous monitoring of
this region with a local seismometer network since 1970, very few earthquakes of
any size have been observed in the coastal regions of Washington and Oregon. This
seems somewhat puzzling for a major plate boundary that is undergoing 3 to 4 cm/
yr of convergence. Heaton and Kanamori (1984) suggest that this behavior may be
analogous to that observed on the San Andreas fault in California. That is, while
the central section of the San Andreas fault, which appears to slip principally
through aseismic creep, experiences numerous small earthquakes, the sections of
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the fault that experienced great earthquakes in 1857 and 1906 are almost totally
devoid of present-day seismicity. One hypothesis is that stress increases smoothly
and uniformly on fault zones that are strongly coupled over large areas, whereas
numerous local stress concentrations occur on faults having large areas that undergo
aseismic slip. Although this model may help to explain the paucity of shallow
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activity along the Cascadia subduction zone, it has not yet been demonstrated that
it generally applies to subduction zones.

Unfortunately, catalogs of local seismicity are not available for many subduction
zones that are thought to be strongly coupled. However, there is remarkably little
shallow seismicity in the Nankai Trough (Takagi, 1982), a well-instrumented
subduction zone having many similarities to the Cascadia subduction zone. In
particular, seismicity is very low in the region offshore of the Tokai district (Japan
Meteorological Agency, 1984), an area that is often considered as the potential
source of a large, shallow subduction earthquake.
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Lacking local seismicity catalogs for most subduction zones, we have systemati-
cally compared shallow seismicity from different subduction zones as reported by
the NOAA catalog. We wish to identify those zones that have experienced significant
time periods of very low seismicity. To this end, we have selected earthquakes with
hypocentral depths of less than 50 km from the regions shown in Figure 3. We then
plotted the cumulative number of earthquakes in each region as a function of time
for the period from 1930 to 1979 (Figure 4). The number of earthquakes in each
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FiG. 4. (a) to (d) Cumulative number of earthquakes shown as a function of time for the regions
defined in Figure 3. Both the cumulative number of earthquakes above M 5 (right-hand scale) and the
cumulative number of earthquakes between M 6.3 and M 7.3 (left-hand scale) are plotted for the period
from 1930 to 1980, The NOAA catalog is probably incomplete for M > 5 earthquakes, but should be
complete for M 6.3 to M 7.3 earthquakes. Plots have been scaled for the length of the trench section
used, but have not been scaled for convergence rates.

region has been normalized by the trench length, but has not been normalized by
convergence rate. Unfortunately, there are almost certainly important spatial and
temporal variations in the completeness of the NOAA catalog. Thus, we have
selected two magnitude windows: (1) all events between M 6.3 and M 7.3 (amplitude
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scale on the left axis of each plot), and (2) all events larger than M 5 (amplitude
scale on the right axis of each plot). We believe that the catalog detection is
approximately homogeneous with respect to differing regions for earthquakes larger

b

Fic. 4. Continued.

than M 6.3. However, the fact that there are significant temporal variations in the
world-wide rate of occurrence of M 6.3 to M 7.3 earthquakes suggests that there
may be systematic temporal variations in the calculation of magnitude. Although

1 1 A L m ” i L 1 1 m
L 228 80 4 228
180 40 r 150
X5 20 6.3-7.3 28
6.3-7.3
——— S >5
35 <
30/1/1  /1/1 80/1/1  e0/1/r 10/ /1 so/i) = 041 40/1/1  80/i/1  e0/i/1 w0/ s/
MARIANAS ‘S € NANKAI TROUGH
S x L 1 1 1
1 1 1 1 w : o ” W
o
£ o
L 225 8 5 60 1 - 225
O Q
» M
I 180 8_ N 404 I 150
v
lf\) s 6,3-7.3
e S r:.,) 20 1 >5 L 78
6.3-7.3 o ©
+—
| £,
/11 AR A/ WA/ 1AL 8o/ 2 < w/in wANn  s0/i/1 e/\r T/ s/
BONIN ISLANDS ‘D ; JAPAN TRENCH
[}
L i I i 300 c d 80 1 1 1 1 300
c
L 228 o0 - .
L 180 40 - L 180
F s 20 - 6.3-7.3 L os
>5
>5
6.3-7.3
11 40/1/1  80/1/1  80/1/1  0/1/1  80/i)r 30/1/1  40/1/1  50/1/1  60/1/1 1A/ 80/1/1
RYUKYU ISLANDS KURILES



686

THOMAS H. HEATON AND STEPHEN H. HARTZELL

the completeness of the NOAA catalog for M 5 earthquakes almost certainly varies
with time and region, it is useful to recognize that these earthquakes have occurred
in some regions, even if completeness problems will not allow us to prove that they
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have not occurred in other regions. That is, regions for which there are numerous
M 5 earthquakes reported must certainly have a higher level of seismicity than the
Cascadia subduction zone, whereas those regions for which few M 5 earthquakes
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are reported may or may not have seismicity levels comparable to the Cascadia

subduction zone.

A careful study of Figure 4 reveals that coastal Washington and Oregon are
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indeed remarkable for their very low levels of earthquake activity. In particular, the
Marianas and Bonin Island regions, which are representative of the aseismic
subduction of very old lithosphere, have experienced low, but continuous, seismicity.

Fic. 4. Continued.
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Regions experiencing high levels of seismicity (Tonga-Kermadec, New Hebrides,
Japan Trench, Kurils, and Aleutians) can all be classified as moderately to strongly
coupled. Despite high convergence rates and the occurrence of very large earth-
quakes, South American subduction zones have a relatively low seismicity level.
The seismicity in southern Chile prior to the 1960 M,, 9.5 earthquake is particularly
noteworthy. Most of the earthquakes shown for this region are aftershocks of the
1960 earthquake, and Duda (1963) reports that earthquake activity was very slight
for the region south of 37°S latitude for a period of at least 17 yr before the
earthquake. Although questions about the completeness of seismicity catalogs
prevents us from concluding that the area of the 1960 Chilean earthquake experi-
enced a seismic quiescence as profound as that observed in Washington and Oregon,
it does seem clear that seismicity in the southern Chilean region was very low
relative to most other subduction zones.

SPECIFIC EXAMPLES

In Figures 5, 7, and 9, we show selected subduction zones where relatively young
oceanic crust is subducted. These regions are all plotted on the same scale and show
the relative geometry of these subduction zones. Approximate locations of seafloor
magnetic lineations, Quaternary volcanoes, and the rupture extent of the largest
shallow subduction earthquakes are also shown.

Southern Chile. Figure 5 (a and b) shows southern Chile and the northwestern
United States, respectively, and represent subduction zones where very young
oceanic crust is presently subducting. The coseismic vertical deformation from the
1960 Chilean earthquake (Plafker and Savage, 1970) is contoured and illustrates
several key points. The epicenter of the 1960 earthquake is at the northern end of
the zone, which extends nearly 1000 km southward to the point at which the South
Chile rise is subducted beneath South America. The rupture propagated across
several major fracture zones, with the age of subducted oceanic lithosphere varying
between 30 and 5 m.y. The magnetic anomaly time scale is shown in Figure 6.
Seismicity prior to the 1960 earthquake appears to have been very low in the region
south of 41° where the youngest oceanic lithosphere is subducting (Duda, 1963).
The predominant onland coseismic vertical deformation was subsidence; uplift was
only observed along the northern coastal region and along southern islands located
relatively near to the trench axis. Significant subsidence and uplift of up to 6 m
were observed in the south where the youngest oceanic crust is presently subducting.
Thus, it appears that large earthquakes in southern Chile involve the subduction of
very young oceanic crust.

Several features of subduction in southern Chile are also observed for the Cascadia
subduction zone. We have already noted similarities in trench bathymetry as well
as the suggestion that both zones may experience significant periods of seismic
quiescence. The lengths of the two zones are roughly comparable and the distance
between the trench axis and the volcanic arc is slightly greater in the northwestern
United States. One to two kilometers of clastic sediments overlie the oceanic plates
in both trenches (Schweller et al., 1981; Herron et al., 1981; Kulm et al., 1984), and
relatively high heat flows of 1 to 2 HFU have been reported in both areas (Herron
et al., 1981; Kulm et al., 1984). Although much of the South American subducting
margin is characterized by the juxtaposition of the great heights of the massive
Andes Mountains and the great depths of the Peru-Chile Trench, the region of the
1960 earthquake is better characterized (from west to east) by a broad continental
margin, low coastal ranges, a central valley that grades southward into an inland
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sea, and finally a chain of strato-volcanoes (Lowrie and Hey, 1981). These landforms
are very similar to those encountered in the northwestern United States.

Lomnitz (1970) reports that earthquakes similar to that in 1960 may have occurred
in 1575, 1737, and 1837, thus giving an average repeat time of 128 yr. However,
Plafker and Savage (1970) estimate the average dislocation of the 1960 earthquake
to be in excess of 20 m, and Minster and Jordan (1978) estimate that the convergence
rate is about 9.0 cm/yr. Thus, we might expect the recurrence interval for 1960-
sized events to exceed 200 yr. Nishenko (1985) suggests that the events in 1737 and
1837 were somewhat smaller than the one in 1960. In particular, the teleseismic
tsunami from the 1837 Chilean earthquake was 57 per cent of the size of the 1960
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tsunami as measured at Hilo, Hawaii (Nishenko, 1985). Furthermore, the tsunami
from the 1960 earthquake is considered to be the largest teleseismic tsunami in
Japanese history (Yoshikawa et al., 1981). Plafker (written communication, 1985)
also suggests that the 1960 earthquake was significantly larger than previous events
since the type of inundation damage from widespread coastal subsidence that was
reported in 1960 was not reported for earlier events. Kanamori and Cipar (1974)
report that the 1960 sequence was accompanied by anomalous long-period seismic
radiation. They show long-period strain records from Pasadena, California, on
which very large 300- to 600-sec waves arrive shortly after the times expected for
major seismic phases from the M 6.8 foreshock that occurred about 15 min prior
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to the main shock. At periods of greater than 300 sec, the foreshock may have been
larger than the main shock, and the moment of the entire sequence may have
exceeded 6 X 10% dyne-cm (M, 9.8). Since it is difficult to explain the observed
coseismic coastal deformation with such a large moment, Kanamori and Cipar
(1974) speculate that a large-scale, deep-seated deformation was associated with
this earthquake. In any case, it appears as though most of the interplate motion in
southern Chile occurs during great earthquake sequences.

If the Cascadia subduction zone is analogous to that in southern Chile, then what
might we infer about the recurrence time of Cascadia subduction zone earthquakes?
Nishimura et al. (1984) report convergence rates along the Cascadia subduction
zone that range from 3.3 = 0.9 cm/yr in the south to 4.3 = 0.9 cm/yr in the north.
A simple scaling of convergence rates between the northwestern United States and
southern Chile would lead us to postulate great earthquakes along the Cascadia
subduction zone with average dislocations in excess of . 10 m and recurrence times
of 250 to 500 yr. Furthermore, if an earthquake similar to the 1960 Chilean
earthquake were to occur, then we might expect the hinge line for coseismic vertical
deformation to lie near the coastline, with much of the coast experiencing coseismic
subsidence.

Nankai Trough. As can be seen in Figure 7a, there are many geometric similarities
between the Nankai Trough and the Cascadia subduction zone. As is the case in
southern Chile and the northwestern United States, there are 1 to 2 km of clastic
sediments filling a shallow structural trench (Hilde, 1984; Shephard and Bryant,
1983), a broad continental margin, and coast ranges that bound an inland sea or
central valley. Unlike southern Chile or the northwestern United States, south-
western Japan does not have a zone of Quaternary strato-volcanoes. Although the
oceanic lithosphere subducted beneath southwestern Japan is very young (about 20
m.y.; Kobayashi and Nokada, 1978), it is about twice as old as the lithosphere
subducting beneath the northwestern United States. This young age is consistent
with the relatively high heat flows (1 to 2 HFU) that are observed in the Philippine
seaplate off southwestern Japan (Uyeda, 1984). One unusual feature of this subduc-
tion zone is the fact that its seafloor magnetic lineations are oriented perpendicular
to the trench axis.

Southwestern Japan is of particular significance because the convergence rate of
3.3 to 4.3 cm/yr (Seno, 1977) is very close to that in the northwestern United States
and also because there is an extensive historical earthquake record for this region.
This historical record was used by Imamura to anticipate the great earthquakes of
1944 and 1946 (Usami, 1982) despite the fact that, in the words of Richter (1958),
they occurred “in a part of the Pacific seismic belt which had been almost completely
quiet during the rise of international seismology.” More recently, Ando (1975)
proposed that coseismic geodetic data from the 1944 and 1946 earthquakes, historical
earthquake data, and coastal geomorphic features can be explained by a model that
segments the subduction zone into the four semi-independent patches shown in
Figure 8. According to Ando’s model, these four patches have each ruptured eight
times in the last 1300 yr. The patches rupture either simultaneously or individually,
but in most instances, failure of the four segments occurred within a time period of
less than 3 yr. This pattern has apparently been broken by the absence of rupture
in the Tokai region during the sequence of 1944 through 1946.

Although the Nankai Trough is remarkable for its pattern of clusters of great
earthquakes that extend the length of the interface with an average repeat of 180
yr, there is apparently still considerable variation in the character and timing of
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these sequences. Although there is some uncertainty about the completeness of this
record prior to 1707, the apparent time interval between sequences has been as
little as 90 yr and as much as 260 yr. Shimazaki and Nakata (1980) have studied
uplifts on the Muroto peninsula (large peninsula on Shikoku near the middle of the
1946 rupture) from the earthquakes in 1707, 1854, and 1946, and they report uplifts
of 1.8, 1.2, and 1.15 m, respectively. From this, they infer that a larger dislocation
was associated with the 1707 earthquake than for events in 1854 and 1946. They
interpret this data as evidence for the “time-predictable” recurrence model in which
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FiG. 8. Ando’s (1975) model of historic ruptures along the Nankai Trough in southwestern Japan
(from Sieh, 1981). The Tokai seismic gap is indicated by region D.

the time between two earthquakes is determined by the dislocation from the first.
However, if the “time-predictable” model is appropriate here and if the historic
record is complete, then one must wonder about the nature of earlier events with
repeat times in excess of 200 yr.

Estimating the size of the largest Nankai Trough events is somewhat problematic.
Kanamori (1972) studied long-period surface waves, and Hartzell and Heaton (1985)
studied teleseismic body waves and they both report that the 1944 and 1946
earthquakes have comparable moments of about 1.5 X 10%® dyne-cm (M, 8.05).
Kanamori (1972) estimates a seismic slip of about 3 m for each event. However,
Ando (1975) modeled geodetic data from these earthquakes and infers a moment of
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6.6 X 10® dyne-cm (M, 8.5) and 1.8 X 10*® dyne-cm (M,, 8.1) for the 1946 and 1944
earthquakes, respectively. The 1944 and 1946 earthquakes are clearly not the largest
historic events in southwestern Japan. It appears that the 1707 Hoei earthquake
ruptured most of the 700 km length of the Nankai Trough (Ando, 1975) and was
one of the largest earthquakes in Japanese history. Historic uplift data is scarce,
but uplifts in central Shikoku were at least 50 per cent larger in 1707 than in later
earthquakes, and Ando’s estimates of rupture parameters for this event would
indicate a moment of about 1.5 X 10?° dyne-cm (M,, 8.7). Although the scarcity of
data makes it difficult to confirm this large moment estimate, it does appear that
the estimated rupture length alone, suggests an energy magnitude of at least M, 8.5
for the 1707 Hoei earthquake.

The subduction zones in southwestern Japan and the northwestern United States
are similar in their dimensions, convergence rates, and overall physical character-
istics. Although this in no way proves that they experience similar earthquakes, it
does suggest that we should consider the possibility that the Cascadia subduction
Zone may experience sequences of several great earthquakes (M,, > 8.0) with repeat
times of the sequences from 100 to 250 yr.

Alaska. Although the oceanic crust that is subducting at a rate of 5.7 ¢m/yr
beneath Alaska is relatively young (40 to 50 m.y., Figure 7b), it is considerably older
than the oceanic lithosphere in the Cascadia or any other subduction zone consid-
ered in this study. One of the most remarkable features of the Alaskan subduction
zone is its extensive accretionary wedge; the width of the Alaskan continental
margin is about twice that of other subduction zones considered in this study.
Although there is a bathymetric trench, it is a relatively subtle feature, and it is
filled with 2 km of clastic sediments (Von Huene et al., 1978) having properties
similar to those found in the Nankai Trough and the Cascadia subduction zone
(Shephard and Bryant, 1983).

Contours of the coseismic vertical uplift associated with the M,, 9.2 1964 Alaskan
earthquake are shown in Figure 7b (Plafker, 1972a). Localized uplifts of up to 12 m
appear to be associated with activation of high-angle imbricate faults on Montague
Island. Coseismic horizontal motions were even more impressive than the vertical
deformations; much of the coastline moved oceanward by more than 10 m, and the
maximum horizontal displacement was 20 m (Plafker, 1972a). Alewine (1974)
modeled these vertical and horizontal deformations and concluded that the fault
dislocation exceeded 10 m over a rupture width of greater than 200 km with
dislocations of nearly 30 m over the central 70 km of the rupture zone.

Unfortunately, the period of recorded history is very short in Alaska, and the
timing and sizes of previous earthquakes must be inferred from geologic evidence.
Middleton Island lies far out on the continental margin near the trench axis and
displays a sequence of six marine terraces, the oldest of which has a maximum
elevation of 46 m and a radiocarbon age of 4500 y.b.p. and the youngest of which
was formed during the 1964 earthquake and has an elevation of 3} m (Plafker,
1972b). Detailed analyses of these terraces indicate time separations of as little as
500 yr for the older terraces and as much as 1350 yr for the most recent terrace,
which is also the smallest terrace observed (Plafker and Rubin, 1978). If each terrace
can be associated with a great subduction earthquake, then the Middleton Island
record implies an average recurrence time of 800 yr, an exceedingly long time when
compared with the recurrence time of great historic earthquakes in southern Chile.
However, permanent uplifts of Middleton Island are most likely due to slippage
along imbricate faults in the accretionary wedge, and there may not be a one-to-
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one correspondence between slippage on the main thrust plane and slippage on
individual imbricate faults. Although the terrace sequence on Middleton Island may
yield an incomplete record of great earthquakes, Plafker (1972b) notes that there is
evidence for gradual widespread subsidence of many shorelines for a period of at
least 930 yr prior to the 1964 earthquakes. This may be corroborating evidence for
a very long repeat time for great Alaskan subduction earthquakes. It is interesting
to note, though, that the recurrence times for great earthquakes in the other sections
of the Aleutian Trench lying to the west are generally less than 100 yr (Sykes et al.,
1981). Although there is evidence suggesting that repeat times of great Alaskan
earthquakes may be very long, further corroborating evidence must be found before
this result can be considered to be compelling.

We have noted differences in the age of the subducted lithosphere and in the
dimensions of the accretionary wedge between the Alaskan and the Cascadia
subduction zones. On the other hand, there are similarities in the convergence rate,
trench bathymetry, and sedimentation processes. Furthermore, the length of the
Cascadia subduction zone is comparable to the rupture length of the 1964 earth-
quake. If similar earthquakes occur on the Cascadia subduction zone, then it may
be that repeat times exceed 1000 yr.

Colombia. The oceanic lithosphere that is subducted at a rate of 8 cm/yr (Minster
and Jordan, 1978) beneath southwestern Colombia and northern Ecuador is very
young, ranging in age from 10 to 15 m.y. (Figure 9a). As is the case in other regions
of young lithosphere subduction, thick sediments fill a shallow structural trench in
this region (Hilde, 1984). Colombia has an extensive western continental margin
that is somewhat wider, on average, than that encountered in the northwestern
United States. A low coastal plain, ranging in width from 30 to 100 km and
consisting of several large river deltas, is bounded on the east by three separate
mountain chains separated by narrow linear valleys. The central mountain range
has peak elevations from 4000 to 6000 m and contains a chain of Quaternary
volcanoes. Although some of these landforms are found in other subduction zones,
the presence of large river deltas is somewhat unusual and may indicate relative
stability or slow subsidence of the coastal region.

Although large earthquakes along Colombia’s western coast have been relatively
infrequent this century, there have been large subduction earthquakes in 1906,
1942, 1958, and 1979. The area of the rupture zone of the largest of these events,
the 1906 earthquake, has been estimated by Kelleher (1972) and is shown in Figure
9a. Seismic radiation from all of these events has been studied by Kanamori and
McNally (1982), and they report that despite the fact that the combined rupture
areas of the 1942, 1958, and 1979 earthquakes seem to cover the rupture surface of
the 1906 earthquakes, the combined moment of these later events is only about
one-fifth of that of the 1906 event. They estimate that the 1906 earthquake had a
seismic moment of 2 X 10* dyne-cm (M,, 8.8) with an average dislocation of 5 m
over a rupture area of 1.1 X 10° km® The 1979 earthquake is the second largest
earthquake having a seismic moment of about 2.9 X 10*® dyne-cm (M,, 8.2) with an
average dislocation of 2.7 m over a rupture area of about 2.8 X 10* km? (Kanamori
and McNally, 1982).

Unfortunately, historical earthquake records in this region are very sketchy.
Ramirez (1933) compiled records of earthquakes during the period from 1575 to
1915, but there is not enough information to clearly identify other great coastal
earthquakes. Ramirez does report a great earthquake in 1797 that caused extensive
damage in a region extending more than 400 km from southwestern Colombia to
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central Ecuador. There are no known tsunami reports from this shock, and the
source region of this earthquake is unknown. However, the region of high damage
seems to extend several hundred kilometers south of that of the 1906 earthquake.

As is apparently the case in the Nankai Trough, it appears that the Colombian
subduction zone may rupture either during single very large earthquakes or during
a sequence of smaller ones.

Mexico. Subduction of the Rivera plate beneath the North American plate in the
region of Jalisco, Mexico, is of considerable interest to us since it represents the
slow subduction of a very young and small plate (Figure 9b). Klitgord and Mam-
merickx (1982) suggest that the subducting Rivera lithosphere is younger than 10
m.y., while the northernmost part of the Cocos plate subducting beneath Colima,
Mexico, may be younger than 5 m.y. Eissler and McNally (1984) estimate that in
the region of the Rivera fracture zone, the Rivera and Cocos plates are subducting
at rates of about 2.3 and 5.5 cm/yr, respectively. Unlike the other areas considered
in this report, the continental margin of central Mexico is relatively narrow.
Furthermore, there is a shallow bathymetric trench with relatively little clastic
sediment (0.6 km; Shepard and Bryant, 1983).

The historic rate of seismicity is relatively high along most of the Middle American
Trench with many events in the magnitude 7 to 8 range. Singh et al. (1981) and
Astiz and Kanamori (1984) suggest that the average repeat times for individual
segments of the zone vary between 30 and 60 yr. The largest earthquake sequence
documented along the Middle American Trench occurred in 1932 in the Jalisco
region of Mezxico and the approximate aftershock area as estimated by Singh et al.
(1985) is shown in Figure 9b. The 1932 earthquake sequence contained two large
shocks, a Mg 8.2 (Abe, 1981) event on 3 June that has an estimated moment of 10?
dyne-cm (Singh et al., 1985) and a Ms 7.8 (Abe, 1981) event on 18 June with an
estimated moment of 7.3 X 10%” dyne-cm (Singh et al., 1985). The average dislocation
for the 1932 sequence is estimated to be 1.9 m over an area of 230 km by 80 km.
Both events were accompanied by local and teleseismic tsunamis (Abe, 1979), and
there is little doubt that these events represent thrusting of the Rivera plate beneath
the North American continental margin.

Singh et al. (1981) identify other large earthquakes in the Jalisco region in 1837
(Ms 7.7), 1875 (M5 7.5), 1900 (Ms 7.9), and 1911 (M 7.7). However, none of these
events appears to be as large as the 1932 sequence. Furthermore, seismicity in the
Jalisco region has been remarkably low since the 1932 earthquakes (Astiz and
Kanamori, 1984; LeFevre and McNally, 1985).

Although there are clear differences in the physiographic features and the fre-
quency of moderately large coastal earthquakes between subduction of the Rivera
and Juan de Fuca plates, the earthquake history of the Jalisco region clearly
demonstrates that the slow subduction of a small, very young plate does not
necessarily imply aseismic slip.

CASCADIA SUBDUCTION ZONE: LOCKED OR UNLOCKED?

We have noted that there is a large variation in the size and recurrence interval
of shallow subduction earthquakes in subduction zones that share physical charac-
teristics with the Cascadia subduction zone. However, it does seem clear that the
subduction of very young oceanic lithosphere is often, if not usually, associated with
the occurrence of very large shallow earthquakes. Although this does not prove that
great earthquakes will occur on the Cascadia subduction zone, it does suggest that
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it is inappropriate to assume that great earthquakes will not occur based on
observations of bathymetry, lithospheric age, trench sediments, heat flow, conver-
gence rate, physiography, overall size of the subducted plate, Quaternary volcanism,
or the rate of background seismicity. A summary of the comparison of physical
characteristics of the subduction zones just discussed is found in Table 1.

Geodetic strain. The observation and interpretation of geodetic strain may even-
tually lead to a fairly clear picture of the subduction process along the Cascadia
subduction zone. Savage et al. (1981) and later Lisowski and Savage (1986) discuss
Geodolite surveys in the Seattle region from 1972 to 1984 and triangulation surveys
in the Strait of Juan de Fuca from 1892 to 1954. Their analyses indicate that both
regions show maximum contraction in a direction nearly parallel to the proposed
east-northeast plate convergence direction. Lisowski and Savage (1986) report
shortening at a rate of 0.05 + 0.02 ustrain/yr in the Seattle region and shortening
at a rate of 0.22 + 0.07 ustrain/yr in the Strait of Juan de Fuca. Repeated leveling
surveys along much of the coastline adjacent to the Juan de Fuca plate (Ando and
Balazs, 1979; Reilinger and Adams, 1982; Riddihough, 1982) show steady uplift of
the coastal region at a rate of up to 3 mm/yr and subsidence of the inner coastal
areas at a rate of about 1 mm/yr. Although Ando and Balazs (1979) interpret the
uplift data as evidence of aseismic slip, Lisowski and Savage (1986) show that the
combined geodolite, triangulation, and uplift data may be better explained by a
model in which the shallow thrust zone is locked between the trench axis and the
coastal region. It is interesting to note that the coseismic extension in the central
valley of southern Chile ranged from 25 to 50 ustrain for the 1960 earthquake
(Plafker and Savage, 1970). Furthermore, coseismic extensions from the 1964
Alaskan earthquake ranged from about 15 ustrain in the inland coastal areas to
over 50 ustrain in the outer coastal areas (Plafker, 1972). At the current strain rate,
it would take several hundred to 1000 yr for comparable horizontal strains to
accumulate along the Cascadia subduction zone. Weaver and Smith (1983) interpret
focal mechanisms in southwestern Washington as evidence for crustal compression
parallel to the plate convergence direction, and they suggest that these observations
are best explained by a model in which the Cascadia subduction zone is locked.

Geomorphology. Holocene geomorphic and depositional features often record the
occurrence of great subduction earthquakes. These features vary from region to
region and are usually recognized only after a modern earthquake creates features
that are repeated in the geologic record. Sequences of uplifted Holocene marine
terraces are some of the more easily recognizable features. However, such features
are relatively rare since their preservation requires the right combination of high,
long-term uplift rates, large coseismic uplifts, and moderate to low coastal erosion
rates. Adams (1984a, b) discusses long-term coastal uplift rates along the Cascadia
subduction zone and reports relatively slow emergence and probably submergence
for most of Washington and northern Oregon. He further reports uplift rates of as
high as 1.5 mm/yr in southern Oregon. However, coastal erosion is very strong
along this coastline and few, if any, Holocene strand lines have been identified in
this region. Curiously, large tree stumps in apparent growth position are found in
the intertidal zone at Sunset Bay in southern Oregon. This indicates either short-
term or short-wavelength subsidence in a region that has risen at a rate of about
0.6 mm/yr for the last several hundred thousand years (Adams, 1984a, b).

The highest geologic uplift rates documented anywhere along the Cascadia
subduction zone occur near Cape Mendocino, California, in the region of the Gorda-
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Pacific-North America triple junction. Lajoie et al. (1983) report Holocene terraces
along a 40 km stretch that runs southward from Cape Mendocino. A flight of nine
emergent terraces and beachridges, uplifted as much as 16.8 m, have been reported
in the Cape Mendocino region and *C dates indicate a maximum uplift rate of 3.6
mm/yr (Lajoie et al., 1983). This would indicate an average repeat time of about
500 yr. However, the relationship between these beach terraces that lie near the
structurally complex triple junction and large subduction earthquakes along the
length of the subduction zone is unclear.

Turbidites. Adams (1984a) has suggested that extensive Holocene turbidites
studied by Griggs and Kulm (1970) may have been triggered by large earthquakes
along the continental shelf. Since the deposition of Mazama Ash 6,600 yr ago, there
have been approximately 16 major turbidites in the Cascadia channel, indicating an
average repeat time of 410 yr. Furthermore, there are hemipelagic layers of relatively
uniform thickness between the turbidites, indicating a relatively uniform repeat
time. Griggs and Kulm (1970) suggest that this time interval is controlled by the
sedimentation rate, with turbidity currents occurring spontaneously due to gravi-
tational instability. However, Adams (1984b) points out that several channels that
feed the main Cascadia channel have turbidity sequences comparable to that in the
main channel. He suggests this indicates the turbidites were synchronously triggered
in several independent channels and may be evidence for the recurrence of great
earthquakes every 400 to 500 yr. However, these channels lie within 50 km of each
other, and simultaneous turbidity currents may have been triggered by moderate-
size earthquakes in the continental margin.

Other evidence. Snavely (1986) reviews evidence of Cenozoic folding and faulting
in the continental margin of Washington and Oregon and concludes that several
major and numerous minor faults have been active in the Late Pleistocene and
Holocene. Upper Pleistocene abyssal sediments have been uplifted by as much as
1100 m along anticlinal ridges that are bounded by thrust faults in the outer
continental margin (Snavely et al., 1980). Snavely (1986) interprets the combination
of geologically active faults in the accretionary wedge together with a lack of historic
earthquakes as evidence for episodic activity of the main thrust zone. However,
Adams (1984a) suggests that these deformations may also be occurring through
steady aseismic creep.

Snavely (1986) also suggests that major coastal earthquakes may have triggered
major landslides. He cites archaeological evidence (Mauger and Daughert, 1979;
Samuels, 1983) that mudflows buried Indian structures at Ozette on the northwest
Olympic Coast about 800 y.b.p. and again about 350 y.b.p. Snavely (1986) also
suggests that multiple landslides at Lake Crescent adjacent to the Strait of Juan de
Fuca in northern Washington may have been triggered by subduction earthquakes.
A submerged tree that was probably transported by the youngest slide has a *C
date of 350 y.b.p. Unfortunately, the significance of these observations is unknown.
While it is highly probable that the occurrence of great subduction earthquakes
would trigger major landslides, it is also likely that major landslides would occur
even if major earthquakes never occur in this region.

Heaton and Snavely (1985) discuss legends of Washington coastal Indians that
were recorded in the 1860’s and that suggest the occurrence of a large tsunami along
the northwestern Washington coast. They suggest that a large prehistoric subduc-
tion earthquake could be responsible for these legends.

Much of the evidence that we have presented is compatible with a simple model
in which the Cascadia subduction zone fails during great earthquakes with a repeat
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time of 400 to 500 yr. However, it is important to recognize that the logical structure
behind this hypothesis is quite weak, consisting of many poorly constrained infer-
ences and conjectures. Does this evidence clearly demonstrate that the Cascadia
subduction zone is locked? We don’t think so. Furthermore, this issue may remain
ambiguous for quite some time. Proving that the subduction process is aseismic
seems even more difficult since it requires that one prove that great earthquakes
have not occurred. While the 150-yr paucity of historic earthquakes supports this
alternative explanation, it may be very difficult to prove that prehistoric earthquakes
have not occurred.

HYPOTHETICAL CASCADIAN EARTHQUAKES

If the Cascadia subduction zone is locked, then what is the nature of the
earthquakes that may occur there? This question must be answered if we are to
provide estimates of the shaking and tsunami hazard from Cascadian subduction
earthquakes. However, we address this question under duress; the question is of
central importance, but our answers are clearly speculative. We present several
hypothetical earthquake sequences that may be plausible for the Cascadia subduc-
tion zone.

Completely aseismic zone with no interplate earthquakes. In this case, we assume
that slip along the entire boundary between the accretionary wedge and the oceanic
lithosphere occurs as aseismic creep. Although we need not worry about great low-
angle thrust earthquakes if this condition exists, we must still ask whether the
geologically recent faulting and folding observed within the accretionary wedge
(Snavely, 1985) has been associated with major earthquakes. Deformation of the
accretionary wedge often occurs simultaneously with great interplate earthquakes,
and there are not many clear examples where independent large earthquakes are
due to subsidiary faults in the accretionary wedge. The M 7.1 Mikawa earthquake
(1945) of southwestern Japan may be an example. This earthquake was locally very
damaging and occurred along a high-angle thrust fault in the near-coastal region
adjacent to the 1944 Tonankai earthquake (Richter, 1958).

Large-scale submarine landsliding or slumping along the continental slope may
also present a significant tsunami hazard even if large interplate earthquakes are
absent. Kanamori (1985) has suggested that the 1929 Grand Banks, Canada,
earthquake (Ms 7.2) and the 1946 Aleutian Islands earthquake (Mg 7.4) may be
best described as large landslides in the continental shelf. Despite its small surface
wave magnitude, the 1946 Aleutian Islands event generated one of the largest local
and teleseismic tsunamis in recent history (Abe, 1979). However, such events are
rare and poorly understood.

Mainly aseismic slip with isolated earthquakes of M < 8. This is thought to be the
situation for what is traditionally called “aseismic” subduction zones such as the
Bonins or Marianas. However, there are clearly many physical differences between
the Cascadia subduction zone and those of the Marianas’ type. If several earthquakes
of magnitudes less than 8 were the ultimate culmination of at least 150 yr of plate
convergence, then the Cascadia subduction zone would still be considered to be a
weakly coupled zone. If isolated moderate-size interplate events do occur here, then
one must wonder why isolated earthquakes of M 4, 5, or 6 have not already been
observed. Although there is no compelling reason to believe that this is the failure
mode of this subduction zone, our present understanding is too limited to allow us
to rule out a moderate-size (8 > M > 7) interplate earthquake anywhere beneath
the continental margin of the northwestern United States.
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Moderately coupled with earthquakes of M < 8;. This is the situation that seems
to exist for many world-wide subduction zones; northern Japan and central America
may be examples. However, the Cascadia subduction zone does not seem to fit into
this category. That is, a moderately high level of seismicity with earthquakes up to
M 8} is the distinguishing feature of these zones. Thus, the Cascadia subduction
zone’s historic quiescence seems to eliminate this category.

Strongly coupled with earthquakes of M > 8. We have seen that the Cascadia
subduction zone shares many features with other zones that are strongly coupled
and have experienced very large earthquakes. In this hypothetical situation, we
assume that interplate slip occurs only during great earthquakes. Based on our
observations of the Nankai Trough, Colombia, and southern Chile, we hypothesize
that the Cascadia subduction zone may experience either a sequence of several great
earthquakes, or alternatively, a single giant earthquake that ruptures the entire
zone. As proposed by Adams (1984a), the average recurrence time of 410 yr for
Cascadia basin turbidity currents suggests that the average repeat time for great
earthquakes is at least this long.

We can somewhat arbitrarily subdivide the Cascadia subduction zone into three
segments: the southern 250 km segment along which the Gorda plate is subducting;
the central 800 km segment from the Blanco fracture zone to the middle of
Vancouver Island along which the Juan de Fuca plate is subducting; and the
northern segment (250 km?) along which the Explorer plate may be subducting.
There is little dispute that the central segment is subducting, probably at about 4
cm/yr, but the kinematics of the northern and southern segments are less certain.
In the model of Nishimura et al. (1984), the Gorda plate is subducted at a rate of
3.3 cm/yr. However, models by Riddihough (1980) and Knapp (1982) suggest that
there may be significant complications introduced by internal deformation of the
Gorda plate. Riddihough (1984) suggests that the Explorer plate may have a hot-
spot rotation pole that is located within the plate itself. Nevertheless, according to
Riddihough’s model, the North American plate is overriding the Explorer plate at
a rate of 2 to 3 cm/yr.

The width of the hypothetical locked zone is another important parameter about
which there is considerable uncertainty. The models of Lisowski et al. (1985) suggest
that, in northern Washington, the plate boundary may be locked from the coastal
region to the trench axis, a distance of about 120 km. This may be comparable to
the width of the locked zone encountered in southwestern Japan, southern Chile,
and Colombia. However, it is probably considerably less than that encountered in
Alaska and considerably greater than that encountered in Mexico.

The width of the locked zone may not correspond with the width of the rupture
zone of great subduction earthquakes. That is, coseismic rupture may extend beyond
the locked zone into the regions that experience aseismic slip (Kanamori and
McNally, 1982). The width of the rupture zone may be a function of the length of
the rupture zone as well as the width of the locked zone. For the present, we will
sidestep the issue of just how wide the rupture zone may be for Cascadia earthquakes.
Instead, we will consider the types of sequences that would cover the length of the
Cascadia subduction zone.

We begin by proposing that earthquakes on the Cascadia subduction zone are
analogous to those in the Nankai Trough. We have seen that the Nankai Trough
has repeatedly experienced sequences of great earthquakes that cover the 700 km
length of this subduction zone. Four or five earthquakes similar to the 1944 or 1946
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Nankai earthquakes (M, 8.1) would probably cover the length of the Cascadia
subduction zone. Such earthquakes may be closely spaced in time as has been the
case for many sequences in southwestern Japan. Larger earthquakes, such as the
1707 Hoei earthquake that apparently ruptured over a 700 km length of the Nankai
Trough, should also be considered as a possibility. As we have already discussed, it
is difficult to estimate the true size of the 1707 earthquake, but it seems likely that
it was at least in the M,, 8.5 range. Convergence rates in southwestern Japan are
similar to those along the Cascadia subduction zone, and thus we might expect the
average repeat time of such sequences to be between 100 and 250 yr in the Cascadia
subduction zone.

Several earthquakes of the size of the 1906 Colombian earthquake (M, 8.8) could
also cover the length of the Cascadia subduction zone. Such earthquakes may have
rupture lengths of about 500 km.

Finally, the overall dimensions of the Cascadia subduction zone are similar to the
zone that ruptured during the 1960 Chilean earthquake (M,, 9.5). This is the largest
event recorded in this century, and thus, we consider it to be a reasonable upper
bound for hypothetical Cascadia subduction earthquake. Dislocations in an event
of this nature may exceed 20 m, and the repeat time would probably be at least 400

yr.

TsUNAMI POTENTIAL

If a great subduction earthquake were to occur along the Cascadia subduction
zone, then it is very likely that it would generate a large local tsunami. It is beyond
the scope of this study to attempt to predict tsunami run-up heights from specific
models of the source and coastal physiography. However, we can make several
general observations of tsunami run-up heights for great world-wide subduction
earthquakes. Figure 10, modified from a figure prepared by Abe (1979), shows the
maximum observed local run-up heights of various world-wide earthquakes for
which Abe calculated a tsunami magnitude, M,. Abe (1979) defines the M, scale to
be the logarithm of tsunami amplitude as measured at calibrated sites at great
distances. Abe (1979) shows that there is a close correspondence between M, and
energy magnitude M,,. Thus, Figure 10 is similar to a plot of maximum local run-
up height as a function of energy magnitude, M,. As is obvious from this plot,
maximum run-up height is not simply a function of earthquake size. Local tsunami
run-up heights often vary considerably along the shoreline adjacent to major
earthquakes, and the maximum run-up height may be several times the average
run-up height.

All of the regions that we considered to be possible analogs for the Cascadia
subduction zone have experienced large local tsunamis. The 1944 and 1946 Nankai
Trough earthquakes generated tsunamis that had maximum local run-up heights of
7.5 and 6.0 m, respectively, and the 1707 Hoei probably generated an even larger
tsunami (Lockridge and Smith, 1984). The 1906 Colombian earthquake also gen-
erated a large local tsunami that extensively damaged much of the coastal regions
of southwestern Colombia and northern Ecuador (Lockridge and Smith, 1984). The
1960 Chilean earthquake generated one of the largest well-documented tsunamis in
recent times with heavy damage occurring both locally (Sievers et al., 1963) and
also in Hawaii (Cox and Mink, 1963) and Japan (Yoshikawa et al., 1981). Although
the maximum local run-up may have been over 20 m (Lockridge and Smith, 1984),
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it seems likely that most coastal regions adjacent to the earthquake experienced
local run-up heights of less than 10 m (Sievers et al., 1963).

It is very difficult at this point to provide reliable estimates of the tsunami run-
up heights that may occur following any large subduction earthquakes along the
Cascadia subduction zone. However, run-up heights ranging from several meters to
several tens of meters have been observed along other subducting boundaries after
events of the type that we consider to be plausible for the Cascadia subduction
zone.
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Fic. 10. Maximum local tsunami run-up heights as a function of Abe’s (1979) tsunami magnitude
which corresponds closely to energy magnitude M,, (modified from Abe, 1979).

CONCLUSIONS

Is slip along the Cascadia subduction zone a benign process, occurring slowly as
aseismic creep? Or alternatively, is elastic strain energy accumulating along this
zone, and if it is, what is the nature of earthquakes that may result? Unfortunately,
this study has not satisfactorily resolved these important issues. However, of other
world-wide subduction zones, the Cascadia subduction zone seems most similar to
southern Chile, the Nankai Trough, and Colombia, each of which have experienced
very large historic earthquake sequences. The length of the subducting margin along
the Cascadia subduction zone probably exceeds 1000 km, and if the zone is locked,
then earthquakes of very large size must be considered. Several observations seem
compatible with a mode] in which great earthquake sequences occur with an average
repeat time of 400 to 500 yr, but because of the nature of this data, we consider this
hypothesis to be highly speculative.
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