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, TRIGGERING OF STRONG EARTHQUAKES IN A SEISMIC
g DUE TO COULOMB STRESS CHANGES GENERATED BY THE
OCCURRENCE OF PREVIOUS STRONG SHOCKS

E.E.PAPADIMITRIOU', V. G. KARAKOSTAS AND A. B. BABA'

e ABSTRACT

omb stress changes (ACFF)were calculated assuming that earthquakes can be modelled as static dislo-

in an elastic half-space, and taking into account the coseismic slip in strong earthquakes. The stress
calculations were performed for strike. dip, and rake appropriate to the strong events considered. We
if these chosen earthquakes brought a given strong subsequent event closer to, or farther from, failure.
found that each of the subsequent strong events occurred in regions of increased calculated Coulomb
efore their occurrence. Moreover, the majority of smaller aftershocks also were located in areas of posi-

FF . This indicates the probable triggering of the latter events, the foci of which are situated at nearby
s or fault segments.
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[TRODUCTION

e broader Aegean area has experienced many destructive earthquakes as indicated from both instrumen-
and historical information, some of them occurring very close in time. It is then of interest to examine if
changes associated with the occurrence of each one of them can advance the lime of occurrence, Le.,
r subsequent ones. Earthquakes in a sequence generally are not independent (Scholz, 1990). Each one
d by both tectonic loading and stress changes caused by prior events, especially by either great earth-
L or other shocks that occur nearby. From this point of view, the state of stress is studied.

Suang earthquakes that appeared to occur close in time indicate possible triggering of the following events
 the previous one in the chain. Such observations have led several authors in the last decade to highlight the
ance of fault interactions on the basis of physical models. Considerable research has been performed on
ake triggering or delay due to changes in stress and this topic has been extensively discussed (e. g. Harris,
and references therein). The points faced by researchers concern the possible triggering of subsequent
akes by earthquake-induced static or dvnamic stress changes. The advantage of using changes in stress is
oftentimes, absolute values of stress are not known but stress change values can be calculated fairly readily
[information about the geometry and slip direction of an earthquake rupture.
ulomb stress change theory has been successtully applied to situations where faults were relaxed. the
of a negative change in Coulomb failure stress.. For cases where a fault is relaxed. or put into a stress
dow (Harris and Simpson, 1993, 1996; Deng and Sykes, 1997a.b). one can perform simple determinations of

approximate time that it should take for long-term tectonic loading to recover the static stress ACFS <()
. The Coulomb failure stress changes caused by main shock rupture effectively explain the aftershock
tions for the earthquakes studied, with some of the more distant events apparently being triggered by
changes as low as (0.1 bar (Reasenberg and Simpson. 1992),

ons of the San Andreas Fault were advanced about a decade in the cycle of great earthquakes by the
ders sequence of (Jaumt and Sykes, 1992). Not only do aftershocks appear 1o be triggered by such stress
but moderate seismicity prior to the Landers earthquake increased the potential for failure along most
e future Landers rupture zone, perhaps controlling the location of the later rupture (King et al., 1994). Such
tions for Southern California by Deng and Sykes (1997a. b) determine the distribution of large shocks of
185 years, moderate-sized shocks of the past few decades, and small and microearthquakes for the
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shorter time period for which they and their mechanisms arc-available.
In the present paper, we seek for possible triggering by caleulating stress changes and applied these calcula-
/ tions to the study of earthquake.interactions. For this reason, the coseismic stress changes associated with the
occurrence of strong events, the first in the sequence are taken into account, following the procedure of Deng
and Sykes (1997a)"TH¢ present study Eovérstheitime interval 1976-2000, during which information on fault
plang solutions of the stronger events (M25.5) is available, since they are routinely analysed and distributed.
2, METHODOLOGY

The ﬁw_thnd used by Deng and Sykes (1997a) and applied by them to southern California was used in the
presentsstudy. They ¢onsider stress to be a tensor quantity that varies in time and space and to be transmitted
clastieally. with the Earth approximated as a homogeneous'half-space. Changes in stress associaled with large
earthquakes are calculated by pulting certain coseismic displacéments on ruptured fault segments in the elastic
half-space and adding the changes in the components of the stress tensor together as they occur in time. Stress
changes associated with both the virtual dislocations and actual earthquake displacements are calculated using
a dislocation model of a planar fault surface, ¥, . embedded in a homogeneous semi-infinite elastic medium, i.
¢.. a half-space with zero traction on the Earth’s surface. Steketee (1958) showed that the displacement field

Uy { Je " component of t4) in a semi-infinite elastic medium for an arbitrary uniform dislocation, {J , across a

surface, ¥, , can be determined from:

T 8n]_1 ‘”‘LUL‘ vy dz (n

where B is the shear modulus, U; are the direction cosines of the normal to the dislocation surface, U; is

the f"‘ component of [J, and w; are six sels of Green's functions.
The displacements and strain [ields caused by finite rectangular sources are obtained by integrating (1)

{Okada, 1992; G. Converse, U. S. Geological Survey, unpublished report, 1973). The elastic stress Sy is calcu-

lated from strain €j; using Hooke's law for an isotropic medium

2pv
Sy = =5 6 i €kic H2Hey (2)
where v is Poisson’s ratio. and 5!-; is the Kronecker delta.
Earthquakes occur when the stress exceeds the strength of the fault. The closeness to tailure was quantified

using the change in Coulomb failure function (ACFF) {modified from Scholz, (1990)). It depends on both
changes in shear stress At and normal stress Ag
ACFF = At+ U Ao (3)

Here ' is the apparent coefficient of friction. Both Ar and Ag are calculated for a fault plane at the
observing (field) point from the stress tensor described by (2). Change in shear stress At is positive for increas-
ing shear stress in the direction of relative shp on the observing fault; Ag is positive for increasing tensional
normal stress. When compressional normal stress on a fault plane decreases, the static friction across the fault
plane also decreases. Both positive At and Ag move a fault toward failure; negative At and Ag move it away

from failure. A positive value ol ACFF for a particular fault denotes movement of that fault toward failure

(that is, the likelihood that it will rupture in an earthquake is increased).
The advantage of using changes in stress is that oftentimes, absolute values of stress arc not known but values of
stress change can be calculated fairly readily from information about the geometry and slip direction of an earthquake

rupture. The exact detainroxBiBAe8rkr Qdéppactog! KFuhpedswhbiaciaAlk@one goes from the rupture.
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13, FOCAL PARAMETERS OF STRONG EVENTS

E‘ - gTable \btmmmmmn on tt? fault glane solutions of earthquakes with M>6.5 that occurred in the study
g 4 area during 1976-2000. This is the time interval for which reliable fault plane solutions are routinely processed
" iibuted by Harvard University, We evahiate in the following if either the generation of these events
), - red the occurrence of subsequent strong events, or if they have been triggered by previous strong events.
1 Ei lop oceed in this evaluation, information on the fault plane solutions of the related strong events is needed.
i ¥ Since for events 1, 8 and" 12 of thistable no information exists on fault plane solutions of strong events that
i :“yo_dcm-red nearby, such examination is not feasible.

. T 4 - - i

f 1 B s Table 1. Source parameters of large (M >6.5) earthquakes that occurred in the broader

. : Aegean area during 1976-2000.

3 Mechanism

: DATE TIME @ on A°E M Strike Dip Rake Ref

327 12 90
278 46 =70
317 15 90
81 40 -90
264 42 -80
37 67 -166
216 79 175
233 62 -173
39 45 175
138 78 =1
240 45 -101
8 31 162

1976, May 11 00:59:18 37.40 20.40
1978, June 20 20:03:21 40.71 23.27
1979, Apr. 15 06:19:41 42.09 19.21
1980, July 9 02:11:57 39.28 23.11
1981, Feb. 24 20:53:37 38.22 22.92
1981, Dec. 19 14:10:51 39.08 25.24
1981, Dec. 27 17:39:13 38.80 24.92
1982, Jan. 18 19:27:25 39.78 24.50
1983, Jan. 17 12:41:30 37.96 20.26
1983, Aug. 6 15:43:52 40.08 24.78
1995, May 13 08:47:13 40.15 21.68
1997, Nov. 18 13:07:53 37.58 20.57

.
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1. Papadimitriou (1993), 2. Soufleris and Stewart (1981), 3. Baker et al. (1997), 4. Papazachos et al. (1983), 5.
Taymaz et al. (1991), 6. Papazachos et al. (1984), 7. Harvard solution.

Fault length and average displacement are two parameters necessary for the model application. Such infor-
mation is not available from geological field observations for the earthquakes studied. Rupture zones of several
strong earthquakes in Greece have been defined by the use of field observations of fault traces and by precise
location of clusters of aftershocks or other relatively small earthquakes. Such data have been already used
(Papazachos, 1989) to derive the following relations between the fault length, (in km), and mean displacement,
U (in cm), as a function of the moment magnitude M:

log L 0.51M - 1.85 4
log u 0.82M - 3.71 (5)

Therefore, these scaling laws were used to estimate the two parameters, L and 1, which are necessary for
the application of the model (Table 2).

Table 2. Rupture models for strong earthquakes used for ACFF computation.

Ml

L u M Mechanism

DATE TIME Q°N A°E (km) (cm) Strike Dip Rake

,1978, May 23 23:34:11 40.70 23.29 10 11 5.8 265 40 -83
1979, Apr. 15 06:19:41 42.09 19.21 56 130 7.1 317 15 90

1980, July 9 02:11:57 39.28 23.11 26 42 6.5 81 40 -90

b 1981, Feb. 24 20:53:37 38.22 22.92 34 61 6.7 264 42 -80
1981, Dec. 19 14:10:51 39.08 25.24 66 156 7.2 37 67 -166

1983, Jan. 17 12:41:30 37.96 20.26 52 107 7.0 39 45 175

1983, BAug. 6 15:43:52 40.08 24.78 42 74 6.8 228 89 -168

1995, May 13 08:47:21 40.15 21.68 30 42 6.6 243 45 -97
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The depths of the larger(M>6.0) earthquakes that oecurred in the broader Aegean region, for which reli-
able 'dclermjnall'mn of the focil parameters exists based either on waveform inversion or recordings of local
seismic networks, range from 810'13 km. From studies of aftershock sequences for which reliable determination
of the aftershocks focal parameters also exists, it is evident that the majority of their foci are located in a
seismogenic layer extending from,a depth of 3 to 15km, 'some of them reaching a depth of 20km. Although
piecise depthdetermination does not exist for.the Smaller earthquakes that occurred in the study area, most of
thema are calculated as shallower than 15km. By considering all of the above information, the depth of the
seismogeniclayer invour caleulationsis takeptobe in the range of 3-15km for all of the strong events we modeled.

I. STRE_§S CHANGES AND TRIGGERING OF SUBSEQUENT STRONG EVENTS

o

Stress changes, i.e., values of ACFF . are computed for the faulting type of the next stronger event in each
seismic sequence. The coseismic displacements in the cight strong earthquakes in the broader Aegean Sea
during 1976-2000 are computed in each case. The faults are simplified and approximated by rectangular shapes

with two edges parallel to the Earth's surface. In each case, ACFF is calculated for a preferred fault plane
solution, the one of the next event whose triggering is inspected. The shear modulus and Poisson's ratio are fixed

as 33 GPa and 0.25, respectively. The apparent coefficient of friction, (', is fixed as 0.4 in the calculations,

following Nalbant et al. (1998) who selected a value of 0.4, commenting that King et al. (1994) pointed out that
even substantial variations from such a value do not greatly alter the distribution of Coulomb stresses around a
fault. Deng and Sykes (1997a, b) extensively discussed this matter and found that their results were not very

sensitive to changes in ,u‘ . Stein et al. (1997) indicated that in general, the changes in absolute values of ' are

not great.

Plate 1 shows the coscismic stress changes associated with the first strong event at a depth ol 10 km. This
depth was chosen to be several kilometers above the locking depth in the model. In these plates, dark regions
denote negative changes in Coulomb stress and inferred decreased likelihood of fault rupture. These regions are
called stress shadows following the usage of Harris and Simpson (1993, 1996). Bright regions represent positive

ACFF and increased likelihood of rupture. The positive regions are called stress bright zones. It should be
mentioned that stress is a tensorial, not a scalar, quantity. Thus shadow zones and bright zones must be viewed
in the context of specific styles of fault slip, i.e., similar strike. dip. and rake. A particular location could be
situated in a shadow zone for NE trending strike-slip faults, while it could be located in a bright zone for other
styles of faulting. We will show that in each case the subsequent events occurred in bright zones. not in shadow
ZOones.

Earthguake of 1978 (Thessaloniki, N. Greece) Plate 1A shows the coseismic stress changes associated with
a strong (M =5.8) event that struck the area around the city of Thessaloniki. on May 23. 1978, Focal mechanism
solutions of the June 19 (M=5.3) event, and the main shock of this seismic sequence (June 20, 1978, M=6.5),

are also plotted in this figure. The mainshock is located in an area where the higher positive ACFF values were
computed, while its foreshock in the borders between the bright and shadow zones.

Earthquake of 1979 (Monte Negro) The stress pattern due to the coseismic stress changes associated with the April 19,
1979 (M=7.1) main shock, along with the focal mechanism solutions of the two major earthquakes of that seismic sequence,
are plotted in Plate 1B. Both aftershocks are located in a bright zone created by the generation of the main shock.

Earthquake of 1980 (Magnesia, central Greece) A bright zone of ACFF was created by the generation of
the strong (M=6.5) mainshock of this seismic sequence at the western part, where the largest aftershock (M=6.1)
occurred some minutes later (Plate 1C). Whilst the second stronger aftershock (M=5.6) occurred inside the
shadow zone, probably at a barrier remained unbroken during the main rupture, about a month later, the third
stronger aftershock (M=5.3) occurred inside the western bright zone.

Earthquake of February 1981 (Alkyvonides, Corinth Gulf) A strong earthquake of M=6.7 occurred in the
study area on February 24, 1981 followed just a few hours later by a strong aftershock (February 25, 1981; M6.5).

On March 4, 1981 a strong event (M=6.3) occurred at the eastern part. in an area where high positive ACFF'
values were computed due to the coseismic stress changes associated with the generation of the main shock (Plate
1D).

Earthquake of DEZB@IBKA BIBNIQONKA HOERPRIFTASG) PIHAMAT SWAGYIOG A stress changes associated with

the December 19, 1981, large (M=7.2} mainshock, along with focal mechanism solutions of the major earth-
- 1542 -
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Plate 1. Coulomb stress changes due to the generation of strong events in the broader Aegean region during 1976-
2000. The stress pattern is calculated for the faulting type of the next strong event in the sequence. Changes are
denoted by color scale at bottom (in bars). Fault plane solutions are plotted as lower-hemisphere equal-area
projections. Coseismic Coulomb stress changes associated with: () the May 23, 1978 (M=5.8) event. (B) the
April 15, 1979 (M=7.1) Monte Negro main shock. (C) the July 9, 1980 (M=6.5) Magnesia main shock. (D) the
February 24, 1981 (M=6.7) Alkyonides main shock. (E) the December 19, 1981, (M=7.2) Northern Aegean
main shock. (F) the January 17, 1981 (M=7.0) Kefalonia main shock. (G) the August 6, 1983, (M=6.8)
Northern Aegean main shock. (H) the May 13, 1995 (M=6.6), Kozani main shock.

quakes of that seismic sequence. Both largest aftershocks occurred in a part of the created bright zone, where

high positive values of ACFF were computed.

Earthquake of January 1983 (Kefalonia, Ionian Islands) The strong main shock (M=7.0) of this seismic
sequence occurred on a dextral strike-slip fault (Scordilis et al., 1985). Plate 1F depicts the stress pattern after its
occurrence, calculated for the fault plane solution of March 23, 1981 earthquake. This later event occurred in an

area where values of positive ACFF are the highest. In the same plate all the available fault plane solutions of

the stronger events of this sequence are also shown. Three out of five of them occurred in stress-enhanced
zones.

Earthquake of August 1983 (Northern Aegean) This strong main shock occurred at a fault segment along
the North Aegean Trough. Coseismic stress changes associated with its occurrence (Plate 1G) probably trig-
gered the seismicity in the surrounding area. By asterisks the epicenters of aftershocks with M>4.5 that oc-
curred during September-November 1983 are denoted. It is worth noting that these epicenters are located either
inside or very close to the calculated boundaries between stress shadow and stress-enhanced zones.

Earthquake of 1995 (Kozani, Northern Greece) Plate 1H shows the coseismic stress changes associated
with this strong (M6.6) main shock. In the same plate the epicenters of precisely located aftershocks (Hatzfeld
et al., 1997) are also shown. The stress field is computed according to representative fault plane solution (94/56/
-42) of the events constituting the western cluster of aftershocks (Papazachos et al., 1998). It is evident that this

cluster occurred in a region with high values of positive ACFF .

The above results show that static stress changes can lead to the identification of the location where the next
strong event of a seismic excitation will occur, as well as the location of off-fault aftershocks. The higher positive
ACFF values were calculated for these locations, where seismic activity occurs soon after (hours to days) the

strong event which gives rise to the triggering. A limitation of the model efficiency, also noted by Cocco et al.
(2000), concerns cases where some events occurred very close to the hypocenter of the main event, since rupture
process details are needed, which usually are not available. On the other hand, the model efficiency has been
proved in cases of nearby fault segments activation (Papadimitriou et al., 2001; among others).
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