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Abstract

Although large earthquakes in continental interiors are much less frequent than those along plate boundaries, they
have been responsible for a disproportionate amount of destruction. | present a testable model for strain accumulation and
seismicity in the upper crust of continental interiors. Intersecting faults provide a focus for strain build-up, resulting in
local pockets of high strain accumulation. Rigid plates typically deform at strain rates 107° to 107° strain yr—2, but at
intersecting fault zones, strain accumulates at anomalously high rates of 1078 to 107 strain yr—?, i.e,, the strain rates are
comparable with those at plate boundaries. The resulting large earthquakes are associated with relatively short return times
(hundreds of years). Typically one of the intersecting faults appears to split and to offset the other ‘main’ fault (defined as
afault on which the larger offset occurs), forming two parallel strands separated by ajog. | also observe arotation of one
leg of the ‘main’ fault with respect to the other. The region of intersection is usualy associated with intense fracturing,

increased microseismicity and uplift. [0 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although only about 5% of the global seismic
energy is released in continental interiors, some of
the most damaging earthquakes have occurred there.
The nature of the seismicity in continental interiors
isnot aswell understood as that of its plate boundary
counterparts.

Severa factors influence earthquake generation
including the rheological properties of the medium,
the nature of the fault zone, stress conditions, etc.
However, my main focus is the effect of fault geom-
etry (in a given stress field) on the generation and
localizing of earthquakes, in particular, on the role of
intersecting faults.

*Tel.: +1 803 777 6449; Fax: +1 803 777 6610; E-mail:
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Fault intersections control earthquake occurrence
in many ways. They provide locations for initiation
and cessation of ruptures (King, 1986), thus control-
ling the size of the earthquakes. Intersections also
control earthquake sequences by loading or unload-
ing stresses on adjacent (or intersecting) faults (see
e.g., King et a., 1994). Intersections aso provide
localized weak spots compared to the more com-
pact regions and are thus likely to be the location
of seismicity. Fault intersections are also regions of
greater fracture density (Talwani, 1989; Marshak and
Paulsen, 1997) thus promoting fluid flow, increased
fluid pressure, lower strength and subsequent seis-
micity. However, the main thrust of this paper is the
role of fault intersections in concentrating stress and
generating earthquakes.

The roles of intersecting faults are observed in
a variety of tectonic settings; at plate boundaries
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(e.g., 1987 Superstition Hills earthquake sequence;
Hudnut et al., 1989), in rift structures (e.g., Sudan
earthquake sequence of 1990-91; Girdler and Mc-
Connell, 1994) and in continental interiors.

In this paper | present a simple, speculative,
testable model primarily to explain the seismicity in
the New Madrid and Middleton Place Summerville
(near Charleston, South Carolina) seismic zones. Itis
based on the intersection model (Talwani, 1988) and
theoretical modeling of stress fields near fault bends
and intersections (King, 1986; Andrews, 1989, 1994;
Jing and Stephansson, 1990). The model is con-
strained by observations of the seismicity patterns,
regional and continental geodetic strain rates and
recent estimates of recurrence times of large earth-
guakes based on paleoseismic studies.

1.1. Intraplate strain rates

On a global scale, seismicity in continental interi-
orsisclustered, although locally, it can display linear
patterns, e.g., the seismicity in the New Madrid Seis-
mic Zone (NMSZ). Most of this seismicity occurs
in the upper crust. Johnston (1994) compiled data
for seismicity in stable continental regions (SCR), a
more restrictive delineation of continental interiors.
He found that the annualized seismic strain rates
for al SCR regions was ~1.3 x 10720 strain yr—2.
Direct measurements of baselines across the U.S.
interior were made by Very Long Baseline Interfer-
ometry (VLBI). The data show the baseline lengths
changing by less than 3 mm/yr, corresponding to a
net strain less than 1072 strain yr—! (see e.g., Stein,
1993). Combined VLBI and satellite laser ranging
(SLR) data for the central and eastern part of the
United States also show deformation rates of less
than 3 mm/yr (Robbins et al., 1993). Anderson
(1986) estimated the average seismic strain rate for
the central and eastern U.S. of 107? to 10~** strain
yr~1 from cumulative earthquake seismic moments,
with large uncertainties of one to two orders of mag-
nitude. These values are significantly smaller than
the strain rates at plate boundaries ~10~7 strainyr—!
(Johnston, 1994). The low strain rates suggest that
on a continental scale, plate interiors (in this case,
the North American plate) behaves as a single rigid
plate. These conclusions based on the analysis of
VLBI and SLR data have been confirmed by re-

cent Global Positioning System (GPS) data (see e.g.,
Dixon et al., 1996; Snay and Strange, 1997).

1.2. Pockets of high strain rates within continental
interiors

Although strain is a dimensionless quantity, | fol-
low Savage (1983) and Weber et a. (1998) and use
units of rad and rad per year for engineering shear
strain (y) and shear strain rate (y). These are distin-
guished from linear strain (¢) and linear strain rate
(é) expressed in units of strain and strain per year.
Extension is taken as positive. These strains are re-
lated, the engineering shear strain is twice the corre-
sponding tensor shear strain (Savage, 1983). Weber
et a. (1998) have shown that the maximum shear
gtrain rate (y, inrad yr=t, y < ¢ Where éme is
the maximum principal strain rate (strain yr—1).

Although the average strain rate in eastern U.S.
from seismicity datais10~* to 107! strainyr—1, An-
derson (1986) also identified pockets of high seismic
strain rates ~1078 strainyr~—! and 10~° strainyr~! in
the New Madrid Seismic Zone (NMSZ) and Middle-
ton Place Summerville Seismic Zone (MPSSZ) near
Charleston, South Carolina, respectively. These high
values were directly attributable to a series of large
earthquakes (My, ~ 8) in NMSZ in 1811-1812 and
the M, 7.3 1886 earthquake in the MPSSZ.

Strain rates based on geodetic data have also
been obtained for small regions within continental
interiors. In New York and Connecticut, Zoback et
al. (1985) obtained a shear strain rate of 0.18 + 0.05
wrad yr~t (~10~7 strain yr—1) by measuring changes
in angles between monuments in two triangulation
surveys (1862—1973). However, using a larger data
set, Snay (1986) obtained a shear strain rate of
0.032 £+ 0.018 prad yr—1 (~2 x 1078 strainyr1), an
estimate statistically indistinguishable from zero at
the 95% confidence level.

More recently regional surveys have been carried
out using GPS. Strain accumulation rates have been
calculated from changes in angles between mon-
uments first measured by triangulation and then
remeasured using GPS. These triangulation/GPS
strain rate estimates have been obtained in the NMSZ
(Liu et a., 1992; Snay et al., 1994), and MPSSZ
(Talwani et a., 1997).

Liu et al. (1992) estimated high shear strain rates
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(0.108 + 0.045 prad yr~1) for the southern part
of NMSZ, including 0.248 4 0.074 prad yr~! and
0.111 4 0.052 rad yr~?* for the western and eastern
parts of their study area. In contrast, Snay et al.
(1994) obtained 0.030 & 0.019 prad yr— for the
northern part of NMSZ, a value indistinguishable
from zero at the 95% confidence level. Weber et
a. (1998) compared the results of two GPS surveys
in 1991 and 1993, encompassing the entire NMSZ.
They divided their study areainto two subnets. They
obtained strain rates of 0.121 4 0.083 prad yr—* and
0.080 4 0.058 prad yr—? for the two subnets. For the
MPSSZ near Charleston, South Carolina, Talwani et
al. (1997) obtained 0.041 + 0.019 prad yr—2.

In summary, the results of geodetic strain mea-
surements at a regional scale show that within conti-
nental interiors there are pockets of high shear strain
rate accumulation ~0.02 to 0.2 wrad yr—* (or ~1078
to 10~ strain yr~') compared to the rigid plates
(~1071° t0 10~° strain yr1).

1.3. Recurrencerates

The earliest recurrence time estimates for the
large earthquakes were based on the extrapolation
of the current seismicity data (see e.g., Johnston
and Nava, 1985). Now additiona estimates of re-
currence times are based on deformation rates, and
paleoseismicity data. For the NMSZ, Schweig and
Ellis (1994) argue for a repeat time of 1000 years or
less for the large earthquakes (~M,, 8.0). Estimates
based on paleoliquefaction data suggest recurrence
rates as low as 200-600 yr (Schweig and Tuttle,
1996). For the MPSSZ, estimates of repeat times
based on seismicity (and early paleoseismological
investigations) range from 1500 to 1800 yr (Tal-
wani and Cox, 1985; Amick and Talwani, 1986;
Nishenko and Bollinger, 1990). However, the results
of recent pal eoseismological investigations (Talwani,
1996) suggest that the repeat time for large earth-
quakes (My, 7+) may be about 500 yr.

2. Modelsfor earthquakesin continental interiors

From the preceding paragraphs, | notethat the seis-
micity in continental interiors tends to be clustered,
most of it occurring in the upper crust; there are lo-

calized pockets of high strain accumulationin an oth-
erwiserigid plate, and the recurrence rate of the large
earthquakesishundredsof yearsrather than thousands
or tens of thousands of years. These observations must
be used as congtraints in any model presented to ex-
plain the seismicity in continental interiors.

Talwani (1989) reviewed various models pro-
posed to explain earthquakes in continental interiors.
In common with their plate boundary counterparts,
earthquakes within continental interiors, occur when
stress overcomes the mechanical strength of that part
of the crust. This is accomplished in one or more of
the following ways:

() Ambient stress grows to exceed the strength of
pre-existing zones of weakness.

(b) An additional stress is generated localy,
which augments the ambient stress field and trig-
gers earthquakes in continental interiors.

(c) The mechanical strength of the rocks is re-
duced by mechanical or chemical means.

Examples of the first category include stress am-
plification near plutons (see e.g., Campbell, 1978),
localized strain in the mid—lower crust (Zoback et
a., 1985), and stress accumulation near intersect-
ing faults (Talwani, 1988). The second category
includes models for local generation of triggering
stress. These include changes in the stress field due
to deglaciation (see e.g., Quinlan, 1984) and grav-
itationally induced stresses at structural boundaries
(Goodacre and Hasegawa, 1980). In the third cate-
gory, there is areduction in strength of rocks by me-
chanical or chemical means. Models include those
proposed to explain induced seismicity (seee.g., Tal-
wani, 1997), e.g., by an increase in fluid pressures,
stress corrosion, dissolution and by alowering of the
coefficient of friction.

Recent models to explain seismicity in the Ama-
zonas region in Brazil (Zoback and Richardson,
1996) and in the NMSZ (Stuart et a., 1997) are
variations of the second category, in that a mecha-
nism is proposed to build-up stress locally. However
in both cases, the source of the stress build-up isin
the lower crust.

2.1. The fault intersection model

In the intersection model (Talwani et a., 1979;
[llies, 1982; Talwani, 1988) the intersection of two
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or more zones of weakness provides a location for
stress build-up. The intersecting zone may be local
in nature, e.g. the boundary fault of a buried basin,
or it may be regional in scale (see e.g., Marshak and
Paulsen, 1997), such as a major tectonic boundary
or an ancient rift zone. The boundaries of crusta
blocks, which often separate rocks with different
rheological properties, form fault intersections, the
local weak spots. These are characterized by an
increased density of fractures of various orientations
as evidenced by focal mechanisms, higher seismicity
and lower magnitudes. Fault intersections are also
associated with increased permeability, promoting
fluid flow and higher fluid pressure generation (see
e.g., Sibson, 1988).

The intersections form the locked area of a fault
and are the locations of stress build-up. Because
movement on one fault is inhibited by the intersect-
ing fault, stresses large enough to generate a major
intraplate earthquake can build up at intersections.
Intersections also help to localize the seismicity and
as noted by King (1986), form the location where
seismicity is initiated. The faulting usually starts on
one of the fault planes and due to the movement on
it perturbs the neighboring stress field and triggers
movement on the adjacent fault.

Laboratory and field data (Ma et a., 1989; El-
lis, 1991) show that stress accumulation occurs in
asymmetric lobes around the intersection. Numeri-
cal analysis by Andrews (1989) showed that after
a number of earthquakes, the junction becomes a
strong barrier to further slip and the largest dip oc-
curs away from the intersection on one or both of
the intersecting faults. Further analysis by Andrews
(1994) also predicts a volume change or intense local
deformation at the intersection. These predictions are
consistent with the observation of seismicity in con-
tinental interiors, where the mainshock occurs away
from the intersection (Talwani, 1988), while intense
seismicity often accompanied by uplift occurs near
the intersection.

Jing and Stephansson (1990) modeled the stress
build-up near intersecting faults using a two-dimen-
sional distinct element method. Their model con-
sisted of three blocks, one of which (block 3) was
kept fixed (Fig. 1a). In response to a compressional
stress field (similar to that observed in eastern North
America), a non-uniform stress distribution is gen-
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Fig. 1. Results of numerical modeling by 2-D distinct element
model (from Jing and Stephansson, 1990). (a) Block geometry
and boundary conditions, and location of monitoring points for
the computational model. Blocks 1 and 2 are alowed to move
and block 3 is kept fixed. (b) Principal stress components and
displacement vectors. Note that blocks 1 and 2 move in a
right-lateral sense and that principal stress components suggest a
rotational stress field in block 3. (c) Contours of normal stress,
Sc. Negative stresses are compressional. Model yields a stress
field favoring right-lateral slip between blocks 2 and 3 and
left-lateral slip between blocks 1 and 2.
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erated, and the two movable blocks (1 and 2) move
in a right-lateral sense (Fig. 1b). Fig. 1c shows the
contours of the horizontal normal stress S,. | note
that stress concentrations occur near the intersection.
Jing and Stephansson (1990) follow the engineer-
ing stress sign convention, negative values indicating
compression. The stress field would support right-
lateral dlip on the upper two blocks relative to block
3, which is fixed and left lateral movement of block
1relativeto block 2.

In Fig. 2, | have replotted the results of Jing
and Stephansson (1990) rotating the blocks by 180°.
Fig. 2a—d show the block model (block 3 fixed),
contours of S, displacement vectors and principal
stress components, respectively. In block 3, | note
that the stress field would favor rotation. In Fig. 2e,
| alow block 3 to move. As a result of the stress
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accumulation a split occurs at B and block 1 moves
in a left-lateral sense with respect to block 2. The
|eft-lateral displacement of block 1, BB/, is limited,
as for the given stress field it is easier for block 3
to move in aright-lateral sense. On further applica-
tion of the stress field, legs AB and B'C move in a
right-lateral sense, uplift occurs along BB’ and leg
B’C undergoes anticlockwise rotation (Fig. 2f). The
uplift along BB’ is also consistent with analyses of
Andrews (1994). (In an extensiona stress field, S,
directed outward, one would anticipate normal fault-
ing and subsidence along BB'). Thus Fig. 2f shows
the resultant geometry (with leg B’C undergoing ro-
tation) of the intersecting blocks (Fig. 2a) subjected
to a compressiona stress field commonly observed
in continental interiors.
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Fig. 2. The model of Jing and Stephansson (1990) modified and rotated by 180°. Symax and Symin are the maximum and minimum
stresses. (a—d) The model, contours of S, displacement vectors and principal stress components. (€) Block 3 is alowed to move and
leads to an offset of BB’ in fault AC and beginning of uplift (solid triangle) along the offset and rotation of leg B'C. (f) The fina

geometry of the intersecting faults.
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2.2. Three examples

In Fig. 3, | show schematically, the geometry of
three well studied locations of seismicity in con-
tinental interiors, each with a geometry similar to
that in Fig. 2f. Intriguingly at each of these loca-
tions there was a sequence of three earthquakes or
subevents. Each of these three events occurred on a
different fault.

Fig. 3a shows the geometry of the fault sys
tem in the New Madrid Seismic Zone, modified
from Gomberg (1992) and using nomenclature from
Johnston and Schweig (1996). The two NE-SW seg-
ments, BA (Blytheville Arch) and NN (New Madrid
North) are associated with right-lateral strike-slip
faulting and the intersecting northwest trending NW
(New Madrid Northwest) is associated with reverse
faulting and the Lake County Uplift. The BA leg is
oriented at about 27° to the direction of maximum
horizontal compression, Simex (N8OPE), whereas the
NN leg is rotated 10° anticlockwise, with respect to
BA, and makes an angle of about 37° with Symax. Ac-
cording to Johnston and Schweig (1996) the 1811—
1812 sequence started on the BA leg (12/1811), and
was followed by large events on the NN and NW
legs(1/1812 and 2/1812).

Fig. 3b shows the geometry of the fault system
in the Middleton Place Summerville Seismic Zone,
with nomenclature from Talwani (1982) and loca-
tions from Garner (1998). Here also the N10°-15°E
trending Woodstock fault is offset ~3—4 km to the
NW by the northwest trending Ashley River fault.

Simax 1S oriented N6O°E. The region south of Sum-
merville (SV in Fig. 3b) is uplifted (Rhea, 1989;
Marple and Talwani, 1993) and is currently associ-
ated with reverse faulting. The northern leg of the
Woodstock fault is rotated ~5° anticlockwise with
respect to the southern leg.

The 1886 earthquake was studied in great detail
by Sloan who was employed by the U.S. Geological
Survey. His reports to McGee were later made avail-
able to Dutton (1890), who published the main re-
port on the 1886 Charleston earthquake. In Dutton’s
interpretation the earthquake was bipolar (consis-
tent with the then prevailing theory of earthquakes)
and had two ‘epicentra’ located near Woodstock and
Rantowles. (These towns are located 12 and 22 km to
the southeast and south of Summerville). However,
in his original report (see e.g., McKinley (1887),
in the Charleston yearbook for 1886), Sloan argues
for a ‘compound shock’ and lists three ‘foci’ near
Woodstock, Middleton Place and Rantowles. The
second source, Middleton Place lies on the Ashley
River fault and is currently associated with reverse
faulting. Thus the original data collected after the
1886 point to three earthquakes on different faults.

Fig. 3c shows the geometry of the faults as-
sociated with the Mg 7.3 Haicheng earthquake of
1975 (Jones et a., 1982). The foreshocks (F) oc-
curred near the intersection of the Dayanghe (strik-
ing N45°W) and Ximuhe faults. The magnitude of
the largest foreshock was Mg 4.7 (Wu et al., 1978).
The mainshock (M) occurred near the intersection of
the Ximuhe and a northwest trending fault (striking

M 25km
o5m

T
/ C 12295
- 40045' ! L—

!
1 XF

Fig. 3. Schematic geometry of three locations of continental interior earthquakes. The solid arrows show the direction of Symax. (8)
NMSZ, where BA, NW, NN, LCU and M are Blytheville Arch, northwest and north New Madrid faults, Lake County Uplift and
Memphis, respectively. (b) MPSSZ, where WF and ARF are the Woodstock and Ashley River faults, respectively. W, MP, R, SV and C
are Woodstock, Middleton Place, Rantowles, Summerville and Charleston, respectively. (c) Haicheng, China, DF, XF are the Dayanghe
and Ximuhe faults, respectively. F, M and S are locations of foreshocks, mainshocks and Shipengyu, respectively. Aftershocks were used

to define the ‘unmapped’ strand.
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N67°W), the latter being associated with the after-
shock activity. This fault was labeled ‘unmapped’
fault by Jones et al. (1982). The magnitude of the
largest aftershock was Mg 6.0 (Ma et al., 1989). Tri-
angulation surveys before and after the mainshock
revealed shortening (and hence uplift) in an area be-
tween the two northwest trending faults (Wu et a.,
1978). The direction of Symex, N70°E is from Wu
et al. (1978), and | note that the western leg of the
two northwest trending faults is rotated about 22°
anticlockwise with respect to the eastern leg.

3. Discussion

Johnston and Schweig (1996) noted that earth-
quake triplets, with each principal shock generating
its own aftershock series, are relatively common
in intraplate settings, in contrast with large inter-
plate earthquakes which are usually associated with
mainshock—aftershock seguences. In addition to the
1811-1812 sequence of earthquakes in the NMSZ,
Johnston and Schweig (1996) cite examples of earth-
quake triplets for the 1990 Sudan; 1976-84 Gazli,
Uzbekistan; 1985-88 Nahani, Canada; 1988 Ten-
nant Creek, Australia; and the 1982 Miramichi, New
Brunswick sequences. The actual style of faulting at
any location depends (among other factors) on the
strike and dip of afault plane and its orientation with
respect to Symax- Hence, athough the style of fault-
ing on individual faults varies from one location to
another, at locations where adequate data are avail-
able, faulting was localized near intersecting faults
which displayed nonuniform styles of faulting, and
evidence of uplift near the intersections.

In the three examples presented here | find asim-
ilar geometrical relationship of the intersecting faults
with each other and with the direction of Symax. The
shorter intersecting fault appears to divide the longer
fault into two segments offset from each other along
the intersecting fault. | observed strike-dlip faulting
on the longer fault segments favorably oriented to
Simax @nd reverse faulting and/or uplift on the shorter
(intersecting) fault. At the intersection, the offsetting
fault appears to be most heavily fractured and is as-
sociated with intense seismicity, whereas the larger
event(s) occur on the two offset faults (see e.g., John-
ston, 1982; Garner, 1998; and Wu et a., 1978).

Next, using the seismicity near Charleston as an
example, | show that the observed strain rate and re-
currence time are adequate to generate the 1886 M,,
7.3 earthquake. The strain rate observed from GPS
~0.04 prad yr—' was measured over a GPS array
with an aperture of ~100 km, leading to aslip-rate of
~4 mm/yr. For an average recurrence time of ~500
years, the anticipated dip in one earthquake cycleis
~2 m, anumber consistent with the observed short-
ening of railroad tracksin the 1886 Charleston earth-
guake (Charleston News and Courier, September 5,
1886, p. 1 col. 6), and also roughly consistent with the
average dip expected for My, ~7.0—-7.5 earthquakes
with average stress drop (Johnston, 1993).

4. Conclusions

In this speculative model, intersecting faults in
the upper crust provide alocation for stress accumu-
lation in continental interiors. GPS surveys can be
used to detect these localized pockets of high strain
in an otherwise low-strain plate interior.

In three examples presented in this paper, the
shorter intersecting fault divided and offset the
longer fault. In all examples one of the two segments
of the longer fault underwent rotation with respect
to the other. The sense of rotation is consistent with
analytic models by Andrews (1989, 1994) and Jing
and Stephansson (1990). The type of displacement
on the outer faults was strike-slip faulting in all three
examples. In each case faults were oriented ~45° +
15° from Symax. FOr cases where the fault orientation
is steeper, close to perpendicular to Symax, | would
anticipate reverse faulting on the ‘main’ faults, e.g.,
the earthquakes near Tennant Creek, Australia and
Latur, India

In this paper | have focussed on the stress build-up
near intersecting faults in continental interiors. An-
other consequence of the geometry of the faults,
and one which plays an important role in localizing
earthquakes is stress transfer and loading and un-
loading of neighboring faults due to an earthquake
on one fault (see e.g., King et al., 1994). It is thus
possible, in fact likely, that transient stress triggering
played an integral role in the occurrence of the series
of earthquakes on adjacent faults described in the
three exampl es.
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The ideas presented in this model are not scale-
dependent and would also apply to intermediate-size
earthquakes. The validity of the model will be tested
with additional data from other locations of earth-
guakes in continental interiors.
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