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INTRODUCTION
The world’s truly great earthquakes, those 

of Mw ≥ 9, occur very infrequently, but when 
they do the damage and loss of life can be 
enormous, as we witnessed in December 
2004. Most great earthquakes occur at sub-

marine subduction zones where one tec-
tonic plate slides at a gentle angle (10°–30°) 
beneath another. They can rupture hundreds of 
kilometers of the fault and generate destruc-
tive tsunami waves that can have far-reaching 
effects (Titov et al., 2005). With more than 

40,000 km of subduction boundaries (Fig. 1) 
and the rupture of any one contiguous seg-
ment of several hundred kilometers length 
suffi cient to produce an Mw ≥ 9, opportunities 
for them abound.

Seismologists have attempted to tie the his-
tory of earthquakes over the past century to 
various properties of subduction zones, such as 
convergence rate, slab age, fault temperature, 
and others, in order to understand what might 
limit earthquake size. In this paper I look at the 
probabilities of the largest earthquakes and, in 
the context of recurrence times and our short 
history of observation, argue that we cannot 
rule out an Mw ≥ 9 earthquake at any subduc-
tion zone. Simulations using recurrence times 
of the maximum size earthquakes (called M9) 
at subduction zones suggest that 1–3 M9 earth-
quakes should occur within any 100 yr span. 
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ABSTRACT
For decades seismologists have sought causal relationships between maximum earthquake 

sizes and other properties of subduction zones, with the underlying notion that some subduc-
tion zones may never produce a magnitude ~9 or larger event. The 2004 Andaman Mw 9.2 
earthquake called into question such ideas. Given multicentury return times of the greatest 
earthquakes, ignorance of those return times and our very limited observation span, I suggest 
that we cannot yet make such determinations. Present evidence cannot rule out that any sub-
duction zone may produce a magnitude 9 or larger earthquake. Based on theoretical recur-
rence times, I estimate that one to three M9 earthquakes should occur globally per century, and the 
past half century with fi ve M9 events refl ects temporal clustering and not the long-term average.
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Figure 1. Map of world’s major subduction zones (thick gray lines) and tectonic plate boundaries (Bird, 2003). Filled circles show locations 
of known earthquakes of Mw ≥ 7.5 or greater since 1900 (circle radius and grayscaled by magnitude). Open circles are largest known earth-
quakes from A.D. 1700 to 1900 (compiled by Stein and Okal, 2007). Arrows show horizontal velocity of subducting plate relative to overriding 
plate. Dates are given for all M9 quakes.
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The fi ve M9 events that have occurred since 
1952 probably represent temporal clustering 
and not a long-term average.

EARTHQUAKE SIZE LIMITED BY 
SUBDUCTION ZONE PROPERTIES

It has been observed over the past century 
that some subduction zones produce larger 
earthquakes than others. Some, like Cascadia, 
Southern Chile, and the Marianas, appeared to 
be relatively aseismic. A question that arises 
is whether such century-scale differences 
represent an intrinsic, long-lived property of 
subduction zones. Early ideas held that if the 
subducting plate was young (hence, warm 
and buoyant) and coming in fast, its trajectory 
into the mantle would be shallow and it would 
stick more to the plate above it, leading to big-
ger quakes (Uyeda and Kanamori, 1979). The 
converse was that slow subduction of old litho-
sphere would produce only smaller quakes. A 
linear regression relating observed maximum 
earthquake magnitude to subducting plate age 
and convergence speed showed a signifi cant 
correlation (Ruff and Kanamori, 1980). Later 
studies using improved data showed this cor-
relation to be less compelling (Pacheco et al., 
1993) or possibly related to nonmechanical fac-
tors (McCaffrey, 1997b). The 2004 Sumatra–
Andaman Islands earthquake, which occurred 
in one of the “unlikely” subduction zones (i.e., 
where old lithosphere subducts slowly), clearly 
violated the Ruff and Kanamori (1980) rela-
tionship (Stein and Okal, 2007). Several other 
plausible mechanical explanations were sug-
gested (Scholz and Campos, 1995; McCaffrey, 
1993; Ruff, 1989; Ruff and Tichelaar, 1996), 
but all have signifi cant exceptions when com-
pared to the actual earthquake history.

High temperatures within the Earth promote 
ductile deformation, so that earthquakes may 
be smaller at subduction zones where young, 
hot lithosphere subducts slowly and warms 
up the fault zone (Tichelaar and Ruff, 1993). 
Regressions relating earthquake magnitudes 
to fault zone temperatures gave fi ts similar to 
those of the mechanical models (McCaffrey, 
1997b). In both the mechanical and thermal 
processes, slow convergence tends to sup-
press great earthquake activity. Neverthe-
less, the Andaman subduction zone is among 
the world’s slowest (GSA Data Repository 
Table DR11), yet produced the third-largest 
earthquake documented. An alternative view is 
that because slow convergence also increases 
the recurrence time, in a fi nite time slow sub-
duction zones are merely less likely to have a 
great earthquake.

RECURRENCE TIMES OF 
GREAT EARTHQUAKES

The questions are what governs the frequency 
of these massive earthquakes and whether or all 
subduction zones are capable of producing one. 
First, I defi ne an M9 as the largest earthquake 
that can occur within a given segment of the 
plate boundary; i.e., one that ruptures the entire 
length of the segment (the segments, discussed 
in the following, are each long enough to pro-
duce an M9 earthquake). A fi rst-order estimate 
of M9 earthquake recurrence can be gleaned 
from plate tectonics and a moment conservation 
principle (Kagan, 2002). If an M9 earthquake 
accounts for u meters of average slip on the 
boundary between the converging plates, then 
the long-term average time between them will be 
u/v, where v is the convergence rate (assuming 
all slip is by M9 quakes). Plate convergence rates 
vary from v = 25 mm/yr to 100 mm/yr, suggest-
ing repeat times on the order of 250–1000 yr if 
u = 25 m, a reasonable amount for an M9 quake 
(Wells and Coppersmith, 1994). If some fraction 
of the convergence is taken up by other means 
such as creep, slow slip events, or smaller earth-
quakes, then this repeat time is increased accord-
ingly, as discussed in the following.

From an observational point of view, this 
nominal multicentury time between M9 events 
is problematic because reliable records of earth-
quakes date back only a century in most places. 
Other information, such as written accounts and 
geologic observations, can be used to extend 
the history. In places where such data exist, the 
times between repeating great earthquakes are 
highly irregular. In Cascadia, for example, geo-
logic observations related to earthquakes give 
an average time between events of 600 yr over 
the past 7700 yr (Goldfi nger et al., 2003), yet 
the actual inter-event times range from ~215 to 
1488 yr (assuming all events were identifi ed), 
revealing a very large randomness to when the 
margin breaks.

Because we often glean the recurrence inter-
val for great earthquakes from fi eld observations 
of past events, I fi rst examine how well the recur-
rence time can be estimated from such data. To 
do this, I use a Monte Carlo simulation, assum-
ing a Poisson probability function (Feller, 1966). 
The probability of an M9 is 1/T during any given 
year, where T is the simulated M9 recurrence 
time in years. Figure 2 shows the recovery of T 
given an observed history of duration H. When 
H >> T (e.g., H/T > 20), T is fairly well esti-
mated, but for H/T < 10 it is not. For Cascadia, 
for example, H/T ~13 (H ~7700 yr; T ~600 yr) 
and the standard deviation in T estimates will 
be ~200 yr (Tσ ~0.3 Tactual; Fig. 2) simply from 
a sampling perspective. For most other subduc-
tion zones, H = 100 yr and if T ~500 yr, then 
H/T = 0.5 and T will be unresolvable. Frohlich 
(2007) reaches similar conclusions regarding the 
completeness of earthquake catalogs.

EARTHQUAKE SIZE LIMITED BY 
SUBDUCTION ZONE LENGTH

Given that observation-based estimates of 
T from the short earthquake record are prob-
lematic, I make estimates based on theoretical 
considerations. For this purpose, the world’s 
subduction zones are divided into 32 segments 
based on changes in plate pairs converging, 
in rates or obliquity of convergence or natural 
geologic breaks (Fig. 1). Convergence rates for 
each segment are estimated using best available 
poles that take into account mobile forearcs 
(Table DR1; see footnote 1). The recurrence 
time of the segment-fi lling event, i.e., the largest 
possible earthquake on that segment, is calcu-
lated considering the length of the segment as 
the determining feature.

The seismic moment of the largest possible 
earthquake on a fault of length L is

 Mo
max = µ uav L Zmax/sin δ, (1)

where µ is the shear modulus, uav is the aver-
age slip in the earthquake, Zmax is the maxi-
mum depth of slip (40 km used; Tichelaar and 
Ruff, 1993), and δ is the average fault dip angle 
(derived from earthquake mechanisms; Table 
DR1 [see footnote 1]). The recurrence time for 
this greatest earthquake is

 T = uav/f χ v, (2)

where v is the plate motion rate, f  is the frac-
tion of the total seismic moment in M9 earth-
quakes, and χ is the fraction of slip on the 
boundary that occurs seismically. Extrapolating 
the Wells and Coppersmith (1994) relationships 
between M and L and M and u suggests that 
uav ≈2.5 × 10−5 L (see also Liu-Zeng et al., 2005). 
Using Equations 1 and 2 to estimate Mw

max 
(where Mw = 2/3 log Mo – 6.07, Mo in Nm) and 
T for each segment, each segment is capable 
of an M9 earthquake and globally the median 
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Figure 2. Simulations of recurrence time T 
estimates from 5000 Monte Carlo histories 
of observations of duration H. When H /T < 5, 
recurrence time is poorly estimated (low 
scatter in Tσ is due to small number of events 
when H /T is small). At high H /T, recurrence 
time is on average recovered but scatter in 
estimated T remains large. Obtaining T with 
high confi dence (low Tσ) requires H >> T.

1GSA Data Repository item 2008063, Table DR1, 
data used in the study, is available online at www.
geosociety.org/pubs/ft2008.htm, or on request from 
editing@geosociety.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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recurrence time for them is 490 yr (using f = 1, 
χ = 1; Table DR1; see footnote 1).

The value of f, the ratio of the moment of the 
largest quake to the total seismic moment, can 
be gleaned from the β value derived from the 
cumulative frequency-magnitude relationship,

 N(Mo) = α Mo
–β, (3)

where N is the number of earthquakes greater 
than or equal to Mo, α and β are constants, and 
f ≈1 – β (see McCaffrey, 1997a, Fig. 1b; Feller, 
1966). Kagan (1999) and Bird and Kagan (2004) 
estimated β for subduction zones to be in the 
range ~0.55–0.68 (Table DR1; see footnote 1); 
hence f  is likely to be between 0.32 and 0.45. 
In some cases a constant β at large magnitudes 
underestimates the size of the largest earth-
quake, which then underestimates f. For this 
reason I run the simulations considering values 
for f other than those obtained from β.

In addition, aseismic slip takes up some of 
the convergence. The fraction χ, called the seis-
mic coupling coeffi cient (Scholz, 1990), based 
on earthquake catalogs, is seen to vary greatly 
among subduction zones (Peterson and Seno, 
1984; Pacheco et al., 1993; Scholz and  Campos, 
1995; Frohlich and Wetzel, 2007), but is very 
sensitive to the randomness of earthquake 
occurrence (McCaffrey, 1997a). We know from 
observed aseismic and postseismic slip and slow 
slip events that χ < 1, but beyond that, long-term 
estimates are poor. Frohlich and Wetzel (2007) 
estimated a global value of 0.33, but individual 
values range from 0.07 to 0.7. In all calculations 
below I assume χ = 1, which will minimize the 
recurrence times (maximizing M9 frequency). 
Accordingly, the recurrence time for an M9 
could be 2 or more times longer than if all slip 
on the interface occurred by infrequent M9 
earthquakes (i.e., when f = 1, χ = 1).

Kagan (1999) showed that β values obtained 
from moderate sized earthquakes do not differ 
signifi cantly among the subduction zones he 
studied, and suggested that it follows that there 
should not be a difference in the maximum 
earthquake magnitude at them. Inferences based 
on the incomplete 100 yr record of great earth-
quakes must be held suspect; there is no reason 
to expect that any of these margins cannot be the 
site of an M9.

COMPARING EXPECTED TO 
OBSERVED MAXIMUM Mw

The largest known earthquakes at subduc-
tion zones are compared to the largest expected 
according to Equation 1 plotted against their 
recurrence times (Fig. 3). Taking 0.4 magnitude 
units as the uncertainty level in Mw (combining 
errors in moment estimates and in my estimate 
of parameters that determine the largest events), 
it appears that fi ve of the segments have possibly 
had their largest quakes during the past 100 yr 

(Fig. 3). In fact, these fi ve events occurred dur-
ing A.D. 1952–2004 (Fig. 1).

Using the compilation of largest subduction 
zone earthquakes by Stein and Okal (2007) that 
goes back 300 yr, it appears that as many as eight 
segments may have had their maxima and oth-
ers may be approaching it (keeping in mind that 
knowledge of earthquakes prior to 1900 is tenu-
ous and some M9 events may have been missed). 
The average magnitude defi cit (expected minus 
observed maximum Mw) for the past 100 yr is 
1.4 magnitude units, while over the past 300 yr 
it decreases to 1.2. If the past 100 yr were rep-
resentative of long-term earthquake behavior, 
these distributions would be the same.

As has been noted by many, and based on 
observational and theoretical arguments, the 
past 100 yr of earthquake history are not rep-
resentative of longer term earthquake behavior 
on individual faults. Nevertheless, subduction 
seismicity models discussed earlier were vali-
dated by this incomplete earthquake record. For 
example, the largest known thrust earthquake at 
the Marianas subduction zone in the past 100 yr 
was only Mw = 7.7 (in 1983). Because of this, 
the Marianas is considered to represent the 
decoupled end-member subduction zone (Uyeda 
and Kanamori, 1979). However, the estimated 
M9 recurrence time for the Marianas is close to 
900 yr and the probability of not having an M9 
there during any 100 yr period is 89%.

M9 FREQUENCY SIMULATIONS
Given that we cannot rely on the incomplete 

record of the past to gain insight into long-term 
trends, I perform simulations of M9 occurrence 
without relying too strongly on the short earth-
quake history. Assuming that all 32 subduction 
segments are capable of producing an M9 and 
using the distribution of M9 recurrence times 
based on fault lengths and convergence rates 

(Equation 2), I estimate the probability that a 
number N of the largest possible quakes will 
occur at random within 100 yr. For this, I assume 
that the probability of the quake happening is 
1/T for any one year, where T is the M9 recur-
rence time in years. T depends on the assumed 
value of f and so I use f = 1, f = 2/3, f = 1/3, and 
f = 1 – β (using the β values estimated by Kagan 
[1999] for individual trenches).

The simulation is tied to historical earthquake 
data in two ways: (1) through the use of β, 
which is estimated from past seismicity, and (2) 
through the assumption that the average slip uav 
scales with fault length L. Typically β is deter-
mined by fi ts to earthquake size distributions 
and is based on many events. The estimated val-
ues are close to the theoretical value of 2/3 pre-
dicted by earthquake self-similarity arguments 
(Rundle, 1989). Because extrapolation of β to 
high magnitudes can sometimes underestimate 
the largest event, I also use larger f values that 
allow for more moment in the largest event. The 
slip/length ratio is estimated from many earth-
quakes and will probably not change much with 
additional data (Wells and Coppersmith, 1994). 
(For ranges of T based on ranges of v, β, and uav, 
see footnote 1)

A Monte Carlo simulation is run for 30,000 
centuries, and the probability distribution P of 
having N earthquakes in one century is calcu-
lated (Fig. 4). When more of the moment is in 
M9 quakes (higher f ), the probability of hav-
ing more M9 events increases (curves 1, 2, 
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quakes, is 1.0 for all simulations). Simu-
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individual subduction zones estimated by 
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M9 earthquakes. All simulations except 7 
use Poisson probability for M9 occurrence 
(P = 1/T ); for simulation 7, P increases lin-
early with time t since last event.
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and 3; Fig. 4). The number of M9 earthquakes 
that occurred in the past 100 yr (5) is most con-
sistent with the expected number if I use only 
the predicted times where f ≈2/3. If only ~1/3 
of the slip is in M9s, consistent with observed β 
values, then the peak is lower, from 1 to 3 M9 
events per century (curves 3–5; Fig. 4).

The recurrence-time concept is fundamen-
tally different from the mechanical explana-
tions in that the latter predict some subduction 
zones to be incapable of having an M9 while 
the former holds that they are merely improb-
able. In another Monte Carlo simulation, the 
probability of M9 was set to zero for 10 trench 
segments with subducting plate ages older than 
90 Ma (curve 6; using f = 1). The distribution 
of M9 events looks similar to those where all 
trenches are capable of an M9 and f = 1/3. 
Finally, a test was conducted where the prob-
ability of an M9 increases linearly with time t 
after the previous event, P(t) = 2 t/T 2. This sim-
ulation (curve 7; Fig. 4) revealed a much lower 
probability for events than curve 1, the 1/T trial 
with the same f value, because the probability 
of a second event following closely in time is 
greatly reduced in curve 7.

From the series of tests, I suggest that the 
expected rate of M9 earthquakes per century 
may be closer to 1–3 than to the 5 that occurred 
in the past 100 yr. If all M9 events over the past 
300 yr have been included in the Stein and Okal 
(2007) compilation, then the number per century 
is close to 3 and the distribution using f ≈1/3, in 
agreement with β ≈0.67, is likely.

DISCUSSION AND CONCLUSIONS
The great earthquake in late 2004 surprised 

many scientists in that its main area of slip was 
to the northwest along the Andaman Islands, the 
unlikely quiet region, and not offshore Suma-
tra, an area with a rich earthquake history. The 
Andaman section of this plate boundary accom-
modates slow subduction of old lithosphere and 
is accompanied by backarc spreading; thus 
mechanically it was in the low-magnitude  cat-
egory. However, thermally it is very similar to 
the central Chile margin, where an M 9.5 earth-
quake occurred in 1960 (McCaffrey , 1997b). 
Clearly, our efforts to decipher the patterns of 
great earthquakes empirically have not been 
successful, most likely because we do not have 
a long enough record to observe the process. 
Past models of subduction zone seismicity 
have been based on a very incomplete record 
and thus cannot be validated by that record. It 
may be analogous to throwing 32 dice (possibly 
loaded?) one time and trying to glean the prop-
erties of the individual die that result in some 
of them coming up sixes and some not. Clearly 
several more throws will reveal whether or not 
that is a useful endeavor. For great earthquakes, 

it may take many more centuries to understand 
a pattern, if one exists.

Due to the incomplete history of great sub-
duction earthquakes, we cannot rule out any 
of these subduction zones as being capable 
of generating an M9 earthquake. Several are 
adjacent to densely populated islands, and the 
impacts of shaking and tsunami waves on them 
cannot be overstated. Java, in particular, has a 
predicted M9 recurrence time that is half that 
of the Andaman segment (Fig. 3) and is among 
the longest subduction segments (Table DR1; 
see footnote 1).

Simulations of the recurrences of M9 earth-
quakes based on the lengths of trenches and 
convergence rates suggest that the global occur-
rence of M9 earthquakes is 1–3 per century, and 
the 5 that occurred in the past 100 yr may be 
higher than long-term averages.
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