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Large earthquakes in North China, Australia, Northwestern Europe, Central and Eastern United States, and other
mid-continents show complex spatiotemporal patterns that do not fit existing earthquake models. Individual
faults or fault zones tend to fall into long term (thousands of years or longer) dormancy after a cluster of ruptures,
whereas large earthquakes seem to roam between widespread faults. These behaviors are characteristic of com-
plex dynamic systems of interacting faults. In such systems, widespread faults collectively accommodate slow
tectonic loading, and a major fault rupture both transfers stress to the neighboring faults and perturbs loading
conditions on distant faults. Because of the slow tectonic loading, local stress variations from fault interaction
or nontectonic processes, or changes of fault strength, could trigger mid-continental earthquakes. The precise
spatiotemporal occurrence of large mid-continental earthquakes may be unknowable, an intrinsic limitation of
complex dynamic systems, but their qualitative system behavior may be understood by a system approach.
This approachwould render some commonly used concepts, such as seismic cycles, recurrence intervals, charac-
teristic earthquakes, and seismic gaps inadequate or irrelevant in mid-continents, and calls for rethinking of the
probability estimates based on these concepts. It requires a better understanding of fault interactions onmultiple
spatial and temporal scales rather than focusing solely on the balance of tectonic loading and yield strength of
individual faults or fault segments. It also indicates the need for paleoseismic and geodetic studies extending be-
yond areas where recent large earthquakes occurred, and for hazard assessments to reduce the biasing influence
of the most recent large earthquakes that tend to dominate the short and incomplete earthquake records.
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“The potential for earthquakes along the plate boundaries has been
mapped with reasonable success. Our attention should now focus on the
threat posed by unanticipated quakes located in the continental interiors.”
(England and Jackson, 2011).

1. Introduction

Large earthquakes within plate interiors, although less common
than earthquakes at plate boundaries, have killed more people than
interplate earthquakes (Bilham, 2014). The deadliest earthquake in
human history, the 1556 Huaxian earthquake (M 8.0) that killed
830,000 people (Min et al., 1995), occurred in themiddle of continental
China, as did the 1976 Tangshan earthquake (Mw 7.8) that claimed ~
242,000 lives (Chen et al., 1988). Three of the largest historical earth-
quakes (M ≥ 7.0) in the continental US occurred during 1811–1812 in
the New Madrid area of Missouri, in the middle of the North American
continent (Hough and Page, 2011; Hough et al., 2000; Johnston and
Schweig, 1996). The 2011 Virginia earthquake (M 5.8), which rattled
the eastern seaboard and damaged the Washington Monument, serves
as a fresh reminder of earthquake hazards in central and eastern US
(Wolin et al., 2012).

“Unanticipated” is a key word differentiating interplate and
intracontinental earthquakes. Most large interplate earthquakes are, or
could be, anticipated, because plate tectonics predicts their general loca-
tions, and their abundance means that we often have earthquake re-
cords that seem adequate to anticipate where the next might occur. In
continental interiors where faults are widespread (and often poorly
mapped), which faults are active is often unclear, and earthquake re-
cords are short relative to long recurrence times, large earthquakes
often come as surprises.

The complexity of mid-continental earthquakes and their challenge
to current earthquakemodels have spurred intense interest and debates
in recent years, both about their causes (e.g., Calais et al., 2016; Calais et
al., 2010; Forte et al., 2007; Hough and Page, 2011; Landgraph et al.,
2015; Li et al., 2005; Liu et al., 2011; Pollitz et al., 2001; Schweig and
Ellis, 1994; Talwani, 2014) and the resulting hazards (Camelbeeck et
al., 2007; Clark and McCue, 2003; Frankel et al., 2012; Grollimund and
Zoback, 2001; Liu and Wang, 2012; Newman et al., 1999; Stein et al.,
2011; Stein et al., 2012; Stein et al., 2015b). In this reviewwe first briefly
discuss the spatiotemporal history of large earthquakes in major mid-
continents, focusing on common aspects of seismicity in North China,
the central and eastern US, northwestern Europe, and Australia. We
then discuss current models for the causes of these earthquakes, and
argue that these models are inadequate for or inapplicable to mid-con-
tinental earthquakes. We suggest a paradigm shift to treat mid-conti-
nental earthquakes as resulting from complex dynamic systems of
interacting faults, and to incorporate this view in hazard assessment.

2. Roaming earthquakes in mid-continents

Spatiotemporal patterns of seismicity form the basis for exploring
their tectonic causes. The global distribution of seismicity, with earth-
quakes concentrating in narrow belts, played a key role in establishing
plate tectonic theory (Isacks et al., 1968). Similar spatiotemporal pat-
terns are, unfortunately, hard to identify in mid-continents from avail-
able earthquake records, which are incomplete and often too short
relative to the low rates of tectonic loading. Nonetheless, a number of
mid-continents, either because of exceptionally long historic records
or low rates of erosion, give us some glimpse of the complex spatiotem-
poral behavior of mid-continental earthquakes.
2.1. North China

North China (or geologically the North China block), including
the Ordos Plateau and the North China Plain, is part of the Achaean
Sino-Korean craton within the Eurasian plate (Fig. 1). The eastern part
of the craton was rejuvenated in the Mesozoic, producing widespread
volcanism and crustal extension that formed the North China Plain
(Liu et al., 2004; Liu and Yang, 2005). The western part of the craton is
preserved under the Ordos Plateau, which is bounded by the Weihe
rift to the south and the Shanxi rift to the east (Figs. 1–2).

The earthquake catalog in North China extends for nearly 3000 years
(Min et al., 1995). It is likely complete for magnitude M ≥ 6 events since
1300 (Huang et al., 1994), a period that includes 49 M ≥ 6.5 events and
at least fourM ≥ 8 earthquakes. These large earthquakes appear to roam
between widespread fault zones (Liu et al., 2011; Liu et al.,
2014c). In 1303 the Hongdong earthquake (M 8.0) in the Shanxi rift
killed N470,000 people. In the next 250 years, seismicity was active
within the Shanxi rift (Fig. 2A). In 1556, the Huaxian earthquake
(M 8.0) occurred in the Weihe rift, N300 km from the epicenter of the
Hongdong earthquake (Fig. 2B). About 830,000 people perished,
making it thedeadliest earthquake in human history. The next cata-
strophic earthquake, the 1668 Tancheng earthquake (M 8.5), occurred
N700 km east of the rift systems, in the North China Plain (Fig. 2C).
This earthquake ruptured the Tanlu Fault, a major Mesozoic fault that
has had little Cenozoic deformation and fewprevious large earthquakes.
GPS data show b1mm/yr slip on the Tanlu Fault today (Liu et al., 2007).
A decade later, another large event, the 1679 Sanhe-Pinggu earthquake
(M 8.0), occurred ~40 km north of Beijing in a fault zone with limited
previous seismicity and no clear surface exposure (Fig. 2C). Then, in
1695, an M ≥ 7.5 earthquake occurred in the Shanxi rift again, near the
site of the 1303 Hongdong earthquake but on a different fault (Liu et
al., 2014c).

In the past 300 years the Shanxi and Weihe rifts have been largely
quiescent with only a fewmoderate earthquakes. Meanwhile, seismici-
ty in the North China Plain increased, including three damaging earth-
quakes in the past century (Fig. 2D), all on previously unrecognized
faults. The 1966 Xingtai earthquakes, five events with M 6.0–7.2 within
21 days, occurred in a buried rift with no surface fault traces. The 1975
Haicheng earthquake (M 7.3) occurred in a region with no major sur-
face fault traces and little previous seismicity, and the 1976 Tangshan
earthquakes (a M 7.8 event followed by a M 7.1 event 17 h later) oc-
curred on a blind fault, which had not shown even moderate seismicity
in the 3000-year long Chinese catalog (Min et al., 1995; Yin et al., 2015).

Thus large earthquakes roamed between the Shanxi andWeihe rifts,
and between these rifts and the North China Plain. No large earthquakes
in North China ruptured the same fault segment twice in the past
2000 years (Liu et al., 2011). Prior to that time, paleoseismic studies,
while limited andwith large uncertainties, indicate episodic large earth-
quakes separated by thousands of years of quiescence on the same fault
segments (Xu and Deng, 1996b).
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2.2. NW Europe

Although intraplate earthquakes in Northwest Europe are smaller
than in North China, the patterns of seismicity in the two areas show
some similarities. Much of the activity in Northwest Europe occurs in
the Rhine Graben area (Fig. 3). The zone is divided into the Upper
Rhine Graben, extending northeastward along the topographic graben
from the Basel area, and the Lower Rhine Embayment (LRE), trending
northwestward toward the North Sea. The largest historical earthquake
in the LRE, the 1756 Düren earthquake, hadMw ~5.7, and paleoseismic
investigations find evidence that large earthquakes with magnitude up
to 7.0 have occurred since the late Pleistocene (Camelbeeck et al., 2014;
Camelbeeck et al., 2007). The largest historical earthquake in Northwest
Europe, the 1356 earthquakewith estimatedMw6.0–6.5, destroyed the
city of Basel and caused damage in much of the Upper Rhine Graben
(Meghraoui et al., 2001).

In the past 700 years, large earthquakes moved around over
the region (Fig. 4), showing no particular spatial pattern
(Camelbeeck et al., 2007). Hence seismicity viewed over different
time intervals appears different, with different concentrations and
“gaps” in different areas.
2.3. Australia

Australia is another stable continental region with widespread seis-
micity (Fig. 5A) (Clark et al., 2014; Clark et al., 2012; Crone et al., 1997).
Although historical records span only a few centuries, the very low
erosion rates inmuch of Australia preserved richmorphogenic evidence
of Neogene to Quaternary faulting (Fig. 5B) (Clark et al., 2014).

Although sampling bias and variable erosion rates do not permit a
meaningful reconstruction of spatial occurrence of large earthquakes,
Clark et al. (2012) found that “a common characteristic of morphogenic
earthquake occurrence in Australia appears to be temporal clustering. Pe-
riods of earthquake activity comprising a finite number of large events
are separated by much longer periods of seismic quiescence, at the scale
of a single fault and of proximal faults. In several instances there is evidence
for deformation at scales of several hundred kilometers switching on and off
over the last several million years.” The temporal pattern of these events
is similar to the Devil's Staircase function (discussed later). As result,
“assigning an ‘active/inactive’ label to a fault in a slowly deforming area
based upon the occurrence (or non-occurrence) of an event in the last
few thousands to tens of thousands of years is not a useful indicator of
future seismic potential” (Clark et al., 2011) and “it is debatable whether
a ‘recurrence interval’ on individual faults applies” (Clark, 2003).

2.4. Central and eastern US

The central and eastern United States (CEUS), defined broadly as the
region east of the Rocky Mountains, is in the interior of the stable North
American plate. The northern part of the CEUS is within the Achaean
Superior craton, which is bordered by Proterozoic and younger base-
ment to the south and east (Van Lanen andMooney, 2007). Failed rifting
of the North American craton in the Mesoproterozoic left the
Midcontinent Rift system (Stein et al., 2016; Van Schmus and Hinze,
1985), and disintegration of the Rodinia supercontinent in the
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Neoprotozoic left the Reelfoot rift and other rift systems near the east-
ern margin of the North American continent (Johnston and Kanter,
1990; Van Lanen and Mooney, 2007) (Fig. 6). The last major tectonic
event in the CEUS is the Appalachian orogeny (300–400 Ma). Cenozoic
deformation within the CEUS is minimal, and GPS measurements indi-
cate that the CEUS behaves as a rigid plate to better than 1 mm/yr
(Calais et al., 2006; Dixon et al., 1996). This stability of the CEUS litho-
sphere is consistent with its high-velocity seismic structure in the
uppermantle, contrasting sharply with the predominantly low-velocity
upper mantle structure under the western US (Burdick et al., 2012;
Burdick et al., 2014; Goes and van der Lee, 2002; Marone et al., 2007).
The lithosphere-asthenosphere boundary, inferred from tomography
and other geophysical data, is N250 km deep under the CEUS (e.g.,
Yuan and Romanowicz, 2010).

Within this largely stable continent, earthquakes are widespread
(Fig. 6). The New Madrid seismic zone (NMSZ) is best-known for its
1811–1812 earthquakes, which include three or four large shocks
(M ≥ 7.0) (Hough and Page, 2011; Stein, 2010). Other main seismic
zones include 1) The Wabash Valley seismic zone (WBSZ) in southern Il-
linois and Indiana, a northeastern extension of the NewMadrid seismic
zone, where paleoliquefaction deposits indicate the past occurrence of
large earthquakes (Obermeier, 1999) that may have been comparable
to those that occurred in the New Madrid zone in 1811–1812. 2) The
Southern Oklahoma seismic zone (SOSZ) - Moderate seismicity has been
recorded in southern Oklahoma and the Texas panhandle (Gordon,
1983), andHolocene (~1.2 kyr ago) fault scarps on theMeers Fault indi-
cate earthquakes ofmagnitude N6.5 (Crone and Luza, 1990;Madole and
Rubin, 1985). 3) The Eastern Tennessee seismic zone (ETSZ) includes seis-
micity in the Valley and Ridge province of the southern Appalachians. 4)
The central Virginia seismic zone also shows clusters of seismicity, includ-
ing the 2011 Mw 5.8 earthquake near Mineral. 5) The Carolina seismic
zone (CSZ) is best-known for the destructive (M ~ 6.5–7.0) event that
occurred near Charleston, South Carolina, on 31 August 1886 (Nuttli et
al., 1979). Paleoseismic studies indicate at least seven prehistoric earth-
quakes there in the past 6000 years (Obermeier et al., 1985; Talwani and
Cox, 1985). 6) The New England seismic zone (NESZ) - whose largest his-
toric earthquakes include the Cape Ann, Massachusetts, earthquake of
1755 (M ~ 6) (Street and Lacroix, 1979). The entire east coast, including
Charleston, Virginia, andNewEngland, can be viewed as a single seismic
zone, consistentwith the observation that seismicity occurs alongmany
passive continental margins (Schulte and Mooney, 2005; Stein et al.,
1989; Stein et al., 1979; Wolin et al., 2012). Further north in the St.
Lawrence River valley, numerous events with magnitude 6–7 have
been recorded, including the 1663 M 7.3–7.9 Charlevoix earthquake in
Quebec (Ebel, 2011).

No clear spatiotemporal patterns of seismicity can be recognized
from the short catalog (a couple of centuries) in the CEUS, but seismicity
is not limited to these seismic zones. Large earthquakes probably
roamed across the CEUS, as they did in other stable mid-continents.
The Meers Fault in Oklahoma, which produced large earthquakes
about 1.2–1.3 kyr ago (Crone and Luza, 1990), is seismically quiescent
today. In the NMSZ, large earthquakes apparently repeated numerous
times in the 5000 years, as indicated by paleoliquefaction data (Tuttle
et al., 2002). However, increasing evidence (Fig. 7) shows that large



Fig. 3. Historical seismicity of Northwest Europe, shown by earthquakes with different
epicentral intensities, going back to 800 CE (Leydecker, 2011).
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earthquakes also occurred outside the currently active New Madrid
seismic zone, both within the Mississippi Embayment and beyond
(e.g., Cox et al., 2007; Cox et al., 2013; Csontos et al., 2008; Guo et al.,
2014; Hao et al., 2013; Holbrook et al., 2006; Tuttle et al., 2006).

3. Models of mid-continental earthquakes

The basic physics of individual interplate and intraplate earthquakes
are the same: a fault ruptures when stress overcomes frictional resis-
tance on the fault plane. Hence previous models of mid-continental
earthquakes have attributed them to localized weak zones, loading
stress, or both. However, the spatiotemporal patterns of intraplate and
interplate seismicity differ.

3.1. Structural control

On the continental scale, lithospheric properties appear to have a
major influence on the locations of intraplate seismicity. In the CEUS,
the thick and presumably strong North American craton is largely de-
void of large earthquakes, which occur mainly around the edges of the
craton (Van Lanen andMooney, 2007). Similarly, although earthquakes
are widespread in North China, the Ordos block, a relic of the thermally
rejuvenated North China craton with a thick lithosphere (Bao et al.,
2011), is largely aseismic (Figs. 1 and 2). Concentration of seismicity
around the margins of cratons is observed elsewhere (Craig et al.,
2011; Mooney et al., 2012). One explanation is that the thick cratonic
lithosphere tends to have lower deviatoric stress than the thinner litho-
sphere at its margins. Li et al. (2007) modeled the lateral stress varia-
tions in the CEUS caused by the variations of lithospheric thickness as
inferred from seismic velocities (Burdick et al., 2014; Goes and van
der Lee, 2002). Their results show concentrated deviatoric stress around
the thick North American cratons and under the thinned Reelfoot rift
(Fig. 8). Whereas this thickness effect may explain some of the seismic-
ity in the CEUS, Fig. 8 shows that the spatial correlation between seis-
micity and the locations of predicted high deviatoric stress is at best
partial.

Individual clusters of seismicity or seismic belts in intraplate areas
are often related to rift zones (Johnston and Kanter, 1990). The NMSZ
is located within the Reelfoot rift, left from the disintegration of the
Rodinia supercontinent in the Neoprotozoic (Johnston and Kanter,
1990; Van Lanen and Mooney, 2007) (Fig. 6). In North China, many
large historic events occurred within the Shanxi-Weihe rifts (Liu et al.,
2014c; Liu et al., 2007) (Fig. 2). In Northwest Europe, seismicity is clus-
tered in the Rhine graben, a Cenozoic rift system (Camelbeeck et al.,
2007). In western India, earthquakes have been clustered in the
Kachchh rift basins (Li et al., 2002; Rastogi et al., 2014; Talwani and
Gangopadhyay, 2001). However, rift zones are neither necessary nor
sufficient for intraplate earthquakes. In the CEUS, not all seismic belts
are related to rifts, and the Mid-continent rift, the most prominent rift
in the CEUS, is essentially aseismic. In North China, the Shanxi-Weihe
rift zones, which produced many large historic earthquakes, have been
largely quiescent in the past 300 years, whereas seismicity has been ac-
tive in the North China Plain (Fig. 2).

Other structural features proposed as causes for intraplate seismicity
include localized low-velocity structures such as those under the Reel-
foot rift (Al Shukri and Mitchell, 1988; Pollitz and Mooney, 2014;
Zhang et al., 2009) and the ones associated with a hotspot track (Chu
et al., 2013; Cox and Van Arsdale, 1997), intersection of faults and
other structures (Talwani, 1988), or faults favorably oriented to slip in
response to the current stress field (Hurd and Zoback, 2012; Sbar and
Sykes, 1973; Sykes, 1978). Some concentrated seismicity may result
from unusual physical properties within the fault zones, such as higher
than average porosity (Costain et al., 1987) or greater ductility below
the seismogenic layer (Zoback, 1983).

Caution is called when seeking structural peculiarities where seis-
micity is clustered, because in many places the record of seismicity is
too short to reflect the complete spatial pattern of seismicity (Li et al.,
2009). Increasing evidence shows that large earthquakes may have oc-
curred outside presently active seismic zones (e.g., Cox et al., 2007; Cox
et al., 2013; Csontos et al., 2008; Guo et al., 2014; Hao et al., 2013;
Holbrook et al., 2006; Tuttle et al., 2006).

3.2. The driving forces

Steady tectonic loading in plate interior may derive from plate
boundary forces - ridge push and slab pull (Liu et al., 2007; Zoback
and Zoback, 1980), basal traction - shear stress due to absolute plate



Fig. 4. Seismicity of Northwest Europe for different periods, taken from Royal Observatory of Belgium catalog (Kusters, 2014).
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motion and normal stress exerted by convective mantle flow (Doglioni
and Panza, 2015; Forte et al., 2010; Ghosh et al., 2013; Ghosh and Holt,
2012), and gravitational body force – lateral variations of gravitational
potential energy arising from internal density variations and isostatical-
ly supported topography (e.g., Artyushkov, 1973; Flesch et al., 2000;
Yang and Liu, 2010).

Steady tectonic loading alone, however, cannot explain some key
features of intraplate earthquakes. One is the temporal variations of
seismicity with a few large earthquakes on individual faults or fault
zones within thousands of years, separated by long (tens of thousands
to millions of years) intervals as inferred in Australia (Clark et al.,
2012) (Fig. 5B). One proposed explanation is perturbations of plate
boundary forces due to local changes of plate boundary geometry or
properties (Clark et al., 2014; Clark et al., 2012), but such processes
would usually take much longer than the typical times (thousands to
tens of thousands of years) between clusters of intracontinental
earthquakes.

The spatial clustering of seismicity within plates is often attributed
to local “stress concentrators”, such as intersections of faults, stepovers
and bends, and other structural irregularities (Pratt, 2012; Talwani,
1988) or localized weakness in the lithosphere. Other proposed causes
include local forces, such as the negative gravitational body force in-
duced by mafic intrusions in the seismogenic rifts (Grana and
Richardson, 1996; Pollitz et al., 2001), or loading from localized mantle
flow (Forte et al., 2007).

However, either plate-wide or local, steady loading has difficulty
explaining the transient earthquake sequences in the NMSZ and else-
where. Present seismicity in the NMSZ and other parts of the CEUS ap-
parently resulted from recent fault reactivation, perhaps during the
last ice age (Schweig and Ellis, 1994; Van Arsdale, 2000). Grollimund
and Zoback (2001) proposed that the recent activation of the NMSZ re-
sulted from stress changes caused by the melting of the Laurentide ice
sheet. However, because flexural stresses decay rapidly away from the
ice margin, this mechanism fails to explain fault activation in the
NMSZ (Wu and Johnston, 2000) unless its upper mantle and lower
crust are an order of magnitude weaker than the surroundings. Other
proposed triggering mechanisms include sea level rise (Brothers et al.,
2013), and upward flexure of the lithosphere caused by unloading
from river incision (Calais et al., 2010).

4. Mid-continental faults: a complex dynamic system

The complex spatiotemporal variability of intraplate earthquakes is
hard to assess due to the short catalogs in most regions. Catalogs are in-
complete because of the low strain rates and long recurrence times,
often thousands of years or longer, in mid-continents. However, limited
records are not the only reason why intraplate earthquakes are more
difficult to anticipate than interplate earthquakes. Although the physics
of earthquakes – a fault ruptures when stress on it overcome frictional
resistance – is the same for interplate and intraplate events, intraplate
faults behave differently. The distribution of slow tectonic loading
among a system of widespread faults makes the loading on individual
intracontinental faults variable and susceptible to stress perturbations
from fault interactions and nontectonic stress changes, resulting in a
complex dynamic system that requires a different approach from
interplate seismicity (Li et al., 2009; Stein et al., 2009).

4.1. A conceptual model

To illustrate the complex behavior of mid-continental faults, we
compare it to that of an idealized plate boundary fault (Fig. 9). In this
simple conceptual model, interplate earthquakes are restricted to the
plate boundary fault, so their general locations may be anticipated. Be-
cause the plate boundary fault is loaded by steady relative plate motion
(DeMets et al., 1990), on each fault segment (assuming it is segmented,
see discussion below) stress would accumulate steadily to overcome
the frictional resistance on the fault plane repeatedly, yielding periodic
or quasi-periodic ruptures (Fig. 9A).

In contrast, in mid-continents the tectonic loading is shared by a
complex system of interacting faults spread over a large region
(Fig. 9B), such that a large rupture on one fault could affect the loading
conditions on other faults (Li et al., 2009). Because of the low tectonic
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loading rate, stress restoration on the faults that ruptured is slow, so
mid-continental faults tend to fall into long dormancy after amajor rup-
ture, as has been found in Australia (Clark et al., 2012) and North China
(Liu et al., 2014c). Slow tectonic loading also means that it is a less im-
portant source of strain accumulation compared to plate boundary
faults. Without the fast and steady tectonic loading, mid-continental
faults have more variable loading rates and are more susceptible to
stress perturbations including those caused by ruptures of other faults
and nontectonic stress changes, such as glacial isostatic adjustment or
erosion. The slow and variable loading conditions on individual mid-
continental faults yield long and highly variable recurrence times.
Thus most mid-continental earthquakes are episodic with long periods
of dormancy between earthquakes, and these large earthquakes seem
to roam between widespread faults (Fig. 2).

Nature, of course, is more complicated than depicted in the cartoon.
Plate boundaries are usually zones of complex faults, andmid-continen-
tal faults and their loading conditions vary greatly between mid-
continents and parts of a midcontinent (Mazzotti, 2007). In North
China, for example, the Shanxi and Weihe rifts are major fault systems
accommodating the eastward extrusion of the Asian continent,
driven by the Indo-Asian collision (Tapponnier and Molnar, 1977;
Tapponnier et al., 1982; Xu and Ma, 1992; Zhang et al., 2003). As such,
their slip rates (2–4mm/yr) are relatively steady and high by intraplate
standards, so seismicity concentrated within the rift zone, and some
quasi-periodicity may appear. Within the North China Plain, however,
tectonic loading is shared by a complex system of faults on which slip
rates are low (b2 mm/yr) and perhaps variable. Hence large earth-
quakes roamed between distant faults. In the Central and Eastern U.S.,
which deforms even more slowly, faults often show clustered earth-
quakes for a while and then become dormant for thousands of years,
such as the Meers Fault in Oklahoma (Crone et al., 2003). The New
Madrid seismic zone, which experienced several large earthquakes in
the past few thousand years including at least three M ≥ 6.8 events in
1811–1812, shows no significant surface deformation (Calais and
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Stein, 2009). Subsurface geology and the absence of significant topogra-
phy indicate that the zone become active recently (Schweig and Ellis,
1994; Van Arsdale, 2000), perhaps in a cluster of large earthquakes
(Holbrook et al., 2006). Hence the deformation rate must vary signifi-
cantly over time and the recent cluster of large earthquakesmay be end-
ing (Calais and Stein, 2009; Liu et al., 2014b; Newman et al., 1999; Stein
and Liu, 2009).

4.2. Fault interaction between two faults

In this conceptual model (Fig. 9), fault interaction is key to under-
standing the spatiotemporal variability of mid-continental earthquakes.
The best-known aspect of fault interaction is the change of static
Coulomb stress by a fault rupture, which affects the stress state on near-
by faults and may trigger earthquakes there (King et al., 1994; Li et al.,
2005; Luo and Liu, 2010; Parsons et al., 2008; Pollitz and Sacks, 2002;
Stein, 1999). In a complex fault system, a major rupture would change
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not only the static Coulomb stress but also the loading conditions of
other faults.While themechanics of such fault interaction remain poor-
ly understood, fault interaction affects both fault evolution (Liu et al.,
2010) and seismicity (Luo and Liu, 2010; Parsons et al., 2008), and
long-term mechanical coupling between distant fault zones has been
found in seismic and geological evidence from both plate boundary
zones and mid-continents (Bennett et al., 2004; Dolan et al., 2007; Liu
et al., 2011).

Luo and Liu (2012) studied a relatively simple two-fault system, the
San Jacinto and San Andreas faults in southern California (Fig. 10). Here
the Pacific-North American relative plate motion is accommodated by
the San Andreas and a number of subparallel faults, most importantly
the San Jacinto Fault, which accommodates nearly as much of the rela-
tive plate motion as the San Andreas (Becker et al., 2005; Fialko, 2006;
Meade and Hager, 2005). Geological slip rates on these two faults
seem to have been complementary in the past few million years: in-
creasing slip rates on one was accompanied by decreasing rates on the
other (Bennett et al., 2004), indicating that these two faults aremechan-
ically coupled.

Luo and Liu (2012) showed that earthquakes on either fault (nineM
6–7 events on the San Jacinto Fault and one on the southernmost San
Andreas Fault since 1899) could change the static Coulomb stress on
the other fault, as previously reported (Freed et al., 2007). However,
over longer time scales mechanical coupling between these two faults
goes beyond these individual events. When the San Jacinto Fault (SJF)
stays locked, the loading rates on the San Andreas Fault increase by
40–80% compared with the long-term average (Fig. 11A). Conversely,
when the SJF experiences clusters of large earthquakes, as in the past
200 years, the loading rate on the San Andreas decreases by a similar
percentage (Fig. 11B).

The simulated long-term slip rates, averaged accumulative slip over
many synthetic seismic cycles, are complementary to each other
(Fig. 12). Assuming the same fault properties, the model predicts similar
long-termslip rates on the two faults, and that the sumof slip rates should
be close to that on the unbifurcated parts of the San Andreas Fault
(Fig. 12A). If the San Jacinto Fault is assumed to be stronger than the
San Andreas because it is younger, the long-term slip rate on the San
Jacinto Fault decreases, causing an increase on the San Andreas Fault, so
the total slip rates are still close to that on the unbifurcated San Andreas
Fault (Fig. 12B). These results are consistent with the observed comple-
mentary slip rates on the two faults over the past few million years
(Bennett et al., 2004). The model predicts similar results for seismic mo-
ment release on these faults, consistentwith the complementarymoment
release found on the different faults (Dolan et al., 2007).
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Fig. 11. Predicted changes of stress rates on the southern San Andreas Fault relative to the long-term average when (A) the San Jacinto fault (SJF) is locked or (B) during a period of
clustered earthquakes. (Luo and Liu, 2012).
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4.3. Fault interaction in a complex dynamic system

How the widespread faults in mid-continents interact over various
timescales, however, remains poorly understood and hardly explored.
Fault interactions, as illustrated conceptually in Fig. 9, make mid-conti-
nental fault systems behave as a complex dynamic system (Stein et al.,
2009). Because the underlying physics of such systems are unclear,
most modeling efforts have been based on statistical physics approaches
(Rundle et al., 2006; Rundle et al., 2003). The best-known of such studies
Fig. 12. Predicted steady-state long-term fault slip rates on the model San Andreas Fault
(SAF) and San Jacinto Fault (SJF). A. Assuming the same fault properties for the two
faults. B. Assuming a stronger San Jacinto fault. (Luo and Liu, 2012).
are slider blockmodels (Rundle and Jackson, 1977). In these models fault
rupture is simulated by a block resting on a frictional surface and pulled
by a spring; the stick-slip behavior of the block is predictable when the
static friction is greater than the dynamic friction. Huang and Turcotte
(1990) showed that interaction of two sliding blocks could lead the sys-
tem to a deterministic chaos. Amore complex systemof distributed faults
can be simulated by connectingmany blocks in a two-dimensional array.
Howone block's sliding affects the rest of the systemdepends on the ratio
of the stiffness of the pulling and block-connecting springs, among other
parameters (Rundle et al., 2003).

Li et al. (2009) used a simple finite element model to simulate the
spatiotemporal behavior of mid-continent earthquakes. The model do-
main is an elastoplastic layer underlain by a viscous layer, loaded from
the sides. The model plate is discretized into a grid, with a random per-
turbation of the frictional strength at the beginning of the simulation.
When the Coulomb stress in a grid cell reaches the preset frictional
strength, the cell fails (i.e., a synthetic earthquake), and stress in the
cell drops by a prescribed amount. The stress drop at the failed cell
changes the stress in the surrounding cells. Additional stress changes
may derive from postseismic viscous relaxation in the lower, viscous
layer. The coseismic and postseismic stress changes in the failed cells
may increase (or decrease) stress in the neighboring regions, thus pro-
moting (or inhibiting) earthquake occurrence there.

Despite its simplicity, this model predicts some complex spatiotem-
poral behaviors that are relevant to mid-continent earthquakes. For a
plate that is laterally homogeneous (except for initially imposed ran-
dom perturbations of crustal strength), the model predicts various spa-
tiotemporal patterns of seismicity at different timescales: spatial
clustering (in narrow belts) and scattering (across large regions) over
hundreds of years, connected seismic belts over thousands of years,
and seismicity scattering over the whole model region over tens of
thousands of years. The orientation of the apparent seismic belts coin-
cides with the optimal failure directions predicted by the imposed tec-
tonic loading. Stress triggering and migration cause spatiotemporal
clustering of earthquakes (Fig. 13A). When preexisting fault zones
(weak zones) are included in the model, seismicity initiates within the
weak zones but then extends far beyond them (Fig. 13B). If a fault is
weakened following a large earthquake, earthquakes may repeat on
the same fault in the absence of strong tectonic loading. These results
suggest that the long-term seismicity in mid-continents can be quite
different from that inferred from short earthquake catalogs, and mid-
continental earthquakes may not be limited to specific fault zones
even if they are weaker than other faults.



A 300 years 3,000 years 30,000 yearsA

600 years 6,000 years 60,000 yearsB

Fig. 13. A. Simulated earthquakes (colored dots) in a laterally homogeneous (except for an initial random perturbation of the crustal strength) in various time windows. The color bars
indicate time since the beginning of the simulation. The model domain is 2000 × 2000 km and 60 km thick, loaded by 1 mm/yr compression on the E–W sides and extension on the
N–S sides. B. Same as in (a) except with three preexisting weak zones (short bars marked a, b, and c in the left panel). (Li et al., 2009).
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5. Mid-continent earthquakes: spatiotemporal variability

Because intraplate continental faults are loaded slowly and collec-
tively by far-field tectonic stress, the loading conditions on each
Fig. 14. A. Generalized fault slip history for Australian stable continental region faults (Clark e
individual fault vary with many additional factors including ruptures
on other faults and nontectonic stress perturbations. Thus regular,
or even quasi-regular, recurrence times should not be expected.
The temporal rupture patterns on individual fault zones in Australia
t al., 2012). B. A typical Devil's Staircase function (http://www.math.hmc.edu/funfacts/).

http://www.math.hmc.edu/funfacts/
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(Clark et al., 2012) resemble Devil's Staircase functions (Fig. 14) –
clusters of activity separated by long and irregular intervals of quies-
cence. Evidence for similar temporal patterns has been found in the
central and eastern US (Holbrook et al., 2006) and in North China
(Xu and Deng, 1996a). Clearly, for earthquakes with a Devil's Staircase
evolution, the probability of events in a future timewindow is quite dif-
ferent from that of periodic events (Simkin and Roychowdhury, 2014).

A Devil's Staircase is a fractal and a property of chaotic dynamic sys-
tems (Devaney et al., 1989; Turcotte, 1997). The apparent long-distance
roaming of large mid-continental earthquakes also suggests dynamic
system behavior. In such a system, change of any part of the system
(such as rupture of a fault) could impact nonlinearly the behavior of
the whole system, so the concepts of seismic cycles and recurrence in-
tervals often used on plate boundariesmay not apply inmid-continents.

To understand how the dynamic system concept affects our view of
mid-continental earthquakes, a brief review of the basic models of
earthquakes may be helpful. Current understanding of earthquake
physics is based on the elastic rebound model, proposed by Reid
(1910) following the 1906 San Francisco earthquake. In this model the
relative crustal motion across a fault gradually accumulates stress on
the frictionally locked fault plane until some critical value is reached,
at which point the fault ruptures in an earthquake, stress on the fault
drops, and the strained crust near the fault plane springs back (elastic
rebound). With time, the process repeats.

Plate tectonics, recognized nearly half a century later, provides
the driving mechanism in the elastic rebound model. Relative plate
motion steadily loads the plate boundary faults. Assuming from
time to time an entire fault segment ruptures (the characteristic
earthquake model) (Schwartz and Coppersmith, 1984), and that
the rupture drops stress uniformly along the fault segment to some
background value, then the steady loading would lead to periodic
or quasi-periodic earthquake recurrences. Thus the time of a previ-
ous characteristic earthquake relative to the recurrence interval on
a given fault segment allows estimates of the probability of rupture
in a future time window. If a fault segment has not ruptured in a
seemingly long time (a seismic gap), it should be most likely to rup-
ture in the future (Nishenko, 1991).

These ideas are intuitively appealing, and in many cases are helpful
in assessing earthquake hazards. However, exceptions are abundant,
even on plate boundary faults (Jackson and Kagan, 2006; Kagan, 1993;
Rong et al., 2003). The segmentation of faults, presumably caused by
changes of fault geometry (bends or stepovers), variations in lithology,
or intersections with other faults, often produces unexpected behavior.
The 1992 Landers earthquake (Mw 7.3) ruptured across previously de-
fined segment boundaries and jumped through a number of different
faults (Wald and Heaton, 1994). Similar behavior occurred in the 2008
Wenchuan earthquake in China (Xu et al., 2009) and the 2011 Tohoku
earthquake (Mw 9.2) in Japan (Stein et al., 2012), among many other
examples. The uncertain consequences of fault segmentation make it
difficult to define characteristic earthquakes and the related concept
of recurrence intervals (Jackson and Kagan, 2006; Kagan, 1993). The
concept of characteristic earthquakes was based on the rupture history
of the San Andreas Fault in the Carrizo Plain, California. The 1857 Fort
Tejon earthquake ruptured this part of the SanAndreas, and similar rup-
tures before it were inferred from paleoseismic evidence (Schwartz and
Coppersmith, 1984; Sieh and Jahns, 1984). Recent high-resolution geo-
morphic and paleoseismic data (Ludwig et al., 2010; Scharer, 2010;
Zielke et al., 2010), however, have shown that the rupture patterns do
not fit the characteristic earthquake model, but are more complicated
with variable rupture lengths and locations (Fig. 15).

The problems with these concepts are amplified in mid-continents.
Fault segmentation is hard to define, and in many places large earth-
quakes occurred on faults that were previously unknown or were not
considered active (Clark et al., 2014; Liu et al., 2014c). Even onwell-de-
fined and seismically active faults, the slow and variable loading means
that no regular recurrence intervals may be expected. The earthquake
sequence in the New Madrid area, which include events around 1450
and 900 thought to have been similar to the 1811–1812 events, is in-
ferred from liquefaction data (Tuttle et al., 2002). Even if this interpreta-
tion survives future analysis, these repeated NMSZ earthquakes are
unusual for, rather than the norm of, mid-continental earthquakes,
and large earthquakes have occurred outside the New Madrid fault
zones defined by current seismicity (Fig. 7) (Cox et al., 2010; Holbrook
et al., 2006; Tuttle, 2009).

6. Implications for hazard assessment

Earthquake hazard assessment is a challenging enterprise, involving
assumptions about four key questions: 1)Wherewill large earthquakes
occur? 2)Whenwill large earthquakes occur? 3)How largewill they be?
and 4) How strong will the shaking be? Answering these questions re-
quires knowledge of many key parameters that are often poorly
constrained (Peresan et al., 2005; Stein et al., 2012) and in some cases
hard to better constrain (Stein and Friedrich, 2014), especially in mid-
continents.

6.1. Where?

The locations of previous large earthquakes are assumed to indicate
where future large earthquakes will occur, but the earthquake record is
almost always too short to reliably establish the spatiotemporal pattern
of large earthquake occurrence. The challenge is illustrated by recent
large earthquakes in Japan (Geller, 2011), North Africa (Swafford and
Stein, 2007), Italy (Stein et al., 2015a), and Haiti (Manaker et al.,
2008) that occurred in places mapped as relatively safe. Many of these
“misses” happened at plate boundaries, where we have reasonable
knowledge of the boundary geometry, and thus some ideas of
“where”, so the surprises were mainly the size of these earthquakes.
For mid-continental earthquakes, we are often surprised by where
they occur.

This problem is shown by the hazard map for North China and sur-
rounding regions (Fig. 16). Almost all the areas mapped as having
high hazard are where recent large earthquakes occurred, but using
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this approach prior to these events would have missed them. The 2008
Wenchuan earthquake (Mw 8.9), for example, ruptured the
Longmenshan Fault that has had limited instrumentally recorded seis-
micity and no destructive earthquakes in the past millennium (Ran et
al., 2010). Its slip rate is b3 mm/yr (Shen et al., 2009), almost an order
of magnitude lower than those on some of the neighboring faults. As a
result, the Longmenshan Fault was assigned low hazard in this 1999
map. In the North China Plain a high level of hazard is assigned around
the epicenters of recent large events, but no previous large earthquakes
occurred in these areas in the past two thousand years (Min et al.,
1995), and no evidence of abnormal fault activity has been found in
these regions (Liu et al., 2014c). The epicentral region of the 1668
Tancheng earthquake (M 8.5), the largest event in the Chinese catalog,
would also have been missed because the hosting Tanlu Fault, a major
Mesozoic tectonic structure, is largely inactive through the Cenozoic.
GPS data show b1 mm/yr of fault slip (Liu et al., 2014c; Shen et al.,
2000).

Because large earthquakes in mid-continents tend to roam between
widespread fault systems, previous large earthquakes may not be a
good indicator of where future large earthquakes will occur. Moreover,
becausemanymid-continental faults have been accumulating strain for
thousands of years that may eventually be released by a large earth-
quake, low slip rates on these faults does not mean they are safe, and
the absence of known previous large earthquakes does not mean no
large earthquakes will occur there in the future. Because it should take
thousands of years or longer for these fault zones to accumulate enough
strain energy for a large earthquake, faults where large earthquakes
occurred in the recent past may not necessarily be more dangerous
than other places.

6.2. When?

When to expect an earthquake is related to where to expect one, as
the discussion of the spatiotemporal pattern of large earthquake occur-
rence indicates. The Devil's Staircase temporal pattern ofmid-continen-
tal earthquakes would invalidate probability estimates based on
recurrence interval models. Even if a recurrence interval can be
established for a specific fault, quite different probability estimates
and hence hazard maps result from assuming either a constant proba-
bility of a major earthquake within the remaining timewindow of a re-
currence interval, or a variable probability that increases with time
(Hebden and Stein, 2009). This effect makes it difficult to talk except
in generalities about “the” probability of an earthquake (Savage, 1991;
Stark and Freedman, 2003). In intraplate settings the problem is acute,
because earthquakes on a specific fault can “turn on” for a while and
“shut down” for a longer time, so it is hard to say whether to expect
earthquakes to continue on a recently-active fault. If the temporal pat-
tern of earthquakes on a fault resembles a Devil's Staircase function
(Fig. 14), the probability of an earthquake in some future time window
would be quite different from that onewould infer assuming regular re-
currence intervals.

Another difficulty in mid-continents is that long sequences of after-
shocks sometimes occur (Stein and Liu, 2009). Because small earth-
quakes are often regarded as signs of stress building up toward the

http://www.seismo.ethz.ch/static/GSHAP
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next big earthquake, small earthquakes in the source regions of previ-
ous large earthquakes often cause alarms. One example is the sequence
of earthquakes in the Tangshan region of North China in 2012, which in-
cludes severalM 4–4.8 events. These earthquakes causedmuch concern
and heated debate: are they aftershocks of the great 1976 earthquake,
or harbingers of a new period of active seismicity in Tangshan and the
rest of North China, where seismic activity seems to fluctuate between
highs and lows over a few decades (Ma, 1989)?

Aftershocks are a sequence of earthquakes that follow a main shock.
Their magnitude and frequency typically decay with time to a lower,
‘normal’ level of background seismicity (Liu and Stein, 2011). Empirically
they follow the Omori law of decay (Omori, 1894). Aftershock sequences
of large interplate earthquakes usually end a few years after the main
shock (Parsons, 2002), but in diffuse plate boundary zones andmid-con-
tinents, some aftershock sequences seem to last much longer (Ebel et al.,
2000; Stein and Liu, 2009). The ending of the aftershock sequences is dif-
ficult to identify precisely, because selecting the area to define as the af-
tershock zone can be subjective, the background seismicity may
fluctuate, and for many recent large intracontinental earthquakes, the
background seismicity before the main shock cannot be established.

The multiple datasets available for Tangshan allowed Liu and Wang
(2012) to show that recent seismicity there is most likely aftershocks of
the large 1976 earthquake (Fig. 17A): (1) A regional seismic network
operated since 1970, giving a six-year record before the 1976 main
shock to serve as a reference for background seismicity (Fig. 17B); (2)
Fig. 17. A. Seismicity in the source region of the 1976 Tangshan earthquake. Red dots are epice
mechanism solutions are for the twomain shocks of 1976 and theMay5, 2012 event. The insetm
of the great Tangshan earthquake since 1970. C. Seismicity rates (number of events per year) of
seismicity rates inNorth China. E. Scalar strain rates inNorth China. Blue dots are epicenters of la
Wang, 2012).
Earthquakes since the main shock follow the Omori decay law
(Fig. 17C). (3) The seismicity rates of the Tangshan, Xingtai, and
Haicheng regions during 1986–2010 (10 years after the Tangshan
earthquake and 20 years after the Xingtai earthquake) are clearly higher
than the average for theNorth China Plain (Fig. 17D). Hence either these
regions are tectonically more active than the rest of the North China
Plain, or the seismicity are aftershocks of the large earthquakes decades
ago. Because these regions showed no sign of abnormal tectonic activity
before the large earthquakes, aftershocks are more likely the cause. (4)
Strain rates calculated from GPS data are higher in the Tangshan and
Xingtai regions than in the rest of the North China Plain (Fig. 17E).
Again, because these regions have no evidence of unusually high tecton-
ic activity relative to other fault zones in the North China Plain, the
higher strain rates indicate that postseismic deformation continues at
present (the Haicheng region does not have sufficient GPS stations to
allow a meaningful strain rate calculation). The seismicity in the Tang-
shan region thus shows that large mid-continental earthquakes can
have aftershock sequences much longer than that for typical interplate
earthquakes. Whether to interpret small earthquakes as aftershocks or
precursors provides another challenge for hazard assessment in mid-
continents.

Another process in mid-continents similar to the long sequences of
aftershocks is releasing of pre-stored elastic energy by a sequence of
earthquakes. This process is probably the cause of the current earth-
quake sequence in the New Madrid seismic zone (NMSZ) (Fig. 18A).
nters of aftershocks; black dots are background seismicity (M ≥ 3.0, 1970–2011). The focal
ap shows the location of the Tangshan region. B. Earthquake sequence in the source region
the Tangshan earthquake sequence. Solid lines are least-square fitting. D. Color contours of
rge historic earthquakes; red dots are instrumentally recorded large earthquakes. (Liu and
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The inconsistency between the repeated large earthquakes in the past
millennium (Tuttle et al., 2002) and the lack of strain accumulation
across the New Madrid fault zone (Calais and Stein, 2009; Newman et
al., 1999)may be explained if the current earthquake sequence resulted
from recent fault reactivation (Schweig and Ellis, 1994), releasing elastic
strain energy previously stored in the crust. Proposed triggers for this
reactivation include stress perturbation due to erosional-depositional
processes (Calais et al., 2010), or glacial isostatic adjustment
(Grollimund and Zoback, 2001) together with recent local weakening
of the crust (Kenner and Segall, 2000; McKenna et al., 2007).

If the current NMSZ seismicity mainly releases pre-stored strain ener-
gy in the crust, it is analogous to an aftershock sequence in that the rate of
energy release is decaying with time. Thus, in contrast to the repeated
earthquakes at plate boundaries, this sequence of earthquakes will even-
tually end (Fig. 18B). The amount of pre-stored strain energy limits how
long the earthquake sequence can last. Some estimates may be derived
from a simplemodel of a strike-slip fault onwhich strain energy accumu-
lates due to relative motion across the fault when it stays locked
(Fig. 18C.). The elastic strain (ε) is measured by the angle ϕ between a
line initially perpendicular to the fault trace and its current location due
to shearing: ε= tanϕ=x/b, where b is the half-width of the fault zone
and x is the displacement in farfield,which is ameasure of the cumulative
fault slip needed to completely release the elastic strain. The total strain
that can be stored is limited by the yielding shear stress on the fault:
τmax=Gε=Gx/b, where G is the shear modulus.

The values of b and G are relatively well constrained (Hough and
Page, 2011). The value of τmax should be higher than the stress drops
during large earthquakes, typically a fewMPa, because it is the yielding
shear stress on the fault prior to its reactivation. Taking τmax = 20MPa,
the value of the maximum tectonic shear stress in unfaulted crust in
many places (McGarr and Gay, 1978) and hence likely an upper limit,
b = 50 km, and G = 30 GPa, yields x = 33 m. This is the total slip on
the fault needed to completely release the stored strain. For a sequence
of earthquakes 500 years apart with 2 m of seismic slip each, the stored
strain can produce 17 events and the sequence would last 8000 years. A
similar sequence of larger events with greater slip would end sooner.
Furthermore, the release of pre-stored strain should follow a decay
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Fig. 18. (A) U.S. Geological Survey earthquake hazard map showing the New Madrid seismi
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1450 CE, and smaller events since 1812. (C) Simple model for strain accumulation on a strike-
pattern likeOmori's law for aftershocks,withmore energy released dur-
ing early stages. If so, the sequence should be shorter than these
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6.3. How large?

Another important issue for hazard assessment involves choosing
Mmax, the magnitude of the largest earthquake to expect. This is chal-
lenging even for plate boundaries, as illustrated by the fact that the
2011 Tohoku earthquake was much larger than anticipated (Stein and
Okal, 2011). For intraplate areas, the challenge is even greater for two
reasons. First, because seismicity rates are low and the records are
short, it is likely that we have not observed the largest earthquake. For
example, in the Lower Rhine Embayment (Fig. 19A), should the largest
known earthquake be regarded as the biggest that can occur in the area,
or simply the largest in the past 650 years spanned by the catalog? The
largest known earthquake hadmagnitude ~5.7 and should occur on av-
erage about every 400 years. Extrapolating the line predicts that a mag-
nitude 7.3 earthquake would occur on average about every 10,000
years, assuming such large earthquakes actually occur.

Numerical simulations (Fig. 19B) illustrate that the largermagnitude
earthquake appearing in a catalog is likely to be that with mean recur-
rence time equal to the catalog length. Even if the actual maximum
magnitude is much larger, it is unlikely to be observed. Because catalogs
are often short relative to the average recurrence time of large earth-
quakes, larger earthquakes than anticipated could occur.

The maximum magnitude assumed may not matter much for de-
signing ordinary structures. A map with a 475 year return period,
which predicts that the mapped ground motion has a 10% chance
being exceeded in 50 years, does not depend strongly on the assumed
maximummagnitude (Fig. 20). However, the choice of maximummag-
nitude is crucial for critical facilities like nuclear power plants that are
designed to withstand the maximum shaking expected at low annual
probability or equivalently in a very long interval, 10,000 years.

This discussion is based on the assumption of a defined recurrence
time for size-limiting (characteristic) earthquakes. As we have shown,
these models have been questioned and are especially problematic in
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Fig. 19. A. (top): Earthquake frequency-magnitude data for the Lower Rhine Embayment (Vanneste et al., 2013). B. (bottom): Histograms of the largest earthquake “observed” in a set of
700-year-old synthetic catalogs computed for the observed frequency-magnitude curve shown, for three different maximum magnitudes. Regardless of the catalog's Mmax value, the
most likely “observed” value is about 6.0. (Merino, 2014).

380 M. Liu, S. Stein / Earth-Science Reviews 162 (2016) 364–386
mid-continents where interacting faults form complex dynamic sys-
tems and the resulting earthquakes have strong spatiotemporal vari-
ability. Thus inferences from the recent past can be quite misleading,
because future earthquake occurrence may be very different.

6.4. How strong will shaking be?

Hazardmapping also has to assume howmuch shaking future earth-
quakeswill produce. This involves adopting a groundmotion prediction
equation (GMPE), which predicts the ground motion expected at a
given distance from earthquakes of a given size. At plate boundaries,
shaking observations from prior large earthquakes provide data for
GMPEs. However, in intraplate areas, instrumental data for large earth-
quakes are often lacking, because large earthquakes are rarer. Without
good constraining data, the predicted hazard depends significantly on
the GMPE assumed. For example, in mapping the hazard for the New
Madrid seismic zone, Frankel et al. (1996) state that “workshop partic-
ipants were not comfortable”with the source model used in an existing
ground motion relation, and so “decided to construct” a new relation,
which predicted much higher ground motions.

The shakingpredicted by a hazardmap reflects a partial trade-off be-
tween the choices of maximummagnitude and GMPE. Fig. 21 illustrates
this effect with four possible maps for the NewMadrid zone. The two in
each row are for the same GMPE, but different values of Mmax – the
magnitude of the largest earthquake on the main faults. Raising this
magnitude from 7 to 8 increases the predicted hazard at St. Louis by
about 35%. For Memphis, which is closer to the main faults, the increase
is even greater. This is because the assumed Mmax of the largest earth-
quake on the main faults affects the predicted hazard especially near
those faults. The two maps in each column have the same Mmax but
different ground motion models. The Frankel et al. (1996) GMPE pre-
dicts a hazard in St. Louis about 80% higher than that predicted by the
Toro et al. (1997) model. For Memphis, this increase is about 30%. The
groundmotion model affects the predicted hazard all over the area, be-
cause shaking results both from the largest earthquakes and from small-
er earthquakes off the main faults.

7. Discussion

The elastic rebound theory, and later the plate tectonic theory, have
led many to believe that the time of future fault ruptures and hence
large earthquakes can be determined if we know the initial conditions
and canmeasure the fault strength and tectonic loading rates. Advances
in space-based geodesy now permit precise measurements of strain
rates across faults that may be converted to stressing (loading) rates,
and earthquake history may provide some constraints on the “initial”
conditions. Yet fault ruptures in nature have not followed the scripts
of a deterministic system: earthquake prediction remains an unreach-
able goal (Geller et al., 1997), and earthquake hazard assessment, taking
into consideration of the uncertainties of key parameters and being
based on probability theory, has met with mixed results (Stein and
Friedrich, 2014).

The story is not new. Since Henri Poincaré's famous attempt to solve
the three-bodyproblem in 1887, it has been realized that nonlinearity in
deterministic systems could lead to divergent evolution paths from
small perturbations of the initial state (the butterfly effect). This behav-
ior is known as deterministic chaos (Lorenz, 1963). Deterministic chaos
characterizes complex dynamic systems – “dynamic” in the sense that
the parts (particles) of the system follow a set of deterministic rules,
for example Newtonian mechanics, in their temporal evolution, and



Fig. 20. Comparison of hazardmaps of the Lower Rhine Embayment for three different return periods (columns) and three differentmaximummagnitudes (rows). (Vanneste et al., 2013).
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“complex” because the nonlinearity and interactions of individual parts
make full prediction of the system's state at a given future time impos-
sible (Zeigler et al., 2000).

Complex dynamic systems are common in nature. Given the hetero-
geneities at all scales in the lithosphere, frommineral grains to tectonic
plates, and the multiple physical and chemical processes involved in
fault ruptures, it seemsplausible that fault systems, either in continental
interiors or in plate boundary zones, should behave as complex systems
(Kanamori and Brodsky, 2004; Keilis-Borok, 1990; Turcotte, 1997;
Turcotte and Malamud, 2002). The Gutenberg-Richter power law of
the frequency-magnitude relation of earthquakes, followed by both
interplate and intraplate earthquakes, is characteristic of complex sys-
tems (Turcotte, 1997). In this review we attribute the spatiotemporal
variability of large mid-continent earthquakes to the behavior of com-
plex dynamic systems. Recognizing that mid-continental faults act this
way does not directly make hazard assessment easier, but leads to an
important, and necessary, paradigm shift. Inmid-continents one cannot
isolate any fault or fault segment from the rest of the systemand consid-
er only its rupture and loading history (although it is debatable whether
such approaches can be even applied in plate boundary zones). Instead
we need to better understand the behavior of the entire system. This is
challenging, and as for most complex dynamic systems, the best we can
hope is to understand thequalitative behavior of the system, rather than
to obtain precise solutions for the system's evolution (Strogatz, 2014).
For mid-continental earthquakes, we are further limited by many
parameters that are poorly known, unknown, or simply unknowable
(Stein et al., 2011).

This view may appear pessimistic, but is actually not. Most re-
searchers and national research programs have long ago given up seek-
ing “precise solutions”, i.e., short-term earthquake predictions (Geller et
al., 1997). Instead, effort has been directed toward long-term forecast-
ing and probabilistic hazard assessment, which would greatly benefit
from better understanding of the qualitative behavior of the system of
interacting faults in mid-continents. This requires learning how the
faults interact with each other over various timescales and how such in-
teractions affect the system's behavior. Experiments with arrays of slid-
er blocks (Rundle et al., 2003) are oneway to gain insights into the fault
system behavior, although current models are too simplistic to capture
the full spatiotemporal behaviors of mid-continental earthquakes. Nu-
merical simulations of fault interactions in a large system over multiple
timescales (Li et al., 2009; Luo and Liu, 2010; Luo and Liu, 2012) have
the potential to greatly improve understanding of spatiotemporal vari-
ability of large earthquakes in mid-continents, especially as the models
improve with time by incorporating more realistic lithospheric struc-
tures, rheological properties, fault properties, and earthquake histories.

Part of this process should involve acquiring additional information,
such as morphogenic, paleoseismic, and geodetic data beyond the sites
of recent large earthquakes. Even in the central US where the New
Madrid seismic zone has dominated attention because of apparent rep-
etitions of large earthquakes in the past few thousand years (Tuttle et



Fig. 21. Comparison of different hazard maps (2% probability in 50 years) for the New Madrid seismic zone (Newman et al., 2001).
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al., 2002), increasing evidence (Fig. 7) indicates that large earthquakes
occurred in many other places both within and outside the Mississippi
Embayment (Cox et al., 2010; Csontos et al., 2008; Tuttle et al., 2006).

We suggest four approaches to improve hazard assessment in mid-
continents. First, we need to recognize, communicate, and work with
the uncertainties involved. Recognizing the uncertainties and develop-
ing ways to present themwould help users decide howmuch credence
to place in hazard maps and make them more useful in formulating
cost-effective hazard mitigation policies. For example, models should
consider different probability density functions of earthquakes allowed
by the limited data, including the possibility of a fractal rupture behav-
ior, i.e., the Devil's Staircase functions (Fig. 14). We then need to formu-
late hazard mitigation policies given the uncertainties. This involves
robust risk management – accepting the uncertainty and developing
policies to give acceptable results for a range of possible hazard and
loss scenarios (Stein and Stein, 2014). This approach follows the famous
adage that “all models are wrong, but some are useful.”

Second, we should learn more about how well hazard maps work,
which is crucial in deciding how much faith to put in them when
making expensive policy decisions. A good analogy isweather forecasts,
which are routinely evaluated to assess how well their predictions
matched what occurred. This process involves agreed criteria for
“good” and “bad” forecasts. Forecasts are tested against null hypotheses,
including seeing if they do better than using the average of that date in
previous years, or assuming that today's weather will be the same as
yesterday's. Over the years, this process has significantly improved fore-
casts and estimates of their uncertainties. Similar testing of hazardmaps
requires criteria for comparing their predictions to shaking that oc-
curred after they were published (Stein et al., 2015a). Such testing
would show howwell the maps worked, better assess their true uncer-
tainties, and indicate whether changes in map-making methods over
time give better maps.

Third, we need to integrate all observational data for mid-continen-
tal faults and interpret them in the context of dynamic systems. As the
Wenchuan earthquake showed, although the fault slip rate and seismic
activity were both low before the earthquake, large earthquakes on
other faults in the region would have suggested that the Longmenshan
fault system is capable of producing damaging earthquakes, and the lack
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of large earthquakes in the past millenniumwould have suggested pos-
sible long-term accumulation of strain energy that could lead to amajor
rupture (Liu et al., 2014a; Wang et al., 2010).

Fourth, andmost challenging, is to improve our understanding of the
dynamics of intraplate fault interaction. As discussed here, we are just
beginning to develop such an understanding. Until we do so, we will
not know how to use the observations fully, so large uncertainties re-
main. However, the new ideas that have been emerging in recent
years are pointing to a way forward.

8. Conclusions

Large earthquakes in mid-continents show complex spatiotemporal
patterns that do not fit existing earthquake models. On individual mid-
continental faults or fault zones, the occurrence of large earthquakes is
temporally clustered, separated by long time (thousands of years or lon-
ger) of dormancy,much like typical Devil's Staircase functions. Spatially,
these large mid-continental earthquakes tend to roam between wide-
spread fault systems. Such spatiotemporal behavior indicates that fault
systems in mid-continents, and the earthquakes on them, interact
with each other in a complex dynamic system.

In such a system, widespread mid-continental faults collectively ac-
commodate slow tectonic loading from the far field (plate boundary
forces). The low loading rates mean that stress accumulation on any
given fault is slow and susceptible to stress perturbations by failure of
other faults in the system, or changing nontectonic stresses such as ero-
sion. A major rupture (or ruptures) of a mid-continental fault would
both cause stress transfer to neighboring faults and perturb loading
conditions on distant faults, causing long-distance roaming of large
earthquakes. Hence, the commonly used models, such as recurrence
intervals and characteristic earthquakes, are especially inadequate or
inapplicable in mid-continents.

Understanding the spatiotemporal variability of largemid-continen-
tal earthquakes requires not only more data but also a new approach –
treatingmid-continental faults not as individual faults but as a complex
dynamic system. Adopting this approach involves giving up the hope of
precisely predicting the evolution of fault ruptures, but instead trying to
understand their qualitative system behavior. This approach calls for
data collection and strain rate monitoring to go beyond areas where
recent large earthquakes occurred, advanced numerical studies of fault
interaction over multiple timescales in mid-continents, and hazard
assessments that are not overly biased by the short and incomplete
earthquake records in most regions.
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