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INTRODUCTION

Understanding the relation besween the recurrence of large
and small earthquakes is a formidable challenge, because
multiple dasa sets with pootly known uncertainties are com-
bined to explore phenomena thar may vary from place to
place and whose underlying physics are unknown. This prob-
lem often arises in attempts to assess the recurrence inrervals
of large earthquakes, which are important for earthquake
physics, tectonics, and seismic hazard analysis. For example,
we often seel to infer the sizes and rares of furure large earth-
quakes from an earthquake record conmining seismological,
geological, and cultural records. This process, however, is far
from straightforward and is prone to a varieey of biases chat
can male the apparent rates and sizes of the largest earth-
quakes appear different from their true long-term values.

In general, earthquake recurrences approximarely follow
a log-linear, b-value, or Gutenberg-Richrer relation, log N =
a— bM, with 6 -1, such that the logarithm of the annual
number (N} of earthquakes above a given magnitude (M)
decreases linearly with magnitude (Gutenberg and Richter,
1944). The rates of large earthquakes, however, whose size is
presumably limited, shows interesting deviations, as reviewed
by Main (1996). Large darta sets derived from seismological
dara, such as the global or intracontinental data shown in Fig-
ure 1 {upper panels), show that the largest earthquakes occur
less frequently than expected from the rates of smaller ones.
This is generally aczributed to the effects of finite fault dimen-
sions (e,g, Okal and Romanowicz, 1994), although other
interpretations have been made {Main, 2000). In contrast,
studies of specific areas, which commonly address the short
history of seismological observations by combining seismo-
logical data for smaller earthquakes with paleoseismic data ot
geologic inferences for larger earthquakes, sometimes infer
that large earthquakes occur more commonly than expecred
from the log-linear frequency-magnirude relarion observed
for smaller earthquakes (Figure 1, lower left).

Whether this effect is real or apparent in any given region
is an interesting question (Kagan, 1993). In one view, the larg-

est earthquakes, rermed characeeristic carthqualkes in this
interpresation, are in fact more frequent than expected from
the small earthquales (Schwarwz and Coppersmith, 1984). As
shown in Figure 1 (lower left), paleoseismic seudies for the
Wasarch Faule infer that earthquakes with M 2 7 recur every
400-600 years, whereas a log-linear frequency-magnitude
relation derived from the short instzumenral history predices a
recurrence interval grearer than 1,000 years. (In discussing
such combinations, we use the term “history” for the period of
instrumental data, and “record” for the total period of instru-
mental, historical (culeural}, and paleoseismic dara. These are
the same for synthetic earthquake histories {or records].) Such
behavior can be formulated as an alternative to the Guien-
berg-Richeer relation (Youngs and Coppersmith, 1985; Main,
2000). According to this inrerpretation, the characteristic
earthquake magnitudes are controlled by the lengths of the
faults on which they occur (Wesnousky et al, 1983; Stirling er
al, 1996). This assumption is often made in seismic hazard
studies, typically leading w0 a predicred haza:d higher than
predicted assuming 2 Gurenberg-Richier distribution.
Alternatively, the difference in the inferred recurrence
times of the largest earthquakes might be an artifact. Appar-
ent differences mighr arise in several possible ways, or a com-
bination thereof. One situation (Figure 2, left) mighr arise as
a result of a time-sampling bias in areas where the length of
the earthquake record under consideration is comparable to
the mean recurrence time of large earthquakes predicred by a
Gurenberg-Richter distribution. Apparent  characreristic
earthquakes can occur if seismicity follows a log-linear fre-
quency-magnitude relarion with earthquake recurrence inter-
vals distributed about the mean for that magnitude range,
because sampling bias makes those with shorter intervals
more likely to be observed than those with longer ones (frac-
tions of earthquakes cannot be observed). The shors record
can also cause large earthquakes (which we term “uncharac-
teristic”) to appear less frequently than expected from the
small earthquakes. Such an effect has been inferred for the
Upper Rhine graben by comparison of the recurrence times
inferred from historic and paleoseismic dara (Figure 1, lower
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A Figure 1. Frequency-magnitude plots for various sets of earthquake data Upper feft Global dala for 19681987 (Stein and Wysession, 2003) Upper right
Continentat intraplate data for 1978~1994 (open circies) and 1900-1994 (solid triangles) (Triep and Sykes, 1997) The largest earthquakes are less frequent
than expected from the smaller ones. Lower feft: Seismological (dots) and paleossismic (box) data for the Wasateh Fault (Youngs and Coppersmith, 1985),
showing large earthguakes to be more common than expected from ihe small ones Lower right. Historical and paleoseismic data for the greater Basel {Swit-
zerland) area (Meghraoui gf af, 2001) The paleoseismic data imply that large earthquakes occur at a lower rate than predicted from smaller ones
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A Figure 2. Possible effects causing apparent deviations from a lag-linear frequency-magnitude relation Lef: Sampling bias due lo @ short earthguake
record makes the largest earthquakes seem more ommon (characteristic, dark circles) or less commen (urcharacteristic, light circles) than their iong-term
averages Center. Apparent characteristic earthquakes occur if paleoseismic data yield overestimates of magnitudes Apparent uncharacteristic earthquakes
oecur if paleosaismic data yisld overestimates of recurrerce intervals Right. if recurrence intervals are estimaled indirectly by dividing the expecled moment
in large earthquakes by that assumed to occur annually over a long time, apparent characteristic earthquakes oceur if the size of the largest earthquakes Is
underestimated, the long-term slip rate and hence morment release rafe is overestimated, or some release ocours aseismically.
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right). Similarly, large earchquakes can be absent from an
earthquake record composed of small earthquakes, simply
because none occurred in the short time sampled. In these sit-
uations the magnitude of the largest observed earthquakes are
correctly known, but the deviation of their recurrence inter-
val from that predicted by a Gurenberg-Richrer distribution
is due o sampling bias.

A second possibility (Figure 2, center) is suggested by the
facr thar chamcreristic earthquakes are often inferred because
the recurrence times inferred from paleoseismic data are dis-
cordant with those expected from instrumental or historical
daza. This siruation suggests that the apparent difference may
result from uncerwminties in estimating the magnitude and
recurrence intervals of the largest earthquakes directly from
paleoseismic data. If the uncerrainties are greater chan
assumed, then the largest earthquakes mighe not in fact be
more frequent than predicted by the b-value line, especially
given the uncertainties in estirating the s-value line from the
seismological record of seismicity. Apparent characreristic
earthquakes could occur due to miscalibrasion of paleoseis-
mic daga, such that the inferred paleoearthquake magnirudes
were overestimated. Conversely, apparent uncharacteristic
earthquakes could occur if some paleoearthqualkes in a series
were not identified, causing the mean recuirence time 7, 1o
be overestimated.

A third possibility arises when the mean recurrence times
of the largest earthquakes are inferred indirectly by dividing
My, the expected moment release in characteristic earth-
quakes, by M ¥, the expected annual moment release rate on
a fault averaged over a long time interval (Wesnousky, 1994).
This approach is used primarily in plate-boundary zones,
when long-term slip rates on faults can be inferred from geo-
logical data or plate motion arguments. Apparent characreris-
tic earthquakes mighe result if the sizes of the largest events
are underestimated, as proposed by Kagan (1996} bur dis-
counted by Wesnousky (1996). A similar sicuarion might
arise if the long-term fault slip rate and hence moment-
release rate were overestimared or some occurred aseismicaily,
implying T, too short (Figure 2, right}.

Our interest in these issues derives from the New Madrid
seismic zone, where the length of the earthquale record is
comparable to the expected recurrence times of the largest

earthquakes. Hence we focus on the first possibility, effects of

a shorr earthquake record. However, because multiple effects
may be involved, we also explore the second possibility by
considering some potential biases due to uncerainties in
directly estimating magnitudes and recurrence times from
paleoseismic data. We do not address the third possibility,
which does nort arise in the intaplate New Madrid sicuation.

We explote these issues via simple simulations to see
under whar conditions characteristic, uncharacteristic, or
missing large earthquakes might result from shorr earthquake
records. These simulations extend a previous analysis of devi-
ations of the largest earchquakes in an area from a log-linear
frequency-magnitude relation. Howell (1985) illustrated this
effect by dividing an earthquake population thar followed a

Gurenberg-Richter distribution into subsets. Because the
numbers of large earthquakes in individual subsers were
small, frequency-magnicade relacions for the subsers had con-
siderable scatter, with the largest earthquakes appearing in
some cases mote and in other cases less frequenc than for the
total population. Thus the frequency-magnitude slope (&
value) was reasonably well estimated from the smaller earth-
quakes, but not the largest ones. Qur simulations explote not
only the scatter of recurrence estimates, but also the tendency
of these estimates to be biased toward recurrence times longer
or shorter than their mean value.

RECURRENCE VARIABILITY

The challenge in understanding earthquake recurrence is o
interprec an observed earthquake record. Following a com-
mon approach in earthquake recusrence and probabilicy
studies, we view the observed record as a series of samples
from a parent distribution of earchquake recurrence intervals,
Ideally, the longer the record of observatons, the more
insight we would have into the parent distribution. Unfortu-
nately, given che relatively short earthquake records available,
we know surprisingly lictle about earthquake recurrence. In
particular, as discussed later, we do not know whether vari-
ability in recusrence intervals, which we trear as random, in
fact reflects underlying deterministic factots.

In this probabilistic view, how likely characteristic,
uncharacteristic, and missing earthquakes are to occur as a
result of short earthquake records depends on the frequency-
magnitude relations that desceibe the mean recurrence inter-
vals for large earthquakes and the distribution of recurrence
times ¢hat describes the variabilicy abour the mean. Because
we know little abour either of these factors, we do not know
whether such earthquakes reflect real or apparent deviations
from a Gurtenberg-Richter distribution.

Our numerical simulations used a Gurenberg-Richter dis-
uribusion racher than other possible frequency-magnitude rela-
tions (Main, 1996). This choice was both for simplicity and
because our goal was to see how apparent deviations from the
log-linear frequency-magnitude relation, which characterizes
the recurrence of small earthquakes, might result from short
sampling. Thus we did not incorporate a possible decrease in
earthquake frequency for the largest earchquakes (Figure 1).

To describe the variability in recurrence times, we used
Gaussian disuibutions about the mean value predicred by a
Gutenberg-Richter distribution, which were truncared to
avoid negative recurrence times. A compilarion of recurrence
times for the largest earthquakes on different fanits shows a
range of the ratio of the standard deviation to the mean
(6/T,) of approximately 0.1-0.4 (Nishenko and Buland,
1987). This study finds that the variability can be character-
ized better by assuming that the ratio of recurrence times to
their mean is log-normally distributed. Most earthquake
sequences used in that study are short, however, typically rwo
to four recurrences. It appears that the variability in short
sequences may not fully reflect the true variabilicy.

172 Seismological Research Letters  Volume 75, Number 2 March/April 2004



Pailett Creek

2000 T r
e 1 Gaussian
m— : . 5-o87,
I l‘ l:_oq_—_mz_rlm_gl
1500 S 1 S=02T,,
=) ! !
S, e ‘
2 f
a — B
!
1000 [—— - ] 1
1
hs— ! A \
1 4
8GO0 1 - i

0 100 1)
Recurrence (years}

00

400

Date (AD)

A Figure 3. Observed variabilily in recurrance intervals for two long sequences

Figute 3 illustrates this effect with two of the longest
observed earthquake sequences. The upper panels show the
paleoearthquake record ar Pallett Creek, on the segment of
the San Andreas that broke in the 1857 Fort Tejon earth-
quake (Sieh et al, 1989). These dates yield nine recurrence
intervals with 7, = 132 years and ¢ = 105 years, which
implies 6= 0.8 7, This large variability results from the
presence of several clusters of large earthquakes, which
together with the observational uncerrainties makes it diffi-
cult to characterize the sequence and estimate earthquake
probabilities. Hence Sieh er 2/ {1989)’s estimate of the prob-
abilicy of a similar earthquake before 2019 ranged from
7-51%. As shown, overail variability is larger than would be
characterized by a log-normal distzibution with the parame-
ters used by Nisheako and Buland (1987), who divided the
Pallett Creek dara into clusters and found char the less-vari-
able individual clusters were reasonably well described by the
log-normal distribution. A second example, shown in the
lower panels, is the record of large subduction earthquakes in
the A-B segment of the Nankai Trough (Ishibashi, 1981).
These seven intervals have 7, =180 years and ¢ -0.4 T,
Hence 6 -0.4 I or greater seems like a reasonable character-
ization of the variability in recurrence times for long earth-
quake sequences.

SIMULATIONS

We generated synthetic earthquake histories assuming that
the seismicity followed 2 log-linear frequency-magnirude
relation with @ = 4, &= 1. Recurrence times of earthquakes
with M 2 5, 6, and 7 were assumed to be samples of « Gaus-
sian (normal) parent distribution with a standard deviarion of
0.4 rimes the mean recurrence for each of the three magni-
tudes. These sequences starr 1,000 years into the simulations
to ensure that “now” has no special significance. All times
were then normalized by 7, the mean recurrence time in the
Gaussian distriburion for earthquakes with A/ 27, making
the results independent of the £ value.
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Figure 4 shows the results for 10,000 synthetic earth-
quake sequences for each of four lengths: 0.5, 1, 2, and 3
times T, For each sequence, we find the mean recurrence for
carthquakes with M > 5, 6, and 7 by dividing the sequence
lengeh by the number of earthquakes. Flence no recurrence
time is computed if no earthquakes of a given size occur, and
the nominal recurrence time equals the sequence length if
only one occurs.

For each history length (row), the right panel shows the
fraction of sequences in which a given number of M 27
carthquakes accurred. We assume that the frequencies of dif-
ferent simulation outcomes reflect the probabilities that these
would acrually occur. The lefr panel shows the log-linear fre-
quency-magnitude relation and dots marking the “observed”
mean recurrence rates for M 2 5, 6, and 7 events in each
sequence. The cenrer panel shows the parent diseribution of
recurrence times for M 27 that was sampled, and a histo-
gram of the observed mean recurrence times for the
sequences. Apparent characteristic (more frequent than
expected) earthquakes, for which the observed recurrence
time is less than 7, ploc above the lag-linear frequency-mag-
nitude relation in the left panels, and to the left of 1 in the
center panels. Conversely, unchasacreristic (less frequent than
expected) earthquakes plot below the log-linear relation in
the left panels, and right of 1 in the center panels.

For example, the first row shows the results for earth-
quake sequences of length T,,/2. Due to their shorc length,
46% of the sequences consain no earthquakes with M7,
52% have only one, all but one of the remaining 2% have two
carthquakes, and one has three. The mean inferred recurrence
times for sequences with one, two, and three earthquakes are
112, T4 and T,/6. Earthquakes wich mean recuirence
interval greater than or equal to 7, are not observed in a
sequence half that lengeh, because the recurrence interval is
inferred by dividing the history length by the number of
earthquakes. Hence although the parent diseribucion of
recurrence times contains earthquakes with recurrence inter-
vals greater cthan T,,/2, these are nor observed. As a result, all
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A Figure 4. Resulls of numerical simufations of earthquake sequences. Rows show results for sequences of different lengths Lelt panels show the fog-linear
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observed A/ = 7 earthquakes are characreristic. Hence, due o
the shore sampling incerval, in abour half the cases we observe
characteristic earthquakes, whereas in the other half no lasge
earthqualces are observed. These missing earthquakes are the
limiting case of uncharacteristic earthquakes.

In contrast, for M 2 5 and 6, the dots in the left panel are
symmetric about the #-value line, showing thar the observed
recuirences have no bias to shorter or longer intervals. (The
visual bias due to plotting the logarithms is not apparent.)
Any earthquake sequence is equally likely to contain charac-
teristic and uncharacteristic earthquakes, The scarter increases
with earthquake magnitude, because the recurrence of the
more common smaller earthquakes is betrer determined.

The second row shows resules for histories with length
equal to the mean recurrence time for M 27 earthquakes.
Because of the longer series, only 14% contain no earth-
quakes, 69% have one, and 16% have two, so fewer than 1%
have three or more. The most common recurrence times are
the nominal value of T, infesred for only one earthquake,
and 7, /2 inferred from two earthquakes. Hence 17% of the
series have characreristic earthquakes, a similar fraction have
no large earthquakes, and uncharacteristic carthquakes less
common than the mean recurrence still cannot be derected.

The sizuation changes for a history two times 7, Very
few sequences have no M 2 7 carthquakes, and the most com-
mon (38%) number of earthquakes is two, as expected from
the mean recurrence time. Moreover, earthquakes with recur-
rence times greater than 7, can be detecred because sequences
with one earthquake give an inferred recurrence time of 2 7,
Hence the histogram of observed tecurrence times becornes
more symmetrical and closer to the parent disuibution.
Abour 20% of the sequences have characteristic earthquales,
and a similar fraction have uncharacteristic ones, so the bias
roward chasacteristic earthquakes is gone. For an even longer
sequence, 3 7. (bottom row), the observed distribution of
recurrence times looks much like a discrete version of the par-
ent distribution. Characteristic and uncharacreristic earth-
quakes each occur for abour 25% of the sequences.

For even longer histories (Figure 5) the mean recurrence
interval for M 27 earthquakes continues to approach the
mean of the parent distribution. Although characreristic and
uncharacreristic earthquake behavior occur, the mean recur-
rentce times are grouped more closely abourt the parent mean
than is the parent distribution, because the sequence mean is
a random variable whose standard deviation decreases
approximately inversely as the square root of the number of
earthquake recurrences in the history.

Comparing the simulations for different history lengths
ilfustrates a systermaric crend. Histories shorter than or similar
to the mean recurrence time of large earthquakes are biased
roward cither observarions of appaient characteristic earth-
quakes or an absence of large earthquakes. Longer histories
are equally likely to yield characteristic and uncharacreristic
earthquakes, and che deviations from the mean recurrence
time decrease.

These simulations illustrate the difficulty in inferring the
true recurrence time of large earthquakes, especially for a
region that has a shoit earthquake recosd relative o the recur-
rence sime of large earthquakes. The largest observed earth-
quakes are likely ro appear characreristic, although their tue
recurrence interval is much longer. This effect is likely to be
significanz, because we are drawn to examine fault systems
that have records of large and destructive earthquakes. Con-
versely, we may underestimare the size and/or frequency of
the largest earthquakes in a region, because some or all of
these are missing from the short earthquake record. These
effects become less likely for longer earthquake records, but
even in these cases there is a reasonable probability of observ-
ing apparent characteristic or uncharacreristic earthquakes
purely by chance.

EXAMPLES: NEW MADRID AND WABASH
New Madrid

Our interest in the possible effects of short earthquake records
was stimulated by the New Madrid seismic zone (NMSZ) in
the central U.S. Historic and recorded earthquales from the
Nuteli and CERI catalogs for 1804—1974 and 1975~March
2003, http://www.eas.slu.edu/Earthquake_Center and http://
folkworm.cerl.memphis.edu, define the three most active seg-
ments of the NMSZ. These are presumably the subsurface
faults and show a Gurenberg-Richrer distriburion with 2 - 3.2
and & -091. Since much current activity and possibly the
paleoearthquakes occur in a broader region, we consider the
seismicicy within the region 35°-38°N/88°-91°W, which has
similar @ and & values (-3.4 and -0.94) {(Figure 6; Newman er
al, 1999}, Thus, in the NMSZ, we expect earthquakes with
magnitudes greater than 5, 6, or 7 about every 20, 175, and
1,515 years, respectively.

Large earthquakes occurred in 1811 and 1812, with
M, -7 0~74 inferred from intensity reporss (Hough er af,
2000). The frequency and magnitudes of earlier such events
have been inferred from the distribution of paleoliquefaction
features similar to those associated with the 1811-1812
earthquakes. Wesnousky and Leffler (1992) did not find pale-
oliquefaction features comparable to those atuibuted to the
1811-1812 earthquakes, and hence suggested that such large
earthquakes were less common than implied by the instru-
mental and historic seismicity. In contras, later studies found
paleoliquefaction features thar are interpreted as showing thac
earthqualces comparable to or perhaps somewhat smaller than
those In 18111812 occurred in abour 1450150 (M2 6.7)
and 900+ 100 AD (M = 6.9) (Turde, 2001).

Figure 6 (top) shows two different interpretations of the
frequency and magnitudes of the largest NMSZ. earthquakes.
The solid diamond assumes that the paleoearthquakes were
comparable to the 1811-1812 events (treared as one earth-
quake, as they appear paleoseismically), as favored by Turde
(2001). In this case, characteristic earthquakes with M > 7
recur about every 500 years, more frequendy than expected
from the smaller earthquakes. The minimum magnitude esti-
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We thank Emile A. Okal and William H. Bakun for questioningthe New Madrid Seismic
zone(NMSZ) earthquake history shavn in gure 10 (top) in our paper, \Characteristic and
Uncharacteristic Earthquakes as Possible Artifacts: Applications to the New Madrid and
Wabash SeismicZones" (Stein and Newman, 2004). The gure incorporatesa higher level
of seismiciy than actually occurred nearthe NMSZ becauset erroneouslyincludesall data
from Nuttli's certral U.S. catalog (http://www.eas.slu.edu/Earthquak e_Center), rather than
the subsetnearthe NMSZ. A corrected gure is shavn here (Figure 1). This error doesnot
occur in calculationsmade or other gures within the paper.

Temporal Variations of Seismicity

Magnitude

R

Time [year]

Figure 1: Time sequenceof seismiciy for the New Madrid seismiczonewithin the region
35-38 N/88 -91 W, and is a replacemen for gure 10 (top) of Stein and Newman (2004).
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