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Abstract We describe a simple method to determine the probability distribution
function of the magnitudeMmax and return period TR of the maximum plausible earth-
quake on crustal faults. The method requires the background seismicity rate (estimated
from instrumental data) and the rate of interseismic moment buildup. The method
assumes that the moment released by the seismic slip is in balance with the moment
deficit accumulated in between earthquakes. It also assumes that the seismicity obeys
the Gutenberg–Richter (GR) law up toMmax. We took into account the aftershocks of
large infrequent events that were not represented in the instrumental record, so that we
could estimate the average seismicity rate over the entire fault history. We extrapolated
the instrumental record, using the GR law to model the frequency of larger events and
their aftershocks. This increased the frequencies of smaller events on average; when
these smaller events were newly extrapolated, they predicted a higher frequency of
larger events. We iterated this process until stability was reached, and then we as-
sumed moment balance when we found the maximum magnitude; we have found this
method to be appropriate in applications involving examples of fault with good his-
torical catalogs. We then showed examples of applications to faults with no historical
catalogs. We present results from nine cases. For the San Andreas fault system, we
find Mmax � 8:1� 0:3, with TR380

950
120 yrs; for the North Anatolian fault, Mmax �

8:0� 0:3, with TR275
650
135 yrs; for the Main Himalayan thrust, Mmax � 9:0� 0:2,

with TR1200
2700
550 yrs; for the Japan trench, Mmax � 9:3� 0:3, with TR520

1200
220 yrs;

for the Sumatra–Andaman trench, Mmax � 9:0� 0:3, with TR200
450
80 yrs; for the Bo-

conó fault, Mmax � 7:3� 0:3, with TR160
360
70 yrs; for the Altyn Tagh fault,

Mmax � 8:0� 0:3, with TR900
2000
400 yrs; for the Dead Sea Transform, Mmax �

7:8� 0:3, with TR1000
2400
450 yrs; and for the Kunlun fault, Mmax � 8:0� 0:3, with

TR1000
2000
450 yrs.

Introduction

The magnitudeMmax and return period of the maximum
earthquake on a particular fault or in a certain area are im-
portant parameters in seismic-hazard analysis. This informa-
tion is most commonly derived from historical data; that is,
from the estimated magnitudes of earthquakes based on writ-
ten records of shaking and building damage. In these cases,
an a priori model of the magnitude–frequency distribution
is typically assumed. Generally, seismicity is assumed to
follow the Gutenberg–Richter (GR) law (Gutenberg and
Richter, 1944). One common difficulty is that in the absence
of any physical constraints on the maximum possible earth-
quake, the distribution is unbounded, and the maximum
plausible earthquake depends on the time period considered
(Holschneider et al., 2011; Zöller and Holschneider, 2016).
There is, however, a physical limit, due to the fact that strain
due to seismicity must match the strain resulting from geo-

logical motion across the fault on average over geological
time (Brune, 1968). If the fault-slip rate is known, additional
constraints on the seismicity model can thus be derived based
on the seismic moment budget (e.g., Molnar, 1979; Ader
et al., 2012; Kagan and Jackson, 2013; Rong et al., 2014;
Avouac, 2015; Bird et al., 2015; Stevens and Avouac, 2016).
There is now abundant evidence that seismic slip occurs in
locations where faults were locked previously; this informa-
tion can be gathered from geodetic observations (e.g.,
Avouac, 2015). As a result, geodetic data can be used to de-
termine the rate of elastic strain buildup that will be released
by any given earthquake, although this can also be estimated
from the fault area and the long-term slip rate given that we
know the average interseismic coupling (which represents
the proportion of the fault that is locked in the interseismic
period). We use the rate of elastic strain buildup in a moment
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budget balance with the rate of elastic strain release through
earthquakes, so that we can avoid the problem of having an
unbounded earthquake distribution (described in more de-
tail below).

We describe here a simple method that does not require
any historical data of large earthquakes and assumes simply
that the seismicity obeys the GR law:

EQ-TARGET;temp:intralink-;df1;55;649 log�N�M > Mw�� � a − bMw �1�
(Gutenberg and Richter, 1944), in which N�M > Mw� is the
number of earthquakes aboveMw, a is the y-axis intercept and
can be thought of as the productivity, and b is the slope of the
line. The method only requires knowledge of the fault geom-
etry, the long-term slip rate of the fault, and some earthquake
catalog at the regional scale. More sophisticated methods can
be used in areas with abundant information. The method here
is most appropriate to regions where there is little information
on past seismicity, fault-slip rates, and interseismic geodetic
loading; however, an earthquake catalog and estimated fault-
slip rate are needed. Hereafter, we describe typical methods of
findingMmax, the use of instrumental data, and the probability
that seismicity rate changes with time. We then describe our
method and demonstrate that it performs relatively well when
applied to case examples with relatively abundant data. We
next apply it to less well-constrained examples.

Usual Methods

One common method to estimate Mmax is simply to use
the largest earthquake in the historical record and add 0.5
(Kijko and Graham, 1998; Sokolov et al., 2001). There is no
statistical foundation to that approach. It can be seen as a
reasonable assumption in cases where the historical catalog
is long enough to represent the long-term average. In these
cases, the 0.5 added to the magnitude would represent a
safety factor, accounting for the uncertainty on magnitude
and for the finite number of events in the earthquake catalog.
This approach is questionable if the historical record is
limited, in which case it may greatly underestimate Mmax.
Another deterministic method relies on scaling relations be-
tween the length of the fault and the maximum earthquake,
using, for example, the empirical relationships of Wells and
Coppersmith (1994). This method can be applied in cases
where there is no historical data. Issues arise typically when
deciding whether to divide the fault into segments, and if so,
how it is to be done. In addition, earthquakes can rupture
separate segments; for example, both the 1992 Landers (Sieh
et al., 1993) and the 2011 Tohoku-Oki earthquakes (Fry and
Ma, 2016) exceeded the maximum magnitude that would
have been expected from this approach. The possibility that
earthquakes can link different fault segments thus needs to be
taken into account (Field et al., 2014).

Alternatively, statistical methods can be used to estimate
Mmax (e.g., Kijko, 2004). In these approaches, the
magnitude–frequency distribution of earthquakes can be

assumed to follow a truncated GR distribution (Kijko, 2004;
Holschneider et al., 2011). It is also possible to use a mag-
nitude–frequency distribution with no a priori prescribed
analytical shape (e.g., Kijko, 2004). Other methods use the
theory of extreme values of random variables (Pisarenko
et al., 2008, 2010). These various methods are based only
on the observed seismicity data. They are ineffective in cases
where the observed seismicity is not representative of the
long-term progress and trends reflected in the data. This
might happen if the maximum earthquake has a return period
longer than the period covered by the data, or if seismicity
rate or the magnitude–frequency distribution of earthquakes
fluctuates at periods larger than the period covered by the
data. In the absence of physical constraints on Mmax, and if
the maximum possible event is not constrained by the ob-
served seismicity, then the magnitude of the maximum event
expected at a certain confidence level would grow without
limit as the time range becomes larger (e.g., Holschneider
et al., 2011; Zöller and Holschneider, 2016). In our method,
we simulate potential complete earthquake catalogs on each
fault in an attempt to overcome the problem of the limited
time period of observed seismicity.

For simplicity, our analysis assumes a seismicity model
represented by a truncated GR distribution. It would be pos-
sible to relax this assumption and use a different seismicity
model, eventually using a nonparametric seismicity model.

Model

We assume a doubly truncated GR distribution, with
Mmax being the hard upper limit and the lower limit being
the magnitude below which the seismicity record is not
complete (because of the fact that not all smaller events are
reported). We enforce moment conservation; that is, we
enforce the principle of the moment deficit buildup due to
interseismic loading of a fault being equal to the moment
release on that fault by both seismic and transient aseismic
slips. We model the average earthquake catalog for the entire
fault history by adding on larger earthquakes and their mod-
eled aftershocks according to the GR law, and then we find
the upper magnitude of this catalog that balances the moment
budget. This is visualized in Figure 1a. The thick straight line
shows the relationship between the frequency and magnitude
of the maximum earthquake that is needed for each magni-
tude to balance the moment buildup:

EQ-TARGET;temp:intralink-;df2;313;197N � log10
_M∘r

10α−bM − 1
− β − log10 b − log10 3 − bM; �2�

in which N is the frequency of earthquakes, Mw is the mag-
nitude, _M∘r is the moment deficit buildup rate in N·m=s,
α � 3=2, β � 9, and b is from the GR relationship, often
close to 1. The slope of this line is roughly −3=2. See the
Appendix for the derivation of this equation. The seismicity
model will also form a line on this plot, as it is assumed to
obey the GR law. Provided that the b-value is less than
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3/2, the two lines intersect at the maximum earthquake of the
seismicity model. This is the case for the various models rep-
resented by the dashed lines. The issue is then to determine
which model would provide the best estimate of the known
seismicity.

The method requires only an instrumental earthquake
record and an estimate of the seismic moment deficit buildup
rate. This rate _M∘r can be calculated either from interseismic
coupling models where available or, alternatively, one can
assume a mean coupling, which would represent the propor-
tion of the width of the fault from the surface to the bottom of
the seismogenic depth that slips during episodic slip events.
The calculation can be done as follows:

EQ-TARGET;temp:intralink-;;55;90

_M∘r � μLW �u;

in which _M∘ is the moment rate buildup, μ is the rigidity (here
assumed to be 33 GPa for continental faults and 50 GPa
for subduction zones), L is the length of the fault, W is the
coupled width of the fault, and �u is the average slip rate along
the fault. The coupled width of the fault is only a fraction of
the width of the depth of the seismogenic zone, given that
some aseismic creep occurs in the seismogenic depth range
in the interseismic period. The brittle–ductile transition is
around 8–15 km in the continents (e.g., Kohlstedt et al.,
1995), and the effective seismic depth of continental litho-
sphere (determined from the depth distribution of seismic
moment release) is around 8:6�11

−4 km in the absence of aseis-
mic transients (Bird and Kagan, 2004). Here, we take a default
coupled width of 12:5� 2:5 km for continental strike-
slip faults. For subduction zones, we use the down-dip width

Magnitude, M
w

4 5 6 7 8 9

Magnitude, M
w

4 5 6 7 8 9

(c) (d)
Magnitude, M

w

4 5 6 7 8 9

N
eq

M
 >

M(
w

ry rep )

10-4

10-3

10-2

10-1

100

101

102(a)

Magnitude, M
w

4 5 6 7 8 9

N
(M

 >
 M

) 
pe

r 
yr

eq
w

10-4

10-3

10-2

10-1

100

101

102(b)

N
eq

(M
 >

 M
w

) 
pe

r 
yr

10-4

10-3

10-2

10-1

100

101

102

N
eq

M
 >

M(
w

ry rep  )

10-4

10-3

10-2

10-1

100

101

102

Figure 1. Demonstrating steps of the method. The thick straight line is moment buildup rate line, which shows the frequency of the
maximum magnitude earthquake that would need to occur to take up the entire moment buildup. The lower line is the instrumental catalog,
here from the San Andreas fault system (SAFS) and unclustered, over the 1996–2016 period. The dashed lines demonstrate the Gutenberg–
Richter law with a b of 1, which is where the earthquake catalog should lie to intersect maximum magnitudes of 7, 8, and 9. (a) The original
setup. (b) Thin lines show the first round of adding on missing earthquakes from magnitude 9 down to the cutoff magnitude, here 4.4. (c) Two
more cycles of thin lines have now been added—these show two more rounds of adding on missing earthquakes. The number needed to be
added on decreases with each round, which is why the lines get closer and closer together. (d) Same as (c) but now showing a trial maximum
magnitude of 8.1, which is the maximum magnitude that is predicted. The color version of this figure is available only in the electronic
edition.
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of the seismogenic zone of the plate interface; this is estimated
from the distribution of interplate earthquakes. Within the seis-
mogenic zone, we assume a coupling of 45%, which is a
rough average value that represents subduction zones all over
the world (Avouac, 2015).

A major source of uncertainty in our method has to do
with the proportion of moment buildup released by earth-
quakes and aseismic transients, respectively. Transient aseis-
mic slip events can take the form of afterslip that follows the
large earthquakes or spontaneous slow-slip events. Estimat-
ing this proportion requires a well-constrained moment
budget over the full seismic cycle, and there are only a few
areas where the budget can be worked out (e.g., Avouac,
2015, and references therein). Hereafter, based on these case
examples, we assume that aseismic transients release an aver-
age of 0%–20% of the interseismic moment deficit.

We solve for Mmax using an iterative procedure that is
described below. In this procedure, the budget takes into ac-
count the moment released by large events. This includes the
contributions from their aftershocks and afterslip, which
would not be represented in the seismicity catalog if a large
event has not occurred after the start of instrumentation. We
use a numerical Monte Carlo procedure to generate earth-
quake catalogs. We typically generate 100,000 catalogs in
each example, with the full procedure taking a few minutes
of computational time on a standard laptop. Uncertainties in
the input parameters, such as the b-value, can take any form
and are propagated through the model to get uncertainties in
Mmax and recurrence times.

b-Value

Because we are interested in quantifying the moment
released by earthquakes, the relevant magnitude scale in-
volves the moment magnitude Mw. The seismicity is ob-
served generally to follow the GR law (equation 1,
Gutenberg and Richter, 1944), with b-values observed gen-
erally to be around 1. Instrumental global seismicity yields a
b-value of 0.93–0.98 (Bird and Kagan, 2004; Kagan and
Jackson, 2012), and the average b-value for continental
strike-slip faults is ∼0:98 (Bird and Kagan, 2004). Regional
estimates are similar. For example, different studies of the
seismicity of California report values of 0.9 (Bakun,
1999), 0.95 (Tormann et al., 2010), 1:02� 0:11 (Felzer,
2008), 1:03� 0:12 (Page and Felzer, 2015), and 1.05
(Marsan and Lengliné, 2008). A value of about 1 was also
determined from both historical and instrumental catalogs
(Felzer et al., 2004; Wang et al., 2009; Hutton et al.,
2010; Field et al., 2014). These regional b-values are close
to the b-values obtained from individual earthquake sequen-
ces; for example, the value was 1:09� 0:9 for the Landers
aftershocks (Felzer et al., 2002). However, there are signifi-
cant variations, depending on the areas studied, tectonic
settings, catalogs used, the method used to determine the cut-
off magnitude and b-values, and errors in the magnitudes of
historical earthquakes (Zöller et al., 2010).

Japan is another well-documented area with a spread of
values but a general convergence of b-values around 1 (e.g.,
Bird and Kagan, 2004; Grunewald and Stein, 2006; Parsons
et al., 2012; Omi et al., 2013; Toda and Stein, 2013; Satake,
2015). For example, the analysis of 92 years of historical data
(Satake, 2015) yielded a b-value of 0.88, and the aftershocks
of Tohoku-Oki yielded a b-value range of 0.9–1.2 (Omi et al.,
2013; Toda and Stein, 2013). However, it is clear that b-values
can vary in space and time (Wiemer and Wyss, 2002).

In view of the variations observed in well-instrumented
regions, along with the requirement of a large number of data
points to constrain b-values (2000 earthquakes are needed to
calculate b to within 0.05 at the 98% confidence level;
Felzer, 2006), constraining b-values in areas with sparse data
(which can happen if the area is small or seismicity is low) is
a challenge. In this study, we assume a b-value of 1� 0:025
at 1-σ confidence levels for all areas studied. The uncertainty
on the b-value is assumed to be Gaussian. This could easily
be altered if different b-values were assessed to be more
appropriate.

Aftershocks

For each study area, we built a seismicity model using
the existing seismicity data, assuming a generic b-value of
1� 0:025. We added large events and their aftershocks as
needed to balance the moment budget, but with the condition
that the resulting seismicity model followed the GR distribu-
tion with the prescribed b-value. We simulated aftershocks,
assuming that individual sequences followed the GR distri-
bution with the prescribed b-value and also followed the
Båth’s law (Båth, 1965), with the largest aftershock being
1:2� 0:1 below the mainshock. The Båth’s law emerges nat-
urally if aftershock catalogs are generated using a stochastic
procedure (Helmstetter and Sornette, 2003), but we actually
have to enforce it in this case, as we do not use a stochastic
procedure to model aftershocks. The value of 1.2 is the
global average (Båth, 1965) and relates to the average after-
shock productivity, which varies. For California, the average
largest aftershock was found to be 1.16 below the mainshock
for earthquakes over Mw 5.5 (Shcherbakov and Turcotte,
2004). For example, if we were to add a magnitude of 8 to
the record, we would assume an aftershock sequence with the
largest aftershock being 6.8, and then smaller earthquakes
with frequencies in accordance with the GR. If an earthquake
with a magnitude of 8 occurred once every 100 years, this
aftershock sequence would also occur every 100 years. This
is similar to other studies that modeled the number of after-
shocks above a given magnitude cutoff as 10αM, in which M
is the mainshock magnitude and α is a parameter to be de-
termined. In our model, α is the same as the b-value; this
means it is about 1, as it has been in other studies (Felzer
et al., 2004; Helmstetter et al., 2005). It would be possible
to use a different aftershock distribution model or a stochas-
tic procedure to generate aftershock sequences, as can be
done with the epidemic-type aftershock sequence (ETAS)
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model (Ogata, 1988). ETAS models require various param-
eters to be known beforehand, which makes these models
difficult to apply in areas of sparse data. The total number
of aftershocks obtained with our approach is the same as
in the self-similar earthquake triggering model of Shearer
(2012), given the parameters he used to fit Båth’s law
(m2 � 7, m1 � 0, r � 0:5, and b � 1), so using a stochastic
model of aftershocks would not affect the moment budget.

Although our aftershock model is generic, it compares
favorably with aftershocks observed in case examples (see
Fig. 2). For Tohoku-Oki 2011, the largest aftershock was
1.1 magnitude units below, and the b-value was 0.9–1.2
(Omi et al., 2013; Toda and Stein, 2013). For Gorkha 2015,
the first aftershock sequence had the largest aftershock being
1.1 magnitude unit below the mainshock, whereas the second
larger aftershock was only 0.5 magnitude units below the
mainshock magnitude. The b-value for this aftershock
sequence (using the maximum-likelihood method; Aki,
1965; Utsu, 1965) was found to be 1.08. About 31 earth-
quakes occurred where Mw >5 and 105 Mw >4:5, whereas
the model here would produce 43 and 142, respectively. For
the Kashmir 2005 earthquake, the largest earthquake was 1.2

magnitude units below, and the aftershock catalog had a
b-value of 1:09� 0:07, as found by Tahir and Grasso (2014).
Here, the aftershock rate was high, and 48 earthquakes oc-
curred with Mw >5 and 198 Mw >4:5, whereas the model
we use here would produce 27 and 90, respectively.

Data

In all of our examples, we use the U.S. Geological
Survey instrumental global catalog from 1996 to the present,
giving us 20 years of data (see Data and Resources). This
catalog and this time period gives us a relatively homo-
geneous data set and is complete, down to the fairly lowmag-
nitudes of around 4–5. The studied areas need to be large
enough that GR is fulfilled, and that the earthquake rates
are approximately constant over the time interval covered by
the seismicity data (20 years of instrumental seismicity). The
model is concerned only with the average properties within
the study area. It is therefore more relevant to consider zones
with a priori relatively homogeneous properties. In practice,
we consider well-known faults in their entirety, and for
continental strike-slip faults, we take instrumental seismicity
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Figure 2. Instrumentally recorded aftershocks versus aftershocks from model. In the aftershock models, the b-value is 1, and the maxi-
mum aftershock is 1.2 below the mainshock (Båth, 1965). (a) 2011 Mw 9.0 Tohoku-Oki, (b) 2004 Mw 9.1 Sumatra–Andaman, (c) 2015
Mw 7.8 Gorkha, and (d) 2005 Mw 7.6 Kashmir. The color version of this figure is available only in the electronic edition.
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within 10 km of the fault. We thus assume that the near-fault
seismicity and the major earthquakes on these faults are part
of one earthquake population that follows the GR law over-
all. For the Kunlun and Boconó faults, where the traces are
less well known and errors in epicentral locations are greater,
we use a wider swath of 20 km. For subduction zones, we
take instrumental seismicity within the width of the seismo-
genic zone without taking the earthquake depths into
account, as these depths can introduce large errors. We real-
ize that this selection could include plate-bending earth-
quakes above the dipping slab, though we assume they
only make up a small fraction of the total.

We want instrumental catalogs representative of the
interseismic period. In some cases, recent large earthquakes
are included in the seismicity catalog, and their aftershocks
compose a significant fraction of the earthquake catalog. In
such cases, we either remove the large earthquakes and their
aftershocks or cut the catalog at the time of the mainshock if
aftershocks overwhelm all the subsequent data. For example,
the 2015Mw 7.8 Gorkha earthquake and its aftershocks were
removed using the Reasenberg declustering (Reasenberg and
Jones, 1989), whereas for the 2011 Mw 9 Tohoku-Oki earth-
quake, we cut the catalog just before the main event.

Model Steps: “Filling in” the Earthquake Catalog to
Find Average Activity Rate

Here, we detail the iterative procedure used to estimate
Mmax. We assume Gaussian uncertainties for b, seismogenic
depth, and cutoff magnitude (Mc) values, whereas we use a
uniform distribution for the fraction of moment released
aseismically (between 0% and 20%).

We show an example of the method for the San Andreas
fault system (SAFS) in Figure 1. This system has had no
earthquakes larger than Mw 6 in the study period. It can
be seen that a line that directly extrapolates the instrumental
data (having assumed GR, with a b-value of around 1) would
intersect with the line representing the moment budget clo-
sure at around Mw 9. As mentioned earlier, this intersection
does not yield Mmax because the seismicity model corre-
sponding to the extrapolated GR law is missing all the after-
shocks from the events with magnitudes larger than the
maximum observed event. The iterative procedure below
yields a seismicity model that includes larger earthquakes
not recorded in instrumental time and all of their aftershocks,
while still remaining consistent with the instrumental data.

1. In the first step, we try a maximum magnitude that is
larger than we expect the answer to be; for example, a
magnitude derived from the simple extrapolation of the
GR distribution obtained from the instrumental seismic-
ity. In Figure 1b,c, we show the example where we have
initially chosen an Mmax of 9. We initially find the rate at
the cutoff magnitude (found using the maximum curva-
ture method, implemented using ZMAP; Wiemer, 2001)
to extrapolate the instrumental data according to the GR
law, and add on the number of missingMw 9 earthquakes

that it suggests. We then also add on the modeled after-
shocks. This increases the average rate of smaller earth-
quakes, which raises the entire instrumental catalog
slightly. We then extrapolate again from this new slightly
raised catalog to find the number of missing Mw 8.9
earthquakes (fewer iterations would be needed with a
smaller step size, but the results would converge to the
same value). Again, we add their aftershocks, which
again raises the instrumental catalog. We repeat this proc-
ess going down in steps of 0.1 until the cutoff magnitude,
in this case Mw 4.4. This process is shown in Figure 1b.

2. Now we add earthquakes fromMw 9 to 4.4. The seismic-
ity rates in the range of magnitudes of the instrumental
catalog have been shifted upward, and we realize that we
added on too fewMw 9 earthquakes for what the extrapo-
lation of the seismicity in this magnitude range would
now predict. This can be seen from the difference be-
tween the highest dark line (old extrapolation) and the
lighter lines (new extrapolation) in Figure 1c. Therefore,
we repeat the entire process again with two additional
repetitions, as shown in Figure 1c. The adjustments
needed in each loop become smaller and smaller until
the addition is minimal.

3. After steps 1 and 2, we find that we have a seismicity
model which represents the long-term averaged behavior
(over a time much longer than the return period ofMmax),
with a maximum magnitude of 9. However, this extrapo-
lated line intersects the maximum earthquake line at
Mw 8.0, suggesting that there is no need of larger events
to balance the moment budget. This is therefore inconsis-
tent with the model having Mmax 9, so we have to lower
the initial trial guess. When we do this, the final predicted
maximum earthquake becomes slightly higher because
there are now fewer earthquakes that are factored into
the calculation. We decrease our guessed value until it
matches the value needed to close the moment budget.
This is shown in Figure 1d, where our initial maximum
magnitude was guessed at 8.1, and the predicted maxi-
mum magnitude is also 8.1.

This procedure ensures consistency between the interseis-
mic seismicity, estimated from the instrumental catalog, and
the long-term seismicity model. However, there is no assur-
ance that the observed seismicity is a likely realization of this
model. This can be verified a posteriori by generating random
catalogs of duration equal to those covered by the observa-
tions. In this particular example involving the SAFS, the mag-
nitude–frequency distribution of observed seismicity falls well
within the population of distributions predicted by the model
and therefore is a likely realization of the model (see Fig. 3).

Results

San Andreas Fault System

We assume a velocity on the fault of 30� 5 mm=yr at
the 1-σ level, which represents an average of the net dextral
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slip rate across the fault system within the latitudes studied,
from 32.6° N to 39.6° N (e.g., Meade and Hager, 2005).
The coupled width is very close to the default value of
12:5� 2:5 km (Meade and Hager, 2005; Smith-Konter et al.,
2011), so we use the default value. This yields an average
moment deficit buildup rate of �6:6� 1:8� × 1018 N·m=yr,
or roughly 1:2 N·m=yr=km. This falls within the range of
values found by Smith-Konter et al. (2011) which can vary
from 1:5–1:8 N·m=yr=km on the faster segments to
0:2 N·m=yr=km on the slower segments of the SAFS.

Though there are some variations, b-values from different
studies average around 1 in California for both the instrumen-
tal and historical records (Felzer, 2008; Wang et al., 2009;
Hutton et al., 2010). We compare the results with historical
earthquakes (Stover and Coffman, 1993; National Geophysi-
cal Data Center [NGDC], 2016) within 20 km of the fault trace
(wider than the 10 km we use for the recent instrumental data
to allow for larger location errors in the historical catalog), as
shown in Figure 4. For this figure, we plot the frequency of
Mw ≥7 since 1800,Mw ≥5:5 since 1850, andMw ≥4:5 since
1950, which corresponds to the magnitude of completion in
these different time periods.

With these assumptions, we find that the maximum
magnitude earthquake would be Mw 8:1� 0:3 at the 1-σ
confidence level, with a recurrence time of 380 years. The
lower estimate would be 210 years, and the upper estimate
would be 950 years. The largest reliably known earthquake is
the 1857Mw 7.9 Fort Tejon, which ruptured roughly 350 km
of the SAFS. Previous estimates of Mmax are similar to that
estimated here, from Mw 8 (Field et al., 1999, using a char-
acteristic earthquake model and conservation of moment) to
8:3� 0:4 (Kijko, 2004, using statistics of the earthquake
catalog). Paleoseismic data recurrence intervals from differ-
ent segments vary from 88� 41 yrs for magnitudes 6.5–7.9
in the Carizo Plain (Akçiz et al., 2010), to roughly 70 years at
the Wrightwood paleoseismic site with estimated magni-
tudes of 6.8–7.9 (Scharer et al., 2010). Field et al. (1999)
predict that an earthquake of magnitudeMw >7:8 will occur
every 334 years on average in southern California. Accord-
ing to the Uniform California Earthquake Rupture Forecast,
v. 3 (Field et al., 2014), an earthquake ofMw 8.25 is feasible
every 1000 years. For comparison with these estimates, our
model would predict an earthquake above 6.5 roughly once
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every 10–20 years and an earthquake above 7.8 roughly once
every 190–220 years for the entire length of the SAFS. This
example shows that our method, which relies only on the
recent instrumental seismicity and the moment budget
balance, yields seismicity rates andMmax values that are very
consistent with the historical and paleoseismological infor-
mation available for this fault.

North Anatolian Fault

The North Anatolian fault is ∼1200 km long, striking
roughly east–west from eastern Turkey to the north Aegean.
Slip rates vary from 20 mm=yr in the east to 25 mm=yr in the
west (Şengör et al., 2005; Kozaci et al., 2007). We use a slip
rate of 22� 3 mm=yr and the default coupled width of
12:5� 2:5 km, similar to values found geodetically (Reilin-
ger et al., 2006; Hussain et al., 2016), in order to calculate the
seismic moment buildup. We remove the 1999 Mw 7.6 İzmit
earthquake and aftershocks from our catalog, and we are left
with 82 earthquakes above the cutoff magnitude (found to be
Mw 4.5). We compare the results with historical data from the
past 2300 years, considered complete toMw ≥7:4 by the cata-
log compilers (Bohnhoff et al., 2016).

The model yields Mmax of 8:0� 0:3 with a recurrence
time of 275 years; the lower estimate is 135 years, and the
upper estimate is 650 years. The maximum historical earth-
quake with a reliable magnitude was Mw 7.8 in 1939.
Previous estimates of Mmax are in the Mw 7.9–8.1 range
(Bohnhoff et al., 2016). Estimates of interevent times for pa-
leoseismic earthquakes vary widely; some estimate 210–280
years (Klinger et al., 2003), while others estimate 200–900
years (Hartleb et al., 2006). There seems to have been a clus-
ter of earthquakesMw >6:7 in the past century, and there are
suggestions of similar sequences in the seventeenth to eigh-
teenth centuries and tenth to twelfth centuries (Hartleb et al.,

2006). This variable rate can be seen in Figure 5 and shows
both the paleoseismic record over the past 2300 years and the
record for the past 100 years (Bohnhoff et al., 2016). The
record in the past 100 years is probably higher than average
due to clustering, although it is also possible that the record
over the past 2300 years may be lower due to missing events;
events become harder to detect as we go further back in time,
when the magnitude is harder to estimate. For example, there
were apparently only 5 earthquakes >7:5 recorded between
300 B.C. and A.D. 1000, but then 17 from 1000 to present,
with at least 3 for every 200 years, compared to periods of
more than 200 years with noMw >7:5 earthquakes that were
recorded further back in time. Bearing in mind the high tem-
poral variability in the paleoseismic record and potential for
incompleteness, our model does not disagree with these data.

Main Himalayan Thrust

The Main Himalayan thrust is an ∼2000-km-long
continental thrust fault along which the Indian plate is thrust
beneath the Himalaya. It has produced large earthquakes in
the past and poses a large threat to densely populated areas.
We use a moment buildup rate of 15:1� 1 × 1019 N·m=yr
(Stevens and Avouac, 2015) and allow 33% of the moment to
be released nonseismically (by afterslip), following Stevens
and Avouac (2016). We take into account earthquakes that
occur up to 150 km north perpendicular to the surface trace
of the Main Frontal thrust, and we have excluded the 25
April 2015 Gorkha earthquake and its aftershocks. Figure 6
shows the results and a comparison with the historical and
paleoseismic record for the past 1000 years, summarized by
Stevens and Avouac (2016).

We get a meanMmax of 9 and an uncertainty of 0.2. The
mean recurrence time would be 1200 years, with a variation
from 550 to 2700 years (Fig. 6). This finding is consistent
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with the reporting of large paleoseismic events of magnitudes
potentially up to Mw 9 (e.g., Upreti et al., 2000; Lavé et al.,
2005; Kumar et al., 2010). Our method yields a 66% chance
that Mmax has to be overMw 8.7 (the largest historical earth-
quake) and about a 95% chance that it has to be more than
Mw 8.5 and less than Mw 9.5. For comparison, Stevens and
Avouac (2016), who carried out a similar analysis with the
addition of historical and paleoseismic data, assess there to
be a 66% chance that Mmax has to be 9 or over, higher than
Mw 8.7 here. Uncertainties in the b-value lead to uncertain-
ties that will be larger as the predicted Mmax becomes larger,
because this means that the data have to be extrapolated fur-
ther. The extrapolation processes from historical and paleo-
seismic earthquakes suffer less from b-value uncertainties,
but the uncertainty in the rates then becomes much higher.

Japan Trench

The Japan trench, located off of the northeast coast of
Japan, is a fast-converging plate boundary, where the Pacific
subducts beneath the Okhotsk plate. The subduction zone pro-
duces frequent large earthquakes of Mw ∼ 7:5, as well as in-
frequent giant earthquakes, such as the 11 March 2011 Mw 9
Tohoku-Oki earthquake (e.g., Hashimoto et al., 2009; Ozawa
et al., 2011). We use a mean slip rate of 80� 8 mm=yr
(Loveless andMeade, 2010), an average dip of 13°, and a seis-
mogenic depth of 35� 5 km (Zhan et al., 2012) to calculate
the moment buildup rate. We select instrumental earthquakes
on the down-dip side, within 250 km of the fault trace (about
50 km longer than the distance used for the moment calcula-
tion). We only use the catalog before the Tohoku-Oki Mw 9
earthquake, as this completely contaminates the catalog with
aftershocks. We also remove the Mw 8.3 Hokkaido event of
2003 and its aftershocks. With a dip of 13° and seismogenic
depth of 35� 5 km, the interface is coupled to within about
200 km of the trench, which agrees with the limits of the after-
shock distribution after the Tohoku-Oki earthquake (Shino-

hara et al., 2013). As with other subduction zones, we
initially take the coupled fraction to be 45%. We show the
results and a comparison with the historical record dating back
to 1850 (Usami, 2002) in Figure 7.

Our mean Mmax is 9.3 with 1-σ error of 0.3. The mean
repeat time is 520 years, with a lower bound of 220 years and
upper bound of 1200 years. The largest earthquake of which
we are aware that took place in this location is the 2011Mw 9
Tohoku-Oki event, so here we have a high lower bound for
Mmax. Previous estimates for Mmax varied from 9 (McCaf-
frey, 2008, using scaling relations and fault segment lengths)
to 10 (if confidence limits are high) (Zöller et al., 2014, using
the tapered GR distribution, but not conservation of mo-
ment). Using the theory of extreme values, Pisarenko et al.
(2010) found the absoluteMmax to be 9:57� 0:86 for Japan.
With the model and assumptions here, there is a 30% chance
that Mw ≤9 could be Mmax, but almost zero chance that it
would be as large as Mw 10.

Previous estimates of recurrence times based on either
conservation of moment suggested for the largest events
are 532 years (McCaffrey, 2008), 260–280 years (Uchida
and Matsuzawa, 2011), 300–400 years (based on the histori-
cal record) (Kagan and Jackson, 2013), and 600 years for the
Tohoku-Oku area (Satake, 2015). The last agreed upon event
that had a magnitude similar to Tohoku-Oki is the A.D. 896
event (Minoura et al., 2001), identified by tsunami deposits.
At least two more large tsunami deposits have been found in
this area in the past 3000 years, suggesting a recurrence time
of around 1000 years. Others, however, have suggested that
other past earthquakes were also as large as Tohoku-Oki; one
example is the 1611 Keicho earthquake. In the Kuril trench
just northeast of Japan, with a similar tectonic setting,
tsunami-causing earthquakes have occurred in the past
2000–7000 years, with a rough recurrence time of 500 years
(Nanayama et al., 2003). However, some recordings of tsu-
namis may come from far-field events such as earthquakes in
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Chile (Ishimura and Miyauchi, 2015). These paleoseismic
data do not disagree with the Mmax of 9.3 and repeat time
of 520 years for the entire Japan trench. The modeled catalog
agrees quite well with the historical record, where recurrence
times are 3 years for Mw >7 and 40 years for Mw >8. Ac-
cording to the results obtained using the model, recurrence
times would be 4 years forMw >7 and 40 years forMw >8.

The ability of earthquake rates to change drastically can
be seen by comparing the average instrumental catalog before
the 2011 earthquake to the average catalog including the 2011
earthquake and its aftershock. These two lines can be seen in
Figure 7. Including the full catalog, we have a repeat time for
earthquakes Mw >8 of 10 years, as opposed to 40 years be-
forehand, and on average 250 earthquakes Mw >5 per year
compared to only 20 beforehand. This shows that the instru-
mental catalog we have could be a lot lower than the average if
there were no large events included, which is quite likely.

Coupling is the largest unknown here, with variations
along the Japan trench falling between close to 0% and
80% (Uchida and Matsuzawa, 2011; Loveless and Meade,
2015). The average coupling is somewhere in between.
We initially assumed an average coupling of 45%. This un-
known fraction of seismic buildup is a greater problem for
subduction zones, which have very variable coupling, than it
is for continental strike-slip faults where the coupling is gen-
erally much higher and more consistent along the strike
(although there are some variations). If instead of fixing
the fraction of coupling, we fix the largest magnitude at
Mw 9, we could potentially work out the amount of aseismic
release that would correspond to this. We initially assumed
that coupling was on average 45%, but we would need a
coupling of 30% for a magnitude of 9 to be the average
maximum magnitude, which would give a repeat time of
400 years.

Sumatra–Andaman Trench

The Sumatra–Andaman megathrust extends between
10° S and 15° N, where the Indo-Australian plate subducts
beneath the Sunda plate. We use a mean slip rate of
50� 10 mm=yr (Sieh and Natawidjaja, 2000; Chlieh et al.,
2008), an average dip of 13°, and a seismogenic depth of
45� 5 km (Chlieh et al., 2008). We select instrumental
earthquakes on the down-dip side, within 250 km of the fault
trace (about 75 km longer than the distance used for the mo-
ment calculation). We only use the catalog before the 2004
Sumatra–Andaman earthquake, as after this the catalog is
contaminated with many aftershocks. We also remove the
Mw 7.9 event of 2000 and its aftershocks. We initially take
the coupling fraction to be 45%. We show the results in
Figure 8 and a comparison with the historical record since
1797 (Chlieh et al., 2008, and references within).

Our mean Mmax is 9.0 with 1-σ error of 0.3. The mean
repeat time is 200 years, with a lower bound of 80 years and
upper bound of 450 years. The largest earthquake to have
occurred on the trench is the recent 2004 Mw 9.1–9.2 event
(Lay et al., 2005; Chlieh et al., 2007), so as is the case with
the Japan trench, we have a high lower bound for Mmax. Our
model has a mean maximum earthquake that is slightly lower
in magnitude than the largest earthquake here. One reason for
this could be that our simplified model of moment buildup
has large errors, and we do not know the coupling well; how-
ever, our estimate of 45% lies somewhere in the middle of the
values Chlieh et al. (2008) found from paleogeodetic and
geodetic data. They used a value of rigidity of 64 GPa,
whereas we used 50 GPa. They calculate the moment
buildup to be 4–6 × 1020 N·m=yr over 8° of latitude
(2° N–6° S), about a third of the area we studied (10° S and
15° N), over which we have an average moment buildup rate
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of only 5 × 1020 N·m=yr. If we were to double the moment
buildup by increasing the rigidity and fraction coupled, this
would increase the modeled mean maximum magnitude to
Mw 9.5. In the rupture area of the 2004 event, previously
known earthquakes had reached only up to Mw 7.9 in size
(Bilham et al., 2005).

Cascadia Subduction Zone

The Cascadia subduction zone (CSZ), from northern
California to Vancouver Island, is a convergent plate boun-
dary that is known for its recent quiescence, as well as its
tremor and slow slip (e.g., Schwartz and Rokosky, 2007;
Kao et al., 2010; Wech and Bartlow, 2014). The largest re-
corded earthquake in instrumental records is the 1992
Mw 7.1 Cape Mendocino event (Oppenheimer et al.,
1993); there are very few other earthquakes here on record
that were even medium-sized. In our analysis, we use a con-
vergence rate of 40� 5 mm=yr (Wilson, 1993; Wech and
Creager, 2011) and a dip of 10° (Savage et al., 1991; Rong
et al., 2014). The vertical extent of the seismogenic zone has
been debated, from 15 km (Dragert et al., 1994) to 20–30 km
(Williams et al., 2011; Hyndman, 2013; Rong et al., 2014);
here we take a value of 25� 10 km, giving an average seis-
mogenic width of 125–150 km. We select instrumental earth-
quakes on the down-dip side, and as with other subduction
zones, we take the coupled fraction to be 45%.

Because of the remarkably quiet seismic activity in view
of the relatively rapid rate of accumulation of moment defi-
cit, our analysis implies vary large infrequent earthquakes
(Fig. 9). This inference is consistent with the evidence that
this subduction zone generated giant tsunamigenic earth-
quakes in the past, the most recent being an Mw ∼ 9 event

in A.D. 1700; this earthquake had a magnitude of roughly
9 (Satake et al., 2003). However, our model yields an
implausible maximum magnitude Mmax of 10.8 with a mean
repeat time of about 700,000 years. The physical Mmax for
the CSZ, with a length of roughly 1000 km, rupture width of
up to 125 km, and a slip of 20 m (from standard scaling laws;
Schwartz and Coppersmith, 1984) would be Mw 9.3. The
analysis presented here is insufficient to identify the cause
for this result. This example shows that the method we pro-
pose can yield unreliable results in subduction zones with
very low seismicity and complex behavior. The turbidite
record from the past 10,000 yrs potentially suggests a super-
cycle with clustering of several great earthquakes close in
time to each other, separated by unusually long gaps of few
to no earthquakes (Goldfinger et al., 2012). A more sophis-
ticated analysis is warranted to explore the implications for
the moment budget of slow-slip events, variations of cou-
pling with space and time (Bruhat and Segall, 2016), and
possible anelastic deformation of the fore-arc. This analysis
should also look into the in-depth characteristics of the seis-
micity and their implications for our analysis (e.g., the pro-
ductivity of aftershocks, a b-value that changes during the
seismic cycle, etc.).

Boconó Fault

This fault is a right-lateral strike-slip fault that stretches
roughly 500 km from the Colombian–Venezuelan border in
the southwest to the Caribbean coast in the northeast,
through the Venezuelan Andes. Rates of 5–9 mm=yr have
been suggested for this fault (Schubert and Sifontes, 1970;
Audemard et al., 1999; Audemard, 2005), taking up most
of the 10 mm=yr full plate motion. We take a rate of
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7� 2 mm=yr. Here, we select earthquakes within 20 km of
the fault trace to allow for larger errors in the location of the
fault trace and earthquake epicenters. Microseismicity has
been found mainly between 0 and 15 km depth (Pérez et al.,
1997), with some microseismicity in the lower crust (Aude-
mard et al., 2008). We take the default coupled width
of 12:5� 2:5 km.

We find that the mean Mmax is 7:3� 0:3 (see Fig. 10).
The mean recurrence time would be 160 years, with an upper
bound of 360 years and a lower bound of 70 years. In more
recent times, the largest earthquakes have been one of
Mw 5.5 in 1975 and one of Mw 5.6 in 1977. However, his-
torical earthquakes in 1610 and 1894 may have had magni-
tudes of 7.1–7.3; evidence of this has been found during
trench excavations in the southern section (Audemard,
1997), with a suggested recurrence time of about 300 years
in this area. In the central section, at least 15 earthquakes of
Mw >7 have been found during the past 20,000 years, likely
with quite a few missing (Audemard et al., 2008). Recur-
rence intervals were found to be variable, from 400 years
up to 1800 years. An event in 1812 caused a lot of damage,
devastating the town of Mérida; it was felt as far away as
Caracas, with the Boconó fault a possible source (Altez,
2005; Audemard et al., 2008), though this has not been con-
firmed. From scaling relations of fault length,Mmax has been
suggested to be between 7.2 and 7.9 (Schubert, 1982).

Altyn Tagh Fault

The Altyn Tagh is a large left-lateral strike-slip fault bor-
dering the northwest side of the Tibetan plateau. There have
been no large earthquakes recorded instrumentally, though the
fault has an offset of about 475 km since around 25 Ma, and
there is evidence of large ruptures in the past (Washburn et al.,
2003). Slip rates on the Altyn Tagh are roughly 10 mm=yr

(Elliott et al., 2008; Cowgill et al., 2009), and we use our
default coupled depth of 12:5� 2:5 km, consistent with
estimates of the locking depth here (Elliott et al., 2008).

We find the mean Mmax of 8� 0:3, with a recurrence
time of 900 years, up to 2000 years and down to 400 years
(see Fig. 11). There is evidence for two or three events in the
central section of the Atyn Tagh during the past 2000 years,
with a magnitude of roughly between 7 and 7.8 (Washburn
et al., 2003). This is consistent with our model.

Dead Sea Transform

The Dead Sea Transform (DST) is a 1000-km-long
continental left-lateral north–south-trending, strike-slip fault.
It has a long, yet incomplete, historical record and some
paleoseismic data. The DST has an average slip rate of about
5 mm=yr (Garfunkel et al., 1981; Klinger et al., 2000; Wdo-
winski et al., 2004; Reilinger et al., 2006; Le Beon et al.,
2008) and a locking depth of about 12–14 km (Salamon et al.,
2003; Le Beon et al., 2008).

We find thatMmax is 7:8� 0:3, with a recurrence time of
1000 years, a lower estimate of 450 years, and a higher
estimate of 2400 years (see Fig. 12). The largest earthquake
recorded was one of a potential magnitude of 7.8 in A.D. 1157
(Ambraseys and Jackson, 1998). More recently, the largest
event has been one of a magnitude 7.3 event in 1995 in
the Gulf of Aqaba. Other estimates of Mmax suggest up to
Mw 7.8 in the southern section (Klinger et al., 2015) and
up to 7.4–7.7 in the Dead Sea basin region (Begin et al.,
2005). It has been noted that the seismicity on the DST
has been very low this past century with the seismic moment
release less than 40% of that expected (Salamon et al., 2003),
and 86% of that value coming from one earthquake, the
Mw 7.3 Gulf of Aqaba event. Seismicity has also been low
for the past 830 years (Meghraoui, 2014), with periods of
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quiescence that have been interspersed with higher rates
(Marco and Agnon, 1995; Klinger et al., 2015). In the Araba
Valley segment (160 km of the almost 1000-km DST length),
there have been at least four events of Mw >7 in the past
1000 years (Klinger et al., 2000), giving a recurrence time
of roughly 250 years. Our model suggests an Mw >7 should
occur roughly once every 115 years; however, our model is for
the entire length of the DST, whereas the Araba Valley seg-
ment covers only around one-fifth of the fault. The paleoseis-
mic data do not disagree with our model, though the
earthquake rate seems quite variable through time (Daëron
et al., 2007).

Kunlun Fault

The Kunlun fault is a large strike-slip fault in northern
Tibet. It slips at a fairly constant rate of 11:7� 1:5 mm=yr

(Van Der Woerd et al., 2002), and we use the default locking
depth of 12:5� 2:5 km.

We find that Mmax is 8� 0:3 with a recurrence time of
1000 years, with a lower bound of 450 years and an upper
bound of 2000 years (see Fig. 13). The largest earthquake we
know of on the Kunlun fault happened recently, in 2001
(Mw 7.8), with a 450-km-long rupture. There have not been
paleoseismic studies. From minimum terrace offsets and the
average slip rate, Van Der Woerd et al. (2002) suggested that
earthquakes of around Mw 8 could occur on this fault once
every 800–1000 years. The model here is consistent with that
idea.

Uncertainties and Discussion

We have shown that our model predicts the average
seismic catalog well in cases where we have historical data.
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In these places, either the historical catalog is complete, or
we have not yet seen Mmax. Errors in the historical catalog
are hard to measure and quantify, and they become more pro-
nounced as we look further back in time. Earthquake mag-
nitudes are hard to measure accurately from shaking reports
and scaling laws. Even if the magnitudes are well known, the
recurrence times may not be, as they are variable and many
data points have to be found to get a reliable probability den-
sity function (Parsons, 2002). Mmax has the longest recur-
rence time, so this is the most likely to be missed in the
historical record.

In this study, we estimatedMmax (the absolute maximum
magnitude earthquake); however, there are other parameters

commonly investigated while studying the earthquakes of
largest magnitudes. These include the probable maximum
magnitude within a certain time frame T (mp�T�) and the
corner magnitude (mc) of a tapered GR distribution. In global
studies, Bird and Kagan (2004) found the mc of continental
strike-slip faults to be 8:01�0:47

−0:21 and for subduction zones
9:58�0:48

−0:46 . Other estimates for subduction zones include
mc � 9 − 9:7 (Kagan and Jackson, 2013) and mp�T� ≥ 9,
in which T � 10;000 yrs (Rong et al., 2014).

The main advantage of our method is that it can be used
in areas with no historical data. It also does not require
artificial segmentation, it requires no prior knowledge of
parameters, and the process of accounting for uncertainties

N
eq

(M
 >

 M
w

) 
pe

r 
ye

ar
10-4

10-3

10-2

10-1

10 0

10 1

10 2

66%
33%
15%

Magnitude, M
w

4 5 6 7 8 9

Longitude E°
34 36 3832

36

28

La
tit

ud
e 

N
°

32

34

30

M = 7.8±0.3
TR = 1000+1400

-550

Figure 12. Results of the model for the Dead Sea Transform. The color version of this figure is available only in the electronic edition.

La
tit

ud
e 

N
°

Magnitude, M
w

4 5 6 7 8 9

66%
33%
15%

N
eq

(M
 >

 M
w

) 
pe

r 
ye

ar

10-4

10-3

10-2

10-1

10 0

10 1

10 2

Longitude E°

M = 8.0±0.3
TR = 1000+1000

-550

Figure 13. Results of the model for the Kunlun Fault. The color version of this figure is available only in the electronic edition.

Determination of Mmax from Background Seismicity and Moment Conservation 2591



is relatively simple. There is a trade-off in the model between
errors in the b-value and uncertainties in the average fre-
quency of earthquakes. Smaller earthquakes are more likely
to be accurate in terms of frequency, but because they are far
from Mmax, projecting using the b-value from here causes
larger uncertainties. For larger earthquakes, the frequency
is less well known, though uncertainty in the b-value will
introduce fewer errors because it does not have to project
so far. If the b-value is increased, the estimated Mmax also
increases, with a change of b-value from 0.9 to 1.1. This
increases the Mmax value by roughly 1–1.5, as shown in
Figure 14.

One disadvantage of this model is that it assumes that the
seismicity follows the GR law up toMmax, which might not be
applicable everywhere. It is possible to change this, though it
would involve more parameters. These parameters might not
be known well, especially in places with no historical data.
Uncertainties in the b-value lead to large uncertainties in
the results, especially for larger earthquakes. Choosing which
earthquakes are on the fault itself, as well as the moment
buildup rate on the fault, might be difficult (though other
methods also suffer from this problem, and data will surely
get better in the future, especially as more Global Positioning
System stations are introduced). Another disadvantage of our
technique is that it cannot incorporate historical data recur-
rence times, as they are often not on the same trend as the
instrumental data. However, the historical data can be used
to validate the model, though perhaps these data are not as
accurate as those with smaller magnitudes.

Afterslip is another unknown in the model, and we have
just assigned 0%–20% in all cases. For continental earth-
quakes, this can be small (e.g., <10% for the Gorkha earth-
quake) but is sometimes very significant (≈56% for the
Kashmir earthquake; Jouanne et al., 2011). Afterslip also
varies in subduction zones; it can be as low as 20%–30%

after the Mw 8.8 Chile event (Lin et al., 2013) or as high
as 50%–70% for the Peruvian trench (Perfettini et al., 2010).

Conclusion

The estimates presented here are based on crude as-
sumptions and can be revised with improved constraints
on the model parameters (such as interseismic coupling or
better local seismicity catalogs). Where others have esti-
mated Mmax or there are paleoseismic data, our results gen-
erally agree with expected values. For areas without the
historical data, fewer people have attempted to find Mmax.
For these faults in particular, our model highlights the seis-
mic risk where no large earthquakes have occurred in the
recent past. These areas are particularly vulnerable, as the
earthquake hazard perception and preparedness is low.
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search/ (last accessed September 2016). All other data used
in this article came from published sources that are listed in
the references.
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Appendix

The maximum earthquake needed, and its return period,
is that which balances the seismic moment buildup rate _M∘b
with the average seismic moment release rate _M∘r of all
earthquakes up to and including the maximum earthquake
sizeMmax. The moment buildup rate can be found as follows:

EQ-TARGET;temp:intralink-;dfa1;313;133

_M∘b � μLW �u; �A1�
in which L is the length of the fault, W is the coupled width
of the fault (coupled depth multiplied by sin�d�, d is the dip
of the fault), μ is the rigidity, and �u is the average slip rate.
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To find the average seismic moment release rate of
earthquakes, we assume the Gutenberg–Richter (GR) law
and a standard conversion law between magnitude and seis-
mic moment. The GR law (Gutenberg and Richter, 1944)
states the following:

EQ-TARGET;temp:intralink-;dfa2;55;673 log10 N�M > Mw� � a − bMw; �A2�
in which N�M > Mw� is the number of earthquakes above
Mw, a is the y-axis intercept and can be thought of as the
productivity, and b is the slope of the line. Rearranging this
equation, we get the following:

EQ-TARGET;temp:intralink-;dfa3;55;596N�M > Mw� � 10�a−bMw� �A3�
and so

EQ-TARGET;temp:intralink-;dfa4;55;554N�0 < M < Mw� � 10a − 10�a−bMw�; �A4�
now N�0 < M < Mw� is the number of earthquakes below
Mw and above a magnitude of zero. The conversion between
magnitude Mw and seismic moment M∘ in N·m used is

EQ-TARGET;temp:intralink-;dfa5;55;487M∘ � 10αMw�β; �A5�
in which α � 3=2 and β � 9.

The total moment release can be found by integrating
the number of earthquakes and associated moment release
up to the maximum-sized earthquake Mmax:

EQ-TARGET;temp:intralink-;dfa6;313;733M∘r �
Z

Mmax

−∞
M∘�M′

w�N�M′

w�dM′

w: �A6�

We then get

EQ-TARGET;temp:intralink-;dfa7;313;687a � log10
M∘r

10α−bM − 1
− β − log10 b − log10 3 − bM: �A7�

The average seismic moment release rate is found
by averaging over the return period associated with the
maximum-sized earthquake.

EQ-TARGET;temp:intralink-;dfa8;313;596N � log10
_M∘r

10α−bM − 1
− β − log10 b − log10 3 − bM;

�A8�
in which N is the frequency of earthquakes. The value of
Mmax can be found by equating _M∘b and _M∘r.
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