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Abstract. Static stress change has been proposed as • mechanism of e•rthqu•ke 
triggering. We quantitatively evaluate this model for the •pp•rent triggering of 
•ftershocks by the 1992 Mw 7.3 L•nders •nd 1994 Mw 6.7 Northridge e•rthquakes. 
Specifically, we test whether the fr•ction of •ftershocks consistent with static stress 
change triggering is gre•ter th•n the fr•ction of r•ndom events which would •ppe•r 
consistent by chance. Although static stress changes •ppe•r useful in explaining 
the triggering of some •ftershocks, the model's c•p•bility to explain •ftershock 
occurrence v•ries significantly between sequences. The model works well for 
L•nders •ftershocks. Approximately 85% of events between 5 •nd 75 km distance 
from the m•inshock f•ult plane are consistent with static stress change triggering, 
compared to •50% of r•ndom events. The minimum distance is probably controlled 
by limitations of the modeling, while the maximum distance m•y be because static 
stress changes of <0.01 MP• trigger too few events to be detected. The static 
stress change triggering model, however, c•n not explain the first month of the 
Northridge •ftershock sequence significantly better th•n it explains • set of r•ndom 
events. The difference between the L•nders •nd Northridge sequences m•y result 
from differences in f•ult strength, with static stress changes being • more significant 
fr•ction of the f•ilure stress of we•k L•nders-•re• f•ults. Tectonic regime, regional 
stress levels, •nd f•ult strength m•y need to be incorporated into the static stress 
change triggering model before it c•n be used reliably for seismic h•z•rd assessment. 

1. Introduction 

Static stress change triggering of earthquakes has 
been proposed as a model for evaluating short-term 
earthquake hazards. It is one of a number of mod- 
els relating to the apparent triggering of earthquakes, 
"triggering" meaning that one earthquake causes an- 
other earthquake which would not have otherwise oc- 
curred at that time. The idea is that static stress change 
due to an earthquake can move another fault toward 
failure stress, advancing the time of the next earthquake 
on that fault. 

Previous work has used static stress theory to identify 
faults which may have been moved closer to or farther 
from failure. For example, the effects of the 1989 Loma 
Prieta and 1992 Landers earthquakes on the San An- 
dreas fault and other major faults in California have 
been studied [e.g., Reasenberõ and Simpson, 1992; Har- 
ris and Simpson, 1992; Jaum• and Sykes, 1992; Stein 
et al., 1992; King et al., 1994; Stein et al., 1994]. Static 
stress triggering has also been used to explain sequences 
of earthquakes in a region: for instance, the Eastern 
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California Shear Zone [e.g., Stein et al., 1992; King 
et al., 1994]; the Los Angeles area [e.g., Stein et al., 
1994]; southern California [e.g., Deng and Sykes, 1997]; 
and the San Francisco bay area [e.g., Jaumd and Sykes, 

There have been only a few quantitative studies of 
how consistent the locations and orientations of appar- 
ently triggered events are with modeled static stress 
changes. Harris et al. [1994] and Simpson et al. 
[1994] computed the percentage of aftershocks of the 
1994 Northridge earthquake consistent with static stress 
change triggering. Beroza and Zoback [1993] and Kilb 
et al. [1997] studied whether static stress changes could 
explain the diverse mechanisms of the 1989 Loma Prieta 
aftershock sequence. Harris et al. [1995] investigated 
the static stress change triggering of M •_ 5 events in 
southern California by each other, but the data were 
limited to only 16 pairs. 

In this paper, we test the static stress change trigger- 
ing model using the aftershock sequences of the 1992 
Landers and 1994 Northridge earthquakes. Each se- 
quence includes tens of thousands of recorded events 
[e.g., Hauksson et al., 1993, 1995], providing sufficient 
data quantity for a robust quantitative analysis. 

Our primary goal is to determine how well modeled 
static stress changes explain the apparent triggering of 
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aftershocks by a mainshock. Specifically, we test if 
the fraction of aftershocks consistent with triggering by 
mainshock-induced static stress changes is larger than 
the fraction of random events (with appropriate prob- 
ability distributions) which would appear consistent by 
chance. If it is statistically significantly greater, static 
stress change is a viable model for explaining aftershock 
triggering; otherwise, it is not. 

A secondary goal is to determine whether the useful- 
ness of the static stress change triggering model is de- 
pendent on the size of the stress change, distance from 
the fault plane, event magnitude, or elapsed time since 
the mainshock. This may establish some guidelines as 
to when and where static stress change triggering is an 
appropriate model for use in seismic hazard assessment. 

2. Data 

We analyze data from the 1992 Landers and 1994 
Northridge earthquake sequences (Figure 1.) These 
two southern California sequences were recorded by 
the Southern California Seismic Network (SCSN) and 
portable stations installed after the mainshocks. 

The Landers earthquake of June 28, 1992, a Mw 7.3 
strike-slip event, ruptured a cumulative length of 85 km 
along five faults. The event occurred in the Eastern 
California Shear Zone, a 80 km wide and 400 km long 
region of right-lateral strike-slip faults, east of the San 
Andreas fault, thought to be taking up ~8 mm/yr of the 
48 mm/yr Pacific-North America relative plate motion. 
The Landers sequence is discussed in detail by Ha•ksson 
et •. [•993]. 

The January 17, 1994, Mw 6.7 Northridge earth- 
quake occurred on a 20 km length of a previously unrec- 
ognized blind thrust beneath the western San Fernando 
Valley. The earthquake occurred in a region of north- 
south contractional deformation related to the uplift of 
the Transverse Ranges at a constraining bend in the San 
Andreas fault. The Northridge sequence is described by 
Hauksson et al. [1995]. 

We determine locations and focal mechanisms for 
M _>2.0 recorded events in a box around each main- 
shock, including events not strictly considered after- 
shocks. Arrival time data from selected aftershocks 
recorded by the SCSN are used with the VELEST code 
[Kissling et al., 1994] to jointly determine hypocenters 
and a refined velocity model. Hypocenters for the re- 
maining events are then determined using HYPOIN- 
VERSE [Klein, 1985], and mechanisms found using the 
codes of Reasenberg and Oppenheimer [1985]. Only 
events with focal mechanism parameter uncertainties 
less than 30 ø are used. 

3. Method 

We model the Landers and Northridge mainshocks 
as dislocations in an elastic half-space and compute 
the resulting static stress changes. The Coulomb stress 
changes on aftershock nodal planes are determined, and 
the Coulomb index (the percent of events consistent 
with static stress change triggering) is found. The 
Coulomb index for the first month of each observed 
sequence is compared to the Coulomb indices of 500 
random synthetic sequences (chosen from appropriate 
probability distributions) to test the null hypothesis 
that the Coulomb index of the observed sequence is no 
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Figure 1. Map of southern California showing the 
Landers and Northridge mainshocks. Surface projec- 
tions, solid, from rupture models of Wald and Heaton 
[1994] and Weld et el. [1996]. Traces of mapped faults 
shown shaded. 

AC$ = A• + •'Aa (•) 

where A•- is the change in shear stress in the direction 
of slip on the plane, Aa is the change in normal stress 
(tension positive), and #• is the effective coe•cient of 
friction. 
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Figure 2. Map view and cross sections of the first month of Landers aftershocks used in this 
study. (a) Aftershocks with at least one plane consistent with static stress change triggering. 
(b) Aftershocks with both planes inconsistent. Here pf-0.4. Mapped faults shown shaded. The 
mainshock fault plane (adapted from Wald and Heaton [1994]) is indicated with solid lines. 

We find the Coulomb stress change using the nodal 
planes and slip directions of individual aftershocks (fol- 
lowing Harris et al. [1994] and Simpson et aL [1994]) 
because it is important to test whether aftershock slip 
occurs in a direction consistent with the static stress 

change model. We feel that using representative planes 
(such as optimally oriented planes) is not as accurate, 
considering the diversity of aftershock mechanisms that 
can occur in close proximity (e.g., Figures 2 and 3). 
Determining the stress changes on representative planes 
causes a loss of information by reducing the static stress 
change tensor to a scalar and not incorporating the af- 
tershock focal mechanisms. 

The effective coeiIicient of friction, /z f, accounts for 
the effect of fluid pressure on the failure plane. When 
// -- /z (the coeiIicient of friction for dry rock), the 
pore pressure has no effect on the normal stress. At the 
other extreme, when #• -- 0, the rock is so saturated 
that the pore pressure cancels the effect of the normal 
stress on the plane. Laboratory experiments on rocks 
typically find values for/z of around 0.6 to 0.85 [e.g., 

Byeflee, 1978], and values of p' between 0 and 0.75 are 
considered plausible [e.g., King et al., 1994]. Low values 
of//(0 to 0.4) are typical in the stress change literature 
[e.g., Reasenberg and Simpson, 1992; King et al., 1994; 
Kagan, 1994]. In this paper, we try a range of values 
for/z • between 0 and 0.8. 

3.2. Technique 

We model the mainshocks as planar dislocations in an 
elastic half-space. The Landers earthquake is modeled 
as three vertical faults (Camp Rock/Emerson, Home- 
stead Valley, and Landers/Johnson Valley from north to 
south) with 186 subfaults and a maximum slip near 7 rn 
[W•id •nd Heston, 1994]. A single fault plane with 196 
subfaults and a maximum slip of about 3 rn is employed 
for the Northridge earthquake [W•id et •L, 1996]. The 
Mw 6.1 Joshua Tree preshock and Mw 6.2 Big Bear af- 
tershock of the Landers sequence are modeled as single 
dislocations of 12 to 15 km diameter (from the inferred 
rupture lengths of H•sk**on et •. [1993]) and average 
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Figure 3. Map view and cross sections of the first month of Northridge aftershocks used in this 
study. (a) Aftershocks with at least one plane consistent with static stress change triggering. (b) 
Aftershocks with both planes inconsistent. Here/•=0.4. Mapped faults are shown shaded. The 
projection of the mainshock fault plane (adapted from Weld et el. [1996]) is shown as a solid 
rectangle. 

slip of 0.35 m. The smaller aftershocks are not modeled 
because it impractical to do so and because their effects 
on the stress field are small compared to those of larger 
events. 

The changes in the stress tensor at the hypocenters of 
the aftershocks are calculated using the subroutines of 
Okede [1992], assuming the half-space is a Poisson solid 
with a shear modulus of 3 GPa. We resolve the change 
in the stress tensor onto the two nodal planes of each 
aftershock and calculate the Coulomb stress change on 
each plane. 

We then compute the Coulomb index, the percent of 
aftershocks in an aftershock sequence consistent with 
static stress change triggering. An aftershock is consid- 
ered to be consistent with static stress change trigger- 
ing if it occurred on a plane with ACS> 0. Aftershocks 
with positive A CS on both nodal planes are clearly con- 
sistent with static stress change triggering, while those 
with negative A CS on both planes are clearly inconsis- 
tent. We initially assume that 50% of the events with 
only one ACS> 0 nodal plane occurred on the plane 
with the static stress increase, and vary this parameter 
during error estimation. (Since the shear stress changes 
on the two nodal planes are always the same, fewer than 
20% of all events fall into this ambiguous category.) 

A confidence interval for the Coulomb index of an af- 

tershock sequence is obtained via a bootstrapping tech- 
nique. We resample the observed sequence 500 times, 
with replacement, with the focal mechanism parameters 
randomly chosen from their confidence intervals. The 
fraction of events with only one A CS• 0 plane consid- 
ered consistent with triggering is chosen from a binomial 
distribution with a mean of 0.5. The 2•r confidence in- 
terval is obtained from the distribution of the Coulomb 

indices of the resampled sequences. 

3.3. Random Synthetic Sequences 

We test the static stress change triggering model 
by comparing the Coulomb indices of the observed se- 
quences with the Coulomb indices of random synthetic 
sequences (e.g., Figure 4). The synthetic sequences 
serve as a control group, separating the effects of basic 
aftershock sequence geometry on Coulomb index from 
the effects of triggering. The synthetic sequences are 
designed to geometrically resemble aftershock sequences 
in that the events are clustered around the mainshock 
fault plane and in seismogenic depth ranges. 

Each parameter of a synthetic event is chosen ran- 
domly from a plausible distribution of values. To facil- 
itate creating the synthetic sequences, we use a some- 
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Fil•ure 4. A random synthetic sequence of events for Northridge, shown in map view and 
fault-normal cross section. The projection of the mainshock slip plane (adapted from •a•l et aL 
[1996]) is shown as a rectanl•le in map view. 

what unusual, mainshock-fault-plane-dependent coordi- 
nate system. The three coordinates are depth, strike di- 
rection distance, and normal distance to the fault plane 
(Figure 5). Each coordinate is chosen randomly and in- 
dependently for the events in a synthetic sequence, with 
the probability distributions as shown in Figures 6a-6f. 
Because aftershocks also occur in spatial clusters, .•25% 
of the synthetic events are placed in clusters. The first 
event in a cluster is located randomly usin• the •iven 
probability distributions, and the locations of the subse- 
quent events are determined by perturbing the param- 
eters. The focal mechanisms are also chosen randomly, 
the P axis trend and P and 3' axis plunges selected 
independently with the probability distributions shown 
in Fil•ures 61•-61. Mal•nitudes are randomly asSil•ned as- 
sumin• a Gutenber•-l•ichter distribution. 

The probability distribution functions are created us- 
ing the relevant parameters of the observed aftershock 
sequences as •uides. These parameters are as follows: 
how fast the synthetic seismicity drops of[ as one I•oes 
away from the fault, the seismo•enic depth ranges, the 
kinds of focal mechanisms, and the 5 values. •e do 
not I•enerate the synthetic sequences by resamplinl• the 
observed hypocenters or attempt to recreate the details 
of the observed sequences. •e wish to include syn- 
thetic events in areas which are unrepresented in the ob- 
served sequences (perhaps due to inhibitin• static stress 
chan•es) and avoid bias towards areas of aftershock 

MAP VIEW 

(a) of dipping fault 
Fault 

fault strike 

strike 
direction 
distance 

(b) CROSS SECTION of dipping fault 

depth 

/• distance normal to fault 
Figure 5. Cartoon (a) map view and (13) fault-normal 
cross section of a dippinE rectanEular fault which illus- 
trates the coordinate system used in defining aftershock 
locations: depth, strike direction distance, and normal 
distance from the fault plane. 
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Figure O. Probability distribution of synthetic event coordinates: (a)-(c) Landers sequence 
spatial coordinates, (d)-(f) Northridge sequence spatial coordinates, (g)-(i) Landers sequence focal 
mechanism parameters, (j)-(1) Northridge sequence focal mechanisms parameters. The spatial 
coordinates are as shown in Figure 5. The strike distance is measured east from the center of the 
Northridge fault and north from the southern tip of the Landers fault, with the approximation 
that the three fault segments are end-to-end, and normal distance is measured from the nearest 
segment or its extention. The P axis trend is measured clockwise from north, and the plunge is 
down from horizontal. The T axis plunge is positive for a clockwise rotation about the P axis. 

clusters (possibly areas of encouraging stress changes.) 
The Coulomb indices of 500 synthetic sequences are 

calculated in the same way as the Coulomb indices of 
the observed sequences. All of the synthetic events with 
two ACS> 0 nodal planes and a random fraction of 
events with only one A CS> 0 nodal plane are consid- 
ered consistent with triggering. 

3.4. Statistical Test 

We perform a simple statistical test of the null hy- 
pothesis that the Coulomb index of the observed se- 
quence is no greater than the Coulomb indices of the 
synthetic sequences. Since this is a one-tailed test, the 
null hypothesis can be rejected at the 95% confidence 
level if the Coulomb index of the observed sequence is 
greater than the Coulomb indices of 95% of the syn- 
thetic sequences. 

We include the error estimate for the Coulomb index 

of the observed sequence by taking the average confi- 
dence level determined from the bootstrap resamplings. 
This can be expressed as a weighted average of the con- 
fidence levels corresponding to each possible observed 
Coulomb index 

100 

cz; = o(cz)(cz) 
CI=O 

where CL is the •ver•ge confidence level of rejecting 
the null hypothesis. O(CI) is the fr•ction of observed 
sequence resarnplings with • Coulomb index of CI (the 
weight), and S(CI) is the cumulative fraction of syn- 
thetic sequences with a Coulomb index less than CI (the 
corresponding confidence level.) If CL_• 95%, the null 
hypothesis can be rejected, and we can conclude that 
the static stress change triggering model explains the 
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Figure 7. Stereographic plots of the compressional (P) and tensional (T) axes of the first 
month of aftershocks. Here •-0.4. (a) Landers aftershocks with at least one plane consistent 
with static stress change triggering. (b) Landers aftershocks with both planes inconsistent. (c) 
Northridge aftershocks with at least one plane consistent. (d) Northridge aftershocks with both 
planes inconsistent. 

aftershocks better than it does a random set of events. 

Repeated trials with the Landers dataset indicate 
that CL is stable to within +2%. Therefore, we con- 
sider CL•_ 97% firm basis to reject the null hypothesis, 
and 93% _<CL< 97% to be ambiguous. 

4. Results 

Both the Landers and Northridge sequences include 
events consistent and inconsistent with static stress 

change triggering. These have generally indistinguish- 
able distributions of hypocenters and mechanisms. The 
spatial mixture of aftershocks consistent and inconsis- 
tent with static stress change triggering can be seen in 
the map views and fault-normal cross sections in Fig- 
ures 2 and 3. Many events inconsistent with static stress 
triggering appear to concentrate around the mainshock 
fault planes, which may be explained by limitations 
of the data and models, as discussed later. Events 
consistent and inconsistent with triggering also have 
similar focal mechanisms, as illustrated by the stere- 
ographic projections of the tensional and compressional 
axes (Figure 7). The mechanisms are consistent with 
the inferred first-order southern California stress field 

of NNE trending compression [e.g., Zoback and Zoback, 
1980]. 

Approximately 65% of the Landers and 60% of the 
Northridge aftershocks occurring within a month of the 

mainshock are consistent with static stress change trig- 
gering. The null hypothesis, that the Coulomb index of 
the observed sequence is no greater than the Coulomb 
indices of the synthetic sequences, can be rejected at 
the 95% confidence level for the Landers sequence, in- 
dicating that static stress change triggering is a useful 
model in explaining that sequence. However, the null 
hypothesis cannot be rejected at the 95% confidence 
level for the Northridge sequence, or any of its subsets 
we tested. The null hypothesis could be rejected for the 
Northridge sequence (for/•--0.4) with only 75% confi- 
dence. Since there are 1200 events in our Northridge 
data set, we interpret this as a failure of the model, not 
as a case of insufficient data to test the hypothesis. 

The quantitative results for all the data subsets tested 
are shown in Figure 8 and are summarized in Table 1. 
We find that the results are independent of aftershock 
magnitude and time after the mainshock. Varyin•/• 
also does not make a significant difference to our results, 
since the null hypothesis can be rejected for the Landers 
sequence and cannot be rejected for the Northridge se- 
quence for most tested values of/• (Figures 8a and 8b). 
The only possible exceptions are for the Landers data 
with/• - 0.8 or t _< 2 days, for which the confidence 
level is in the ambiguous region. 

For the Landers sequence, the null hypothesis can- 
not be rejected at the 95% confidence level for after- 
shocks less than 5 km or greater.than 75 km from the 
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Figure 8. Coulomb index (CI), the percent of events 
consistent with static stress change triggering, versus 
various parameters. The asterisks indicate the Coulomb 
index for a bin versus the mean parameter value of 
events in that bin. The vertical error bars are the 2a 
error estimates, and the horizontal error bars indicate 
the bins. The horizontal dotted and dashed lines repre- 
sent the mean Coulomb index of 100 random synthetic 
sequences and the division between the upper 5% and 
the lower 95%, respectively. If the Coulomb index of 
the observed sequence is above this dashed line, one 
can conclude with 95% confidence that the static stress 
change triggering model explains the aftershocks bet- 
ter than it can a random set of events. (Aftershocks 
from the first month are used. Here p'=0.4 except in 
Figures 8a and 8b.) (a) CI versus p', Landers. (b) CI 
versus p', Northridge. (c) CI versus aftershock magni- 
tude, Landers. (d) CI versus magnitude, Northridge. 
(e) CI versus distance to the nearest point on a mod- 
eled rupture plane, Landers. (f) CI versus distance, 
Northridge. (g) CI versus stress change, ]ACS], the 
average of the absolute values of the Coulomb stress 
changes on the two nodal planes, Landers. (h) CI ver- 
sus ]ACS], Northridge. 

mainshock fault plane (Figure 8e), or for aftershocks 

changes are low. Between these extremes, ~85% of the 
aftershocks and 50% of the synthetics events are consis- 
tent with static stress change triggering. 

The Coulomb index is found for 4.5 years of seismic- 
ity both preceeding and following the Landers main- 
shock (Figure 9). The premainshock events serve as a 
control group reflecting regional seismicity patterns in- 
dependent of mainshock-induced static stress changes, 
although they may not be an ideal control because they 
may reflect processes leading up to the mainshock. The 
Coulomb index of pre-event seismicity is consistently 
50+8, while that of the aftershocks is 65+8. There is 
no detectable decrease in Coulomb index in the 4.5 years 
following the mainshock, indicating that mainshock- 
induced static stress changes can be useful in explaining 
regional seismicity for at least that long. 

5. Discussion 

We find that the aftershocks consistent and inconsis- 

tent with triggering by static stress changes are spatially 
mixed, with a majority of aftershock mechanisms in 
agreement with the first-order regional stress field. Be- 
cause mainshock-induced static stress changes are very 
small, they are more likely to trigger earthquakes on 
planes •lre•dy close to f•ilure. These planes are pre- 
sumably primarily loaded by tectonic stresses, and so it 
is not surprising that they fail oriented with the regional 
stress field. 

The static stress change triggering model is useful 
in explaining the first month of the Landers aftershock 
sequence but not the first month of the Northridge se- 
quence. This difference is not because the stress changes 
from the Landers mainshock are a stronger signal, since 
for the same range of stress changes, 0.01 to 0.5 MPa, 
the model works well for the Landers sequence and not 
for Northridge. 
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Figure 9. Coulomb index versus time in years for 4.5 
years of seismicity preceeding and following the Landers 

with IACSI < 0.01 MPa or IACSI > 0.5 to I MPa mainshock. The vertical error bars are the 2a error es- 
(Figure 8g). This means that the static stress change timates and the horizontal error bars indicate the bins. 
triggering model is not useful close to the fault where The vertical dotted line indicates the time of the main- 
stress changes are high or far from the fault where stress shock. 
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Table 1. Coulomb Index of First Month of Aftershock Sequences 

L•uders Northridge 

Data Set or Number of Observed Synthetic Confidence Number of Observed Synthetic Confidence 
Parameter Value Events C! (:•2•) C! (:•2•) Level Events C! (:•2•) C! (:•2•) Level 

pT=0 1471 64 4.3 45 4.10 gg•, 1200 
p'=0.2 1471 66 4.4 47 +10 992 1200 
p'=O. 4 1471 66 4.7 49 :1:11 992 1200 
p•=O. 6 1471 66 4'9 52 4'12 972 1200 
p•=0.8 1471 66 :i:10 53 +13 932 1200 
M •2.5 734 64 -1-7 49 +12 982 741 

2.5• M _•3 416 68 ::i::8 49 +12 992 265 
3• M •4 264 68 4.8 50 +12 992 163 
M •4 57 71 4.13 48 :l:: 16 982 31 
D ES k:= 897 56 :1::8 50 +8 842 883 
5• D •10 225 85 ::i::6 55 +12 99•, 253 
10• D __•15 70 83 +9 52 +14 992 48 
15• D __•20 54 88 d:8 46 •:19 992 8 
20• D __•35 65 69 +11 42 +19 982 7 
35• D __•50 60 93 +6 44 +24 992 
50• D •75 20 94 +9 53 :1:26 992 0 
75• D __•126 14 63 +26 57 +22 632 0 
125• D _•150 23 80 ::i::15 58 +29 90•, 0 
150• D _•200 33 69 :1::15 57 +27 782 0 
D •200 10 60 :1::32 55 +63 55•, 0 

IACSI _<0.001 HPa 29 72 4.16 59 +24 812 
o.ool<lacsl•_o.ol •s 7o ñ12 s7 •24 sa•. 
0.01<lAcsl_<o.o$ 15o 78 •=10 s4 •=18 982 s8 
o.os< IzX½sl <o.x 160 80 4-8 52 4-18 992 104 
0.1< IACSI _•0.5 506 68 4.7 48 i15 992 649 
o,s< Ia½sl <1 119 61 4'11 47 4-15 932 9_07 
x< I•cSl _•s 3xx 53 4'9 47 •10 812 156 
IAcSl >5 131 58 4'9 44 +13 942 19 
t _•2 days 137 64 4.10 49 +14 952 345 
2• t _•7 359 68 4.8 49 -1-12 992 396 
7• t •14 437 64 +? 49 +12 982 279 
t • 14 538 67 ::i::? 49 :1::12 992 180 

51 4'3 49 4'8 61• 
55 4'4 52 4'8 732 
59 4'7 55 4'10 752 
62 4'8 57 4'12 722 
64 4'9 59 •13 702 
59 4'7 55 4'11 73• 
60 •8 56 •9 732 
59 4'9 54 4'15 702 
60 4'18 58 4'23 522 

59 4'7 57 4'8 64• 
60 •8 57 •14 60• 
59 •14 49 •21 77• 

61 •34 38 •27 842 
57 •37 39 •27 77• 

57 •31 49 •25 64• 
59 4'16 51 •21 68• 
61 •14 55 •18 67• 
65 4'8 60 •12 732 
60 4'7 61 •10 382 
43 4'7 49 i9 132 
41 4'22 38 4'16 562 
60 4'8 55 4'13 712 
59 4'7 55 •13 702 
60 4'8 55 •14 722 
60 •9 55 •14 692 

However, the static stress changes due to the Landers 
mainshock may be a stronger signal relative to the local 
background stress and failure stress of faults. Hauksson 
[1994] inferred that the Eastern California Shear Zone 
is a weak zone, supporting low shear stresses, based on 
stress inversions indicating that the northern part of the 
Landers rupture relieved nearly all of the applied shear 
stress. The stress field inferred from Northridge after- 
shocks [e.g., Zhao et al., 1997; Kerkela and Stock, 1996], 
on the other hand, implies that the Northridge earth- 
quake was not a complete stress drop event, and hence 
that fault is relatively strong. Faults in thrust regimes 
are generally expected to support higher stresses be- 
cause the overburden pressure is the minimum principal 
stress, whereas in strike-slip regimes one of the horizon- 
tal principal stresses is less than the overburden. 

If the Landers area is relatively weak, and static stress 
triggering is observed there but not at Northridge, this 
implies that static stress changes may be too small to 
trigger a detectable number of events except in rela- 
tively weak areas. Presumably, this is because the small 
stress changes are a more significant fraction of the fail- 
ure stress of a weak fault. 

The difference between the results from the two se- 

quences may also be due in part to limitations of the 

modeling. Approximating the Earth as a homogeneous 
elastic half-space may be appropriate for the Landers 
sequence because the Eastern California Shear Zone is 
relatively homogeneous on a 85 km length scale but in- 
appropriate for the Northridge sequence, which is par- 
tially in the Transverse Ranges and partially in the San 
Fernando Valley. The Northridge mainshock was also 
smaller and did not rupture the surface, so there may 
be more error in the modeling of mainshock slip. 

Regardless of its source, the difference between the 
results for the Landers and Northridge sequences im- 
plies that, although the static stress change triggering 
model can be useful in explaining aftershock trigger- 
ing, it is not consistently applicable for different events. 
This is also indicated by the variability of the results 
from other studies. 

A study of larger events found that the model per- 
forms much better than it does in this study. Harris 
et al. [1995] studied 16 pairs of M _•5 southern Cali- 
fornia earthquakes occurring less than 1.5 years apart, 
5 km distant, and with IACSI on the plane of the sec- 
ond event due to the first at least 0.01 MPa. They find 
that 15 event pairs, or 94%, have ACS>0 on the failure 
plane of the second event. 

In other studies, 70% to 75% of the first few months 



24,436 HARDEBECK ET AL.: STRESS TRIGGERING OF AFTERSHOCKS 

of Northridge aftershocks have been found to be con- interval found by Harris et aL [1995] for M _>5 events 
sistent with static stress change triggering [Simpson et but considerably shorter than the decades which can 
al., 1994; Harris et al., 1994], a greater percentage than 
we find for the first month of aftershocks. The differ- 

ence may be due in part to the use of different criteria, 
the other studies consider consistent with triggering all 
events with at least one A CS>0 nodal plane, and in 
part to the use of different events. 

Beroza a,d Zoback [1993] and Kilb et al. [1997] 
study the Loma Prieta sequence and conclude that 
mainshock-induced static stress changes do not ade- 
quately explain the individual aftershock mechanisms. 
However, the poor performance of the model may be 
because many Loma Prieta aftershocks occur very close 
to the mainshock rupture. It appears that the Loma 
Prieta aftershocks consistent with mainshock-induced 

shear increase are generally farther away from the ma- 
jor slip patches, while those inconsistent are closer to 
these patches [see Beroza and 2oback, 1993, Figure 3], 
consistent with the observation that the static stress 

triggering model does not work very close to the main- 
shock. 

The presence of a minimum distance for which static 
stress change appears to be a viable triggering mecha- 
nism for Landers and other sequences need not reflect 
any physical process, it may merely reflect limitations of 
the data and models used. The slip models lack small- 
scale detail and are discretized, affecting the computed 
value of A CS for events near the fault plane. Loca- 
tion errors may also be more important for events close 
to the fault plane than for those farther away. Other 
studies also find or assume that the static stress change 
triggering model shouldn't be used closer to the fault 
than a few km [e.g., Harris et al., 1995; King et al., 
1994]. 

The minimum Coulomb stress change for which the 
model appears to be valid for the Landers sequence, 
0.01 MPa, is similar to values found in other studies: 
0.01 MPa for Loma Prieta [Reasenberg and Simpson, 
1992], 0.01 to 0.03 MPa for Landers [King et al., 1994], 
and 0.02 MPa for Double Springs Flat, Nevada [Jaumd, 
1996]. The corresponding maximum distance from the 
fault plane, 75 km, or approximately one fault length, 
however, is smaller than those determined from seis- 
micity rates: 80 to 100 km, or about two fault lengths, 
for Loma Prieta [Reasenberg and Simpson, 1992], and 
about three fault lengths for Landers [King et al., 1994]. 

There is no theoretical reason why a minimum stress 
change capable of triggering should exist, and it seems 
reasonable that an arbitrarily small static stress in- 
crease should be able to trigger an earthquake on a 
plane arbitrarily close to failure. A possible explana- 
tion for the existence of an apparent minimum trigger- 
ing stress is that smaller static stresses trigger so few 
events that they are undetectable with the data sets 
used. 

The effects of the static stress changes on regional 
seismicity appear to continue for at least 4.5 years after 
the Landers mainshock. This is longer than the 1.5 year 

pass between larger events postulated to be linked by 
static stress changes [e.g., Stein etak, 1992; King et 
1994; Stein et al., 1994; Jaum• and Sykes, 1996; Deng 
and Sykes, 1997]. 

Although coseismic static stress changes are essen- 
tially instantaneous, the aftershocks triggered by them 
do not necessarily occur immediately after the main- 
shock. A static stress increase could advance the time 

of an earthquake, which may then occur in the following 
months or years. Additionally, postseismic relaxation at 
depth may continue to load the brittle upper crust in 
the same patterns as the coseismic static stress changes 
[e.g., King et al., 1994]. The rate- and state-dependent 
seismicity model of Dieterich [1994] also explains how 
a static stress change can produce an Omori's law tem- 
poral distribution of aftershocks. 

The poor performance of the static stress change 
triggering model for the Northridge sequence and the 
presence of many aftershocks in the Landers sequence 
not consistent with static stress change triggering im- 
ply that there are other triggering mechanisms involved. 
Other triggering models, primarily proposed for far-field 
triggering, include dynamic strains [e.g., Anderson et 
al., 1994; Hill et al., 1993], transient changes in pore 
pressure due to dynamic strains [e.g., Hill et al., 1993], 
long-term changes in pore pressure due to pore-fluid 
movements after fluid seals are broken [e.g., Hill et al., 
1993], and increases in pore pressure by dynamic strains 
via rectified diffusion [Sturtevant et al., 1996]. 

6. Conclusions 

The static stress change triggering model has been 
quantitatively evaluated for the 1992 Landers and 1994 
Northridge aftershock sequences. Specifically, we test 
whether the fraction of aftershocks consistent with stat- 

ic stress change triggering is significantly greater than 
the fraction of random events which would appear con- 
sistent by chance. 

We find that the model is useful in explaining the 
Landers aftershocks, particularly those which are not 
too close to (d < 5 km or [ACS[ > 0.5 to 1 MPa) or too 
far from (d > 75 km or [ACS[ < 0.01 MPa) the main- 
shock fault plane. However the model is not useful in 
explaining the first month of the Northridge sequence. 
The difference between the two sequences may be due 
to differences in tectonic regime and stress state, with 
weaker faults in the Landers region being more suscep- 
tible to triggering by small stress increases. 

Our results suggest that the static stress change trig- 
gering model has some validity and can be useful in ex- 
plaining apparently triggered seismicity within one fault 
length of a large mainshock. However, because its appli- 
cability varies between different sequences, its general 
application to seismic hazard evaluation requires more 
refinement and the inclusion of parameters such as tec- 
tonic regime, regional stress state, and fault strength. 
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