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Abstract. Following the M,, 6.7 Northridge earthquake,
significant postseismic displacements were resolved with
GPS. Using a three-dimensional viscoelastic model, we sug-
gest that this deformation is mainly driven by viscous flow
in the lower crust. Such flow can transfer stress to the up-
per crust and load the rupture zone of the main shock at
a decaying rate. Most aftershocks within the rupture zone,
especially those that occurred after the first several weeks
of the main shock, may have been triggered by continuous
stress loading from viscous flow. The long-term decay time
of aftershocks (about 2 years) approximately matches the
decay of viscoelastic loading, and thus is controlled by the
viscosity of the lower crust. Our model provides a physi-
cal interpretation of the observed correlation between after-
shock decay rate and surface heat flow.

1. Introduction

Major earthquakes are followed by aftershocks that occur
at decreasing rates for months or even years. To maintain
a high level of aftershock activity long after a major earth-
quake, several mechanisms could be involved in the postseis-
mic process. Laboratory experiments suggest that both the
frictional strength of a loaded fault [Dieterich, 1994] and the
strength of fault zone materials [Scholz, 1968] could change
with time. It has also been proposed that the reequilibra-
tion of pore fluid pressure could change the normal stress
and contribute to the generation of aftershocks [Nur and
Booker, 1972].

Another important but overlooked mechanism is the
time-dependent shear stress loading in the source region.
Geodetic data can potentially constrain this kind of stress
loading following large earthquakes. Typically, broad-scale
postseismic deformation has been attributed to viscoelastic
relaxation below the seismogenic zone [e.g., Thatcher and
Rundle, 1984). The relaxation of the deviatoric stress in
the lower part of the crust can transfer stress up to the up-
per crust and trigger aftershocks in the long term [e.g., Freed
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and Lin, 1998]. Postseismic deformation data can constrain
this gradual loading process which may be responsible for
the time-dependent triggering of aftershocks.

The M., 6.7 Northridge, California, earthquake is a key
event for helping us to understand this problem. In this
paper we combine the extensive seismic and geodetic mea-
surements with a realistic computer model of viscoelastic
processes to explain the temporal decay and spatial patterns
of aftershocks.

2. Data

Following the January 17, 1994 Northridge earthquake,
significant postseismic deformation was observed at more
than a dozen Global Positioning System (GPS) stations
[Donnellan and Lyzenga, 1998; Heflin et al., 1998; Savage
et al., 1998]. We adjusted the reference frames of Donnel-
lan and Lyzenga [1998], Savage et al. [1998], and Shen et
al. [1996] to match the base frame of the second release of
the southern California velocity field by Southern California
Earthquake Center (SCEC) using shared stations in the far
field. We removed the interseismic signal from the total dis-
placements by subtracting the value interpolated from Shen
et al. [1996]. Figure 1A shows the postseismic displace-
ments of the Northridge earthquake for a period of 2.9 years
following the event. The deformation involves about 20 to
40 mm of NE-SW shortening and NW-SE elongation.

3. Model

Our model consists of both elastic and linear Maxwell
viscoelastic materials with a free-surface on top and a het-
erogeneous fault surface embedded in a 3-D Cartesian space.
An elastic upper crust overlies a weak lower crust between
16.7 and 30.0 km and a stronger upper mantle below 30
km. The boundary between the elastic upper crust and the
viscoelastic lower crust is determined from the depth of the
95% cutoff of aftershocks. The Moho depth was inferred
from the crustal thickness map constrained by the observed
Moho-reflected PmP phase [Richards-Dinger and Shearer,
1997]. The viscosities of the lower crust and upper man-
tle are 1.0x10'® and 1.0x10?® Pa s, respectively. The shear
modulus is 3.0x10° Pa, and Poisson’s ratio is 0.25 for the
whole volume considered. The force of gravity is not in-
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Figure 1. (a). Postseismic displacements following the 1994
Northridge earthquake for a period of 2.9 years. Open and sclid
circles represent stations of Savage et al. [1998] and Donnel-
lan and Lyzenga [1998], respectively. Pre-Northridge level of in-
terseismic deformation have been removed using measurements
from Shen et al. [1996] (triangles). Ellipses are 1-o uncertainties.
Star and beachball show the epicenter and lower hemisphere focal
mechanism of the main shock. Dashed box indicates the surface
projection of the fault rupture. (b). Calculated postseismic dis-
placements for the same period. The grid resolution close to the
fault zone is higher than plotted.

cluded. An irregular 60x50x34 finite element grid covering
600, 600, and 300 km in northeast, northwest, and vertical
directions was constructed to compute the time-dependent
stress, stress rates, and displacements. The resolution near
the fault is 2x2x1.4 km. The finite element code FEVER
(Finite Element code for Visco-Elastic Rheology) [Deng, in
preparation, 1999] is used to perform all coseismic and post-
seismic calculations.

The coseismic slip distribution of the fault is constrained
from GPS and leveling measurements. We recalculated
inversions for the displacements on 130 fault patches (10
along-strike by 13 down-dip) using data from Hodgkinson et
al. [1996] and Hudnut et al. [1996].
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Figure 1B shows the computed displacements over part
of the computational zone for the same 2.9-year period af-
ter the earthquake as bounded by the GPS data. The gen-
eral pattern of NE-SW shortening and NW-SE elongation
is well explained by the viscoelastic model, indicating that
viscoelastic relaxation in the lower crust could be an im-
portant mechanism controlling the postseismic deformation.
The purely viscoelastic model is inadequate to explain ob-
servations at several stations immediately above the rupture
zone. Some secondary, localized processes such as poroelas-
tic rebound [Bosl and Nur, 1997] or shallow aseismic slip
in the rupture zone [Donnellan and Lyzenga, 1998] may be
involved.

Both coseismic and postseismic processes perturb the
stress field significantly. Figure 2 illustrates the coseismic
and postseismic displacement field and changes in shear
stress for cross-section NN’ in Figure 1A. The stress is re-
solved for faults with strike 110°, dip 50°, and rake 90°,
Figure 3 is the same as Figure 2 but for cross-section PP’.
The main shock creates a large, coseismic, stress shadow in
the middle of the rupture zone and areas of stress enhance-
ment near the fault tip as well as off the fault (Figures 2A
and 3A).

There is, however, a poor correlation between aftershocks
and positive changes in coseismic stress (Figures 2A and
3A). If all events in our focal mechanism catalog are con-
sidered, only about 51% of events occurred where the cal-
culated coseismic stress increased. Hardebeck et al. [1998]
provides details on coseismic stress transfer following the
Northridge earthquake.

Relaxation of the coseismic deviatoric stress in the lower
crust generates a convection type of 3-D viscous flow, which
pulls the fault zone down and transports material sidewards
in the lower crust (Figures 2B and 3B). The resulting pat-
tern of stress is consistent with the majority of aftershocks
(more than 70%) which involve thrust or strike-slip focal
mechanisms with their P axes in NE-SW direction and T
axes either in the vertical or NW-SE directions [Thio and
Kanamori, 1996]. The hypocenters of about 60% of the af-
tershocks correlate very well with the positive changes in
stress transferred from relaxation of the lower crust (Fig-
ures 2B and 3B), indicating that the effect of viscoelastic
relaxation could have a first order influence on aftershock
triggering. If we plot the total coseismic and postseismic
change in stress, however, we can not find a good corre-
lation between stress and occurrence of earthquakes. This
might still indicate that the coseismic part in the fault zone
is highly dependent on detailed slip distribution which is not
well resolved.

While only about 14% of aftershocks are considered in
Figures 2 and 3, we find the same high level of correlation
if all individual aftershocks in our focal mechanism cata-
log are included. Figure 4 shows the average stress loading
rate of all aftershocks in our focal mechanism catalog binned
into 30-day groups. In the first month following the main
shock, about 59% of aftershocks occurred where the calcu-
lated shear stress loading rate is positive. After the first
month, the percentage increased to 65%. The viscoelasti-
cally driven stress loading and the rate of aftershock oc-
currence begin to decrease similarly with time after several
months. The average loading rates for all earthquakes in
our focal mechanism catalog in the first year or so is about
0.03 which is very significant for such a low slip-rate fault.
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Figure 2. Cross section NN’ (Figure la) showing coseismic
(a) and postseismic (b) changes in shear stress resolved for faults
with strike 110°, dip 50°, and rake 90°. Hexagons indicate after-
shocks whose strike, dip, and rake differ from those of the shown
mechanism by no more than 25°. Shaded line and arrows repre-
sent rupture trace and sense of motion of the main shock. Note
that the length scales of the arrows change by a factor of 10 from
atob.

4. Discussion

We assume that the 12.3 km-thick weak lower crust is
primarily responsible for observed intermediate-scale defor-
mation. The viscosity, 1.0x10'® Pa s, is chosen to best match
the magnitude of displacements at intermediate scales. If a
slightly larger viscosity is used, the deformation pattern in
Figure 1 will be similar to that shown, but the displacements
will be smaller. The calculations at the time scale of this
study are not very sensitive to the viscosity of the upper-
most mantle, as long as it is larger by at least one or two
orders of magnitude than that of the lower crust.

Based on our calculations, we believe that the tail in the
aftershock time distribution is controlled by the viscosity of
the lower crust. An important implication of our hypoth-
esis is that the sequence duration should be shorter in an
area with a higher geotherm; a higher geotherm implies a
weaker lower crust and faster viscous relaxation. Our model
provides a physical interpretation of the observed correla-
tion between aftershock decay rate and surface heat flow in
southern California and Japan [Mogi, 1967; Kisslinger and
Jones, 1991].
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The decay of aftershocks in the first several weeks, how-
ever, appears to be too fast to be explained solely by stress
loading from viscous relaxation in the lower crust. As men-
tioned earlier, those events might be caused by other mech-
anisms such as the frictional weakening of the fault area and
fatigue effects of fault zone materials.

If we consider the change in normal stress, or Coulomb
Failure Function [e.g., Stein et al., 1994; Harris and Simp-
son, 1996], the correlation between the occurrence of af-
tershocks and positive loading rate is weaker. This result
suggests that the effects of changes in normal stress on af-
tershock triggering could be secondary.

5. Conclusions

We interpret the postseismic displacements following the
M,, 6.7 Northridge earthquake as resulting from viscous flow
in the lower crust in response to the coseismic changes in
stress. We find a high correlation between positive changes
in shear stress related to the viscoelastic relaxation process
and aftershocks. We conclude that viscoelastic relaxation in
the lower crust has a first order effect on stress triggering
of crustal aftershocks. Viscoelastic flow of the lower crust
can explain not only geodetically observed postseismic de-
formation, but also the very gradual return to background
seismicity rates after moderate to large earthquakes.

Depth (km)

Depth (km)

Distance (km)

MPa

-10 -1 -0.1-0.01 0.0 001 041 1 10

Figure 3. Same as Figure 2 but for cross section PP’.
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Figure 4. Average shear stress loading rate (open circles) for
aftershocks in the focal mechanism catalog, and overall decay of
all aftershocks in the Southern California Seismographic Network
catalog. Events are grouped into every 30 days. Error bars indi-
cate the upper and lower boundaries bracketing the central 80%
events around the average.
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