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Abstract. Geodetic observations of surface deformation associated with the 1994 Northridge, 
southern California, earthquake generally are reproduced by simple models of a large-scale 
elastic dislocation on a blind or buried thrust fault. The smaller-scale aftershocks of the 

Northridge earthquake are distributed throughout much of the volume of crust that appears to 
have deformed elastically during the mainshock. These aftershocks, averaged over volumes 
that are large relative to their rupture radii, reflect a distributed, permanent deformation that 
is accommodated by local brittle fracture. We use a micropolar continuum model to invert 
the aftershocks in such volumes for the average incremental strain, and we compare that 
deformation both with the elastic strain from the dislocation model of the mainshock and with 

geodetically measured strain. Aftershock deformation that occurred at depths below about 6 
km, and which is associated with the primary rupture zone, is consistent with slow 
continuation of the southwest-side-up reverse slip on the blind Northridge thrust fault. In 
contrast, aftershock deformation from the upper 5-7 km of the hanging wall block directly 
above the thrust fault can be characterized by horizontal NE-SW shortening and horizontal 
NW-SE (i.e., fault-parallel) extension. This pattern of deformation is similar to that 
associated with the mainshock, as observed geodetically and as calculated from the elastic 
dislocation model. We interpret that the aftershock activity in the hanging wall represents 
the quasi-ductile accommodation by brittle deformation mechanisms of a permanent strain 
distributed through the hanging wall block. The aftershocks along the mainshock rupture zone 
are interpreted as resulting from either (1) the time-dependent release along a weakened fault 
zone of part of the remaining accumulated elastic strain in the upper crust or (2) the 
continued slip in the weakened fault zone driven by the deformation of a ductile-elastic lower 
crustal layer that relaxes under the stress transferred by the coseismic loss of cohesion in the 
upper crust. In either case, the aftershock activity suggests that the crust undergoes quasi- 
ductile flow as a brittle-elastic material, and is not a strictly elastic material. 

1. Introduction 

In this paper we use a generalized continuum model to 
evaluate distributed brittle deformation accommodated by 
aftershocks of the 1994 Northridge earthquake, which occurred 
on a blind thrust fault beneath the western Transverse Ranges 
in southern California (Figure 1). Patterns of regional 
deformation associated with the mainshock have been 

investigated by several workers [Hudnut et al., 1996; Wald et 
al., 1996; Shen et al., 1996], primarily through analysis of 
coseismic surface displacements measured by geodetic 
techniques. The modeling approach favored by these workers 
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assumes that the mainshock rupture can be approximated by a 
dislocation within an elastic material, and it consists of 

finding a combination of elastic strength, fault geometry, and 
slip distribution that best reproduces the geodetically 
determined surface displacements. The success of these models 
in reproducing the first-order pattern of surface deformation 
[Hudnut et al.; 1996, Wald et al., 1996; Shen et al., 1996] 
provides reasonable justification for the assumption that the 
upper crust deformed elastically in the vicinity of the slip 
dislocation that caused the earthquake. 

Aftershocks of the Northridge earthquake are not confined 
to a single plane but rather are distributed throughout much of 
the volume of crust that responded elastically to the 
mainshock rupture (Figures 2 and 3). Each aftershock 
represents a discrete displacement event on a fault surface; 
also, each aftershock is roughly one or more orders of 
magnitude smaller than the mainshock. If we consider a 
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Figure 2. Epicenter map of the 1994 Northridge earthquake aftershocks. 
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volume of crust that is large relative to the rupture radius of an 
individual aftershock but small relative to the rupture radius of 
the mainshock, then the gradual accumulation of aftershocks 
within the volume, when smoothed over the volume and over 

time, constitutes a quasi-ductile deformation of the volume. 
Kostrov [1974] refers to such a deformation as a "seismic 
flow," and structural geologists commonly refer to a 
deformation accommodated by distributed brittle fracture as a 
"cataclastic flow." 

The goal of this paper is to use a continuum model to invert 
the aftershocks for the characteristics of the seismic flow 

accommodated by the Northridge earthquake aftershocks and to 
compare this deformation both with the theoretically modeled 
elastic deformation and with the geodetically measured 
deformation associated with the mainshock. In the following 
sections we first describe the geologic setting of the 
earthquake, the elastic models of the mainshock deformation, 
and the patterns of aftershock activity. We then describe the 
kinematic basis for the generalized continuum model and the 
analytic approach used to invert aftershock focal mechanisms 
for the characteristics of the seismic flow. We present the 
results of our analysis and interpret the significance of the 
aftershock deformation for relaxation of the coseismic elastic 

strain and for kinematic models that describe progressive 
contractional deformation of crystalline basement terranes. 

2. Geologic Setting of the Northridge Earthquake 

The blind thrust fault that produced the Northridge 
earthquake dips southwest beneath the southern margin of the 
east Ventura basin and the northern San Fernando Valley 
[Hauksson et al., 1995]. Huftile and Yeats [1996] named this 
fault the "Northridge thrust." The upper part of the Northridge 

thrust underlies a belt of southwest vergent contractional 
structures exposed in the Santa Susana mountains and the 
southern Santa Clara Valley (Figure 1). The leading edge of 
this contractional belt is the Santa Susana thrust fault, which 

dips northeast beneath the Santa Susana Mountains and the 
eastern Ventura basin. The footwall of the Santa Susana thrust 

is interpreted to be involved in development of a northeast 
vergent fold or basement uplift above the southwest dipping 
Northridge thrust [Davis and Namson, 1994; Yeats and Huftile, 
1994; Huftile and Yeats, 1996]. 

The hanging wall of the Santa Susana thrust contains south 
to southwest vergent contractional structures that appear in the 
Santa Susana Mountains and are bounded to the northeast by 
the San Gabriel fault. These structures were grouped into the 
Sylmar, Placerira, and Newhall-Potrero structural segments by 
Yeats et al. [1994] based primarily on the presence of lateral 
ramps in the trace of the Santa Susana thrust (e.g., the 
Gillibrand Canyon and Chatsworth lateral ramps [Yeats, 1987] 
and on variations in structural style in the hanging wall of the 
thrust (Figure 1). 

Although the fold and thrust structures mapped at the surface 
(Figure 1) are expressed in deformed Cenozoic strata, the 
underlying thrust faults are rooted in Mesozoic crystalline 
basement rocks that underlie the east Ventura basin and the 

northern San Fernando Valley [Hauksson and Haase, 1997]. 
Drill hole data presented by Huftile and Yeats [1996] show that 
the Cenozoic cover on the crystalline basement beneath the 
east Ventura basin is approximately 4 km or less in thickness. 
Because aftershocks of the Northridge earthquake show that the 
seismogenic thrust fault extends to a depth of about 21 km and 
that most of the coseismic slip occurred beneath 10 km depth 
[Wald et al., 1996], we anticipate that the average rheology of 
the hanging wall is most strongly influenced the crystalline 
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basement beneath the Cenozoic cover. Thus the major map- region moved toward each other, accommodating horizontal 
scale contractional structures in the region (e.g., the Santa shortening normal to the strike of the Northridge thrust fault, 
Monica Mountains and Santa Susana Mountains anticlinoria and stations to the northwest and southeast of the epicentral 
[Davis and Namson, 1994] probably are best characterized as region moved away from each other, accommodating 
basement-involved uplifts or anticlines [Narr and Suppe, horizontal lengthening parallel to the strike of the fault. 
1994]. These motions are illustrated by particle displacement paths 

sketched parallel to the displacement directions of the GPS 

3. Coseismic Deformation and Elastic Models stations (Figure 4). Although the fault-normal shortening is 
not surprising given the dip-slip motion on the Northridge 

Patterns of surface deformation associated with the thrust, the fault-parallel lengthening is not accounted for in 
Northridge earthquake have been determined from Global two-dimensional kinematic models for finite growth of 
Positioning System (GPS) geodesy [Hudnut et al., 1996]. basement-involved anticlines [e.g., Narr and Suppe, 1994]. 
These studies show an approximately symmetrical pattern of The observed pattern of coseismic displacements, including 
coseismic displacements in the vicinity of the epicenter: GPS the fault-parallel lengthening, is reproduced by models that 
stations to the northeast and southwest of the epicentral approximate the Northridge earthquake as a dislocation on a 
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Figure 4. Displacement of GPS stations during the Northridge earthquake (from data of Hudnut et al. [1996]). 
Displacement directions are shown by arrows attached to individual GPS stations. Magnitude of horizontal 
displacement is indicated by contour lines. Interpreted particle displacement paths are sketched parallel to the 
coseismic displacement directions to indicate the patterns of crustal flow during the mainshock rupture. 



24,594 UNRUH ET AL.: KINEMATICS OF POSTSEISMIC RELAXATION 

A 

SW 

10 km- 

- 

- 

- 

- 

20 km- 

Santa Susana NE 
Mountains 

"Near-Field" Pin "Far-Field" Pin 

m 
Hanging Fault Tip 
Wall Block •e 

I Footwall 

,•t•" Block 
B 

SW 

10 km- 

20 km 

Direction of Coseismic 

Displacement 

,, T-,ast,c 
/• I Lengthening 

Shortening I •x.• •-" 

NE 

(Motion out-of-plane) 

Figure 5. Model for the fault-parallel extensional strains 
indicated by geodetic measurements of coseismic deformation 
(Figure 4). (a) Structural relationships prior to the earthquake. 
(b) Coseismic slip on the blind Northridge thrust imposes a 
shortening on the hanging wall block in the direction of slip. 
The elastic response of the crust to the fault-normal shortening 
is a fault-parallel lengthening, which creates components of 
motion out of the plane that contains the slip vector. 

4. Northridge Earthquake Aftershocks 

Aftershocks of the Northridge earthquake (Figures 2 and 3) 
outline the geometry of the mainshock rupture zone [Hauksson 
et al., 1995] and exhibit systematic variations that coincide 
with the structural segments in the Santa Susana Mountains 
identified by Yeats et al. [ 1994]. The Northridge thrust i s 
relatively well-defined in the Sylmar segment southeast of the 
Chatsworth lateral ramp by a single southwest dipping zone of 
aftershocks (Figure 3, C-C'). The aftershocks extend to a depth 
of approximately 20 km and can be traced upward as a 
relatively planar, 3.5 km wide zone to a depth of 
approximately 7 km. Above this depth, aftershocks appear to 
be more diffuse and the mainshock rupture zone is difficult to 
identify as a discrete, well-defined structure. 

In the Placerita segment between the Chatsworth and 
Gillibrand Canyon lateral ramps, the Northridge thrust appears 
to be well-defined by aftershocks between approximately 21 
km and 12 km depth, but at shallower depths the seismicity 
appears to be distributed in the hanging wall (Figure 3, B-B'). 
Shen et al. [1996] noted that the mainshock rupture zone 
appears to steepen above approximately 9-10 km depth in this 
region, consistent with the observation of Hauksson et al. 
[1995] that the Gillibrand Canyon and Chatsworth lateral 
ramps bound a "ridge" in the base of the aftershock zone that is 
3-5 km higher than the surrounding regions to the northwest 
and southeast. 

In the Newhall-Potrero segment northwest of the Gillibrand 
Canyon lateral ramp, aftershocks suggest two oppositely 
dipping zones between approximately 10-17 km depth (Figure 
3, A-A'): a southwest dipping zone to the south, and a 
northeast dipping zone to the north. It is not clear from 
patterns of aftershocks if one zone overlaps the other or if 
both terminate at approximately the same depth. There appear 
to be fewer aftershocks in the upper 9 km of the crust 
northwest of the Gillibrand Canyon lateral ramp (Figure 3, A- 
A'). 

5. Continuum Model for Evaluating Distributed 
Aftershock Deformation 

buried or blind fault in an elastic material [Hudnut et al., 1996; 
Shen et al., 1996; Wald et al., 1996]. The northeast directed 
motion of the hanging wall block during the earthquake is the 
result of simple shearing along the Northridge thrust fault. 
Because the fault does not break the surface, however, the 

northeast directed motion of the hanging wall block must be 
accommodated by a shortening strain normal to the strike of 
the fault (Figure 5). The modeled elastic response of the crust 
to this shortening is a northwest-southeast elongation parallel 
to the fault, which accounts for the observed pattern of fault- 
parallel motions (Figure 5). As shown by the coseismic 
displacement field (Figure 4), the magnitude of the fault- 
parallel extension is comparable to the fault-normal 
shortening in the region directly north of the mainshock. The 
near-field elastic deformation of the hanging wall block 
associated with the mainshock rupture thus can be 
characterized as an inhomogeneous, approximately horizontal 
pure shear strain; that is, the directions of maximum 
shortening and maximum lengthening are both subhorizontal 
and are directed normal to and parallel to, respectively, the 
strike of the fault. 

The majority of the Northridge earthquake aftershocks are 
small magnitude (M1-M3) events with rupture dimensions of 
the order of a few tens to a few hundreds of meters. We wish t o 

evaluate the average deformation of volumes of crust that are 
much larger than the rupture radius of an individual aftershock, 
so that the small coseismic displacements within a given 
volume collectively can be assumed to approximate a 
continuous deformation. This assumption is reasonable given 
the scattered distribution of most of the Northridge 
aftershocks, especially those that occurred in the hanging wall 
block above the primary rupture zone (Figure 3). 

We use a micropolar continuum model [Eringen, 1966, 
1967] to evaluate the characteristics of the brittle aftershock 
deformation. In contrast to classical continuum theory, which 
does not explicitly account for the substructure of a deforming, 
brittle material, the micropolar model assumes that the crust 
deforms like a granular material, where the "grains" are rigid, 
fault-bounded blocks that have dimensions comparable to the 
rupture radii of aftershocks [Twiss et al., 1993]. The 
micropolar theory relates the instantaneous direction of shear 
along the boundaries of the "grains" to the larger-scale 
deformation of the material and to the local rotation of the 
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fault blocks. If the deformation is progressive and can be 
smoothed over time, it can be approximated as a rate of quasi- 
ductile flow and a rate of local block rotation. Any set of 
aftershock data then reflects an increment of that deformatiofi 

that accumulates over a geologically small but finite time 
period. 

The kinematics of a "granular" style of deformation are 
illustrated by the following example. The average deformation 
of a specific volume of crust can be characterized uniquely by 
the lengths and oi'ientations of the three principal axes of the 
strain ellipsoid. This average deformation, however, is 
accommodated at a much smaller scale by the shearing of 
crustal blocks (i.e., "grains") past one another along their 
boundaries. The average motion of the block centroids can be 
described by a continuum approximation, and at any given 
time it defines the large-scale strain (i.e., change in shape) of 
the crustal volume. The relative motion of the block centroids 

in turn prescribes one component of the local direction of 
shearing along the block surfaces. Because the blocks are 
rigid and not physically attached to each other, they also are 
free to rotate about their centroids in a manner dictated by the 
local geometry of the blocks and their interactions with 
neighboring blocks. This local rotation contributes another 
component of shearing along the block boundaries, although 
it contributes nothing to the large-scale strain of the volume. 
To relate the local direction of shear along the block 
boundaries to the large-scale deformation of the volume, we 
need to explicitly account for the relative displacement of the 
block centroids as well as the local, small-scale rotations of 
the blocks about their centroids. 

There are numerous, well-documented examples in the 
geologic literature of natural brittle deformations that include 
local rotation of fault-bounded blocks (see discussion of Twiss 
et al. [1993]). It is reasonable to assume that such 
deformations may be accommodated by earthquakes, which 
represent discrete slip events along the boundaries of rigid, 
fault-bounded blocks. The focal mechanisms that we use as 

kinematic data for our inversions are essentially data on the 
orientation of the two nodal planes, which are the possible 
shear planes, and the associated slip direction on each plane. 
According to the micropolar theory, the slip direction on any 
given surface is determined by two kinematic components: (1) 
the average large-scale deformation rate represented by the 
relative motion of the centroids of the rigid blocks, and (2) a 
local independent rotation rate of the individual blocks about 
their centroids [Twiss et al., 1993]. In technical terms, the 
large scale deformation rate (i.e., the rate of change in shape of 
the crustal volume) is the symmetric part of the velocity 
gradient tensor (the strain rate) for a continuum defined by the 
centroids of the rigid blocks that constitute the material. The 
relative rotation rate (the relative vorticity) is basically the 
difference between the antisymmetric part of this velocity 
gradient tensor and the spin tensor that defines the 
independent local rotation rate of the rigid blocks. Thus use of 
the micropolar continuum model to interpret fault-slip data 
provides a better constraint on the characteristics of the strain 
rate, and also permits the extraction of additional kinematic 
information about the contributions of block rotations to 

patterns of slip on fault surfaces (see discussion and examples 
of Unruh et al. [1996]). 

The micropolar theory is formulated in terms of rates 
because this is the appropriate form for kinematic variables in 
the constitutive equations describing ductile deformation 

[Twiss et al., 1991, 1993]. The focal mechanisms provide 
constraints only on the directions of incremental slip on faults 
but not the actual slip magnitudes. Thus our inversions 
provide solutions only for the orientations of the principal 
incremental strain axes and for their relative magnitudes; the 
inversions do not constrain the actual magnitudes of the 
principal strains. The incremental strain tensor, however, can 
be converted into the strain rate tensor simply by dividing 
each of the incremental strain components by the same time 
increment, which is a scalar quantity. Dividing a tensor by a 
scalar affects neither the orientation of the principal axes nor 
the ratios (or ratios of differences) of the principal values. 
Thus conclusions about these characteristics of the 

incremental strain tensor also apply to the strain rate tensor. 
To avoid confusion in discussing the data, we will refer to the 
theoretically defined rates as if they were infinitesimal 
increments in the kinematic vai'iables. To relate the 

terminology to the theory, it is only necessary to consider the 
infinitesimal increments as increments per unit time. 

6. Analytical Approach 

To relate the individual aftershocks to a large-scale strain 
increment and a small-scale relative rotation increment, we 

make the explicit assumption that the local coseismic slip 
occurs in the direction of the maximum resolved shear 

increment on fault surface and that the shear increment is the 

net result of the large-scale incremental strain tensor and the 
local incremental relative rotation. Our analytical approach 
then consists of two main steps: (1) group the focal 
mechanisms into discrete spatial domains of essentially 
homogeneous deformation; and (2) use the micropolar 
continuum model described above as a basis to invert the focal 

mechanisms for the incremental strain and incremental relative 

block rotation in each domain. 

Data used for the inversions in this study consist of focal 
mechanisms for the Northridge aftershocks. These data were 
recorded by the Southern California Seismographic Network, a 
joint project of the California Institute of Technology and the 
U.S. Geological Survey. The methodology for determining 
focal mechanisms is described by Hauksson et al. [1995]. 

We grouped the focal mechanisms by spatial domains in 
order (1) to separate events on the primary rupture zone from 
aftershocks that were distributed within the hanging wall 
block; and (2) to analyze possible variations in seismogenic 
deformation associated with distinct structural segments of the 
contractional belt in the Santa Susana mountains. Our initial 

approach was to use the structural segments defined by Yeats et 
al. [1994] as a basis for grouping aftershocks (Figure 1). This 
appears reasonable, given the changes in geometry of the base 
of the aftershock zone associated with the Gillibrand Canyon 
and Chatsworth lateral ramps [Hauksson et al., 1995]. 
Additional subdivisions of the data were performed as 
appropriate to isolate volumes of relatively homogeneous 
deformation. 

Seismic P and T axes are unit vectors that conveniently 
describe the orientations of the nodal planes and the directions 
of the first motions. We calculated the P and T axes for the 

focal mechanism data and plotted them on equal-area, lower 
hemisphere, Kamb contour plots. The plots were inspected 
visually to assess the orientation and distribution of the P and 
T axes. If we determined that the P and T axes formed well- 

defined, single maxima on the Kamb plots, then we concluded 
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Table 1. Inversion Results, Sylmar Segment 

Depth, d 1 d 3 D W Mean Cos Cos -1 Number 
km (Maximum (Maximum (Mean Cos) of Data 

Extension)* Shortening)* 
0-3 98, 31 352, 24 0.5 0 0.983 10.616 39 
3-6 143, 69 22, 11 0.5 0 0.968 14.419 202 
6-8 54, 75 20, - 12 0.5 0.1 0.979 11.756 306 
8-10 35, 77 20, - 12 0.5 0 0.987 9.381 181 
10-12 310, 52 35, -4 0.5 0 0.988 8.955 158 
12-14 295, 47 40, 14 0.5 0 0.987 9.293 142 
14-16 172, 69 32, 16 0.6 0 0.982 10.767 85 
16-18 312, 83 357,-5 0.5 0.1 0.975 12.778 28 
18-20 214, 81 15, 8 0.6 -0.2 0.984 10.176 44 

See text for complete descriptions of kinematic variables and misfit values. 
*Orientations of d• and d 3 given as trend, followed by plunge. Positive values of plunge are below the horizontal; negative 

values are above the horizontal. 

that the data reflect a homogeneous deformation within the 
volume of crust containing those aftershocks. For Kamb plots 
that showed multiple concentrations of P and/or T axes, 
however, we redefined the boundaries of the crustal volumes as 

appropriate until the associated Kamb plots showed that P and 
T axes clustered in distinct, well-defined maxima and thus 

reflected a more homogeneous deformation. 
The inversion solution consists of finding the values of the 

model parameters for a micropolar deformation that minimize 
the misfit between the theoretically calculated P and T axes and 
the observed aftershock P and T axes. The five parameters of a 
micropolar model include (1) the three independent parameters 
that define the orientations of the principal axes of the strain 
rate, or incremental strain, tensor (dl, maximum lengthening; 
d3, maximum shortening; d2, intermediate principal axis); (2) 
a scalar parameter D (the deformation rate parameter), defined 
by a ratio of the differences in the principal strain rates, or 
incremental strains, which characterizes the shape of the 
incremental strain ellipsoid, 

D-- d2 - d--••-3; (1) 
dl- d 3 

and (3) a scalar parameter W which characterizes the relative 
vorticity (i.e., rate of relative rotation), of rigid, fault-bounded 
blocks about an axis parallel to d 2 [Twiss et al., 1993] 

W -- (tø•3 - w•3) (2) 
0.5(d 1 -d 3) 

where w•3 is a component of the antisymmetric part of the 
large scale velocity gradient tensor which describes the 
average large-scale rotation rate about d2 and to•3 is an 
independent component describing the local block rotation 
rate about d2. As discussed previously, the parameter W can be 
interpreted to reflect the incremental relative rotation of fault- 
bounded blocks. As a first approximation, we ignore 
components of the relative vorticity about the other principal 
axes. 

From any given set of micropolar model parameters, we can 
calculate the orientation of the P and T axes for any given 
orientation of shear plane [Twiss et al., 1993; Unruh et al., 
1996]. For each observed pair of P and T axes representing an 
aftershock focal mechanism, we find the orientation of the 

model shear plane for which the model P and T axes are a best 
fit to the observed P and T axes. The misfit is taken to be the 

cosine of the unique rotation angle that brings the model P and 
T axes into coincidence with the observed P and T axes. The 

average of these misfits over all the focal mechanisms in the 
data set defines the mean cosine misfit, and we search for the 

model parameters that minimize this average misfit. In Tables 
1-3 we report the average misfit as the angle whose cosine is 
the mean cosine misfit (i.e., cos'l(mean cosine misfit)). 

We use a grid-search algorithm to find the parameters of the 
best fit micropolar model for each group of P and T axes. A 
discussion of our grid-search algorithm PTGRDSRCH and the 
rationale for the misfit calculation are discussed in detail by 
Unruh et al. [1996] and will not be repeated here. In general, 
we do not search the entire five-dimensional grid 
systematically because of the large amounts of computer time 
that would be required. Instead, we generally search a swath 
around the path that leads from the starting model to the final 
solution by taking the minimum misfit model in any subgrid 
as the central point in defining the subsequent subgrid and 
decreasing the size of the subgrid spacing as we approach the 
solution. We ensure that the minimum is bracketed for all 

parameters in the grid search. The best fit models are 
determined within grid increments of 5 ø for the orientation of 
the principal strain axes and within grid increments of 0.1 for 
the values of D and W. The corresponding precision of the 
solutions presented in Tables 1-3 are a grid resolution of +2.5 ø 
for the orientations of dl and d 3, and a grid resolution of +0.05 
for the values of D and W. 

7. Inversion Results 

7.1. Seismogenic Deformation Along the Mainshock Rupture 
Zone 

The inversion results (Tables 1-3; see Figures 2 and 3 for 
locations of depth domains cited in the tables) show that the 
aftershocks along the main rupture zone generally 
accommodate northeast-southwest shortening (i.e., d 3 is 
subhorizontal and oriented NE-SW) and vertical crustal 
thickening (i.e., the direction of maximum lengthening dl is 
steeply plunging to subvertical). This is consistent with 
southwest-side (i.e., hanging wall block) up simple shear on 
the primary rupture zone. In general, values of the deformation 
parameter D associated with the primary rupture zone are 0.5, 
which implies, for a constant volume deformation, that there 
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Table 2. Inversion Results, Placerita Segment 

Depth, d 1 d 3 D W Mean Cos Cos -I Number 
km (Maximum (Maximum (Mean Cos) of Data 

Extension)* Shortening)* 

Primary Rupture Zone 
6-12 170, 72 26, 15 0.6 0.1 0.992 7.104 41 
12-14 136, 73 7, 11 0.5 -0.1 0.985 9.827 61 
14-16 134, 74 13, 8 0.5 -0.1 0.980 11.580 82 
16-18 273, 83 18, 2 0.5 0.3 0.989 8.399 41 
18-20 149, 82 6, 7 0.5 0 0.991 7.728 71 

Hanging Wall 
0-6, near the Santa 105, 0 15, 10 0.5 0.1 0.983 10.533 102 

Susana fault 

0-6, southwest of 109, 51 31, -9 0.5 0.1 0.986 9.542 68 
the Santa Susana 

fault 

6-12, above 270, -4 0, -6 0.5 -0.1 0.981 11.101 117 
primary rupture 

0-4, updip of main 106, -40 20, 5 0.5 0.1 0.993 6.583 38 
rupture plane 

4-6, updip of main 112, 75 20, 0 0.5 0 0.992 7.163 21 
rupture plane 

See text for complete descriptions of kinematic variables and misfit values 
*Orientations of dl and d 3 given as trend, followed by plunge. Positive values of plunge are below the horizontal; 

negative values are above the horizontal. 

is no horizontal extension or contraction parallel to d2 (i.e., 
subparallel to the strike of the fault). The few exceptions are 
from the Sylmar segment (depth intervals 18-20 km and 14-16 
km; Table 1) and the Placerita segment (depth interval 6-12 
km; Table 2). Inversion of data from these domains shows that 
D = 0.6, which implies that d2 is somewhat closer in value to 
dl (maximum lengthening) than to d3 (maximum shortening), 
and thus the deformation within the primary rupture zone 
probably accommodates a small component of subhorizontal 
NW-SE extension parallel to the strike of the fault. 

Models for the distribution of coseismic slip directions on 
the Northridge fault have been made by Wald et al. [1996] 
using a combined analysis of geodetic, teleseismic, and strong 
motion data and by Hudnut et al. [1966] and Shen et al. [1966] 
using inversion of coseismic GPS data. To compare these 
models with our results, we use the characteristics of the 

micropolar deformation (i.e., d i, D, and W) that we found by 
inverting aftershocks from domains along the mainshock 
rupture plane, and we calculate the direction of the maximum 
resolved incremental shear along the best fit rupture plane 

(strike=122 ø, dip=40 ø SW). In essence, this analysis finds the 
orientations on the blind Northridge thrust of the maximum 
resolved incremental shear for the aftershock deformation. 

The precision of this orientation is shown on Figure 6 and 
discussed in the appendix. 

Our calculated motions of the hanging wall block (Figure 6) 
indicate up-to-the-northeast shearing on the blind Northridge 
thrust, with local components of obliquity. The most 
distinctive departure from pure dip-slip motion in our model 
(Figure 6) is the opposite sense of obliquity on opposite sides 
of the Chatsworth lateral ramp in the depth range of 10-14 km. 
Specifically, our model predicts left-reverse slip to the 
southeast of the Chatsworth structure and right-reverse slip to 
the northwest. Hudnut et al. [1996] derived a similar upward 
diverging pattern of mainshock slip on the primary rupture 
plane. Shen et al. [1996] also modeled obliquity on the 
primary rupture plane, but their best fit model suggests 
predominantly left-reverse displacement on both the Placerita 
and Sylmar segments during the mainshock. In contrast, the 
model of Wald et al. [1996] implies upward converging senses 

Table 3. Inversion Results, Newhall-Potrero Segment 

Depth, d I d 3 D W Mean Cos Cos -1 Number 
km (Maximum (Maximum (Mean Cos) of Data 

Extension)* Shortening)* 
10-12, noaheast 340, 67 183, 21 0.5 0.2 0.988 8.915 82 
dipping events 
12-14, noaheast 302, 73 177, 10 0.5 0.1 0.989 8.516 129 
dipping events 
14-16, noaheast 330, 65 198, 17 0.5 0.1 0.991 7.791 52 
dipping events 
7-14, southwest 341, 80 20, -8 0.5 0.3 0.984 10.355 69 
dipping events 
0-5 (all) 294, 21 17, -18 0.5 0 0.983 10.724 46 

See text for complete descriptions of kinematic variables and misfit values 
*Orientations of d• and d 3 given as trend, followed by plunge. Positive values of plunge are below the horizontal; 

negative values are above the horizontal. 
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relative vorticity vector is parallel to the d 2 axis, this requires 
choosing a right-handed coordinate system where the d2 axis 
also is positive in a subhorizontal, northwest direction 
(Tables 1-3). With this convention, positive or negative 
values of W in Tables 1-3 imply that the clockwise rotation 
rate of rigid blocks in the primary blind thrust zone is higher 
or lower, respectively, than the average clockwise rotation 
rate of material lines in the large-scale top-northeast simple 
shearing across the zone. 

The inversion results indicate a range in values of the 
relative vorticity parameter W between-0.2 and 0.3 (Tables 1- 
3). Zero values of W imply no difference between the large- 
scale and small-scale vorticities. Because the geometries of 
the blocks and the seismogenic faults that form their 
boundaries are not visible, however, it is not possible to 
determine which class of kinematic models is appropriate to 
account for the nonzero values of W [see Twiss et al., 1993; 
Unruh et al., 1996]. Moreover, Unruh et al. [1996] found that 
values of W with an absolute value of 0.2 or less may not be 
significantly different from zero, based on sensitivity 
analyses of inversions using aftershock data from the 1992 
Landers earthquake. If this is true for the Northridge earthquake 
aftershocks as well, then only a few of the nonzero values of W 
are significant (i.e., 14-16 km interval, Sylmar segment; 16- 
18 km interval, Placerita segment; southwest dipping events 
between 7 and 14 km, Newhall-Potrero segment), and in 
general, the relative vorticity along most of the primary 
rupture zone probably is negligible (Tables 1-3). 

Figure 6. Directions of the maximum resolved incremental 
shear on the best fit rupture plane of Wald et al. [1996], 
determined from micropolar inversion of aftershock data 
(Tables 1-3). The vectors shown represent the average 
direction of slip on the fault associated with the aftershocks 
for discrete areas of the mainshock rupture plane. The 
variation of the rake of the maximum incremental shear 

associated with the precision of the inversion results is 
approximately +_7.5 ø and is indicated by the fan-shaped marks 
on either side of the slip vector. See text for explanation of 
the derived slip directions. See the appendix for derivation of 
the precision in the rake of the slip vector. 

of obliquity (i.e., generally right reverse slip on the Sylmar 
segment and left reverse slip on the Placerita segment) during 
the mainshock. Although different patterns of obliquity are 
associated with the different models, we find that our results for 

the aftershock deformation generally are consistent with 
reverse slip on the primary rupture zone. 

To interpret the values of the relative vorticity parameter W 
obtained from the inversion (Tables 1-3), we first adopt a 
convention for expressing the sense of large-scale vorticity 
associated with the southwest-side-up simple shearing along 
the southwest dipping Northridge thrust. Looking northwest 
along the strike of the fault, the sense of shear for southwest- 
side-up motion, and the corresponding vorticity viewed in this 
direction, is clockwise. Using the right-hand rule, a clockwise 
vorticity is represented by an axial vector that lies in the fault 
plane, is normal to the direction of slip, and is positive in the 
northwest direction. The relative vorticity W parallel to d 2 
(equation (2)) is proportional to the difference between the 
small-scale vorticity of fault-bounded blocks within the 
primary rupture zone and the large-scale vorticity (equation 
(2); Twiss et al., [1993] refer to these as the microvorticity and 
the macrovorticity, respectively). Because we assume that the 

7.2. Hanging Wall Deformation From Analysis of Aftershocks 

We grouped aftershocks in the hanging wall block of the 
Northridge thrust fault into depth domains within each of the 
three major structural segments identified by Yeats et al. 
[1994]. We also identified what appear to be discrete clusters 
of aftershocks in the hanging wall from cross sections of 
seismicity (Figures 2 and 3), and we inverted data from these 
clusters where a sufficient number of focal mechanisms were 

available to obtain a robust solution. 

The inversion results (Tables 1-3; see Figures 2 and 3 for 
locations of individual domains) generally show that the axis 
of maximum lengthening (d i) in the hanging wall for all three 
structural segments is subhorizontal horizontal NW-SE, in 
contrast to the approximately vertical orientation of di along 
the primary rupture zone at depth. For both the hanging wall 
block and the primary rupture zone, the axis of maximum 
shortening d 3 is horizontal and oriented northeast-southwest, 
so the change in deformation style from the primary rupture 
zone to the hanging wall block is characterized by an 
exchange in orientation of the d 2 and dl axes. Along the 
Sylmar segment, the transition between vertical dl and 
subvertical d2 deformation occurs at about 3 km depth (Table 
1). For the Placerita segment, the domain of subvertical d 2 
includes the upper 4 km of the crust updip of the primary 
rupture zone and appears to extend to the base of the hanging 
wall (Table 2). To the northwest, aftershocks from the 
Newhall-Potrero segment indicate that the transition between 
subvertical d 1 and d 2 occurs at about 3-5 km depth (Table 3). 
This difference in the orientations of the principal incremental 
strain axes can be seen in equal-area stereograms of dl and d3 
plotted for the primary rupture zone (Figure 7), and for events 
that occurred in the hanging wall block or in the upper 4 km of 
the crust updip of the primary rupture zone (Figure 8). 
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Equal Area 

N = 16 C.I. = 2.0 sigma 

occurring within a tabular zone centered on the Northridge 
thrust fault. The principal contractional strain (d3) within this 
zone is subhorizontal and normal to the strike of the fault; the 

principal extensional strain (dl)is subvertical; and the 
intermediate principal strain (d2) is subhorizontal and parallel 
to strike of the fault. In contrast, aftershock deformation in 

the upper 3-7 km of the hanging wall block is distributed 
throughout a large volume of the crust and is characterized by 
subhorizontal shortening (d3)directed normal to the strike of 
the Northridge thrust and subhorizontal extension (dl) parallel 
to the strike of the Northridge thrust. The intermediate 
principal strain (d2) in the hanging wall block is subvertical, 
as opposed to subhorizontal along the mainshock rupture 
plane. Based on values of the deformation parameter D 
obtained from the aftershock inversions, the shortening and 
lengthening incremental strains in the hanging wall block are 
approximately equal and opposite in magnitude, and there is 
negligible vertical thinning or thickening. The different 
deformation styles of the mainshock rupture zone and the 
hanging wall are illustrated schematically in a block diagram 
(Figure 9). 

Figure 7. Stereogram showing the orientations of the 
principal incremental strain axes obtained from inversions of 
aftershocks along the primary rupture zone. Solid dots show 
the locations (trend and plunge) of individual principal 
incremental strains in the lower hemisphere; squares show 
principal axes that plot in the upper hemisphere (results from 
16 inversions plotted; all data taken from Tables 1-3). The 
Kamb contours of the distribution of the data differentiate the 

maximum lengthening principal strains (dl, associated with 
the stippled contours) from the maximum shortening principal 
strains (d 3, associated with the striped contours) (contour 
interval is 2 sigma). Note that for the primary rupture zone, 
the Kamb contours show that dl generally is steeply plunging 
to subvertical and that d 3 generally is subhorizontal and 
oriented northeast-southwest. 

In general, the value of the deformation rate parameter D for 
domains in the hanging wall is 0.5 (Tables 1-3), which for a 
constant volume deformation, characterizes a plane 
incremental strain such that dl (maximum extension) and d 3 
(maximum shortening) are equal and opposite in value and that 
there is no length change in the vertical direction (i.e., 
parallel to d2). An exception to this general result is the 
hanging wall deformation in the upper 6 km of the Placerita 
segment, southwest of the Santa Susana fault (Table 2). The 
inversion results indicate that d 3 (maximum shortening) is 
subhorizontal and directed NE, but that d• (maximum 
lengthening) is plunging approximately 51 ø to the SE (Table 
2). The moderate plunge of dl for this domain can be 
interpreted as reflecting components of lengthening both in 
the NW-SE direction and in the vertical direction. Assuming 
constant volume, the aftershocks in this domain accommodate 

a component of vertical thickening of the hanging wall, in 
addition to northwest-southeast lengthening and northeast- 
southwest shortening. 

8. Kinematic Model and Interpretation 

Our inversions indicate that aftershock deformation 

associated with the mainshock rupture is consistent with slow, 
progressive r. everse slip, with most of the aftershocks 

Equal Area 

N = 7 C.I. = 2.0 sigma 

Figure 8. Stereogram showing the orientations of the 
principal incremental strain axes obtained from inversions of 
aftershocks in the upper 6 km of the hanging wall block. 
Solid dots show the locations (trend and plunge) of individual 
principal incremental strains in the lower hemisphere; squares 
show principal axes that plot in the upper hemisphere (results 
from seven inversions plotted; all data taken from Tables 1-3). 
Kamb contours of the distribution of the data differentiate the 

maximum lengthening principal strains (d•, associated with 
the stippled contours) from the maximum shortening principal 
strains (d 3, associated with the striped contours) (contour 
interval is 2 sigma). The orientations of d 3 form a distinct, 
subhorizontal maximum oriented northeast-southwest, similar 
to the inversions of aftershocks from the primary rupture zone. 
Unlike the primary rupture zone data (Figure 7), however, the 
directions of maximum lengthening (dl) from inversions of 
hanging wall aftershocks form subhorizontal to moderately 
plunging maxima, indicating significant components of fault- 
parallel extension. 
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Figure 9. Schematic block diagram illustrating geometry of the primary rupture zone and the kinematics of uplift and 
deformation of the hanging wall accommodated by the Northridge earthquake aftershocks. Star shows approximate 
location of mainshock. Darker shaded area within the Placerita and Sylmar segments shows area of rupture plane where 
most of the coseismic strain release occurred (from data of Wald et al. [1996]). The variations in geometry of the 
primary rupture zone in the diagram are inferred primarily from cross-sections of seismicity and structure contours of the 
base of the aftershock zone [Hauksson et al., 1995]. Arrows on the primary rupture zone schematically show the 
variations in the average slip direction as indicated by the forward modeling of the inversion results (Figure 6 presents a 
detailed model of aftershock slip directions). In particular, note that the aftershock slip directions for the Placerita and 
Sylmar segments diverge across the Chatsworth lateral ramp boundary. The approximately pure shear, plane strain 
deformation of the hanging wall block is indicated by the arrows showing the horizontal shortening and lengthening 
directions and schematically by the upward flaring of the hanging wall block parallel to the strike of the Northridge 
thrust, which indicates a relative increase in fault-parallel lengthening with decreasing depth. 

These results generally are consistent with geodetic 
observations of postseismic deformation in the epicentral 
region of the Northridge earthquake. Based on analysis of GPS 
data, Donnellan and Lyzenga [1996] reported that reverse slip 
on the Northridge thrust fault continued for several months 
following the mainshock. They further noted geodetic 
evidence for postmainshock deformation of the upper 5 km of 
the crust, which approximately coincides with the depth range 
of most of the aftershocks in the hanging wall block. 
According to Donnellan and Lyzenga [1996], the moment 
release equivalent of the combined afterslip on the Northridge 
thrust and postmainshock deformation of the upper crust is 
approximately M6.2, which represents approximately 20% of 
the total moment release associated with the M w 6.7 
mainshock. 

The mainshock rupture and the associated deformation, 
including the fault-parallel lengthening measured by GPS 
geodesy, can be successfully modeled [e.g., Hudnut et al., 
1996] as an elastic dislocation on the blind Northridge thrust 
fault, which is reflected in the upper crust as an elastic 
horizontal shortening normal to the fault strike and an elastic 
lengthening parallel to strike (Figure 5). The distributed 
aftershock deformation, however, can, at a sufficiently large 
scale, be viewed as a quasi-continuous "seismic flow" [see 
Kostrov, 1974], or a quasi-ductile deformation. Our inversions 
of the aftershock focal mechanisms together with the 
postmainshock geodetic analysis of Donnellan and Lyzenga 
[1996] show that thrusting motion continued along the 
mainshock rupture zone and that the deformation in the 
hanging wall block was characterized by an inhomogeneous 
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pure shear (a plane strain) with shortening normal to the fault 
strike and lengthening parallel to strike. Thus the deformation 
accommodated by the mainshock continued during the 
aftershock sequence as a quasi-ductile flow with essentially 
unchanged geometry. 

This flow can be explained either as a quasi-ductile 
continuation of the coseismic deformation or as a relaxation 

phenomenon, as further discussed below. The slow reverse 
afterslip on the Northridge thrust following the mainshock is 
not consistent with highly reoriented stresses near a fault on 
which the stress drop is assumed to be nearly complete, nor is 
it consistent with elastic rebound following dynamic 
overshoot of fault displacement during the mainshock rupture. 
We propose two hypotheses to explain the afterslip along the 
main rupture zone (see Scholz [1990, section 5.2.2] for a brief 
review): 

1. The upper crust, including the depth range of about 10- 
20 km where most of the coseismic strain was released during 
the Northridge mainshock, behaves as a brittle-elastic material 
that can undergo quasi-ductile flow. Both the strain 
accumulation prior to the earthquake, as well as the coseismic 
deformation of the hanging wall block above the blind fault, 
can be modeled by adopting an elastic constitutive relation for 
the upper crust. The afterslip and aftershock activity along the 
mainshock rupture zone could represent a quasi-ductile release 
of part of the remaining elastic strain that was not released 
during the mainshock. This model implies a strain weakening 
of the material in the fault zone because the continued quasi- 
ductile deformation occurs in a stress field whose magnitude 
must have decreased due to release of strain during the main 
shock. 

2. The upper crust could have layered mechanical properties 
characterized by a brittle-elastic layer overlying a ductile- 
elastic layer. The boundary between these two layers could 
coincide with the local brittle-ductile transition in this part of 
the western Transverse Ranges, with earthquakes and 
aftershocks primarily confined to the upper layer. In this 
model, assuming constant velocity boundary conditions, the 
progressively increasing displacement on the boundary would 
have built up elastic stresses in both crustal layers prior to an 
earthquake. Presumably the stress would be higher in the 
brittle-elastic layer than in the ductile-elastic layer, because 
ductile flow in the latter would progressively relax part of the 
stress. The loss of cohesion in the upper brittle-elastic layer 
associated with a large earthquake would have temporarily and 
locally decreased the stress in the upper layer and thereby 
increased the stress in the lower layer. This increase of stress 
in the lower layer would drive an increase in the rate of ductile 
flow; this in turn would relax the stresses concentrated there 

and drive continued reverse slip in the overlying weakened 
mainshock rupture zone, producing aftershock activity. 
Presumably, the mainshock rupture zone and the upper crustal 
layer eventually recover all or part of the original elastic 
strength, possibly through a process of static hardening, and 
the process of elastic strain accumulation averaged over both 
layers begins again. 

Above the blind fault tip, the standard Coulomb failure 
criterion suggests that the shallow crust must be relatively 
weak and thus would support a relatively small stress before 
the mainshock event. After the mainshock event, the 
deformation in the shallow crust above the tip of the blind 
thrust stress would increase and initiate the process of quasi- 
ductile flow. 

Such a qualitative analysis cannot restrict the rheology of 
the crust precisely. Nevertheless, a few conclusions are 
possible. A simple elastic crustal rheology of the type used to 
model the surface deformation associated with the mainshock 

is not sufficient to explain the occurrence, distribution, and 
style of the observed aftershock deformation, either along the 
mainshock rupture plane or in the hanging wall block of the 
Northridge thrust fault. The upper crust must be a brittle- 
elastic material that can deform by quasi-ductile flow; it must 
be a strain-weakening material because the deformation 
initiated by the main shock continues after the associated 
stress drop; and it must have a fading memory because its 
strength must recover with time following the deformation. 
Finally, a simple relaxation process of converting transient 
elastic strain into permanent ductile deformation at constant 
total strain is inconsistent with the geodetic evidence of 
continuing deformation. There must be greater complexity 
than is implied by such a relaxation model in either the 
constant total-strain boundary conditions or in the theology 
of the material. 

9. Implications for Kinematic Models of Basement- 
Involved Folding 

The coseismic and postseismic deformation of the hanging 
wall observed during the Northridge earthquake depart 
significantly from the assumptions of kinematic models for 
basement-involved folding by Narr and Suppe [1994]. These 
models assume conservation of area in a plane containing the 
slip direction and the normal to the thrust fault, and they 
predict that the horizontal component of motion of material 
points in the hanging wall is parallel to the horizontal 
component of slip on the fault at depth. This assumption is 
inconsistent with the fault-parallel extension of the hanging 
wall during the Northridge earthquake. The kinematic models 
further assume that deformation of the hanging wall is limited 
to rigid body translation, except where material points pass 
through axial surfaces, which are kink band boundaries that are 
fixed to changes in dip of the fault at depth. As material passes 
through these surfaces, it is deformed by localized shearing. 
Our results clearly show, however, that the pure shear 
deformation is distributed throughout the hanging wall and is 
not limited to axial surfaces of the northeast vergent fault 
propagation fold identified by Davis and Namson [1994] and 
Huftile and Yeats [1996] above the blind Northridge thrust. 

As earthquakes occur on different segments of the 
Northridge thrust fault, it is possible that the fault-parallel 
extensions may average out to zero, and thus the assumptions 
of the Narr and Suppe [1994] model may be appropriate for 
evaluating finite deformation. In fact, Narr and Suppe [ 1994] 
successfully modeled the development of several basement- 
involved anticlines in the southern Rocky Mountains using 
the assumptions described above. If the hanging wall and 
primary rupture zone of the Northridge thrust fault were 
exposed by erosion similar to the basement-involved 
structures in the southern Rocky Mountains, however, brittle 
shear sense indicators on small faults in the hanging wall 
would retain a record of the average horizontal pure shear strain 
accommodated by the postmainshock deformation. 
Presumably, therefore, some record of the permanent fault- 
parallel lengthening would be retained in the relatively small 
brittle faults in the hanging wall. This out-of-plane motion or 
transfer of material must be accounted for to develop rigorous, 
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area-balanced cross sections, especially if large earthquakes 
occur repeatedly on, or are limited to, discrete rupture segments 
in the blind thrust system. 

The example of the Northridge earthquake indicates that 
more general kinematic models for fault-related folding are 
needed to account for the coseismic elastic deformation of the 

hanging wall, and the accumulation of some permanent 
distributed brittle deformation by aftershock activity. For 
example, the trishear model of Erslev [1991] posits that 
localized shearing along the main thrust at depth may be 
distributed updip in a triangular shear zone. Depending on the 
geometry of the shear zone, conservation of volume may 
require out-of-plane or fault-parallel transfer of material. In 
particular, if the triangular shear zone is primarily contained in 
the hanging wall block, mass conservation requires out-of- 
plane transfer of material away from the shear zone [see Erslev, 
1991, Figure 2a). Thus the trishear model potentially provides 
a kinematic explanation for the fault-parallel extension 
observed during the Northridge earthquake that is consistent 
with the ductile-elastic model discussed above. 

10. Conclusions 

Based on inversion of aftershock data, deformation that 

occurred at depths below about 6 km and is associated with the 
primary rupture zone is consistent with slow, progressive, 
postmainshock reverse slip in a southwest dipping thrust fault 
zone. In contrast, inversion of aftershocks from the upper 5-7 
km of the hanging wall block directly above the blind thrust 
fault shows that the seismogenic deformation can be described 
as an approximately horizontal inhomogeneous pure shear 
deformation, characterized by horizontal NE-SW shortening 
and horizontal NW-SE extension. 

Deformation in both regions includes a component of 
permanent quasi-ductile flow of a brittle-elastic material. 
Along the fault zone at least, this material must be a strain- 
weakening material with fading memory. A two-layer model of 
a brittle-elastic layer overlying a ductile-elastic layer could 
account for the observed deformation, but a simple relaxation 
process by which transient elastic deformation is converted by 
quasi-ductile flow to permanent deformation at constant total 
strain cannot account for the observed progressive 
accumulation of strain after the main shock event. 

We propose that slip on the blind thrust during the 
mainshock transferred an inhomogeneous, horizontal pure 
shear strain to the hanging wall block and that part of this 
deformation was accommodated by slow, quasi-ductile "seismic 
flow" which is characterized by distributed brittle faulting. 
The patterns of mainshock and aftershock deformation indicate 
that kinematic models for incremental fault-related folding in 
crystalline basement terranes must be general enough to 
account for the observed three-dimensional deformation (i.e., 
fault-parallel extension) of the hanging wall block in order to 
be useful for predicting patterns of coseismic surface 
deformation. 

the average direction of postseismic slip on the fault 
associated with the aftershock activity. At present, we cannot 
evaluate the statistical uncertainty in the rake of this slip 
vector; however, we can evaluate the sensitivity of this vector 
to the precision of our inversions. In the following example, 
we test the sensitivity of modeled aftershock slip direction on 
the Northridge thrust (Figure 6) by systematically varying the 
model parameters used in the inversions. 

As discussed in the text, the orientations of the best fit 

principal strain rate axes are bracketed within grid increments 
of 5 ø, and the best fit values of the parameters D and W are 
bracketed to within 0.1 grid increments. This is equivalent to 
a precision of + 2.5 ø for the principal strain rate axes and a 
precision of + 0.05 for the values of D and W. For the 
following analysis, we used the inversion results for the 12-14 
km depth range of the Sylmar segment of the Northridge thrust 
as a test case. Using our grid-search algorithm PTGRDSRCH, 
we generated a typical suite of grid models by varying the 
orientation of the best fit principal axes by 2.5 ø grid 
increments. Given the precision of our inversion results, a 
model with a lower misfit value could be found among this 
suite of models. We then evaluated the direction of resolved 

incremental shear on the best fit fault plane of Wald et al. 
[1996]; (strike of 122 ø , dip of 40øSW) for each of these 
models, holding the values of D and W constant. The results 
indicate that for a variation of +2.5 ø in the orientation of the 

principal strain rate axes, the rake of the maximum 
incremental shear vector on the Northridge thrust varies by +5 ø 
from the rake of the vector for our best fit model. Similarly, 
we evaluated the variation in the rake as a function of varying 
D by 0.05 grid increments, holding the orientation of the 
principal strain rate axes and the value of W constant. For a 
variation of +0.05 in the value of D, the rake varies by +2 ø. 
For W, we use _+0.1 for the sensitivity test instead of +0.05 to 
evaluate the maximum variation in the rake because previous 
sensitivity tests by Unruh et al. [1996] show that the misfit is 
less sensitive to variations in W than in d i or D. For a 
variation of +0.1 in the value of W, the rake varies by +0.5 ø. 
By conservatively combining the variation in the rake 
associated with the precision of all the individual model 
parameters, the minimum precision of the rake on the fault 
plane is +7.5 ø . 
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