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ABSTRACT

Available geological, geophysical, and seismological data for
39 cases were compared and analyzed to understand the cause
of intraplate earthquakes. The results revealed common fea-
tures which can be used to test models for their seismogene-
sis. Intraplate seismicity occurs in the vicinity of “stress
concentrators” within pre-existing zones of weakness, most
commonly failed rifts. These stress concentrators are struc-
tures where plate tectonic stresses can cause a localized build-
up of stresses and, ultimately, earthquakes. These include
intersecting faults, buried plutons, and rift pillows. One of
the intersecting faults was often found to be tens of kilome-
ters in length and oriented optimally with respect to the max-
imum horizontal stress direction. Intraplate earthquakes have
longer return periods compared to their plate-boundary
counterparts. They occur in failed rifts of all ages, whereas
those not associated with rifts occur only in the Precambrian
crust. The former have shorter return periods (<500 years)
compared to the latter (thousands of years).

INTRODUCTION

Intraplate earthquakes occur in plates that are characterized
by very low strain rates (Johnston, 1989; Johnston er al,
1994). Although their potential for widespread destruction is
large, intraplate earthquakes occur less frequently compared
to their plate-boundary counterparts. Primarily because of
their rarity and a general absence of accompanying surface
ruptures, their mechanisms are not well understood. In this
paper we expand Johnston’s (1989) definition of stable conti-
nental regions (SCR) to include Cenozoic-age structures and
refer to them collectively as intraplate regions. To understand
their seismogenesis we have used a two-step approach. The
first step, the subject of this paper, is a global synthesis of
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available geological, geophysical, and seismological dara for
intraplate earthquakes, to seek diagnostic and characteristic
features. The second step, not addressed here, is to build sim-
ple mechanical models to evaluate the roles of these charac-
teristic features in the generation and location of seismicity.
Before we present our analyses of global data we review earlier
explanations of intraplate seismiciry.

REVIEW OF MODELS FOR INTRAPLATE
EARTHQUAKES

Earlier studies have described several characteristic features of
intraplate earthquakes but not their genesis (Sykes, 1978;
Johnston, 1989; Talwani, 1989; Talwani and Rajendran,
1991; Zoback, 1992; Johnston et 2/., 1994). An observed spa-
tial association of intraplate earthquakes with mafic bodies
and analytical computations led to suggestions of causal asso-
ciation (Simmons e 4/., 1976; Kane, 1977; Long and Cham-
pion, 1977; Campbell, 1978; McKeown, 1978; Barstow ez
al., 1981). Other studies (Talwani ez 2., 1979; Illies, 1982;
King and Nabelek, 1985; King, 1986; Talwani, 1988) noted
that these earthquakes could be associated with stress build-
up near kinks and intersections, as was also shown by numer-
ical analyses (Andrews 1989, 1994). To explain the deep
earthquakes in the Amazonas rift basin, Zoback and Richard-
son (1996) suggested stress perturbation on a buried rift pil-
low in the lower crust. A high-density intrusion into the
lower continental crust is referred to as a “rift pillow” (Zoback
and Richardson, 1996) or a “stress pillow” (Singh and
Meissner, 1995). The same concept was applied to earth-
quakes in the New Madrid seismic zone (NMSZ) and to the
Jabalpur earthquake in India by Stuart ez 2/ (1997) and
Rajendran and Rajendran (1998, 1999), respectively. Other
proposed models include the deglaciation model (Basham ez
al., 1977; Stein et al., 1979), gravitationally induced stresses
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at structural boundaries (Goodacre and Hasegawa, 1980),
and reduction of strength of rocks by mechanical or chemical
means (Talwani and Acree, 1984; Costain et al., 1987).
Three recent models have also been proposed to explain
intraplate earthquakes. Kenner and Segall (2000) proposed a
time-dependent mechanical model for the generation of
repeated large intraplate earthquakes. Their model requires a
weak lower crustal zone embedded within the elastic lithos-
phere and includes stress-controlled coseismic rupture and
postseismic perturbations to the deformation field. In a
model proposed by Thybo ez 2/ (2000), the cause of intra-
plate earthquakes is attributed to a seismically defined lateral
transition in the upper mantle. Pollitz ez 2. (2001) proposed
a geodynamic model for stress concentration and applied it to
NMSZ. They suggested that a mafic body located in the deep
crust beneath the seismically active region of NMSZ started
sinking due to a perturbation field such as that provided by
the effect of deglaciation (Grollimund and Zoback, 2001),
thus suddenly weakening the lower crust. The downward pull

exerted by the mafic body flexes or breaks the upper crust,
resulting in earthquakes. The cycle repeats itself with contin-
ued sinking of the mafic body. They assume that thrust fault-
ing is the primary type of faulting at NMSZ, as also suggestec[
by Johnston (1996) and Hough ez /. (2000). To assess these
models we decided to critically examine the global database
pertaining to intraplate seismiciry.

CASE HISTORIES OF EXAMINED INTRAPLATE
REGIONS

We examined 20 case histories of intraplate regions related to
39 earthquakes of M 5.0 or greater. They are listed chrono-
logically in Table 1. Several analytical studies have shown that
geologic features such as intersecting faults, buried plutons,
and rift pillows are capable of localizing stress (Campbell,
1978; King and Nabelek, 1985; King, 1986; Zoback and
Richardson, 1996). We have labeled these structures “stress
concentrators , 7e., these are the locations where plate tec-

TABLE 1
Examined Intraplate Regions
Date

Major Earthquake (MM/DD/YYYY) Associated Iniraplate Region Magnitude References
Basal 10/18/1356 Upper Rhine Graben, Switzerland M,6.0-65  Lemeille ef al. (1999); Meghraoui et

al. (2001)
Charlevoix 02/05/1663 St. Lawrence Rift, Canada M,7.0:0.5  Ebel (1996)
Charlevoix 02/06/1663 St. Lawrence Rift, Canada M,>5.0 Ebel (1996)
Charlevoix 02/06/1663 St. Lawrence Rift, Canada M,>5.0 Ebel (1996)
Charlevoix 02/06/1663 St. Lawrence Rift, Canada M,>5.0 Ebel (1996)
Charlevoix 02/07/1663 St. Lawrence Rift, Canada M,>5.0 Ebel (1996)
New Madrid 12/16/1811 New Madrid Seismic Zone, USA M, 8.1 Johnston (1996)
New Madrid 01/23/1812 Mew Madrid Seismic Zone, USA M,78 Johnston (1996)
New Madrid 02/07/1812 New Madrid Seismic Zone, USA M, 8.0 Johnston (1996)
Kutch 1819 Kachchh Rift Basin, India M, 7.8 Johnston ef al. (1994)
Charleston 08/31/1886 Middleton Place-Summerville Seismic Zone, M, 7.3 Johnston (1996)

USA
Belle Prairie, lllinois  09/27/1891 [llinois Basin, USA m, 5.8 Kolata and Hildenbrand (1997)
Swabian Jura 11/16/1911 Swabian Jura, southwest Germany M, 6.1 Turnovsky and Schneider (1982)
Charlevoix 03/01/1925 St. Lawrence Rift, Canada M,6.0-6.5 Bent(1992)
| Son Valley 1927 Narmada Rift Basin, India m,6.5 Gupta ef al. (1997); Rajendran and

Rajendran (1998)
Satpura 1938 Narmada Rift Basin, India m, 6.3 Rajendran and Rajendran (1998)
Accra 1939 Ghana M, 6.5 Talwani and Rajendran (1991)
Swabian Jura 05/28/1943 Swabian Jura, southwest Germany Ms5.2 Schneider (1979)
Anjar 07/21/1956 Kachchh Rift Basin, India M,6.0 Chung and Gao (1995)
Amazonas 12/14/1963 Amazonas Rift Basin, Brazil m,5.1 Assumpcao and Suarez (1988)
Xingtai 03/06/1966 North China Rift Basin, China M, 7.3 Talwani and Rajendran (1991)
Meckering 10/14/1968 Australian Craton (west), Australia M;6.8 Langston (1987)
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TABLE 1 (Continued)
Examined Iniraplate Regions

Date
Major Earthquake (MM/DD/YYYY) Associated Intraplate Region Magnitude References
Broughton, llinois ~ 11/09/1968 llinois Basin, USA Mmy5.5 Kolata and Hildenbrand (1997)
Bhadrachalam 04/13/1969 Godavari Riff Basin, India M, 5.7 Chung (1993)
Calingiri 03/10/1970 Australian Craton (west), Australia Mg 5.1 Denham (1988)
Broach 03/23/1970 Narmada Rift Basin, India M, 5.4 Chung (1993)
Simpson Desert 08/28/1972 Australian Craton (central & east), Australia M, 5.6 Talwani and Rajendran (1991)
Haicheng 02/04/1975 North China Rift Basin, China M,7.3 Talwani and Rajendran (1991)
Tangshan 07/27/1976 North China Rift Basin, China Mg 7.8 Nabelek ef al. (1987)
Swabian Jura 09/03/1978 Swabian Jura, southwest Germany Mg5.1 Turnovsky and Schneider (1982)
Cadoux 06/02/1979 Australian Craton (west), Australia Ms6.0 Denham (1988)
Miramichi 01/09/1982 Miramichi, Canada M,5.7,51  Hasegawa (1991); Talwani and Rajen-
dran (1991)
Miramichi 01/11/1982 Miramichi, Canada M, 5.4 Hasegawa (1991)
Miramichi 03/31/1982 Miramichi, Canada M, 5.0 Hasegawa (1991)
Amazonas 08/05/1983 Amazonas Rift Basin, Brazil m,5.5 Assumpgao and Suarez (1988)
Tasman Sea 11/25/1983 Australian Craton (central & east), Australia M,5.8 Talwani and Rajendran (1991)
Guinea 12/22/1983 Guinea M, 6.4 Talwani and Rajendran (1991)
Marryat Creek 03/30/1986 Australian Craton (central & east), Australia Ms5.8 Denham (1988)
Southern lllinois 06/10/1987 Illinois Basin, USA my5.2 McBride et al. (2002)
Tennant Creek 01/22/1988 Australian Craton (central & east), Australia ~ M:6.3,6.4,6.7 Bowman (1991); Bowman (1992)
Saguenay 11/25/1988 Saguenay Graben, Canada my5.9 Du Berger ef al. (1991); Haddon
(1995)
Ayers Rock 05/28/1989 Australian Craton (central & east), Australia m, 5.8 Bowman ef al. (1990)
Ungava 12/25/1989 Ungava Peninsula, Canada M:6.3 Bent (1994)
Sudan 05/20/1990 East African Rift System, Sudan Mc7.2 Gaulon ef al. (1992); Giardini and
Beranzoli (1992); Girdler and McCon-
nell (1994)
Sudan 05/24/1990 East African Rift System, Sudan Ms6.4,7.0  Gaulon et al. (1992); Giardini and
Beranzoli (1992); Girdler and McCon-
nell (1994)
Sudan 07/09/1990 East African Rift System, Sudan Ms6.4 Gaulon ef a/. (1992); Giardini and
Beranzoli (1992); Girdler and McCon-
nell (1994)
Sudan 07/28/1990 East African Rift System, Sudan Ms51 Gaulon ef a/. (1992); Giardini and
Beranzoli (1992); Girdler and McCon-
: nell (1994)
Sudan 09/07/1990 East African Rift System, Sudan M:5.3 Gaulon et al. (1992); Giardini and
3 Beranzoli (1992); Girdler and McCon-
nell (1994)
Latur 09/30/1993 Latur, India M, 6.3 Rajendran et al. (1996); Kayal et al.
(1996)
Jabalpur 05/22/1997 Narmada Rift Basin, India m, 6.0 Kayal (2000)
Bhuj 01/26/2001 Kachchh Rift Basin, India M, 75 USGS-NEIC (2001); Kayal ef al.
: (2002)
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tonic stresses can cause a localized build-up of stresses and,

ultimately, earthquakes. We then examined if these earth-

quakes occurred in the presence or absence of any of these
stress concentrators. According to the global database of sta-
ble continental region earthquakes (Johnston ez 2/, 1994),
“the strongest correlation of the entire data set of Stable Con-
tinental Region earthquakes (all magnitudes) is 64% for the
category extension or basin/graben.” This implies that 64% of
the global stable continental region seismicity is associated
with extensional basins and/or grabens. Thus failed rifts form
a major pre-existing zone of weakness for intraplate seismic-
ity. When comparing the geological, geophysical, and seismo-
logical data, we therefore divided the examined intraplate
earthquakes into those that were and were not associated with
rifts (Tables 2 and 3). In both these tables only the larger
earthquakes in any intraplate region have been listed.

Examination of Data from Rift-associated Intraplate
Locations

Table 2 lists twelve examples where the intraplate seismicity
occurred within failed rifts ranging in age from Proterozoic to
Cenozoic. According to Hasegawa (1991), most of the Char-
levoix seismic zone in eastern Canada lies within a Protero-
zoic rift basin. However, Kumarapeli (1993) inferred it to be
within the passive margin of the lapetus ocean. We prefer the
former classification and use it throughour the paper. The
New Madrid seismic zone in the central U.S. and Saguenay
graben in Canada lie within Paleozoic rifts (Van Arsdale ez al.,
1998; Du Berger et 2/, 1991). The North China rift basin
and the Basel region in the Upper Rhine graben lie within
rifts of Cenozoic age (Nabelek ez al., 1987; Shedlock ez al.,
1987; Mayer et al., 1997; Meghraoui ez /., 2001). The Mid-
dleton Place Summerville seismic zone near Charleston,
South Carolina; Kachchh, India; and Swabian Jura in south-
west Germany lie within Late Triassic—Early Jurassic rifts
(Biswas, 1982; Illies, 1982; McBride ez 4/, 1989). The Goda-
vari rift basin is Mesozoic in age (Chung, 1993), whereas the
Narmada region lies within an Early Proterozoic rift basin
(Valdiya, 1973). An Ordovician-Permian rift basin is host to
the Amazonas (Nunn and Aires, 1988), while the Sudan seis-
mic region lies within a rift of Cretaceous age (Girdler and
McConnell, 1994). Thus the common factor in all of these
locations of seismicity is the presence of a pre-existing zone of
weakness—the rift—rather than its age.

The largest earthquakes in these twelve examples range
from M 5.5 to M 8.1, and seven of them occur within the top
15 km of the crust (Table 2). The five exceptions are the
Amazonas rift basin, where two large earthquakes occurred at
depths of about 23 km and 45 km (Assumpcao and Suarez,
1988; Zoback and Richardson, 1996), the Saguenay earth-
quake near the Saguenay graben (depth -29 km) (Du Berger
et al., 1991; Haddon, 1995), the Bhuj earthquake in the
Kachchh rift basin (depth ~17 km) (USGS-NEIC, 2001;
Kayal e al., 2002), and the Jabalpur earthquake in the Nar-
mada rift basin (depth 36 km) (Kayal, 2000). Although the
Saguenay earthquake occurred about 17 km south of the
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A Figure 1. Saguenay graben seismogenic elements. The open box
represents the region of granitic plutons and Charnockite-Mangerite
intrusive site and cross-cutting discontinuous short lineaments. Modified
from Hasegawa (1991).

Saguenay graben (Figure 1), based on the classification of
Dewey (1988) of “basin exterior” earthquakes, Hasegawa
(1991) suggested a possible causal association with the gra-
ben.

Wee also examined the style of faulting for each rift-asso-
ciated intraplate location (Table 2) (Talwani and Rajendran,
1991; Zoback, 1992; Girdler and McConnell, 1994; Zoback
and Richardson, 1996; Kayal, 2000; Meghraoui e 4/., 2001;
Kayal ez al., 2002). In eleven of the twelve examined rift-asso-
ciated intraplate regions the main style of faulting is strike-
slip, reverse, or a combination of both, indicating that the
regions lie in compressional stress regimes. Normal faulting
was observed at two locations. In the Basel region the normal
faulting has been inferred based on paleoseismological and
geomorphological data (Meghraoui ez /., 2001), but in the
absence of seismological data this interpretation is poorly
constrained. The mainshock of the Sudan earthquake
sequence had left lateral strike-slip movement and some nor-
mal faulting. Both of these offsets appear to be due to associ-
ated kinematic adjustment in an overall compressive stress
regime. Thus most cases of rift-associated intraplate regions
lie in compressional regimes, as was also revealed from a glo-
bal compilation of present-day tectonic stress patterns by
Zoback e al. (1989). A notable exception is the Cenozoic
Baikal rift system, where moderate seismicity is confined to
middle and lower crustal depths and focal mechanisms indi-
cate that the regional stress field is extensional in nature
(Deverchere et al., 1993; Deverchere et /., 2001; Ten Brink
and Taylor, 2002).
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For each case study we identified the possible stress con-
centrator(s) listed in Table 2. This table also provides the ori-
entation of the intersecting faults, depth of the buried pluton,
location of earthquakes with respect to the buried pluton,
and the depth to the top of the rift pillow.

We illustrate our approach to explain intraplate seismic-
ity using the New Madrid seismic zone case study, because of
the good data control. In Figure 2 we compare instrumentally
located M 3.0 or greater earthquakes with geologically and
geophysically outlined structures. In the New Madrid seismic
zone, within the northeast-southwest-trending, nearly 400-
km-long and 100-km-wide Reelfoot Rift, there are two inter-
secting fault zones, the 53-km-long Blytheville fault zone
(BFZ), oriented northeast-southwest, and the 32-km-long
Reelfoot Fault (RF), oriented northwest-southeast (Figure 2;
Van Arsdale ef al., 1995; Johnston and Schweig, 1996). A
third fault, the New Madrid North Fault (NMNF), lies out-
side the edge of the floor of the Reelfoot Rift but within its
shallower edge (Figure 2; Rhea and Wheeler, 1995). This
~30-km-long north-northeast-trending fault is considered to
be the extension of the aseismic Bootheel lineament (BL) by
Johnston and Schweig (1996). Wheeler (2003) and Hough
(2003) (personal communications) questioned this connec-
tion, however. The Missouri batholith, a prominent, 100-
km-wide, low-density, granitic, upper-crustal structure,
trends northwest-southeast and crosscuts the Reelfoot Rift

(Figure 2; Hildenbrand ez 4/, 1996; Hildenbrand ez al,
2001). The observed seismicity inside the Reelfoot Rift is
located along the Blytheville fault zone and the Reelfoot and
New Madrid North Faults (Figure 2). In particular there is
clustering of the larger earthquakes near the intersections of
the Bootheel lineament and Blytheville fault zone; Reelfoot
Fault and Blytheville fault zone; and Reelfoot Fault and New
Madrid North Fault (Figure 2). A few earthquakes are also
located along the southern margin of the rift (Figure 2).

The major plutons in the New Madrid seismic zone (Fig-
ure 2) are at a depth of about 2-10 km (Hildenbrand ez 4,
2001). They are mostly mafic in nature. The large intrusions
along the Reelfoot Rift margins were inferred by Hilden-
brand and Hendricks (1995) to range in age from early Pale-
ozoic to Cretaceous. The major intrusions in the New
Madrid seismic zone are the Bloomfield and Covington plu-
tons and Osceola Igneous Complex (OIC). Based on avail-
able drillhole darta very close to these plutons, Hildenbrand ez
al. (2001) inferred the Bloomfield and Covington plutons to
be of pre-Ordovician and Late Triassic-Middle Jurassic age
respectively. The Osceola Igneous Complex was inferred to
be Permian based on geochemical and petrological studies
(Hildenbrand ez /., 2001). We note that there is seismicity at
or near the northern and southern ends of OIC, and the
northwestern and southeastern edges of the unnamed pluton
near Reelfoot Fault (Figure 2). The large cluster of seismicity
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lying near the intersection of the New Madrid North Fault,
Bootheel lineament, and Reelfoot Fault is also between the
Bloomfield pluton to the north and an unnamed pluton
complex to the south. Interestingly, most of the seismicity
forms a halo around the pluton and does not lie in the pluton
itself, as was observed by Ravat er 2/ (1987). A possible
exception is the southern leg of the Reelfoot Fault. We also
note that three of the four earthquakes that occurred near the
southern margin of the rift were located on the periphery of
plutons outside the rift basin. Thus the spatial association of
seismicity with the location of fault intersections and the
periphery of plutons possibly suggest a causal association.

Next we examined similar site-specific geological, geo-
physical, and seismological data for other locations of seis-
micity. The data related to seismogenesis at these locations are
not as uniform or as derailed as those available for the New
Madrid seismic zone. To compare the data at other locations
of intraplate seismicity, we present these data schematically
showing the faults, mainshock, outline of the areas of seismic-
ity, and plutons using the same symbols. A lower crustal rift
pillow has been theoretically modeled in the New Madrid
seismic zone at a depth of 30-32 km (Stuart ez al, 1997).
The modeled depth is greater than the observed seismicity,
however, which makes its presence questionable as a stress
concentrator. Therefore it has not been included in Figure 2.
As is noted in Figure 2, seismicity is located near the intersec-
tions of the faults and on the periphery of the buried plutons.

In the Middleton Place Summerville seismic zone, which
lies within the South Georgia rift basin, the 10- to 12-km-
long, northwest-trending Ashley River Fault (ARF) intersects
the north-northeast-trending Woodstock Fault (WF) (Tal-
wani, 1982), which is about 200 km long (Marple and Tal-
wani, 2000) (Figure 3). Only about a 30-km segment of the
Woodstock Fault near the intersection is active seismically
(Figure 3; Talwani, 1982, 2000; Marple and Talwani, 2000).
The instrumentally located seismicity in this region lies along
the Ashley River Fault and the southern end of the Wood-
stock Fault, and is concentrated near their intersection (Fig-
ure 3). Below about one kilometer of sediments are extensive
basalt flows and plutons of Late Triassic—Early Jurassic age
(Talwani, 1985). Several flows have been encountered in a
deep well southwest of the seismicity. This seismicity lies near
the northeast periphery of one of the plutons (Figure 3). Thus
the observed seismicity (dashed circle in Figure 3) is located
near the intersection of two faults and on the periphery of a

- buried pluton (Talwani and Weems, 2001).

Intraplate earthquakes occur in the Godavari, Narmada,
and Kachchh rift basins in India (Figures 4, 5, and 6, respec-
tively). Within the Godavari rift basin, the northwest-south-
cast-trending Godavari Master Fault intersects the nearly
east-west-trending Godavari cross-fault (Figure 4; Mishra ez
al., 1987). The mainshock on 13 April 1969, the M 5.7
Bhadrachalam earthquake, located using WWSSN data, with
a focal mechanism indicating northwest-southeast and north-
east-southwest nodal planes, occurred about 30 km from this
intersection (Figure 4). The outlines of the intrusive bodies in
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A Figure 3. Middleton Place-Summerville seismic zone seismogenic
elements. Rift margin from McBride ef a/. (1989).

the Godavari rift basin are not accurately known, but the
depths to their tops are within 2-13 km (Mishra ez al., 1987).
The intrusions within the rift basin and on either side are
made up mostly of basic rocks (Rao and Rao, 1983; Mishra ez
al., 1987). The instrumentally located seismicity (M=2.0)
does not show any particular trend (Rao and Rao, 1984). It
lies inside and immediately outside the rift (dashed circle in
Figure 4), close to the intersection of the faults and in the
neighborhood of the intrusions (Figure 4).

Within the Narmada rift basin, the east-west-trending
and nearly 600-km-long Narmada-Son lineament (NSL)
intersects the northwest-southeast-trending extension of the
Godavari Master Fault mapped from aeromagnetic (Atchuta
Rao ez al., 1992) and gravity (Singh and Meissner, 1995) data
(Figure 5). Most of the seismicity associated with this part of
the Narmada rift basin occurred close to this intersection
(dashed circle in Figure 5). Mishra and Gupta (1998) also
observed intersections of cross trends in gravity and magnetic
data in the region of observed seismicity. Also within the Nar-
mada rift basin, based on seismic evidence and extensive grav-
ity modeling, Singh and Meissner (1995) inferred a high-
density stress pillow at the base of the -35-40-km-thick
crust. The location of their proposed stress pillow coincided
with the hypocentral location of the Jabalpur earthquake of
22 May 1997. Later, a similar high-density body in the same
region, the top of which was at midcrustal depths, was also
inferred based on gravity and magnetic data (Figure 5; Mishra
and Guprta, 1998; Mishra and Ravi Kumar, 1998). Rajendran
and Rajendran (1998) suggested a causal relationship
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between this rift pillow located in the hypocentral depth
range (20-36 km) and the 22 May 1997 Jabalpur earth-
quake. Furthermore, analysis of seismic refraction data by
Kumar ez /. (2000) indicated an anomalously high-velocity
layer with varying thicknesses, which was interpreted to be
the top of this rift pillow at midcrustal depths. Thus these
observations suggest a causal relationship of the rift pillow
with the seismicity in the Narmada rift basin.

Two other notable earthquakes in the Narmada rift basin
are the 23 March 1970 My, 5.4 Broach earthquake and the
1938 m, 6.3 Satpura earthquake (Figure 5). The Broach
earthquake was located in the Cambay graben near its inter-
section with the Narmada rift basin. The fault-plane solution
for this earthquake shows a nearly east-west-trending nodal
plane, suggesting a possible association with the Narmada-
Son lineament (Chung, 1993). The historical Satpura earth-
quake, on the other hand, whose focal depth was reported to
be ~40 km based on instrumentally recorded data (Rajendran
and Rajendran, 1998), is considered to be associated with the
Tapti lineament, which coincides with the southern edge of
the Narmada rift basin (Figure 5).

In the Kachchh rift basin various east-west-trending
faults are offset in a right-lateral sense by a northeast-trending
feature first identified by Kar (1993) based on geomorpho-
logical and satellite data (Talwani and Gangopadhyay, 2001).
The focal mechanism and the location of the mainshock on
26 January 2001 suggest that it occurred on an east-west-
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trending fault dipping to the south. A surface projection of
the aftershocks suggests that the mainshock and several after-
shocks occurred on a buried fault parallel to and to the north
of the Kachchh Mainland Fault (KMF), called the South
Wagad Fault by Biswas and Khattri (2002). Detailed studies
of focal mechanisms of the aftershocks (dashed circle in Fig-
ure 6) by Kayal ez 2/ (2002) identified two trends of seismic-
ity: one trending northwest-southeast and the other trending
northeast-southwest (along the trend identified by Kar
(1993). Thus the location of seismicity, focal mechanism,
geological, and geomorphological data suggest that the seis-
micity is located near the intersections of two or more faults.
Biswas (1987) observed that the Mesozoic sediments within
the upper crust in the Kachchbh rift basin have been intruded
by Deccan Trap basalts. The instrumentally located after-
shocks of the 26 January 2001 Bhuj earthquake are deep
(mostly 15-38 km) (Kayal ez 2/, 2002) and occur near these
intrusions (Figure 6). A causal association with the incrusive
bodies is not evident, however.

At Swabian Jura in southwest Germany, a N7°E-trend-
ing fault through the Hohenzollern graben intersects a
N22°E-trending fault also crossing the graben (Figure 7;
Illies, 1982; Turnovsky and Schneider, 1982). This intersec-
tion was the location of the mainshock on 3 September 1978,
near the northern edge of the graben (Figure 7). The after-
shocks of this earthquake were located near the intersection
of these two faults within the graben and also along the
northern leg of the N22°E-trending fault and the southern
leg of the N7°E-trending fault immediately outside the gra-
ben (dashed area in Figure 7). Two other major earthquakes
of M 5.2 and M 6.1 also occurred in the Swabian Jura region
(Table 1), but accurate instrumental locations are not avail-
able.

In the Amazonas rift basin, Nunn and Aires (1988) have
outlined ultrabasic intrusive bodies at a depth of about 15 km
based on a chain of nearly east-west-trending Bouguer gravity
highs. A high-density rift pillow varying from 100-200 km
in width and 22-25 km in thickness has been postulated in
the lower crust inside the rift basin (Zoback and Richardson,
1996). The seismicity that occurred near the northern margin
of the rift basin and for which focal mechanisms are available
suggests approximately east-west-trending nodal planes at
depths of 23 km and 45 km respectively (Figure 8; Zoback
and Richardson, 1996). This seismicity has been causally
associated with the rift pillow based on the modeling by
~ Zoback and Richardson (1996) and because of its spatial
association as described above.

The North China rift basin has been the host of several

large intraplate earthquakes in the last four decades, particu-

larly the 6 March 1966 My, 7.3 Xingtai, 4 February 1975
My, 7.3 Haicheng, and 27 July 1976 M, 7.8 Tangshan earth-
quakes (Figure 9 inset). The Tangshan earthquake sequence
(Figure 9) was the most destructive of these events (Nabelek
et al., 1987). In the Tangshan region within the North China
rift basin, several faults oriented northeast, northwest, and
west-northwest intersect in an en-echelon pattern (Figure 9;
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Shedlock ez al., 1987). The Tangshan mainshock occurred on
a northeast-trending right-lateral suike-slip faule (Figure 9;
Shedlock ez 2, 1987). The foreshocks and aftershocks define
two northwest-trending zones separated by a northeast-
southwest-trending fault (Shedlock er al, 1987). Thus we
note that in the North China rift basin the epicentral loca-
tions of the major earthquakes correlate well with the faulc
intersections, suggesting a causal association with the inter-
sections (Figure 9).

Two of the rift-associated intraplate locations examined
in this paper do not show conclusive evidence of the presence
of any stress concentrators. These are the Charlevoix seismic
zone (Figure 10) and Upper Rhine Graben in Switzerland
(Figure 11). The Charlevoix seismic zone in the St. Lawrence
Rift has been host to several major earthquakes in southeast
Canada, such as the 5 February 1663 M 7.0+0.5 earthquake
and its larger aftershocks (epicenters usually assigned to the
Charlevoix seismic zone; Ebel, 1996) and the 1 March 1925
M 6.0-6.5 earthquake (Figure 10; Bent, 1992). The instru-
mentally located seismicity in the Charlevoix seismic zone,
most of which lies within the St. Lawrence Rift (dashed
ellipse in Figure 10), is postulated to be due to activation of
northeast-striking ancient rift faults that were probably weak-
ened by a Paleozoic meteor impact (Hasegawa, 1991; Bent,
1992). Two of the larger earthquakes in the region between
1988 and 1995 (Figure 10) occurred on west-northwest—east-
southeast—trending lineaments reactivated by the meteor
impact (Lamontagne, 1997). However, it is not clear whether
the intersection of these lineaments with the dominant

November/December 2003 Volume 74, Number 6 873



northeast-trending rift faults are stress concentrators causing
these earthquakes.

The Upper Rhine Graben in Switzerland was the host of
the historic M 6.0-6.5 Basel earthquake on 18 October 1356
and of two other prehistoric earthquakes on a normal fault, as
indicated by geomorphological, geophysical, and trenching
studies (Meghraoui et 2/, 2001). The major fault system in
the region is the Eastern Boundary Fault of the Upper Rhine
Graben (Figure 11). To our knowledge no one has identified
an intersecting fault or a buried pluton in this region. With
sparse seismicity data and poorly constrained geomorpholog-
ical data it has not been possible to make a causative associa-
tion of the Basel earthquake with any structure except the
associated normal fault.

Within the Saguenay graben and also in the epicentral
region of the 25 November 1988 2, 5.9 Saguenay earthquake
and its aftershocks, there are many cross-cutting relatively
short lineaments of an average length of about 10 km and ori-
ented north-south, N15°E, N30°E, N50°E, northwest-
southeast, and N160°E. These lineaments have been inferred
from satellite imagery and are not very pronounced (Du
Berger et al., 1991). The plutons in the region span an area of
a few hundred square kilometers, extend to middle and lower
crustal depths, and are mostly composed of granite, manger-
ite, mafic dikes, and gabbro (Figure 1; Du Berger ez al., 1991;
Hasegawa, 1991; Talwani and Rajendran, 1991). The 1988
Saguenay mainshock was located at a depth of 29 km and the
aftershocks in the region (dashed circle in Figure 1) were at
depths of 15-30 km (Du Berger ez 4/, 1991). The uncer-
tainty about the plane of failure and the large depth of the
earthquake preclude the inference of any causal association.

In the East African Rift system, the nearly north-south-
trending rift border faults of the western and eastern branches
of the rift system have been cross-cut by the northwest-south-
east-trending Aswa fault zone (Figure 12; Gaulon ez al., 1992;
Girdler and McConnell, 1994). Among the six major events
of the Sudan earthquake sequence, two appeared to have focal
mechanisms indicating their association with the northwest-
southeast-trending Aswa fault zone and other similarly trend-
ing lineaments. The remaining four earthquakes have focal
mechanisms indicating that they were associated with the
north-northeast-trending rift border faults (Girdler and
McConnell, 1994). Most of the seismicity is located near the
intersection of the north-northeast-trending rift border faults
and northwest-southeast-trending Aswa fault zone (dashed
circle in Figure 12). Girdler and McConnell (1994) also
observed that the mainshock of 20 May 1990 triggered activ-
ity on the north-northeast-trending rift border faults fol-
lowed by seismicity alternating between the two intersecting
fault systems oriented almost perpendicular to each other.
This observation coupled with the spatial association of the
seismicity with the intersections strongly suggests a causal
association.

In summary, based on our analysis, of the twelve cases of
rift-associated intraplate regions examined in this paper,
intersecting faults appear to act as stress concentrators at eight
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locations, the exceptions being the Amazonas and St
Lawrence rift basins, and the Upper Rhine and Saguenay gra-
bens. Intersecting faults are ubiquitous in the crust and so the
question arises, what is special about the locations of the
intraplate earthquakes? To answer this question we further
analyzed the cases mentioned above. All locations were found
to have the following characteristics: (1) The intersecting
faults lie within the rift; (2) of the two faults one is a major
fault, often tens of kilomerters in length, and longer than the
intersecting fault; and (3) the major fault was found to be ori-
ented optimally for failure to the direction of SH_,
(45°+15°) (Table 2).

Buried intrusions tend to act as stress concentrators in
half of the twelve locations. Rift pillows may act as stress con-
centrators in the Narmada and Amazonas rift basins. At four
locations we observe a spatial association of seismicity with
both intersections and buried plutons. These observations
suggest that one or more stress concentrators located within a
weak (rifted) crust can be associated causally with the
observed seismicity.

Examination of Data from Non-rifi-associated Iniraplate
Locations

Eight locations of intraplate seismicity are not associated with
rift scructures (Table 3). These include Latur in India, western
and eastern parts of the Australian craton, the Illinois basin
including the Wabash Valley in USA, Ungava Peninsula in
Canada, Guinea, southeast Ghana, and Miramichi in Can-
ada. Interestingly, all these regions lie within Precambrian
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cratons. The largest earthquake in any of these regions ranges
between M 5.7 and M 6.8 (Table 3). All the seismicity
observed in these regions occurred within the upper crust and
at five locations it occurred within the top 7 km.

In Latur, the epicentral distribution and fault-plane solu-
tions of the mainshock of 30 September 1993 earthquake
and its aftershocks (dashed ellipse in Figure 13) suggested
northwest-southeast-, northeast-southwest-, and east-west-
trending intersecting faults in the region (Figure 13; Kayal ez
al., 1996; Kayal, 2000). Based on geologic and geomorphic
studies, Seeber ez al. (1996) suggested that the Latur earth-
quake had formed a new northwest-southeast-trending fault.
However, based on digital LandSar data and the spatial trend
of historic earthquakes, Rajendran ez 4l (1996) suggested
that the earthquake had occurred on a pre-existing fault (Fig-
ure 13). The mainshock of 30 September 1993 was associated
with the northwest-southeast-trending reverse fault and was
located very close to the intersection of the northwest-south-
east and east-west-trending faults (Figure 13). Gravity model-
ing by Mishra e a2l (1998) showed that elongated short
wavelength lows delineate low-density rocks in the upper
crust (tops at 10-12 km) warping up to a depth of 3.5 km.
Elongated short wavelength highs were interpreted by them
to be associated with granite and basic high density metavol-
canic rocks (Figure 13). The focal depths of the mainshock
and the aftershocks were also in the depth range of 3—12 km.
Mishra et a/. (1998) also noted that the epicenter of the main-
shock lies between the gravity highs and lows and the epicen-
ters of the aftershocks are mainly in the vicinity of the gravity

low. They further suggested that the heterogeneous distribu-
tion of these intrusions could cause local stress concentration
at their contacts with the host rocks, resulting in the observed
seismicity. We interpret the above observations to infer that
there is a strong association of the seismicity with fault inter-
sections and buried plutons.

The southwestern part of the Australian craton has been
host to three major earthquakes in the last four decades: the
1968 M 6.8 Meckering earthquake, the 1970 A 5.1 Calin-
giri earthquake, and the 1979 M 6.0 Cadoux earthquake. All
of these earthquakes were located within the “Southwest Seis-
mic Zone” and showed reverse faulting on old reactivated
faults of lengths 37 km, 3.5 km, and 15 km, respectively
(Denham, 1988; http://www.geol.uwa.edu.au/~swsz/
mecktext.htm, 2002). The depths of all these earthquakes and
the aftershocks of the Meckering earthquake are shallower
than -7 km and are mostly within the top 3 km (Langston,
1987). Granite and granitic gneiss are also present although
their depths are not accurately known (Gordon and Lewis,
1980; http://www.geol.uwa.edu.au/~swsz/mecktext.htm,
2002). The seismicity is located at the western edge of these
intrusions (dashed area in Figure 14B). The data are not
detailed enough to infer any causal associations.

The central and eastern parts of the Australian craton
have also hosted a number of major intraplate earthquakes,
the largest being the 1988 M 6.3—6.7 Tennant Creek earth-
quakes. Focal mechanisms of the mainshocks of the Tennant
Creek earthquakes reveal thrust faulting, and both the main-
shocks and aftershocks define conjugate fault planes dipping
south (45° and 35°) and north (55°) (Bowman, 1992). The
seismicity is generally associated with the reactivation of old
faults, although location uncertainties do not permit the
inference of a causative association of earthquakes with any
particular fault(s). In the central part of the Australian craton
in the region of the Tennant Creek earthquakes (Figure 14C),
a Bouguer gravity low of 20 mGal has been observed (Bow-
man and Dewey, 1991). As quoted by Bowman and Dewey
(1991), Bullock (1977) modeled it as an elongated high-den-
sity intrusive body extending to seismogenic depths of
3.5-6.5 km, thus weakly suggesting thar it is a stress concen-
trator localizing seismicity in the Tennant Creek region. The
eastern part of the Australian craton has granites, dioritic sills
and dikes, and lampropyre that outcrop locally (Bowman ez
al., 1990; Choy and Bowman, 1990; Bowman, 1991). The
seismicity is spatially scattered around these intrusive bodies,
but lack of accurate hypocentral information and data per-
taining to the depths of these intrusions inhibits any causal
association with the seismicity.

The Illinois basin, which includes the Wabash Valley, is
to the north of the Reelfoot Rift, which encompasses the
New Madrid seismic zone. The 50-200-km-long north-
northeast-trending Wabash Valley fault system (WVES) and
Commerce geophysical lineament (CGL) lie almost orthogo-
nally to the Cottage Grove fault system (CGFS), the La Salle
anticlinal belt, and the >50 km west-northwest-trending
Trans-American Tectonic Zone (TTZ), respectively (Figure
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15; Kolata and Hildenbrand, 1997; Marshak and Paulsen,
1997; Wheeler, 1997; Hildenbrand et /., 2002; McBride ez
al., 2002b; Odum ez af., 2002; Woolery and Street, 2002).
No evidence is available to support the intersection of these
structures, however. The individual strands of the Fluorspar
Area fault complex (FAFC) intersect but do not cross the

Rough Creek fault system (RCES) (Figure 15; McBride ez 4/,
2002b). Based on seismic-reflection data, Sexton ez al. (1986)
and Bear er al. (1997) inferred a <40-km-long and -20-km-
wide, Late Precambrian—Early Paleozoic Grayville graben
which includes parts of WVEFS (dotted lines north of RCFS
in Figure 15). Compared to the Reelfoot-Rough Creek rift
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system, the Grayville graben is considerably smaller in cross-
section and width (Hildenbrand and Ravat, 1997). Hence in
our classification we have considered this region as a non-rift
setting. The instrumentally located seismicity lies in the
upper and middle crust except for the 9 November 1968
my, 5.5 earthquake, whose hypocentral depth was reported to
be 21.2+5.4 km (McBride ez al., 2002a). The scarcity of focal
mechanisms, precise hypocenters, and information about
subsurface geometry of the faults precludes any causal associ-
ation. The larger earthquakes were located at or near the
intersections of these features, particulatly the CGFS and
CGL (Figure 15). Hildenbrand ez a/. (2002) noted that five of
the eight large prehistoric earthquakes known to have
occurred within the Illinois basin, including the two largest
shocks, clustered at and close to a left-stepping bend in the
CGL, as was also reported by Wheeler and Ravat (2002) and
Wheeler and Cramer (2002). The buried intrusions in the
upper crust are composed of igneous complexes (e.g., the
Vincennes Igneous Center), mafic dikes, and some basalt
flows (Hildenbrand and Ravat, 1997; Hildenbrand ez 4/,
2002). The majority of the observed seismicity (dashed circle
in Figure 15) is uniformly distributed around these intru-
sions, thus precluding a possible causal association.

One of the largest recent earthquakes in eastern North
America was the 25 December 1989 M, 6.3 Ungava earth-
quake in Canada (Figure 16; Adams ez 4/, 1991; Bent, 1994).
The remote region lacks extensive geological and geophysical

T T T
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ONTARIO QUEBEC A RADOR
~ /—/'/’ 50°
] 1
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<«— Direction of §H,,,, > Location of major earthquake

A Figure 16. Ungava Peninsula seismogenic elements. Modified from
Bent (1994).

dara. Based on waveform modeling studies the mainshock has
been postulated to have occurred as two subevents on north-
east-southwest- and north-northeast—south-southwest—strik-
ing planes (Table 3; Bent, 1994). The former nodal plane is
consistent with the ~-38° average trend of the surface ruprure
observed during field studies by Adams er /. (1991), but no
intersecting faults have been mapped. The presence of buried
intrusions, if any, is also not known due to lack of data.

In Guinea, as observed by Neev er 2l (1982), the north-
east-trending Trans-American Fracture Zone, comprising sev-
eral small and local fractures, passes through the epicentral
region of the 22 December 1983 M 6.4 carthquake. It inter-
sects a west-northwest—east-southeast—trending fault zone
(Talwani and Rajendran, 1991). The mainshock of 22
December 1983 has been teleseismically located to be about
8—10 km from this intersection. Its aftershocks (dashed line in
Figure 17), which were located using portable seismographs,
lie along the west-northwest—east-southeast—trending fault
zone (Figure 17; Langer er al, 1987). The direction of maxi-
mum horizontal compression in this region is oriented north-
west-southeast (Talwani and Rajendran, 1991), favoring
faulting on the west-northwest—east-southeast—trending fault.
Given the uncertainties in the location of the mainshock, and
well defined alignment of the aftershocks along the west-
northwest—east-southeast—trending  fault, the mainshock
could have been associated with the two intersecting faults.

In Ghana the northeast-trending Akwapim Fault cross-
cuts the east-northeast—west-southwest—trending  Coastal
Boundary Fault (Talwani and Rajendran, 1991). This inter-
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section was the location of the 1939 My, 6.5 Accra earth-
quake (Figure 18). Focal mechanisms of this earthquake and
also several earthquakes during February 1977 and May 1980
(dashed circle in Figure 18) revealed strike-slip and normal
faulting (Talwani and Rajendran, 1991). Furthermore, Tal-
wani and Rajendran (1991) observed that Blundell (1976)
also identified the intersection of the faults as a zone of weak-
ness, and Bacon and Quaah (1981) noted that a higher level
of seismic activity was clustered around this intersection, sug-
gesting a causal association (Figure 18).

Berween January and March 1982, four earthquakes
with M 5.0-5.7 occurred near Miramichi, Canada. Fault-
plane solutions and the hypocentral locations of the after-
shocks associated with them define a pair of steeply dipping
conjugate faults on the sides of a granitic pluton down to a
depth of about 10 km (Figure 19; Hasegawa, 1991; Talwani
and Rajendran, 1991). The temporal pattern of the main-
shock and aftershocks indicated that the mainshock was ini-
tiated at the intersection of the conjugate faults, thus
implying its causal association to the intersection (Hasegawa,
1991). The confinement of the seismicity (dashed ellipse in
Figure 19) to the edges of the granitic pluton also implies a
causal association (Figure 19; Hasegawa, 1991).

In summary, at seven of the eight locations, the possible
stress concentrators are either in the form of intersecting
faults and/or buried plutons, and none of the locations
showed evidence of a rift pillow (Table 3). Five of the eight

examined locations have intersecting faults in the vicinity of
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the observed seismicity. These are Latur, Illinois Basin,
Guinea, Ghana, and Miramichi. Buried plutons are also pos-
sible stress concentrators in five of the eight examined loca-
tions. These are Latur, western and eastern regions of the
Australian craton, Illinois basin, and Miramichi (Table 3).

In the cases of the non-rift-associated intraplate locations
such as those examined in this paper, seismicity appears to
have longer recurrence periods compared to the rift-associ-
ated intraplate locations, as was noted by Johnston (1994). At
two intraplate locations where we have good paleoseismolog-
ical dara, Middleton Place Summerville seismic zone in South
Carolina and New Madrid seismic zone, the recurrence rates
for M 7.0+ earthquakes are ~500 years (Talwani and Schaef-
fer, 2001; Tuttle ez 2., 2002). In the Charlevoix seismic zone
and the Saguenay region, based on paleoseismic records and
studies of lake sediments, Ebel and Tutle (2002) reported
average recurrence periods of 75 years and 350-1,000 years
respectively for M 6.0+ earthquakes. In the Kachchh rift
basin, two M>7.0 earthquakes occurred within 200 years.
Cases with documented short recurrence rates (<500 years)
occurred within rift basins. The recurrence rates based on
paleoseismological data at Tennant Creek, Marryat Creek,
and Latur, three locations not associated with rift basins, are
of the order of tens of thousands of years (Crone, 1992;
Rajendran, 2000). Another intraplate location not associated
with a rift basin for which we have an estimate of recurrence
rates is the Wabash Valley within the Illinois basin. Here,
based on seismicity (Gutenberg-Richter relationship) and
paleoseismological data (Obermeier ez al, 1991; 1992;
1993), the recurrence rates for M26.5 earthquakes are
between 2,600—4,000 years (Frankel ez 4/, 1996).

Thus, from the limited available data we speculate that
intraplate earthquakes within the rifts are associated with
“characteristic” earthquakes and shorter recurrence periods,
whereas those outside the rifts are not and appear to follow
the Gutenberg-Richter relationship. As defined by Schwartz
and Coppersmith (1984), “characteristic” earthquakes are
essentially earthquakes of the same size with a relatively nar-
row range of magnitudes near the maximum that faults tend
to generate. We also note that the largest earthquakes associ-
ated with rift-related intraplate regions are larger than those
not associated with rifts (Johnston et al, 1994). Rajendran
(2000) has also pointed out similar differences. In both cases
the common feature is a local stress concentrator which dis-
tinguishes it from plate-boundary earthquakes. We are
unsure of the exact cause for the difference between the two
categories described in this paper. We anticipate that addi-
tional high-quality data and three-dimensional modeling will
lead to a better understanding of the nature of all categories
of intraplate earthquakes.

DISCUSSION

The objective of this study was to analyze and integrate
diverse global geological, geophysical, and seismological data

sets to identify common features which can explain the cause

of intraplate earthquakes. These analyses and integration with
analytical models of the roles of fault intersections, buried
plutons, and rift pillows in localizing stress build-up have
allowed us to identify the following features common to the
genesis of intraplate earthquakes:

* Intraplate earthquakes occur in pre-existing zones of
crustal weakness, the most common of which are failed
rift zones, as was originally suggested by Johnston er al.
(1994).

* Stress build-up and the resulting strain accumulation
occur in response to tectonic forces within a localized
volume at one or more of the three stress concentrators,
viz., fault bends or intersections, buried plutons, and rift
pillows.

* One of the intersecting faults was found to be longer and
often tens of kilometers in length and oriented optimally
with respect to SH_,, for failure.

* Large earthquakes (M=>7.0) associated with intersections
and plutons occur at upper crustal depths (<15 km),
whereas those associated with rift pillows occur at mid-
crustal depths (=215 km).

* Non-rift-associated earthquakes were found to occur
only in the Precambrian basement.

* The recurrence intervals for large intraplate earthquakes
are longer than for those at plate boundaries.

* The recurrence intervals are shorter for earthquakes
within failed rifts as compared to those associated with
structures ourside rifts.

* Any mechanical model proposed for the generation of
intraplate earthquakes will have to address these observa-
tions.
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