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Abstract.
Following the M•o 6.7 Northridge earthquake, and Lin, 1998]. Postseismic
deformationdata can constrain
this gradual loading processwhich may be responsible for
significant postseismic displacements were resolved with
GPS. Using a three-dimensionalviscoelasticmodel, we sug- the time-dependent triggering of aftershocks.
The M•o6.7 Northridge, California, earthquake is a key
gest that this deformation is mainly driven by viscousflow
in the lower crust. Such flow can transfer stress to the up- event for helping us to understand this problem. In this
per crust and load the rupture zone of the main shock at paper we combine the extensive seismic and geodetic meaa decaying rate. Most aftershockswithin the rupture zone, surements with a realistic computer model of viscoelastic
especially those that occurred after the first several weeks processesto explain the temporal decay and spatial patterns
of the main shock, may have been triggered by continuous of aftershocks.
stressloading from viscousflow. The long-term decay time
of aftershocks(about 2 years) approximatelymatchesthe 2. Data
decay of viscoelasticloading, and thus is controlled by the
Following the January 17, 1994 Northridge earthquake,
viscosity of the lower crust. Our model provides a physisignificant
postseismic deformation was observed at more
cal interpretation of the observedcorrelation between afterthan a dozen Global PositioningSystem (GPS) stations
shockdecay rate and surfaceheat flow.

1. Introduction
Major earthquakesare followedby aftershocksthat occur
at decreasingrates for months or even years. To maintain
a high level of aftershock activity long after a major earthquake, severalmechanismscould be involved in the postseismic process.Laboratory experiments suggestthat both the

[Donnellanand Lyzenga,1998; Heftin et al., 1998; Savage
et al., 1998]. We adjustedthe referenceflames of Donnellan and Lyzenga[1998],Savageet al. [1998],and Shen et
al. [1996]to match the baseframe of the secondreleaseof
the southern California velocity field by Southern California

EarthquakeCenter (SCEC) usingsharedstationsin the far
field. We removed the interseismicsignal from the total displacementsby subtracting the value interpolated from Sheri

frictionalstrengthof a loadedfault [Dieterich,1994]and the et al. [1996]. Figure 1A showsthe postseismicdisplacestrengthof fault zonematerials[Scholz,1968]couldchange ments of the Northridge earthquake for a period of 2.9 years
with time. It has also been proposedthat the reequilibration of pore fluid pressurecould change the normal stress

following the event. The deformation involves about 20 to
40 mm of NE-SW shortening and NW-SE elongation.

and contributeto the generationof aftershocks[Nur and
Booker,1972].

3.

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
postseismicdeformation has been attributed to viscoelastic

Model
Our

model

consists

of both

elastic

and

linear

Maxwell

viscoelasticmaterials with a free-surfaceon top and a heterogeneousfault surfaceembeddedin a 3-D Cartesian space.
An elastic upper crust overlies a weak lower crust between
relaxationbelow the seismogenic
zone [e.g., Thatcherand 16.7 and 30.0 km and a stronger upper mantle below 30
Rundle, 1984]. The relaxationof the deviatoricstressin km. The boundary between the elastic upper crust and the
the lower part of the crust can transfer stressup to the up- viscoelasticlower crust is determined from the depth of the
per crustandtriggeraftershocks
in the longterm [e.g.,Freed 95% cutoff of aftershocks. The Moho depth was inferred
from the crustal thicknessmap constrained by the observed

Moho-refiectedPmP phase [Richards-Dingerand Shearer,
1997]. The viscositiesof the lower crust and upper man-
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The shear
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Figure lB showsthe computed displacementsover part
of the computational zone for the same 2.9-year period after the earthquake as bounded by the GPS data. The general pattern of NE-SW shortening and NW-SE elongation
is well explained by the viscoelasticmodel, indicating that
viscoelastic

relaxation

in the lower

crust

could

be an im-

portant mechanismcontrollingthe postseismicdeformation.
The purely viscoelasticmodel is inadequate to explain observationsat severalstations immediately above the rupture
zone. Some secondary,localized processessuch as poroelas-

tic rebound [Bosl and Nut, 1997] or shallowaseismicslip
in the rupturezone [Donnellanand Lyzenga,1998]may be
involved.

Both coseismic and postseismic processesperturb the
stress field significantly. Figure 2 illustrates the coseismic
and postseismic displacement field and changes in shear
stress for cross-sectionNN' in Figure 1A. The stress is resolvedfor faults with strike 110ø, dip 50ø, and rake 90ø.
Figure 3 is the same as Figure 2 but for cross-sectionPP'.
The main shockcreates a large, coseismic,stressshadowin
the middle of the rupture zone and areas of stressenhance-

ment near the fault tip as well as off the fault (Figures 2A
and 3A).

34 ø 30'

There is, however,a poor correlation between aftershocks

and positive changesin coseismicstress(Figures 2A and
3A). If all eventsin our focal mechanismcatalog are considered, only about 51% of events occurred where the cap
culatedcoseismic
stressincreased.Hardebecket al. [1998]
provides details on coseismicstress transfer following the
Northridge earthquake.
Relaxation

34 ø 00'

of the coseismic deviatoric

stress in the lower

crust generatesa convectiontype of 3-D viscousflow, which
pulls the fault zone down and transports material sidewards

in the lower crust (Figures2B and 3B). The resultingpattern of stressis consistentwith the majority of aftershocks

(more than 70%) which involve thrust or strike-slipfocal
119 ø O0'W

118 ø 30'

118 ø 00'

mechanisms

with

their

P axes in NE-SW

direction

and T

axeseither in the verticalor NW-SE directions[Thio and
Kanamori, 1996]. The hypocentersof about 60% of the afFigure 1. (a). Postseismic
displacements
following
the 1994
Northridge earthquakefor a period of 2.9 years. Open and solid
circles representstations of Savage et al. [1998] and Donnellan and Lyzenga[1998],respectively.Pre-Northridgelevelof in-

tershockscorrelate very well with the positive changesin
stresstransferredfrom relaxation of the lower crust (Figures 2B and 3B), indicating that the effect of viscoelastic

terseismic deformation have been removed using measurements

relaxation

could have a first order influence

on aftershock

from Shenet al. [1996](triangles).Ellipsesare 1-a uncertainties. triggering. If we plot the total coseismicand postseismic
Star and beachballshowthe epicenterand lower hemispherefocal
change in stress, however, we can not find a good corremechanism of the main shock. Dashed box indicates the surface
projectionof the fault rupture. (b). Calculatedpostseismic
dis- lation between stressand occurrenceof earthquakes. This
placementsfor the sameperiod. The grid resolutioncloseto the might still indicate that the coseismicpart in the fault zone
is highly dependenton detailed slip distribution which is not
fault zone is higher than plotted.
well resolved.

While only about 14% of aftershocksare consideredin
cluded. An irregular 60x50x34 finite element grid covering Figures 2 and 3, we find the same high level of correlation

600,600, and 300 km in northeast,northwest,and vertical

if all individual

aftershocks

in our focal

mechanism

cata-

directionswas constructedto compute the time-dependent log are included. Figure 4 showsthe averagestressloading
stress,stressrates,and displacements.
The resolutionnear rate of all aftershocksin our focal mechanismcatalog binned
the fault is 2x2xl.4 km. The finite element code FEVER
into 30-day groups. In the first month following the main
(FiniteElementcodefor Visco-Elastic
Rheology)[Deng,in shock, about 59% of aftershocksoccurred where the calcupreparation,1999]is usedto performall coseismic
andpost- lated shear stress loading rate is positive. After the first
seismic calculations.
month, the percentageincreasedto 65%. The viscoelastiThe coseismicslip distributionof the fault is constrained cally driven stress loading and the rate of aftershock ocfrom GPS and leveling measurements. We recalculated currencebegin to decreasesimilarly with time after several
inversionsfor the displacementson 130 fault patches(10 months. The average loading rates for all earthquakes in
along-strikeby 13 down-dip)usingdata from Hodgkinsonet 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.
al. [1996]and Hudnutet al. [1996].
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The decay of aftershocksin the first severalweeks, however, appears to be too fast to be explained solely by stress
loading from viscousrelaxation in the lower crust. As mentioned earlier, those events might be causedby other mechanisms such as the frictional weakening of the fault area and
fatigue effectsof fault zone materials.
If we consider the change in normal stress, or Coulomb

Failure Function [e.g., Stein et al., 1994; Harris and Simpson, 1996], the correlation between the occurrenceof af-

-20 ,

tershocks and positive loading rate is weaker. This result
suggeststhat the effects of changesin normal stresson aftershock triggering could be secondary.
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5.

Conclusions

We interpret the postseismicdisplacementsfollowing the
Mw 6.7 Northridge earthquake as resulting from viscousflow
in the lower crust in responseto the coseismicchangesin
stress. We find a high correlation between positive changes
in shear stress related to the viscoelastic relaxation process
c•
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and aftershocks.

We conclude that

viscoelastic

relaxation

in

the lower crust has a first order effect on stress triggering
of crustal
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aftershocks.

Viscoelastic

flow of the lower crust

can explain not only geodetically observed postseismicdeformation, but also the very gradual return to background
seismicity rates after moderate to large earthquakes.
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Figure 2. CrosssectionNN' (Figurela) showingcoseismic
(a) and postseismic
(b) changesin shearstressresolvedfor faults
with strike 110ø, dip 50ø, and rake 90ø. Hexagons indicate aftershockswhose strike, dip, and rake differ from those of the shown
mechanismby no more than 25ø. Shaded line and arrows represent rupture trace and senseof motion of the main shock. Note
that the length scalesof the arrows changeby a factor of 10 from
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Discussion
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primarily responsiblefor observedintermediate-scaledefor-

mation. The viscosity,1.0x10•8 Pa s, ischosento bestmatch
the magnitude of displacementsat intermediate scales. If a
slightly larger viscosity is used, the deformation pattern in
Figure I 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 uppermost 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 hypothesis is that the sequenceduration should be shorter in an
area with a higher geotherm; a higher geotherm implies a
weaker

lower crust and faster viscous relaxation.
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Our model

provides a physical interpretation of the observed correlation between aftershock decay rate and surface heat flow in

southernCalifornia and Japan [Mogi, 1967; Kisslingerand
Jones,1991]
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Figure 3. Sameas Figure2 but for crosssectionPP'.

3212

DENG

ET AL.' VISCOUS

0.30

EFFECT

lOO

|

o

|

......

Stress
Loading
Rate
SeismicityRate

0.15

_

0.00

50 ec

o

-0.15

....
0

• ....
200

• ....
400

• ....
600

• ....
800

'•
E

-50
1000

Time After Main Shock (Days)

Figure 4. Averageshearstressloadingrate (opencircles)for
aftershocks in the focal mechanism catalog, and overall decay of
all aftershocksin the Southern California SeismographicNetwork
catalog. Events are grouped into every 30 days. Error bars indicate the upper and lower boundaries bracketing the central 80%
events around the average.
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