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INTRODUCTION

A major theme of this volume is the diffi culty in assessing 
seismic hazards within continental plates and formulating effec-
tive mitigation strategies. Two coupled diffi culties make these far 
more diffi cult than at typical plate boundaries. Unlike the situa-
tion at plate boundaries, we have no theoretical basis for predict-
ing deformation rates and hence seismic moment release rates 
within plate interiors. Hence, we can only rely on the known 
seismic history. However, because intraplate deformation is typi-
cally slower (<1 mm/yr) than at most plate boundaries (Dixon 
et al., 1996; Newman et al., 1999; Calais et al., 2005; Bada et al., 
this volume, chapter 16; Camelbeeck et al., this volume, chapter 
14; Leonard et al., this volume, chapter 17), the recurrence times 

for large earthquakes in individual parts of the seismic zone are 
longer . As a result, the historic and instrumental seismic record 
may often give an inaccurate view of the long-term seismicity.

This situation gives rise to a common feature of many seis-
mic hazard maps that predict the maximum shaking expected 
for given probabilities within specifi ed intervals, namely “bull’s-
eyes” of high predicted hazard within a tectonically similar seis-
mic zone. For example, bull’s-eyes (Fig. 1) appear in the predicted 
hazard due to intraplate earthquakes along the passive margin of 
Atlantic Canada and the St. Lawrence valley fault system. How-
ever, because the earthquakes are thought to result from reactiva-
tion of fossil structures primarily by stresses including those due 
to postglacial rebound (Stein et al., 1979, 1989; Mazzotti et al., 
2005), there is no reason to expect parts of these structures to 
be more hazardous than others. This situation can also arise at 
slowly deforming plate boundaries. Hence, although the rate of 
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convergence between the Eurasian and Nubian (west African) 
plates varies smoothly along the coast of North Africa (Argus 
et al., 1989), the predicted hazard from the resulting earthquakes 
shows distinct bull’s-eyes (Fig. 2).

The bull’s-eyes arise because the predicted hazard in these 
maps depends on the earthquake history. The Canadian coastal 
maps refl ect the 1929 M7.3 Grand Banks and 1933 M7.4 
Baffi n  Bay earthquakes (Stein et al., 1979, 1989; Hasegawa 
and Kanamori, 1987; Bent, 1995, 2002), the St. Lawrence map 
refl ects fi ve M6 earthquakes in the Charlevoix area since 1663 
(Bent, 1992; Schulte and Mooney, 2005), and the most impres-
sive North Africa map results from the October 1980 Ms 7.3 
El Asnam earthquake (Nabelek, 1985).

The utility of this approach is unclear, because in these seis-
mic zones, the deformation rate is slow, so the recurrence time for 
large earthquakes anywhere in the seismic zone is comparable to 
the length of the earthquake history. As a result, the spatial and 
temporal earthquake history may be adequate to show that large 
earthquakes occur, but is not a good representation of the long-
term earthquake distribution. So the question is whether to view 
the hazard as highest where recent seismicity is concentrated or 
regard the long-term hazard as essentially uniform within regions 

of similar structure. A case can be made for either model. View-
ing the presently active areas as most hazardous has the advan-
tage of simplicity, in that such areas are easily identifi ed. These 
areas may refl ect stress concentrations within a seismic zone and 
thus may be more active than other parts of the seismic zone, 
even if the other parts have similar structure. Moreover, even if 
the largest earthquakes migrate within a seismic zone, recent 
seismicity may still be the best indicator of activity on a hundred 
year time scale (Kafka, this volume, chapter 3). This is especially 
likely to be the case if the seismicity is dominated by the smaller 
aftershocks of large earthquakes (Ebel et al., 2000), as may be the 
case if intraplate areas have relatively long aftershock sequences 
owing to the slow stress loading rate (Stein and Newman, 2004).

However, this approach based on historical seismicity, tra-
ditionally used in the United States (Frankel et al., 1996) and 
 elsewhere, may lead to an undue focus on the sites of recent 
earthquakes, when other areas are as or more likely to be the sites 
of large future earthquakes. This possibility is suggested by the 
fact that the largest earthquakes to date in North Africa since the 
El Asnam event have not occurred in regions with the highest 
predicted hazard (Fig. 2). Hence, a hazard map may refl ect more 
the date when it was made than the actual hazard.

To reduce this diffi culty, there is increasing interest in also 
using paleoseismic and geological data to predict future earth-
quake locations. For example, Australian paleoseismologists are 
considering the possibility that seismicity migrates with time, 
such that faults that seem aseismic from the earthquake record 
may be the next to generate a damaging earthquake (Clark, 2003; 
Leonard et al., this volume, chapter 17). Australian, Hungarian 
(Toth et al., 2004), and Canadian (Adams et al., 1995; Halchuk 
and Adams, 1999; Atkinson, this volume chapter 21) researchers 
are developing maps in which the hazard estimates also refl ect 
geologic structure, and this results in maps with more diffuse 
hazards (Fig. 3). Although resolving this issue is a formidable 
task and will take extensive research over time, understanding 
it will make it possible to adopt the most cost-effective building 
codes to minimize earthquake damage.

Toward this end, we focus here on a key part of the issue. We 
use simple numerical simulations to assess how long an earth-
quake history is needed from a seismic zone in which earthquakes 
are uniformly distributed to avoid apparent concentrations of 
seismicity, and, conversely, apparent seismic gaps resulting from 
a short earthquake history. These simulations are thus a way of 
exploring the question of whether the portions of a seismic zone 
in which large earthquakes are known to have occurred are neces-
sarily different from the remainder of the zone, or could simply 
refl ect the short earthquake history.

SIMULATIONS

We chose three seismic zones where hazard maps show dis-
tinct bull’s-eyes to explore the possibility that these bull’s-eyes 
might be artifacts of the short earthquake history. One is the slowly 
convergent plate boundary along the coast of North Africa, and the 
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Figure 1. Seismic hazard map of Canada derived in 1985 showing peak 
ground acceleration expected at 2% probability in 50 yr (Geological 
Survey of Canada, 1985). This map, based primarily on the recorded 
and historic seismicity, shows bull’s-eyes of high predicted hazard in 
Baffi n Bay (BB), on the Grand Banks (GB), and in the Charlevoix (C) 
area. More recent maps, also including geological data, reduce the ef-
fect of the bull’s-eyes and predict more diffuse hazard.
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other two are intraplate seismic zones in eastern North America 
along the passive margin of Atlantic Canada and the St. Lawrence 
valley fault system. For each, we used a frequency-magnitude  
(b-value) relation derived from the recorded seismicity. We then 
computed synthetic space-time histories of earthquakes with 
M ≥ 7 or 6 (for the St. Lawrence) assuming a Gaussian distribu-

tion of recurrence times with standard deviation equal to 0.35 times 
the mean recurrence time. We assigned each earthquake a loca-
tion along the seismic zone (treated as one dimensional) using a 
uniform random number generator. The results are shown as syn-
thetic seismicity maps, with events plotted as 30- or 6- (for the 
St. Lawrence) km-diameter circles that approximate the fault area.
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Figure 2. Top: Predicted motion of Eurasia with respect to Africa, showing convergence rate varying smoothly along the North African plate 
boundary (Argus et al., 1989). Bottom: Portion of Global Seismic Hazard Map (1999) for North Africa, showing peak ground acceleration 
in m/s2 expected at 10% probability in 50 yr. Note prominent bull’s-eye at site of the 1980 Ms 7.3 El Asnam (EA) earthquake. The largest 
subsequent earthquakes to date, the May 2003 Ms 6.8 Algeria and February 2004 Ms 6.4 Morocco events (stars), did not occur in the predicted 
high hazard regions.



spe425-04  page 52

GSHAP (1999)

Ground
acceleration

       (m/s2)

Ground
acceleration
            (m/s2)

Figure 3. Alternative hazard maps for Hungary and the surrounding area, showing peak ground acceleration in m/s2 expected at 10% 
probability in 50 yr. The Global Seismic Hazard Assessment Program (GSHAP) model, based only on historic and recorded seis-
micity (bottom), predicts more concentrated hazard near sites of earlier earthquakes, compared to a model that includes geological 
data (top), which predicts more diffuse hazard (Toth et al., 2004).
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North Africa

We simulated the seismicity along the North Africa coast 
(Fig. 4) from Tunisia to Morocco, which results from the con-
vergence between Eurasia and Nubia at <10 mm/yr (Argus 

et al., 1989; Sella et al., 2002; Fernandes et al., 2003). We used 
two  frequency-magnitude relations derived from the Advanced 
National Seismic Systems (ANSS) catalog. The fi rst, derived from 
1963 to 2004 seismicity for which magnitudes are presumably 
well estimated, yields a = 4.63 and b = 0.91. Hence, an earthquake 
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Figure 4. Seismicity along the North Africa plate boundary for 1963–2004. Simulations using a frequency-magnitude 
relation derived from these data predict that if seismicity is uniform in the zone, ~8000 yr of record is needed to avoid 
apparent concentrations and gaps.
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with M ≥ 7 occurs somewhere in the seismic zone about every 
42 yr on average. Using this relation, apparent concentrations of 
large earthquakes and gaps without them appear for earthquake 
records up to thousands of years long. Only after 7000–8000 yr 
is the uniform nature of the seismicity fully apparent. This effect 

is even more striking using a frequency-magnitude  relation from 
the 1910–2004 earthquake record, which yields a = 4.37 and 
b = 0.90, and thus a 95 yr mean recurrence for M ≥ 7 events. The 
resulting simulations require 10,000–12,000 yr to show the uni-
form seismicity (Fig. 5).
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Figure 5. Seismicity along the North Africa plate boundary for 1910–2004. Simulations using a frequency-magnitude 
relation derived from these data predict that if seismicity is uniform in the zone, ~12,000 yr of record is needed to avoid 
apparent concentrations and gaps.



 Limitations of the short earthquake record for seismicity and seismic hazard studies 55

spe425-04  page 55

Atlantic Canada

The eastern coast of Canada shows the most striking example 
of large earthquakes along a passive continental margin, where 
ideal plate tectonics predict no relative motion between continen-
tal and oceanic portions of the same plate. The 1929 M7.3 Grand 
Banks and 1933 M7.4 Baffi n Bay earthquakes are the best studied 
examples of this phenomenon, which also occurs on other pas-
sive margins (Stein et al., 1989; Schulte and Mooney, 2005). A 
frequency-magnitude relation derived for events with M ≥ 4.5 from 
the Geological Survey of Canada catalog from 1925 to 2003 yields 
a = 3.38 and b = 0.73, and thus a recurrence time of 47 yr for M ≥ 7. 
Simulations using this relation yield apparent concentrations of 
large earthquakes and gaps without them for earthquake records up 
to thousands of years long (Fig. 6). Approximately 8000–11,000 yr 
of record is needed to show that the seismicity is uniform.

St. Lawrence Valley

The St. Lawrence valley seismic zone (Fig. 7) (Mazzotti 
et al., 2005) is generally considered to consist of two seis-
mic zones: the lower St. Lawrence seismic zone, defi ned by 

events with M ≤ 5, and the Charlevoix seismic zone, in which 
larger (M 6) events occur. Our simulations assume that large 
earthquakes are equally likely throughout the entire zone. 
A frequency-magnitude relation derived for events with M ≥ 4 
from the Geological Survey of Canada catalog from 1925 to 
2004 yields a = 4.52 and b = 1.01 and thus a recurrence time of 
~40 yr for M ≥ 7. In the resulting simulations, 12,000–16,000 yr 
are needed to show the uniform seismicity.

DISCUSSION

The simulations illustrate that if seismicity were uniformly 
distributed within a seismic zone, apparent concentrations of 
seismicity and seismic gaps would appear in earthquake records 
shorter than the time needed for large earthquakes to occur 
throughout the zone. For the zones used in the simulations, which 
are deforming more slowly than ~10 mm/yr, the time needed for 
the uniformity to become clear is thousands of years. Hence, it 
is plausible that many of the concentrations and gaps seen in real 
data are artifacts of the short sampling intervals.

Naturally, the simulations simplify real—and poorly under-
stood—aspects of earthquake recurrence. They do not include all 
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Figure 6. Intraplate seismicity along the eastern coast of Canada. Simulations using a frequency-magnitude relation derived from these data 
predict that if seismicity is uniform in the zone, ~11,000 yr of record is needed to avoid apparent concentrations and gaps.
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possible time- and space-dependant probability effects, including 
stress transfer, in which stress changes due to earthquakes affect 
the location of future events (Stein, 1999). Similarly, all earth-
quakes were assumed to have the same magnitude. Although 
more complicated simulations are possible, it is tricky to decide 
which effects to include. At a plate boundary like North Africa, 
the known convergence rate and direction permit more sophisti-
cated models (Lin and Stein, 2004). Even so, it appears that the 
size and geometry of large thrust earthquakes are highly vari-
able along a section of a trench (Ando, 1975; Stein et al., 1986; 
 Cisternas et al., 2005), and it is unclear how to relate moment 
release rate (seismic slip) to plate motion. How to model intra-
plate areas, where even the fundamental tectonics are unclear, is 
even more challenging, although models have been made for spe-
cifi c areas such as the New Madrid seismic zone (Mueller et al., 
2004; Li et al., this volume, chapter 11). Thus, we used simula-
tions representing the simplest possible behavior, and we believe 
that the basic results are likely to be robust.

The fact that simulations assuming uniform deformation 
rates within seismic zones yield bull’s-eyes and gaps does not 
prove that such patterns observed in earthquake records neces-
sarily refl ect short sampling. It is also possible that within a 
tectonically similar seismic zone, local structures or long-lived 
stress and strain concentrations (Gangopadhyay and Talwani, 
2003, and this volume) make some parts more active than others. 
Of the cases we examined, the Charlevoix concentration looks 
the most like the latter case. The simulations show that from seis-
micity data alone—in particular without geodetic data—the two 
possibilities are hard to distinguish.

Even so, we feel that the results have interesting implica-
tions. They bear out the effect that many features of space-time 
patterns of seismicity may in part refl ect short sampling times. 
For example, modern seismicity maps show essentially no seis-
micity on the southern segment of the San Andreas where the 
large 1857 earthquake occurred. Similarly, prior to the great 2004 
earthquake, the portion of the Sumatra trench on which it occurred 
did not appear very active and was not considered particularly 
dangerous. In both cases, the absence of large earthquakes from 
the seismological record refl ects their long recurrence time. As 
a result, inferences from the short earthquake history would be 
misleading. For example, the Sumatra example and data from 
other trenches suggest that a previously inferred effect—that 
large trench earthquakes occur only when young lithosphere 
subducts rapidly—may largely refl ect the short earthquake his-
tory sampled (Stein and Okal, 2007). Similarly, it seems likely 
that some cases in which large earthquakes are more frequent 
(characteristic) or less frequent (uncharacteristic) than expected 
from the rate of smaller ones may also be a time sampling effect 
(Stein and Newman, 2004).

The simulations also argue against the practice of treating 
sites of recent seismicity as more hazardous for future large 
earthquakes, and in favor of the more recent trend of treating haz-
ard as uniform within a tectonic zone. As noted, the simulations 
show that apparent concentrations of seismicity are quite plausi-

bly sampling artifacts where the earthquake history is short com-
pared to the recurrence time of large earthquakes. In our view, 
there is no reason to believe these sites are more likely to have 
future large earthquakes than other sites on the same structures, 
assuming that they deform at similar rates. Hazard estimates 
using the seismicity are thus likely to overestimate hazards where 
earthquakes happen to have occurred recently, and underestimate 
it elsewhere within the seismic zone, where earthquakes happen 
to have not occurred. In fact, stress transfer arguments imply 
that large earthquakes at the other sites may be more likely (e.g., 
Li et al., this volume, chapter 11). Hence, we favor models that 
treat hazard as uniform within a tectonic zone. For example, we 
would regard the seismic hazard as similar all along the eastern 
Canadian passive margin (Stein et al., 1989; Adams and Basham, 
1989), rather than highest near the sites of the Baffi n Bay and 
Grand Banks earthquakes.
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