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A Structural Interpretation of the Aftershock “Cloud” of the
1992 Mw 7.3 Landers Earthquake
by Jing Liu, Kerry Sieh, and Egill Hauksson

Abstract We analyze the spatial relationship of relocated aftershocks to the principal rupture planes of the Mw 7.3 1992 Landers mainshock from a structural point
of view. We find that the aftershocks constitute primarily a several-kilometer-wide
damage zone centered on the mainshock rupture planes. The intensity of damage
decreases away from the principal faults. Less than half of the aftershocks occurred
within 1 km of the mainshock planes, and perhaps only 5% of the aftershocks are
candidates for rerupture of the mainshock faults. Moreover, it seems that aftershocks
along the Landers rupture have b-values that correlate well with the complexity of
the mainshock rupture. Low b-values occur along segments that are simple, whereas
higher b-values correlate with sections that are more complex. Thus, structural complexity appears to correlate with a greater relative abundance of small earthquakes.
These observations imply that aftershock populations reflect fault populations in the
medium surrounding the principal faults rather than the behavior of the mainshock
planes themselves.
Online material: Arcview information about the surface rupture of the Landers
mainshock.

Introduction
Aftershock sequences of moderate to large crustal earthquakes provide information about rupture processes of fault
zones. Their spatial and temporal distributions have been
exploited to understand better their relationship to mainshocks. Previous studies show that aftershocks generally
form a “cloud” around the principal fault ruptures (e.g.,
Mendoza and Hartzell, 1988). However, location errors often result in uncertainties as to whether the aftershocks occur
on the fault that slipped to produce the mainshock or within
the volumes on either side of the rupture surface.
Aftershocks are often considered, either implicitly or
explicitly, to have occurred on the mainshock rupture plane.
For instance, aftershock hypocenters are widely used to
identify the length, depth, dip, and geometric complexities
of the mainshock rupture (e.g., Kanamori and Anderson,
1975; Fehler and Johnson, 1989; Dietz and Ellsworth, 1990;
Nakamura and Ando, 1996; Shaw and Shearer, 1999; Rubin
and Gillard, 2000). For these purposes, aftershock hypocenters are assumed to occur on (or at least very near) the mainshock rupture planes. Recent improvements in location accuracy generally support this assumption, in that they
commonly show a reduction in the dimension of the aftershock cloud perpendicular to the principal fault planes
(Richards-Dinger and Shearer, 2000; Waldhauser and Ellsworth, 2000).
However, there is reason to suspect that most aftershock

hypocenters are not, in fact, located on the mainshock rupture plane. Instead, aftershocks form a zone or cloud surrounding the mainshock rupture. For example, evidence has
accumulated in support of the notion that stress changes and
viscous flow in the lower crust induced by the mainshock
rupture trigger off-plane aftershocks, even at great distances
from the mainshock rupture plane (e.g., Das and Scholz,
1981; Stein and Lisowski, 1983; Reasenberg and Simpson,
1992; King et al., 1994; Stein et al., 1994; Hill et al., 1995;
Gomberg and Davis, 1996; Deng et al., 1998, 1999; Hardebeck et al., 1998).
One question that has seldom been asked is, What do
aftershocks tell us about the geologic structure of fault zones
that produce large earthquakes? Their almost universal association with large crustal earthquakes suggests that they
must be caused by the stress perturbations induced by the
mainshock rupture. But are they reruptures of the mainshock
plane, or are they the result of subsidiary faulting in the fault
blocks that bound the primary fault? If the latter is true, then
aftershocks constitute a structural damage zone around the
mainshock ruptures, perhaps reflecting the zone of lesser
fracturing around the principal rupture that one commonly
sees in a geologic outcrop. The answer to this question has
an important bearing on the physics of earthquake faulting.
For example, it could help resolve whether irregularities in
slip distribution, such as those suggested by seismologic and
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geodetic inversions (Kanamori et al., 1992; Hudnut et al.,
1994; Wald and Heaton, 1994), are smoothed out by rerupture during aftershocks.
In this article, we present a detailed analysis of the 1992
Landers earthquake sequence to clarify the relationship of
aftershock distribution to mainshock rupture from a structural point of view. The 1992 Landers aftershocks are an
exceptionally well-recorded sequence. They afford an excellent opportunity to answer the aforementioned questions
because (1) a detailed map of surface rupture places unambiguous constraints on both the location of the rupture plane
and a variety of geometric complexities, (2) hundreds of slip
measurements constrain the sense and magnitude of fault
slip, and (3) there are tens of thousands of aftershocks, with
location errors of less than 1 km. Unlike previous studies of
the Landers aftershock sequence (e.g., Wiemer and Katsumata, 1999), we demonstrate a link between aftershocks and
the geologic structure of the fault zones.

Data
Surface Rupture
The surface rupture of the Landers mainshock that we
use (Fig. 1) is a compilation of the detailed mapping of several groups. ( E Arcview files are available online at the SSA
web site.) To produce this database, the surface ruptures
were mapped onto 1:6000-scale postrupture aerial photos in
the field during the weeks immediately following the Landers earthquake (Sieh et al., 1993). The results of this mapping were then compiled onto 1:24,000 U.S. Geological Survey (USGS) topographic maps, which had been enlarged to
the same scale. Surface ruptures were mapped in greatest
detail along the northernmost 35 km of the rupture. This
section of the rupture includes the Camp Rock fault, the
Emerson fault (McGill and Rubin, 1999), the step-over between the Emerson and Homestead Valley faults (Zachariasen and Sieh, 1995), and a 3-km-long slip gap at the northern end of the step-over between the Homestead Valley and
Johnson Valley faults (Spotila and Sieh, 1995) (segments 1,
2, 3, 4, and 6 in Fig. 1). The southern one-third of the rupture, although mapped in detail by USGS and California Department of Conservation, Division of Mines and Geology,
personnel (CDMG) (USGS/CDMG, 1992; CDMG, 2000); is
not shown in as much detail, but the location of the main
surface rupture zones are in the database.
Aftershocks
We use the relocated aftershock hypocenters of Hauksson (2000) and Richards-Dinger and Shearer (2000). Hauksson (2000) used 3D raytracing techniques as well as a 3D
crustal velocity model of southern California that was an
improvement over the one used to create the catalog locations. For his relocations, explosions set off for earlier
trapped-mode studies provided the calibration for absolute
locations. These new locations have average 1r errors of

0.35 km in the horizontal and 0.88 km in the vertical dimension (Fig. 2). We used only the 29,399 aftershocks that
have horizontal and vertical location errors no greater than
1 km and 1.5 km, respectively, and that occurred in the period from 28 June 1992 to 22 May 1998. We also repeated
our analysis using Richards-Dinger and Shearer’s (2000) relocations. Their relocation was done by an L1-norm, gridsearch approach on a smooth 1D velocity model, plus a
refining source-specific station term correction. Their relocations have median horizontal and vertical location errors
of 0.31 and 0.75 km, respectively.

Observations
The Aftershocks Occur in a Vertically Dipping Cloud
Figure 3 shows that the Landers aftershocks extend far
into the regions surrounding the coseismic rupture planes.
Note that the contour representing a density of 5–45 events/
km2 commonly extends 3–8 km from the mapped surface
ruptures, distances far greater than the uncertainty in aftershock locations. Also, near the mainshock rupture, aftershocks cluster locally at fault termini and step-overs. For
instance, the Johnson Valley–Homestead Valley step-over
has the highest aftershock density of the entire sequence: up
to 585 events/km2. Another unusually high concentration occurs at the southern end of the Johnson Valley fault. Another
cluster, in the middle of the Johnson Valley fault, is associated with a minor fault splay.
The scatter we see is not the result of viewing a dipping
band of aftershocks in plan view. Figure 4 shows that the
aftershock clouds dip vertically (or nearly so). Furthermore,
they do not reflect dipping mainshock fault ruptures, because
the clouds do not spread out just to one side of the principal
ruptures. Rather, they occur on both sides of the surfacial
ruptures (Fig. 3).
To facilitate the examination of the distributions of the
aftershocks, we divide the Landers rupture into nine sections
from north to south and inspect the distribution of M ⱖ2
aftershock hypocenters in nine cross-sectional views perpendicular to the Landers fault zone (Figs. 1 and 4). Along
the Camp Rock fault (section 1), aftershocks are too few to
delineate a volume surrounding the principal fault. But along
the Emerson fault (sections 2 and 3), aftershocks define a
nearly vertically dipping planar structure that is aligned with
the surface trace of the Emerson fault and a broad diffuse
zone to the east of the fault. The cloud along the Homestead
Valley fault (sections 4 and 5) is relatively broad and roughly
vertical. In the region of the Homestead Valley–Johnson
Valley fault step-over (section 6), the aftershock cloud is
particularly intense and is a 3-km-wide vertical band, particularly well expressed at depths between 5 and 13 km.
Across the Johnson Valley fault (section 7), the 1- to 2-kmwide aftershock zone sharply delineates the mainshock fault
plane. Although a surface rupture and surface fault are absent in the gap between the Johnson Valley and Eureka Peak

1335

A Structural Interpretation of the Aftershock “Cloud” of the 1992 Mw 7.3 Landers Earthquake

Figure 1.

Map of the surficial ruptures of
the 1992 Landers earthquake. The rupture is
divided into nine sections for an examination
of aftershock locations in cross-sectional views.
Aftershock b-values in these sections range
from about 0.8 to 1.2. Sections in which the
rupture is simple have lower b-values, and sections of complex rupture have higher b-values.
The inset figure shows the distribution of seismographic stations during the period of the
Landers aftershock sequence used in this article.
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Figure 2. Histograms of horizontal and vertical location errors of relocated 1992
Landers aftershocks from 28 June 1992 to 22 May 1998. Relocations by Hauksson
(2000). We excluded aftershocks with location errors greater than 1 km in the horizontal
and 1.5 km in the vertical to avoid the use of ill-located aftershocks in our analysis.
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(a) Map view of the surficial ruptures of
the 1992 Landers earthquake and aftershock density
distribution. The contour representing a density of 5–
45 events/km2 commonly extends 3–8 km from the
principal ruptures, distances far greater than the uncertainty in aftershock locations. A star marks the location of the mainshock epicenter. Abbreviations are
CR, Camp Rock fault; EM, Emerson fault; HV,
Homestead Valley fault; JV, Johnson Valley fault;
EP, Eureka Peak fault. (b) Histogram of aftershocks
as a function of depth.

faults (section 8), aftershocks form a well-defined vertically
elongate cluster. The most scattered aftershock zone occurs
across the Eureka Peak fault section (section 9).
Most Aftershocks Occur off the Mainshock
Fault Planes
Overall, the vertical dip of the aftershock clouds and
their symmetry about the mainshock ruptures suggest
strongly that the mainshock faults dip vertically. This interpretation is consistent with the focal mechanism of the Landers mainshock (Kanamori et al., 1992; Hauksson et al.,
1993). Now that we are confident that the mainshock rupture
planes are vertical or nearly so, we may proceed to estimate
how many aftershocks might have occurred on the mainshock planes.
The mainshock fault planes include two parts: those that
ruptured during the mainshock and those that did not. We

simplify the mapped surface ruptures as references to the
parts of faults that failed in the mainshock. The modification
is made mainly by fitting straight lines through the alignments of en echelon cracks; the lengths of fitted lines vary
depending on how straight the en echelon cracks are aligned.
But if the cracks extend no more than 500 m, such as those
in the step-over between the Homestead Valley fault and
Emerson fault, we choose to ignore them. Nonetheless, the
simplified faults match closely with the mapped ruptures
(Fig. 5). Another major modification is made at the 4.5-kmlong section immediately north of the step-over between the
Homestead Valley fault and Johnson Valley fault, where surface ruptures were reportedly northward thrust faults at shallow depth (Spotila and Sieh, 1995). There, we consider that
the Homestead Valley fault at depth has the same orientation
as that outside the structure knot.
We also consider faults beyond the ends of the rupture
because a large earthquake sometimes does not rupture the
entirety of a fault and aftershocks can still fall on the fault
plane in the portions outside the bounds of the mainshock
rupture. Parts of four major faults that did not break in the
1992 Landers earthquake are shown in Figure 5 as thin lines;
these include the northern half of the Camp Rock fault, the
southern two-thirds of the Emerson fault, the northern twothirds of the Johnson Valley fault, and the southern end of
the Homestead Valley fault (Jennings, 1994; CDMG, 2000).
Figure 6a shows how both the number of Landers aftershocks and the moment for 0.5-km-wide bins vary as a
function of distance from the surface traces of the mainshock
fault planes defined in Figure 5. Both the numbers of aftershocks and moment attenuate symmetrically out from the
principal fault planes. This fault-normal distribution is independent of the time period sampled. For example, the
ratios of near-fault to total aftershocks are similar for the
periods encompassing 6 months and 6 years after the mainshock (Table 1). The distributions are not sensitive to the
choice of minimum magnitude cutoff (ML ⱖ0 or ML ⱖ2) or
location method either. Use of the Richards-Dinger and
Shearer (2000) catalog yields similar results (Table 1). Relocations using a double difference method (Hauksson and
Michael, 2001) do not change the results significantly,
either.
The distributions of moment and number of events in
Figure 6 indicate that the majority of aftershocks resulted
from fault rupture well away from the principal fault planes.
Only about 40% of the aftershocks occurred within 0.5 km
of the main fault zone, the approximate uncertainty in horizontal location; but about 60%–65% occurred within 1 km
of the mainshock fault zone (Table 1). A slightly more rigorous determination of those aftershocks that would be candidates for rerupture appears in Figure 6b. It yields a similar
result. There, we consider the location error distribution normal to the faults. If we shift all aftershocks toward the nearest mainshock rupture by the amount of their 2r location
errors, we find a conservative upper bound to the number of
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Figure 4. Cross-sectional views of aftershock locations (ML ⱖ2) for the nine sections shown in Figure 1. The inverted solid triangles denote traces of the principal
mainshock ruptures. Aftershock clouds suggest nearly vertically dipping mainshock
fault planes, because the clouds do not spread out just to one side of the principal
ruptures.

aftershocks that might have occurred on the mainshock
faults. These aftershocks are those between the two diagonal
dashed lines in the figure. They constitute about 44% of
aftershocks with M ⱖ0.
Among the aftershocks that occurred within half a kilometer of the main fault zone and that are candidates of
rerupture of mainshock fault planes, only about 1%–2% of
the total aftershocks fell beyond the rupture ends on the
Camp Rock fault, the Emerson fault, the Homestead Valley
fault, and the Johnson Valley fault. This is in contrast with
Rubin and Gillard’s (2000) studies of the microearthquakes
in the central San Andreas fault, where they found that the
majority of aftershocks occurred on the mainshock fault
plane, but beyond the termini of the mainshock rupture.

Aftershock Focal Mechanisms further Limit Which
Aftershocks Can Represent Rerupture of the
Mainshock Fault Planes
The Landers aftershocks have diverse focal mechanisms
(Hauksson, 1994; Hardebeck et al., 1998). This further constrains the number of aftershocks that are candidates for rerupture of the mainshock ruptures, since slip along most of
the mainshock ruptures was principally right lateral. Firstmotion lower hemisphere focal mechanisms of the relocated
aftershocks are determined for events that had 12 or more
first motions. We use the grid-searching algorithm and computer programs by Reasenberg and Oppenheimer (1985).
Since the first-motion solutions do not decide on which of
the two planes, in our analysis we choose the plane with
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This suggests that of all 11,564 aftershocks with hypocenters within half a kilometer of the mainshock rupture
plane, far fewer than half were produced by shear in directions consistent with the mainshock rupture. Taking proximity to the mainshock rupture and consistency of focal
mechanism together, no more than about 15% of the total
population of aftershocks are strong candidates for rerupture
of the mainshock ruptures.
Aftershock b-Values Correlate with Mainshock
Fault Complexity

Figure 5. Map view of the surface traces of the
mainshock fault planes and aftershock locations. Simplified surface ruptures, shown as thick lines, represent the fault planes that failed during the mainshock;
fault planes beyond the ends of the mainshock ruptures are shown as thin lines. Abbreviations of the
faults are the same as in Figure 3.

either a right-lateral component or pure vertical sense of
motion.
Out of the 751 aftershocks that originated within half a
kilometer of mainshock ruptures and have reliable firstmotion solutions with the 90% confidence range of less than
60⬚ in strike, only 25% have a focal plane with a right-lateral
component of motion that is within 20⬚ of the strike of the
local mainshock rupture plane (Fig. 7a). However, only
about half of the aftershocks have a dominant horizontal
component of motion on the chosen plane (Fig. 7b), whereas
the mainshock rupture was predominantly right lateral. Even
within the step-overs, the right-lateral component of the
mainshock rupture was larger than the vertical component
(Spotila and Sieh, 1995; Zachariasen and Sieh, 1995). The
focal mechanism statistics within 1 km of the main fault zone
are nearly identical. Out of the 1225 aftershocks that occurred within 1 km of the mainshock ruptures and that satisfy
the same criteria as above, 26% are within 20⬚ of the strike
of the local mainshock rupture plane, but half of these aftershocks do not have a right-lateral focal mechanism.

The relationship between mainshock rupture geometry
and aftershocks is also manifest in the correlation of b-values
of the aftershock sequence and mainshock rupture complexity. To calculate b-values and their uncertainties in each of
the nine volumes outlined in Figure 1, we used the maximum
likelihood method of Aki (1965). The b-value for aftershocks with M ⱖ2.0 appears in Figure 1 within each of the
nine rectangles.
Aftershock b-values range along strike from about 0.8
to 1.2 and vary with the complexity of the mainshock rupture. Low b-values occur in sections where the rupture is the
simplest, specifically along the southern third of the rupture
(Johnson Valley and Eureka Peak faults) and along the
northernmost segment (Camp Rock fault). The slip gap between the Johnson Valley and Eureka Peak fault, where no
surface rupture was found, also has low b-values. The sections 12–50 km north of the mainshock epicenter, where the
mainshock rupture was geometrically more complex than
elsewhere (as evidenced by more minor faults and branches
and a wider rupture zone), have high b-values. This correlation is consistent with previous observations that greater
material heterogeneity and crack density correlate with
higher b-values (Mogi, 1962; Mori and Abercrombie, 1997).
Although we show here the b-values with a lower cutoff
magnitude of M 2, repeated analysis shows that the spatial
pattern in b-values between sections is independent of
choices of magnitude cutoff. Moreover, these spatial variations in b-value agree with the results of Wiemer and Katsumata (1999), who found that b-values are high along the
northern section (b ⬎ 1.2) and low on the southern section
(b ⬍ 0.9) of the Landers rupture. They concluded that lower
b-values resulted from lesser mainshock slip (Wiemer and
Katsumata, 1999). Although this correlation is true for sections 1, 8, and 9, it is not true for section 7.

Discussion
All three sets of observations lead us to suspect that the
Landers aftershocks are manifestations of a broad structural
damage zone astride the mainshock faults. The width of the
aftershock zone, the increase in aftershock moment release
as one approaches the mainshock ruptures, and the correlation of b-values with fault complexity are all consistent with
what one commonly sees in exposures of natural fault zones.
Exposures of large natural faults commonly consist of
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Figure 6. (a) Distributions of Landers aftershocks and (b) their horizontal location
errors as a function of distance normal to the mainshock faults as shown in Figure 5,
using relocated data set by Hauksson (2000). Only about 40% of the aftershocks occurred within 0.5 km of the mainshock faults. If we shift all aftershocks toward the
nearest mainshock faults by the amounts of their 2r location uncertainties, 44% of
aftershocks might have occurred on the faults (those between the two diagonal dashed
lines in Fig. 6b).

Table 1
Ratios of Near-Fault to the Total Population of Aftershocks during Different Time Periods

Data Source

Within 0.5 km
of the mainshock
fault planes

Hauksson (2000)

Within 1 km
of the mainshock
fault planes

Hauksson (2000)

Richards-Dinger
and Shearer
(2000)

Richards-Dinger
and Shearer
(2000)

Time Period
(mm/dd/yy–mm/dd/yy)

Number of
Earthquakes
ML ⱖ 0

Number of
Earthquakes
ML ⱖ 2

Summed
Moment

06/28/92–05/28/98
06/28/92–12/31/92
06/28/92–03/18/98
06/28/92–12/31/92

0.40
0.41
0.36
0.36

0.40
0.41
0.35
0.36

0.29
0.30
0.56 [0.36]
0.63 [0.38]

06/28/92–05/28/98
06/28/92–12/31/92
06/28/92–03/18/98
06/28/92–12/31/92

0.65
0.64
0.62
0.61

0.64
0.64
0.61
0.61

0.60
0.62
0.77
0.85

Mainshock faults are defined in Figure 5. The ratios of summed moment from Richards-Dinger and Shearer’s
(2000) data set are higher because an M 5.7 aftershock is excluded in the analysis due to its large location
uncertainty. If we include this event, the ratios shown in brackets are comparable to those from Hauksson (2000).

a narrow band of intensely sheared material (a gouge layer)
surrounded by a broad swath of subsidiary faults (a damage
zone) (Fig. 8; Chester and Logan, 1986; Wallace and Morris,
1986). The broader swath of damage commonly displays a
progressive decrease in deformation intensity away from the
principal fault, and the transition from the fault zone to undeformed host rock is gradual (Fig. 8; Chester and Logan,
1986; Wallace and Morris, 1986). Chester and Logan (1986)
documented that fracture density in the damage zone generally decreases with distance away from the fault surface
(Fig. 9a).

Aftershock sequences may provide exceptional opportunities to quantify strain distribution across crustal fault
zones, information that is exceedingly difficult to obtain
from the outcrop. The gouge layer–damage zone morphology of fault zones indicates that most of the displacement is
accommodated within the gouge layer, supplemented by distributed cataclasis in the surrounding region (Chester and
Logan, 1986; Chester et al., 1993; Chester and Chester,
1998; Schulz and Evans, 1998). But it is difficult to evaluate
quantitatively the strain distribution across a fault zone in
outcrop, because reference features that can be traced across
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Figure 7. (a) The difference in strike of aftershock focal plane with that of the local
mainshock fault is plotted against the uncertainty in strike of aftershock focal plane.
We include only the 751 aftershocks that fall within 0.5 km of the mainshock rupture
and have reliable first-motion solutions; 42% of these aftershocks are within 20⬚ of the
local strike at the 90% confidence level (those between the two dashed lines). (b) The
histogram of the sense of motion (rake) on the chosen plane. Right-lateral refers to
those that have a larger horizontal component than vertical.

Figure 8. Schematic model of the gouge layerdamage zone morphology of a natural fault. It consists
of a narrow gouge layer bounded by a broad damaged
zone of subsidiary faults. The fracture density in the
damage zone generally decreases with distance away
from the center (modified from Wallace and Morris,
1986).
an entire fault zone are rare. Chester and Chester (1998)
attempted to address this issue, however, in their study of
the Punchbowl fault, an exhumed member of the San Andreas fault zone. They speculated that less than 100 m of the
40 km of dextral offset across the Punchbowl fault, a mere
0.25%, has been accommodated by faults outside of the 0.5m-wide gouge layer.
How does this compare with deformation across the
Landers mainshock and aftershock zone? For the mainshock
rupture, we have a direct measure of slip on the surface
traces of the faults. For the aftershocks, we must estimate
slip indirectly, using the relationship between seismic moment and slip. We can calculate a hypothetical sum of af-

tershock slip, d, by using the conventional equation, d ⳱
兺M0 /(lA), where l ⳱ 3.0 ⳯ 1011 dyne/cm2, 兺M0 is the
summed moment of aftershocks projected to their closest
locations on the mainshock rupture planes, and A is the area
of mainshock fault plane onto which the aftershocks are projected. We make the calculation for the Johnson Valley fault,
because it is representative of the other principal faults of
the rupture. The average slip on the Johnson Valley fault
during the Landers mainshock was 2 m, and the nominal
aftershock slip across the Johnson Valley fault averages
about 1 cm. Thus, aftershock slip is about 0.5% of mainshock slip. This value is not all that different from the 0.25%
value estimated by Chester and Chester (1998) for the ratio
of slip across the Punchbowl gouge zone and the surrounding fault zone. Thus, it is plausible and even likely that the
Landers aftershocks are merely the manifestation of a broad
damage zone of small faults that extends out from narrow
gouge zones that contain the principal ruptures of the mainshock.
What are the implications of adopting Chester and
Chester’s (1998) model of a fault zone for the Landers mainshock rupture and aftershock zone? Their observations, as
well as others (Chester and Logan, 1986; Chester et al.,
1993; Schulz and Evans, 1998; Brune, 2001), show that the
majority of displacement normally occurs in a band that
ranges from a couple of meters to about 40 m in thickness.
If displacements are accommodated by rupture during individual earthquakes, then this gouge layer, just a few tens of
meters or less in width, is where mainshock rupture planes
occur. Such gouge layers are 3 orders of magnitude narrower
than the Landers aftershock cloud.
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Figure 9. Density distributions of (a) mesoscopic
fractures of the Punchbowl fault (Chester and Logan,
1986) and (b) Landers aftershocks as a function of
distance normal to the principal fault plane. The faultnormal density of Landers aftershocks is summed
over the entire length of the mainshock surface ruptures. The aftershock density at the center of the fault
is 15 aftershocks per meter of distance perpendicular
to the fault.
If we know the aftershock density within this gouge
layer, then we can estimate how many aftershocks occurred
within it. For the Landers rupture, Figure 9b shows that the
aftershock density at the center of the fault is 15 aftershocks
per meter of distance perpendicular to the fault, summed
over the entire length of the ruptures. For gouge layers 2–
40 m wide, this would yield just 30–600 aftershocks. This
is equivalent to just 0.1%–2% of the total aftershock population. We have already shown that very few of the aftershocks occurred as reruptures of the mainshock rupture surfaces. This calculation suggests that in addition, very few of
the aftershocks of the Landers earthquake occurred within
the gouge layers associated with the main ruptures. Furthermore, if mainshock rupture only occurred on single or multiple discrete surfaces, rather than involving the entire gouge
layer volume, the number of aftershocks falling on mainshock rupture planes would be even less.
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But is the Landers aftershock sequence unusual? Recent
improvements in locating earthquakes have revealed tighter
clustering of aftershocks and clearer structural lineation of
seismicity than could be resolved previously (e.g., Shearer,
1997; Shaw and Shearer, 1999; Fehler et al., 2000; RichardsDinger and Shearer, 2000; Rubin and Gillard, 2000; Waldhauser and Ellsworth, 2000). It is often observed that many
aftershocks following major earthquakes appear to coincide
with the parts of faults that slipped during the mainshock.
However, it is still unclear that these tighter clusters of
aftershocks occur on the same surfaces that moved in the
mainshock or reflect activation of subsidiary faults in the
surrounding volume. Although current earthquake-location
technology does not enable resolution of individual aftershock locations to within or immediately outside of a mainshock rupture surface, geological observations provide important structural constraints that considerable percentages
of aftershocks, if not most, must occur in the volume surrounding the zone of principal displacement. Exhumed fault
zones show that there are numerous secondary fractures in
the vicinity of the layer of fault gouge, with no or negligible
offsets. These fractures quite plausibly originate during aftershocks.
Thus, rather than being an artifact of location error, the
aftershock cloud may reflect a fundamental property of a
fault zone. The discrete mainshock slip surfaces could appear remarkably planar, but cannot be perfectly or continuously planar. Geometric irregularities on the fault plane
could give rise to locally large stresses and trigger off-fault
aftershocks (Segall and Pollard, 1980; Das and Scholz,
1981). Structural complexities exist in all scales (e.g., Tchalenko, 1970; Aviles et al., 1987; Okubo and Aki, 1987;
Power et al., 1987); meters-scale irregularities could be responsible for the aftershocks that are in the meters vicinity
of mainshock rupture planes but in fact off-plane in the tabular surrounding volume. Hence, the characteristic complexity and network of faults of many sizes makes the wide distribution of aftershocks very likely. In this general sense, the
Landers aftershock sequence is not that unusual.
To understand better the implications of these observations and hypotheses, we should distinguish at least five
types of aftershocks, classifying them with respect to their
locations relative to mainshock fault planes (Fig. 10). There
are (1) class 1A aftershocks, those that occur on the same
surfaces that slipped during the mainshock; and class 1B
aftershocks, those occur in the gouge layer but off the planes
that slipped during the mainshock; (2) class 2 aftershocks,
those that occur on the same faults, but beyond the rupture
termini of the mainshock; (3) class 3 aftershocks, those that
occur on the subsidiary faults in the volume of damage zone
surrounding the mainshock fault planes; and (4) class 4 aftershocks, remotely triggered aftershocks on faults farther
from the principal faults of the mainshock rupture. Kisslinger (1996) proposed three similar classes of aftershocks,
but combined our categories 1A, 1B, and 3 into a single
category. Even though it might be beyond the limit of

1342

J. Liu, K. Sieh, and E. Hauksson
4
3
1A

3

3

Without gouge layer
2

1B

1A

1B
With gouge layer

Figure 10. Schematic diagram illustrates the classification of aftershocks with respect to their locations
relative to mainshock fault planes. See text for the
definition for each class of aftershocks.

earthquake-location technology, the distinction between
class 1B and 1A aftershocks is mechanically important, because they occur on different surfaces. Only class 1A aftershocks among all types represent truly the reruptures of the
mainshock rupture plane. Although class 3 aftershocks appear to be the spatial extension of class 1B aftershocks into
the bounding region, the distinction between class 1B and 3
aftershocks could also be significant. Class 1B aftershocks
may in general have lower stress drops than class 3 aftershocks, if the gouge material will lower the frictional
strength (Byerlee, 1978) than the surrounding medium and
the boundary between the gouge layer and the surrounding
host rock is general sharp (e.g., Chester and Logan, 1986;
Cowan, 1999).
Perhaps aftershock sequences of major earthquakes are
a combination of different classes, but the relative portion
of each type varies among ruptures. In this article, we show
that the Landers aftershock sequence has a small percentage
of class 1 and 2 aftershocks. In contrast, Rubin and Gillard
(2000) demonstrated that aftershocks of the earthquakes they
studied occurred on the mainshock fault plane, but beyond
the termini of the mainshock rupture. Thus, the aftershocks
of the earthquakes in their study were predominantly class
2 aftershocks. Common in both studies, however, is that
class 1A and 1B aftershocks are rare; aftershocks in Rubin
and Gillard (2000) did not tend to occur on the parts of the
faults that slipped during the mainshock, either.
The difference in manifestation of aftershock types may
be due to factors such as the magnitude of the mainshock
and the different degrees of geometric irregularity of the
principal faults, or the cumulative slip of the fault if faulttrace complexity decreases with large cumulative slip (Wesnousky, 1988). The larger the mainshock magnitude is, the
wider the aftershock cloud would be, if keeping all other
parameters fixed. If the mainshock principal faults are geo-

metrically more irregular or fragmented, then more aftershocks would be off-plane. For example, in Rubin and Gillard (2000), the earthquakes are microearthquakes and are
located in the creeping section of the San Andreas fault. The
wide Landers aftershock clouds may indicate the great complexity of the Landers principal faults.
An important implication of our analysis is that aftershock populations reveal the nature of the fractured medium
around principal faults. This is consistent with another observation that higher b-values are associated with segments
of mainshock rupture of more cracks. This is compatible
with previous results that higher material heterogeneity or
crack densities are associated with higher b-values for background seismicity (Mogi, 1962) and also in volcanic areas
(Wyss et al., 1997; Wiemer et al., 1998). Thus, the ubiquitously observed Gutenberg–Richter power-law relationship
of regional seismicity would not arise from the dynamics of
failure of a single smooth and planar fault with particular
frictional properties, as claimed in some numerical models
(e.g., Burridge and Knopoff, 1967; Carlson and Langer,
1989; Langer et al., 1996). B-value statistics would, instead,
be a measure of the complexity of the broader fault zone or
a network of faults (Wesnousky, 1994; Ben-Zion, 1996; Stirling et al., 1996).

Conclusions
We have observed three things about the aftershock sequence of the 1992 Landers earthquake and its relationship
to the ruptures of the mainshock. First, the aftershocks occur
in a cloud surrounding the mainshock fault ruptures. But,
this cloud is far too wide to be due to erroneously located
events generated by rerupture of the mainshock rupture
planes. This implies rupture of hundreds of secondary faults
within a zone of failure that is kilometers in width.
Furthermore, the focal mechanisms of most of the aftershocks that originated close to the mainshock ruptures are
inconsistent with generation by the mainshock ruptures. Less
than a third of the aftershocks that are within half a kilometer
of the mainshock rupture planes exhibited orientations and
senses of motion consistent with the principal ruptures.
Finally, b-values are higher along those parts of the
principal rupture where rupture complexity at the surface is
greater. This further suggests that the aftershock population
is controlled by the structure of the fault zone, rather than
by the physical properties of the principal fault planes.
One important implication of this work is that the
Gutenberg–Richter relationship that characterizes most seismic regions and most aftershock sequences reflects the population of faults in a region or within a broad fault zone, not
the behavior of a planar active fault.
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