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Time-dependent depth distribution of aftershocks:
Implications for fault mechanics and crustal rheology

Frederique Rolandone and Roland Bürgmann

The objectives of this project were to apply high-resolution earthquake relocation techniques to
resolve the time-dependent depth distribution of aftershocks and thus constrain models of the brittle-
ductile transition and the rheology near the base of seismogenic faults.

The maximum depth of seismogenic faulting is interpreted either as the transition from brittle
faulting to plastic flow in the continental crust (e.g., Sibson, 1986) or as the transition in the fric-
tional sliding process from unstable to stable sliding (e.g., Tse and Rice, 1986). This transition depth
depends on four main factors: rock composition, temperature, strain rate, and fluid pressure (e.g.,
Sibson 1984; Tse and Rice, 1986; Scholz, 1990). Spatial variations in the maximum depth of seis-
micity have been correlated with crustal temperature and/or lithology (e.g., Williams et al., 2001;
Magistrale, 2002). However, little has been done to examine how the maximum depth of seismo-
genic faulting varies locally, at the scale of a fault segment, and with time during the earthquake
cycle. Time-dependent depth patterns of seismicity have been identified in only few previous studies
and never quantified, mainly due to the problem of the accuracy of the hypocenter locations. Doser
and Kanamori (1986) compare the depth of seismicity in the Imperial Valley before and after the
1979 mainshock (M=6.6). Their study indicates that aftershocks during the first 2 months after the
mainshock are 2-3 km deeper than during other time periods. They suggest that these aftershocks
are related to strain readjustment at the base of the seismogenic zone. Recently developed relative
relocation techniques provide a great improvement in the relative locations of hypocenters. Using
precisely relocated earthquakes along the Calaveras fault, Schaff et al. (2002) find that after the M 6.2
1984 Morgan Hill earthquake, the deepest aftershocks are temporarily 500 m deeper in the immediate
postseismic period up to 1986, and become shallower as time passes. They suggest that this reflects
the strain-rate dependent variation of the depth of the brittle-ductile transition.

The major problem in determining the depth of the seismic-aseismic transition from seismicity
data is the accuracy of the hypocenter location and the completeness of the seismic record. Since we
want to study the time-dependent depth distribution of seismicity, we are mainly interested in precise
relative depths of earthquakes along a given fault segment rather than overall accurate locations. To
ensure that we use data from a consistent network of well distributed seismic stations and to critically
consider the effects of various velocity models, of catalog incompleteness and of the selection of
different subsets of data, we apply the double difference method of Waldhauser and Ellsworth (2000).
We use catalog phase data and a velocity model derived from Godfrey et al. (2002), representative of
the velocity structure in the Mojave Desert, to relocate earthquakes in the region of the M 7.3 1992
Landers earthquake. Using catalog travel-time differences greatly improves the epicenter locations
as shown by Waldhauser and Ellsworth (2000), with relative depth errors typically less than 250 m.
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With new relocation techniques, we can therefore investigate the time-dependent depth distribution
of seismicity to reveal more intricate details in the patterns of deformation which take place during an
earthquake cycle.
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Figure 1: Relocated seismicity around Landers (star) from 1984 to 2001. The boxes indicates the
seismicity used in this study around the surface rupture of the Johnson Valley fault, the Homestead
Valley fault and the Camp Rock/Emerson faults. Events deeper than 12 km are indicated with black
squares. Active faults are shown.

We investigate the time-dependent depth distribution of aftershocks in the Mojave Desert. We
specifically look for (1) the deepening of the aftershocks relative to the background seismicity, (2) the
time constant of the postseismic shallowing of the deepest earthquakes. Liu et al. (2003) show that the
aftershocks of the Landers earthquake form a several-km-wide damage zone around the mainshock
rupture planes and argue that the aftershocks reflect the structure of the broad fault zone and not the
behavior of the main fault plane. We thus select a 5-km-wide zone around the mainshock rupture
planes as shown by the boxes in Figure 1.

In this study, we focus on quantifying the depth variation of seismicity and we use two statistical
approaches. First, we calculate the d ��� , the depth above which 95 percent of the earthquakes occur.
This cut-off depth is widely viewed as an estimate of the depth of the seismic-aseismic transition and
we show its variations for different time windows. We also calculate d ��� , the average depth of the
deepest 5

�
of the earthquakes, for different time periods and also for constant numbers of events.

This statistical approach allows us to demonstrate that the deepening of the seismicity is not biased
by the greater numbers of events following the mainshock and the result is not sensitive to a few
hypocenters with poor depth control. With improved locations of the hypocenters, the average depth
of the deepest 5

�
of the earthquakes provides a robust estimate of the depth of the seismic-aseismic
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transition. We apply the same analysis to the catalog of events (Hauksson, 2000) relocated using
a three-dimensional velocity model based on a joint-hypocenter-velocity approach (JHV). We only
consider the aftershocks with vertical location errors less than 1.5 km. We want to demonstrate that
the temporal trend we identify is reliable and consistent even though the absolute depths vary in the
different catalogs.
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Figure 2: Time-dependent depth distribution of seismicity for the Johnson Valley fault. The red curve
shows the statistics for the d ��� and the green for the d ��� for different time windows. The dashed lines
show the same statistics for the Hauksson (2000) relocations.

We analyze the time-dependent depth distribution of seismicity along the Johnson Valley fault
(Figure 2). Before the occurrence of the Landers earthquake, there is little background seismicity.
In the immediate postseismic period, the aftershocks are deeper than the background seismicity, fol-
lowed by a time-dependent shallowing. Figure 2 shows the depth of the seismic-aseismic transition
for different time intervals. As defined by d ��� or d ��� , the seismic-aseismic depth gradually becomes
shallower as time passes after the mainshock. After the occurrence of the Landers earthquake, the
d ��� depth, averaged over the interval until the end of 1994, reaches 15.8 km. This depth is shallower
in the interval 1994 to 1996. It finally recovers its pre-earthquake value, 3 km shallower after 1996.
It remains at the same depth in the interval 1998 to 2001. The statistical patterns for the deepest
seismicity are very similar for the Hauksson (2000) relocations. Thus, our analysis reveals a strong
time-dependence of the depth of the deepest aftershocks.

To demonstrate the time-depth correlation of the seismic-aseismic transition, we have done calcu-
lations for different bins of constant numbers of events. Figure 3 shows the statistics for 1000 events
with an overlapping moving windows. The decay rate of decrease in depth of the deep seismicity is
very consistent with the previous analysis. It indicates that the depth decreases by about 3 km during
the first 4 years following Landers.

The temporal pattern of the seismic-aseismic transition is not so clear along the northern ruptures.
Figure 4 shows the time-dependent depth distribution of seismicity along the the Homestead Valley
fault and the Camp Rock/Emerson faults. There are large variations between the statistics for our
relocations and the Hauksson (2000) catalog. However the general trend is consistent. These two
segments need to be investigated in more details.

The depth of the seismic-aseismic transition in the crust has been mainly related to rheological
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Figure 3: Statistics for the d ��� as in Figure 2, compared with the same statistics, in blue, for an
overlapping window ( ���

�
overlap) for a constant number (1000) of events.
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Figure 4: Time-dependent depth distribution of seismicity for the Homestead Valley fault (left) and
the Camp Rock/Emerson faults (right). As in Figure 1, the red curve shows the statistics for the d ���

and the green for the d ��� for different time windows. The dashed lines show the same statistics for the
Hauksson (2000) relocations.

parameters as lithologic and crustal temperature control. However, a strain-rate dependent transient
deepening of the brittle-ductile transition following a major earthquake is predicted by geological
and laboratory observations (e.g., Trepmann and Stockhert, 2002). Using the example of the 1992
M 7.3 Landers earthquake, we show that in the aftermath of a large earthquake the depth extent of
aftershocks shows an immediate deepening from pre-earthquake levels, followed by a time-dependent
postseismic shallowing. We are able to identify and quantify the temporal evolution of the seismic-
aseismic transition. In the example of the Johnson Valley fault, its depth changes by as much as 3 km
over the course of 4 years.

The analysis of seismic data to resolve the time-dependent depth distribution of the seismic-
aseismic transition provides additional constraints on fault zone rheology, which are independent
of geodetic data. Together with geodetic measurements, these seismological observations form the
basis for developing more sophisticated models for the mechanical evolution of strike-slip shear zones
during the earthquake cycle.
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