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Variability of Near-Term Probability for the Next Great Earthquake

on the Cascadia Subduction Zone

by Stéphane Mazzotti and John Adams

Abstract The threat of a great (M ~ 9) earthquake along the Cascadia subduction
zone is evidenced by both paleoseismology data and current strain accumulation
along the fault. On the basis of recent information on the characteristics of this
subduction system, we estimate the conditional probabilities of a great earthquake
occurring within the next 50 years and their variabilities. The most important vari-
ation is associated with the existence of episodic slow slip on the deep portion of the
subduction interface. We show that these events modulate the conditional probability
dramatically over their ~14-month cycle. During the 2-week slow-slip events, the
weekly probability of a great earthquake is about 30 to 100 times as high as it is
during any week of the rest of the year. Near-term probabilities also vary significantly
with the assumed distribution of earthquake recurrence intervals. Under a reference
scenario of unimodal distribution of recurrence intervals (about 500-600 years), the
50-year conditional probability is low (0-12% at a 95% confidence interval). How-
ever, under a tantalizing bimodal distribution hypothesis, this probability could be
either four times as high (6—45%) or four times as low (less than 1%), depending on

whether the current interval is short (~350 years) or long (~850 years).

Introduction

The Cascadia subduction zone is a convergent plate
boundary extending over ~1000 km from northern Califor-
nia to southwestern British Columbia (Fig. 1). The subduc-
tion zone interface lacks current seismicity and had initially
been considered unlikely to generate large earthquakes. In
the 1980s and early 1990s, the threat of great (magnitude
~9) subduction earthquakes was recognized based on evi-
dence from active geological deformation, paleoseismology,
and geodetic measurements of strain accumulation (e.g.,
Savage et al., 1981; Adams, 1984, 1985, 1990; Atwater,
1987; Rogers, 1988; Savage and Lisowski, 1991). The tim-
ing of the last great earthquake on the Cascadia subduction
fault (1700 A.D.) is now well constrained by radiocarbon
and tree-ring dating of coastal subsidence records (e.g., Ya-
maguchi et al., 1997) and by Japanese records of the asso-
ciated tsunami wave generated on 26 January 1700 (Satake
et al., 1996). Modeling of the tsunami waveform (Satake et
al., 1996, 2003) and of the coastal subsidence data (Leonard
et al., 2004) shows that the magnitude was most likely
My, ~9.

Seismic hazard assessment for the next great earthquake
depends on the conditional probability of it occurring within
the time period of interest (commonly, 10-100 years), which
in turn is constrained by the time since the last event, the

mean recurrence interval of characteristic earthquakes, and
the distribution of these intervals. Previous estimates of the
near-term probability yielded ~5% for the next 50 years
(Adams, 1990; Adams and Weichert, 1994).

Considerable information has been gained since these
estimates were made, helping constrain the age and recur-
rence interval of the last 13 earthquakes (compare the review
in Goldfinger et al., 2003). The recent discovery of episodic
slow-slip events along the deep portion of the fault also pro-
vides some new insight into the temporal dynamics of this
system (Dragert et al., 2001; Miller et al., 2002; Rogers and
Dragert, 2003). In this study, we evaluate the near-term
probability for the next great subduction earthquake and its
variability in the light of this new information. We focus our
analysis on the northern part of the Cascadia margin, where
slow-slip events (and coastal earthquake records) are best
documented. We investigate the variability of probability on
two scales. First, we show that the conditional probability
can vary significantly depending on the assumed scenario of
earthquake recurrence intervals. This variation is highlighted
by comparing the 50-year probability and its uncertainties
for a reference scenario of unimodal interval distribution and
for a tantalizing but unproven scenario of bimodal distri-
bution (and potential clustering) of recurrence intervals. Fi-
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Figure 1. Cascadia subduction zone. Light shad-
ing represents the locked portion of the Cascadia sub-
duction fault. Dark shading in northern Washington
and southern British Columbia represents the detected
extent of episodic slow-slip events on the deep por-
tion of the subduction interface (Dragert et al., 2001).
Solid circles show the locations of offshore turbidite
records (Goldfinger et al., 2003). Shaded circles show
the locations of coastal subsidence records of the A.D.
1700 earthquake (Leonard et al., 2004).

nally, we show that, on a shorter timescale, these probabil-
ities are strongly modulated by the occurrence of episodic
slow-slip events.

Reference Case

The mean recurrence interval between great subduction
earthquakes is best constrained by turbidites cored from
large submarine canyons (Fig. 1). These earthquake-induced
layers correlate from northern California to northern Wash-
ington and identify 13 great earthquakes during the past
7700 years (Adams, 1990). The mean recurrence interval for
those earthquakes is about 600 * 30 years, with intervals
perhaps as short as 215 years and as long as 1500 years
(Adams, 1990; Goldfinger et al., 2003). The standard devi-
ation of the interval distribution is ~180 years based on the
thickness of sediments between the turbidites (Adams,
1990); the thickness of the turbidites themselves suggests
~105 years (Adams and Weichert, 1994). Estimates of the
mean recurrence interval based on records of coastal subsi-
dence during the subduction earthquakes vary between 440
and 590 years (e.g., Atwater and Hemphill-Haley, 1997;
Nelson et al., 2000; Witter et al., 2003; see Fig. 2). The
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apparent discrepancy between the onshore and offshore es-
timates might be attributed to a large variation in individual
interval duration being reflected in the time sampled and the
number of events considered.

Assuming that the earthquake recurrence intervals, 7,
follow a given probability density distribution, P(T, (T}, o),
where (T) and ¢ are the mean and breadth (standard devia-
tion, shape factor, etc.) of the distribution, and given that the
earthquake has not yet occurred at time 7|, the conditional
probability P that an earthquake will occur before time
T, is:

PC(TD TO» <T>7 0-) = [P(Tlv <T>’ O-)
- P(TO’ <T>’ O')]/[l - P(Tos <T>s O-)]

To account for the fact that the earthquake has not occurred
at time Ty, the probability functions P(T, (T), o) are weighted
by a factor w (Savage, 1991):

w =1 — P(Ty, (I), o)

Thus, the conditional probability Pc is a function of five
parameters (T, T, (T), o, and P) and the uncertainty on P
is controlled by the uncertainties on these five parameters.
For Cascadia great subduction earthquakes, 7, is well con-
strained (1700 A.D.). T, is chosen to represent the time range
of interest (in our case, 50 years). P, (T), and ¢ are con-
strained by records of coastal subsidence or offshore turbi-
dites. We use a Monte Carlo simulation (Savage, 1991,
1992) to account for the uncertainties on these last three
parameters. We estimate the means and standard deviations
of (T) and ¢ for three possible distributions (normal, log-
normal, and Weibull) and for both turbidite and coastal data
sets. Assuming that (T) and ¢ are normally distributed, we
assemble 10,000 samples of (T) and ¢ values for each six
cases. These (T) and o samples are used to estimate six dis-
tributions of conditional probability P-. Combining these six
distributions into one, we estimate the median and 95% con-
fidence interval (95CI) of the “average” conditional proba-
bility.

The mean and standard deviations for (T) and ¢ are
estimated for the three distribution functions by fitting the
turbidite and coastal subsidence records using a Maximum
Likelihood Estimate (MLE). Because we do not consider un-
certainties on the interval durations, standard deviation es-
timates on (7) and o are probably slightly underestimated.
As an example, the MLE results for a normal distribution are
N(588 + 43, 148 + 30) and N(517 = 99, 242 + 70) for
the turbidite and coastal data sets, respectively (Fig. 3a,b).

For our reference scenario, the average 50-year condi-
tional probability is low and narrowly defined: 0-12% at
95CI (median, 5%). Savage (1994) proposed a purely em-
pirical method to derive conditional probabilities based on
recurrence interval data. Applied to the turbidite data set
(Adams and Weichert, 1994), the empirical 50-year condi-
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Figure 3.  Recurrence interval distributions. Thick
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Figure 2. Timing of Cascadia subduction
earthquakes for the past 4000 years. Shaded
boxes represent the dates of earthquakes esti-
mated from coastal subsidence data (compila-
tion from Witter et al., 2003). Dotted vertical
lines show the average date of subduction
earthquakes based on the Washington data.
Note the apparent clustered distribution (short
and long) of the past six recurrence intervals
(number in circles).

gray lines and gray shading show the distribution of
earthquake recurrence intervals and 95% confidence
level (Kolmogorov-Smirnov two-sided statistics).
(a) Interturbidite thickness (Adams and Weichert,
1994). (b) Coastal subsidence records (numbers in
Fig. 2). Short, medium, and long dashed lines show
the cumulative density functions of a normal distri-
bution N(588, 148), a normal distribution N(517,
242), and an exponential distribution £(1/600).

2000

tional probability is 0-19% at 95CI (median, 7%), in good
agreement with our parametric estimate. The coastal subsi-
dence data are associated with a less well constrained 50-
year empirical probability (0-58% at 95CI; median, 28%).
This wider probability range likely reflects uncertainties due
to the small data set (six values; Fig. 2).

Impact of a Bimodal Distribution

The coastal subsidence chronology shows an interesting
bimodal pattern of recurrence intervals (Fig. 2) with long
(more than 700 years) and short (less than 450 years) inter-
vals. Similarly, Jurney (2002) interpreted a slightly different
data set as requiring a bimodal distribution of short (310 +
120 years) and long (820 * 140 years) intervals. One effect
of this bimodal distribution is an apparent pattern of earth-
quake clustering in the coastal data, with two series of two
short/one long intervals leading to the A.D. 1700 earthquake
(Fig. 2). A rather similar clustering pattern has been recog-
nized in the offshore turbidite records (Goldfinger et al.,
2003). The important difference is that the coastal data might
suggest that the A.D. 1700 earthquake marks the beginning
of a new cluster of short intervals, whereas turbidite data
might suggest that the pre-1700 A.D. interval was short, per-
haps indicating a long interval until the next earthquake
(compare figure 4 in Goldfinger et al., 2003).

Statistical tests indicate that this bimodal pattern cannot
be distinguished from a unimodal distribution at the 95CI
level (Fig. 3b). On statistical grounds alone it would require
a long time series of reliable ages to prove that the bimodal
distribution and apparent temporal clustering of great earth-
quake intervals are more than an unusual random sample
from a unimodal distribution. However, the occurrence of
clusters of large earthquakes has been suggested by paleo-
seismology studies in numerous plate-boundary regions
(e.g., Grant and Sieh, 1994; Marco et al., 1996). Fault in-
teraction through viscoelastic stress transfer is the most com-
mon hypothesis presented to explain such clustering (e.g.,
Chéry et al., 2001). This process could apply to the Cascadia
subduction zone, where the viscoelastic mantle wedge be-
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Figure 4. Conditional probabilities. (a) Condi-

tional probability in the next (300 — X) year period.
Black and gray lines show probabilities for various
distributions for the unimodal and bimodal “next-one-
short” scenarios, respectively (solid, dotted, and
dashed lines: normal, Weibull, and lognormal distri-
butions). (b) Modulation of the probability by peri-
odic slow-slip events. Thick gray line shows periods
of tremor activity (hours over 10 days; Rogers and
Dragert, 2003) as a proxy for slow-slip events. The
dotted line shows the average conditional probability
and the solid line shows the conditional probability
modulated by slow-slip events over the past six cy-
cles. As discussed in the text, the inter-slow-slip slope
may be even flatter.

tween the subducting slab and the upper plate allows stress
transfer among different faults of the subduction system, that
is, segments of the subduction fault that might occasionally
rupture separately (Witter et al., 2003), large crustal faults
in the forearc (e.g., Seattle fault), and neighboring plate
boundaries (e.g., San Andreas fault). Therefore, we believe
that the consequences of this unproven bimodal/cluster hy-
pothesis are worth exploring.

As for the reference case analysis, we account for un-
certainties in the bimodal “next-one-short” and the bimodal
“next-one-long” scenarios with a Monte Carlo simulation of
three distributions (normal, lognormal, and Weibull) with a
mean (T) and breadth ¢ derived from a MLE analysis of the
coastal subsidence data. For example, the four short and two
long intervals are described by normal distributions N(356
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+ 35,70 = 25) and N(850 * 25, 160 = 20), respectively.

Under the clustering hypothesis, we can follow the
coastal data set and assume that the A.D. 1700 earthquake
marks the beginning of a short interval. In this case, the 50-
year conditional probability is 6—45% at 95CI (median 20%,
Fig. 4a), significantly larger than for the reference scenario.
On the other hand, if we assume that the current interval is
long, as the turbidite data might suggest, the 50-year con-
ditional probability becomes smaller than 1% at 95CI, re-
flecting the fact that we are only one-third of the way through
the typical earthquake long cycle.

Alternatively, if we assume that intervals follow a bi-
modal distribution but are not temporally clustered (and,
thus, that we don’t know what the next one will be), we can
combine the short- and long-interval distributions. This bi-
modal distribution is associated with a 50-year conditional
probability of 0—40% at 95CI, with a median (1-15%) de-
pending on the proportions of short and long intervals.

Impact of Slow-Slip Events

The recognition of slow-slip events on the deep portion
of the plate interface indicates that, although strain accu-
mulates continuously on the seismogenic part of the fault, a
significant fraction of the accumulation on the deeper portion
of the fault is released episodically (Dragert et al., 2001).
For the southern Vancouver Island-northern Washington re-
gion, these events occur about every 13—15 months (Miller
et al., 2002) and have a total duration of 1-3 weeks, although
the duration on each part of the fault can be as short as a
few days. For the last four events, modeling of the Global
Positioning System (GPS) data indicates a slip amplitude of
20-40 mm and a moment release equivalent to magnitude
My, 6.6-6.9 earthquakes (Dragert et al., 2001). This slip am-
plitude corresponds to about two-thirds of the total conver-
gence between the Juan de Fuca and North America plates
over 14 months (~45 mm).

The release of strain through slow-slip events rapidly
transfers stress to the base of the seismogenic zone. Our
modeling of the static stress loading suggests that a 30-mm
slow-slip event increases shear stress there by about 0.001—
0.005 MPa. Comparatively, the average stress drop during
a subduction earthquake is 0.5-5 MPa, with the higher value
occurring at the base of the seismogenic zone (Ruff, 1999),
where the slow-slip events cause the largest loading. Assum-
ing a 600-year earthquake cycle, this suggests an average
loading rate on the deep part of the seismogenic zone of
about 0.001-0.01 MPa per 14 months. Thus, the incremental
loading during a 2-week slow-slip event represents a signifi-
cant part (half or more) of the total accumulation during the
14-month cycle.

The probability per week of a great subduction earth-
quake occurring during or outside of a slow-slip event (SSE)
period is given by:
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Py

aPc(Tssp)/tssE, during slow-slip event
Py = (1 — @) Pc(Tssp)/(Tssg — Issg)s
outside slow-slip event

where Tggg and tggg are the interevent period and the dura-
tion of slow-slip, and « is the ratio of shear stress loading
on the seismogenic zone during an event to the total loading
during an interevent period. For northern Cascadia, we use
tssg = 2 *= 1 weeks, Tgsg = 58 * 4 weeks, and « = 0.65
+ 0.2

Based on these expressions, the probability per week of
a great subduction earthquake occurring during a slow-slip
event is about 30-100 times as high as outside of the slow-
slip period. For our reference case, the average conditional
probability is ~0.026% (~1/4000) during one of the next
slow-slip weeks compared with ~0.0005% (~1/200,000)
for any other week (Fig. 4b). Similarly, slow-slip modulation
applied to the clustering scenario leads to a weekly proba-
bility of ~0.21% (~1/500) during slow slip versus
~0.004% (~1/25,000) outside slow slip.

This analysis is subject to large uncertainties and is
probably conservative because (1) seismic failure may be
partly related to the rate of stress change, in which case the
chance of rupture during the slow-loading 58-week period
may be closer to 0% than to 33%, and the fast-loading slow-
slip period probabilities increase by 50%; (2) the loading
rates cited previously may be low by a factor of 2 or more
because the slow-slip events typically last for less than 1
week in any one place (Dragert et al., 2001; Rogers and
Dragert, 2003). However, because we do not know ab initio
where the earthquake will start, we must consider the entire
2-week window as being hazardous; and (3) although not
clearly identified yet, potential slow-slip events in central
and southern Cascadia (Szeliga et al., 2003) or in northern-
most Cascadia (Rogers er al., 2004) might interfere with
stress loading along the northern section of the subduction
fault (thus changing the short-term modulation of probabil-
ities).

Conclusions

The most important conclusion of this study is that the
recently discovered deep slow-slip events on the Cascadia
subduction zone dramatically modulate the probability of a
great subduction earthquake. During the 2-week slow-slip
events, the weekly probability of a great earthquake is about
30-100 times as high as at other times. This slow-slip mod-
ulation could be significantly larger if there is stress-rate
dependence of earthquake initiation. A slow-slip episode
might be predicted months ahead based on past periodicity
and its commencement can be confirmed from a combination
of GPS and episodic tremor evidence (Rogers and Dragert,
2003) about 48 hr after it has begun. If our conclusions about
slow-slip impact on hazard are confirmed, the prediction
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could be used for pre-event campaigns of public earthquake
awareness. Rapid confirmation of a slow-slip event could
allow emergency-measures organizations to implement se-
lected disaster mitigation activities during the remainder of
the event duration.

The near-term conditional probabilities for a great Cas-
cadia earthquake are also extremely sensitive to the assumed
distribution of recurrence intervals. Assuming a unimodal
distribution (mean, 500-600 years), the 50-year conditional
probability is 0-12% at 95CI. Under a temporal-clustering
hypothesis, this probability could raise to 6-45% or drop to
less than 1% if the current interval is short (~350 years) or
long (~850 years). The difference between these three es-
timates is not only highly significant for probabilistic hazard
assessment, it may also have important behavioral impact,
because some people might consider a 1/5 chance more se-
riously than a 1/20 chance. From our analysis, the bimodal
distribution and apparent temporal clustering of great earth-
quakes in the coastal data is not statistically significant. This
illustrates the importance paleoseismic studies to assess
whether earthquakes cluster in time, the temporal properties
of the clusters, and the expected duration of the post-1700
A.D. interval in which we live.
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