
67

Chapter 4

Vertical Displacements on the 1992 Landers, California Earthquake Rupture From

InSAR and Finite-Fault Elastic Half-Space Modeling

4.1.  ABSTRACT

The radar line-of-sight displacements predicted by the coseismic dextral slip

model of Wald and Heaton, [1994] are subtracted from an imaging radar interferogram

that temporally spans the 1992 Landers earthquake and the residuals are interpreted as

due to vertical slip on the earthquake rupture.  The residuals range in amplitude from -0.3

meters to 0.25 meters with highest variations to the east of the earthquake rupture.  The

main features of the residual displacement field are lobes of subsidence and uplift

associated with the two main slip events involved in the earthquake rupture: the

hypocentral event on the Johnson Valley fault and the maximum buried slip in the

stepover between the Homestead Valley and Emerson faults.  Also, 0.25 meters of

vertical displacement on the Iron Ridge fault, when combined with the field measured

left-lateral offset, suggests oblique slip on this fault.  In addition, we construct a map of

vertical coseismic displacements.  This type of map cannot be obtained using any other

method (e.g. campaign GPS).

The distribution of vertical slip on the rupture inferred from an inversion of the

residual displacements indicates two major pairs of east-side-up and east-side-down

motions associated with the two main earthquake slip events.  East-side-up motions are

observed near the southern terminus of the rupture and adjacent to the region of

maximum buried slip.  East-side-down motions are inferred deep within the Kickapoo
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stepover and shallow on the northern portion of the rupture.  The depths of the vertical

motions follow the depths of maximum slip along the rupture.  Forward modeling was

performed to test the assumption of Deng et al., [1998] that there was 0.7 meters of

vertical east-side-down slip on the model segment corresponding to the Camp Rock and

Emerson faults.  A best fitting model indicates that 0.7 meters of vertical east-side-down

slip on the Emerson and Camp Rock faults was possible but the locking depth was only

7.5 km.

4.2. INTRODUCTION

On June 28, 1992 the Mw 7.3 Landers earthquake originated on the Johnson

Valley fault in California's Mojave Desert and ruptured northward by stepping right onto

more northwestwardly oriented faults.  The slip on the rupture was predominantly dextral

with a maximum of 6.1 meters of offset measured in the field [Hart et al., 1993; Sieh et

al., 1993].  Vertical offsets of as much as 1 meter or more were measured on some fault

segments [Sieh et al., 1993; Hart et al.,  1993; Irvine and Hill, 1993; Sowers et al., 1994;

Johnson et al., 1994; Arrowsmith and Rhodes, 1994; Spotila and Sieh, 1995; Zachariasen

and Sieh, 1995; Aydin and Du, 1995; Fleming and Johnson, 1997; McGill and Rubin,

1999].  However, vertical displacements measured on faults that are part of a complex

rupture geometry with, on average, a large horizontal displacement may be due to

localized uplift and subsidence of individual fault-bounded blocks and not representative

of vertical slip on the rupture as a whole.  In this study, an attempt is made to estimate the

amount and distribution of vertical slip on the rupture surface using InSAR measurements

and finite fault elastic half-space modeling.
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Numerous authors inferred the distribution of right-lateral slip on the buried

Landers earthquake rupture fault surface by inverting different data sets assuming finite

dislocations in an elastic half-space [Murray et al., 1993; Hudnut et al, 1994;

Freymueller et al., 1994; Johnson et al., 1994; Wald and Heaton, 1994; Cohee and

Beroza, 1994].  In this study, the synthetic interferogram predicted by the model of Wald

and Heaton, [1994] is subtracted from an interferogram that temporally spans the

earthquake (the coseismic interferogram) and the residual interferogram (the vertical

interferogram) is inverted for a distribution of vertical slip on the same fault patches.

This particular right-lateral slip model is chosen because it was derived from an analysis

of a combination of field measured offsets, GPS displacements, strong motion, and

teleseismic data and a reasonable amount of consistency was found between the slip

models resulting from the inversion of the last three data sets.

The assumption that the residuals represent a displacement signal due to vertical

motions on the main rupture may be challenged by noting that the complex rupture

geometry and significant breakage of numerous faults close to the rupture (e.g. the

Galway Lake fault, the Iron Ridge fault, and the Upper Johnson Valley fault) may not be

modeled adequately by a three-plane rupture model.  However, effects from rupture

complexities should be responsible for short wavelength signals close to the rupture.

Adequate smoothing of the model can lessen the effects of such signals on the inversion.

Also, the largest difference between the horizontal motions predicted by the right lateral

slip model and GPS observations near the rupture is approximately 7.4 cm in the

direction of the radar line-of-sight (LOS) at site 7002 (there is a 10 cm LOS residual at

site 7000, but this site is very close to the rupture).  It is shown below that this is less than
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25% of the maximum amplitude of observed signal in the vertical interferogram.  A

consideration of the vertical component of slip can add to our understanding of

earthquake rupture mechanics and dynamics.  Furthermore, models of other components

of the earthquake cycle, such as postseismic deformation, rely on assumptions about the

magnitudes and locations of the vertical displacements on the earthquake rupture planes

[e.g. Deng et al., 1998].

4.3. INTERFEROMETRIC METHOD

Radar imagery (Figure 4.1) collected by the ERS-1 and ERS-2 satellites during

their 35 day repeat and tandem mission phases is combined to form a map of the

coseismic displacement in the direction of the radar line-of-sight (LOS) (Figure 4.2)

using an interferometric method (InSAR).  This map of coseismic displacement is similar

to the ones published by Massonnet et al., [1993]; Zebker et al., [1994]; and Peltzer et al.,

[1994].  The specific methodology used in this study is similar to that which is outlined in

Price and Sandwell, [1998] which is, itself, similar to what is standard. (Note that a

number of InSAR reviews from multiple points of view have recently been published or

are in press [Bamler and Hartl, 1998; Massonnet and Feigl, 1998; Bürgmann et al.,

1999].)

Each time the satellite passes over a specific area on the ground, there exists the

potential to form an interferogram by combining the imagery collected at that time with

an image collected at a different time over the same area.  The interferogram represents

the change in two-way distance (the range change) to points on the ground measured at

the two times of imaging.  When the satellite does not exactly repeat its orbit a parallax
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Figure 4.1.  The ERS-1 and ERS-2 radar imagery used in this study plotted in time-
space coordinates.  The Landers earthquake occurred on June 28, 1992 (day 180).  
The coseismic interferogram is derived from two images taken by the ERS-1 radar 
on April 24, 1992 and August 7, 1992 and has a baseline of 147.1 meters.  The two 
topographic interferograms are derived from images taken during the ERS-1 and 
ERS-2 tandem mission.  The first has a baseline of 52.4 meters and is composed of 
an image taken by the ERS-1 radar on October 29, 1995 (orbit 22431) and an image 
taken by the ERS-2 radar on October 30, 1995 (orbit 2758).  The second has a 
baseline of 137.0 meters and is composed of an image taken by the ERS-1 radar on 
January 7, 1996 (orbit 23433) and an image taken by the ERS-2 radar on January 8, 
1996 (orbit 3760).
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effect enables the measurement of topography.  If the Earth's surface moves between the

two times of imaging, the displacement measured in a single interferogram is that

component which is in the direction of the radar line-of-sight and that component only.

While InSAR cannot differentiate between horizontal and vertical displacements, it does

give a high spatial density of LOS displacement measurements and methods of

interpretation allow extraction of physically meaningful information.

The distance between the positions of the satellite(s) during the two passes is

called the interferometric baseline (see Figure 4.3a).  The phase of the product of one

complex image and the complex conjugate of the second is the interferometric phase.

The interferometric phase is related to the range change by  = 4 /   where  is the

interferometric phase,  is the wavelength of the radar, and  is the range change.  This

range change (Figure 4.3a) is the sum of contributions from the imaging geometry, the

topography, displacement of the Earth's surface, atmospheric delay, and phase noise

= e + t + d + (4.3.1)

Where e is the contribution due to the imaging geometry and is equal to the component

of the baseline parallel to the radar LOS, t is the component of range change due to

topography and is equal to the product of the perpendicular component of the baseline

and the topographic angular distortion, d is the contribution due to displacement of the

Earth's surface, and  is the range change due to changes in the refractivity of the

atmosphere and phase noise.  Both d and  map directly into the radar LOS.

Errors in repeat pass interferometric measurements include phase noise and

atmospheric noise, which can give spurious estimates of displacement subject to

misinterpretations.  In a multi-look interferogram with the number of looks greater than
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4, the phase noise variance can be estimated using the complex correlations between

matching pixels in the two images [Rodriguez and Martin, 1992].  Errors due to

atmospheric delay are due to changes in the refractive index of the medium through

which the radar signals pass and can be due to both turbulence and longer wavelength

differences in the troposphere and ionosphere, or systematic changes in humidity with

topography [e.g. Tarayre and Massonnet, 1996] at the two times of imaging.  The

character and level of atmospheric noise is different in each interferogram [Hanssen,

1998] and an automated method for its removal has yet to be developed.

The range change error due to a given error in elevation of a target located at a

distance x from the sub-satellite ground track is proportional to the length of the

perpendicular component of the baseline

d =
B⊥

x
dH (4.3.2)

Where  is range change, H is elevation, x is the distance between the sub-satellite

ground track and the target, and B⊥  is the component of the baseline perpendicular to the

reference pass range ray (Figure 4.3a).  Hence, given the length of the perpendicular

component of the baseline corresponding to the coseismic interferogram (99 meters), a

10-meter error in elevation of a target in the middle of the interferogram gives a 3-mm

error in range change.

4.3.1.  SCALING VERTICAL AND HORIZONTAL DISPLACEMENTS INTO THE SATELLITE
              LOS

Because we cannot distinguish between vertical and horizontal displacements

using a single interferogram, interpretations should be based on plausible ground
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movement, ancillary data (such as GPS and field measurements and mapping), and the

imaging geometry.  The scaling of a vertical displacement on the ground into a LOS

displacement is proportional to the cosine of the angle of incidence (20.8° in this study).

The scaling of a horizontal displacement on the ground into the radar LOS direction

depends on the azimuth of the displacement and the azimuth of the satellite track

(approximately 13° at the latitude of the Mojave Desert).  For example horizontal

displacements parallel to the satellite track cannot be measured while horizontal

displacements orthogonal to the satellite track are scaled by the cosine of the incidence

angle (Figure 4.4a).  The relationship between LOS displacement and horizontal

displacement is:

D = dh cos −[ ]sin[ ] (4.3.3)

Where D is LOS displacement, dh is horizontal displacement,  is the azimuth of the

perpendicular to the satellite track,  is the azimuth of the displacement, and  is the

incidence angle (see Figure 4.3b).

When attempting to discriminate between horizontal displacements and vertical

displacements across a structure such as a fracture or fault, it is important to consider the

orientation of that structure with respect to the radar.  Interpreting a measured LOS

displacement as a horizontal displacement parallel to the satellite track implies infinite

horizontal displacement while, at minimum, the scaling of a measured LOS displacement

into a horizontal displacement is approximately 3 times the measured LOS displacement

(Figure 4.4b).  Scaling point-wise displacements into the satellite LOS is not the only

way to interpret interferograms: an excellent discussion of the interferogram fringe

patterns caused by shear and rotations of blocks is given by Peltzer et al., [1994].
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4.4.  DATA PROCESSING AND REDUCTION

To extract estimates of displacement from a single interferogram, it must first be

"flattened": the geometric range change contribution e is removed.  An estimate of the

topographic contribution to the phase t must then be made and removed from the

interferogram, and the resulting deformation interferogram can then be unwrapped or left

in modulo 2π increments and geometrically rectified (orthorectified and geolocated).

Here, 6 images from track 399 of the ERS-1 and ERS-2 satellites (Figure 4.1) are

combined to form the LOS displacement map over a region surrounding the Landers

earthquake rupture (Figure 4.2).  Four images from the ERS-1/ERS-2 tandem mission are

used to make two interferograms that are stacked to estimate topographic phase and make

a DEM for orthorectification.  Two additional images that temporally span the

earthquake; taken on April 24, 1992 and August 7, 1992; are used to generate an

interferogram from which the topographic phase estimate is subtracted to derive

coseismic displacement.  After the topographic phase estimate has been subtracted from

the interferogram spanning the earthquake, the result is unwrapped using a "tree"

algorithm [Goldstein et al., 1988], orthorectified using elevations derived from the

stacked tandem interferograms, gridded at 60 m spacing, and geolocated using tie-points.

A synthetic coseismic interferogram (Figure 4.5) is formed by using the dextral

dislocations of the "combined" model of Wald and Heaton, [1994] as input to the

"RNGCHN" software [Feigl and Dupre, 1999] which analytically computes the

displacement at the Earth's surface due to dislocations in an elastic half-space using the

formulation of Okada, [1985].  In addition, the contribution to the displacement field by

the Big Bear earthquake, an Mw 6.2 event that happened three hours after the Landers
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earthquake in the San Bernardino Mountains, was computed by modeling it as 1.15

meters of dextral slip between 2.5 and 15 km of depth on a fault striking 57°.  The LOS

displacements comprising the synthetic interferogram are subtracted from the full

resolution (2853x2850 data samples at 60-m spacing) coseismic interferogram to form

the vertical interferogram (Figure 4.6).  A two-dimensional smoothing filter is then

applied to the full resolution vertical interferogram to limit its bandwidth before sampling

to a 960-m grid spacing to avoid aliasing short wavelengths into long ones. The down-

sampled vertical interferogram has 63x67 data values (Figure 4.7a), 14% of which are

null due to inability to unwrap the phase.  While the inability to unwrap the phase leads to

less spatial coverage, it eliminates data values with high phase variance, which would

have to be severely down-weighted in an inversion.

Because of orbital errors, long-wavelength atmospheric signals, or a lack of the

phase unwrapping algorithm to determine the appropriate integer multiple of 2π offset in

the interferogram, deformation interferograms typically must be calibrated by removing a

constant offset and slope.  Here, the slope and constant offset are found by an integration

of the measured displacements with the modeled displacements.  Four fringes in the

along-track direction, corresponding to a slope of 7.3 µrad, were removed from the

residual interferogram.  The constant offset of the data was then found iteratively by

adding a constant to the interferogram and solving for the best fit least squares solution

(similar to the way such a constant would be found in a non-linear inversion).  The

constant found here was 3.3 mm.
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4.5.  MODELING METHOD

Both forward and inverse modeling of LOS displacements caused by vertical

displacements on patches defined by Wald and Heaton, [1994] are performed.  The

models consist of finite-fault, vertical dislocations in an elastic half-space with Poisson's

ratio equal to 0.25.  There are 186 model patches each 3 km long by 2.5 km wide on three

overlapping fault segments.  The forward modeling effort was to test the assertion by

Deng et al., [1998] that there was 0.7 meters of vertical, east-side-down offset on the

Emerson/Camp Rock segment of the rupture and to determine the depth to which vertical

offset of such magnitude could have occurred.  Inverse modeling was used to solve for a

reasonable distribution of vertical displacement on the rupture that could account for

some of the deformation signal in the vertical interferogram.  The inversion is carried out

by minimizing

  
C−1 2 A

v 
x −

v 
d ( ) + 2 L

v 
x (4.5.1)

Where ⋅  denotes the 2-norm, C-1/2 is the square root of the inverse of the data covariance

matrix, A is a matrix of Green's functions relating a unit slip on each model patch to LOS

displacements at the Earth's surface,   
v 
x  is a vector of model coefficients,   

v 
d  is a vector of

data values,  is an arbitrary constant that controls the smoothness of the model, and L is

a discretized Laplacian operator.  The first term in the above equation is called the misfit

while the second term is called the roughness.  Although the system is overdetermined

(there are 3635 data values and 186 model elements), significant smoothing is required to

mitigate the effects of the short-wavelength deformation signals in the vertical

interferogram.
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The displacement measurements were assumed to be independently and

identically distributed with standard deviation equal to 5 cm.  In fact, atmospherically

induced errors in the data are spatially correlated leading to off-diagonal terms in the data

covariance matrix [Williams et al., 1998].  Less than obvious displacements on faults

other than the main rupture and localized displacements not representative of the elastic

response of the lithosphere as a whole can reach 1-2 cm and can be spatially correlated

[Massonnet et al., 1994; Peltzer et al., 1994; Price and Sandwell, 1998].  Furthermore,

the postseismic LOS displacements that occurred within the month following the

earthquake have been measured to be as high as 5 cm [Massonnet et al., 1996; Price,

1999].  In spite of these unspecified errors, the similarity between the LOS displacements

predicted by the inverse models and the vertical interferogram (Figure 4.7) gives

confidence in the general features of the models.

4.6. RESULTS

4.6.1.  INTERFEROMETRIC OBSERVATIONS

The coseismic interferogram spanning the time period -65 to +41 days

surrounding the Landers earthquake and the interferogram predicted by the model of

Wald and Heaton, [1994] are shown in Figures 4.2 and 4.5 respectively.  There are

multiple regions where the fringe patterns in the coseismic interferogram deviate from

those predicted by the model.  The regions surrounding the Newberry Fractures (Figure

4.2, label NF) and near the Barstow aftershock's epicenters (Figure 4.2, label BA) were

discussed by Price and Sandwell, [1998].  Three new regions related to possible vertical

slip on the rupture are noted here.  The first is a region of flattened fringes to the north-
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east of the rupture (Figure 4.2, label A) between the Camp Rock fault and the Calico

Fault that has never been modeled well using elastic half-space models with only right-

lateral slip [Massonnet et al., 1993; Massonnet and Feigl, 1998].  The second is the

pattern of circular fringes surrounding Iron Ridge (Figure 4.2, label B) discussed by Price

and Sandwell , [1999].  The third is the underestimation by the dextral slip model of the

number of hemispherical fringes southeast of the stepover between the Homestead Valley

and Emerson faults (Figure 4.2, label C).  This underestimation was discussed by

Massonnet et al., [1993] and attributed to "simple discretization of the elastic model."

The differences between the LOS-projected horizontal displacements predicted by

the dextral slip model and those measured at GPS sites by Freymueller et al., [1994] are

shown as pluses and minuses in Figure 4.6.  Pluses indicate that the dextral slip model

predicts a residual towards-the-satellite motion while minuses indicate that the dextral

slip model predicts a residual away-from-the-satellite motion.  Because neither the

magnitudes nor the signs of the horizontal residuals appear to the correlated with the

towards and away-from the satellite motions observed in the residual interferogram, it is

plausible that the signal in the residual interferogram is associated with vertical slip on

the rupture rather than dextral slip model errors.

The first striking characteristic of the unwrapped vertical interferogram (Figure

4.6) is that the signals due to possible vertical motions on the rupture plane have highest

amplitudes to the east of the rupture.  The maximum LOS displacement in the vertical

interferogram is 25.6 cm while the minimum is -38.7 cm. (To scale LOS displacements

into vertical displacements, multiply them by 0.935.)  There is a large region of apparent

subsidence to the north-east of the rupture bounded to the south by the Galway Lake fault
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(the north striking fault near the letter "H" in Figure 4.6) and interrupted by uplift of Iron

Ridge (Figure 4.6, Region B).  A comparison of displacements extracted from the

unwrapped coseismic interferogram and the synthetic interferogram along profile AS-

AS', which is perpendicular to the rupture strike in this region, indicates that the LOS

displacement is overestimated on the east side and slightly underestimated on the west

side of the rupture by the predictions of the dextral slip model (Figure 4.8b).  This

indicates vertical, east-side-down motion on the north-east side of the rupture as shown

by the signal along profile AS-AS' extracted from the vertical interferogram and

displayed in Figure 4.8c.  Note that the apparent vertical displacements along this profile

are negatively correlated with the corresponding topography (Figure 4.8c,d) extracted

from both USGS and InSAR digital elevation models.

LOS displacements extracted from the vertical interferogram along profile EC-

EC', which is parallel to the Emerson/Camp-Rock fault model segment, indicates

subsidence interrupted by 28 cm of positive LOS displacement on the Iron Ridge fault

(Figure 4.9b).  While 25 cm of left-lateral displacement was measured by field geologists

on the Iron Ridge fault [Hart et al., 1993], this scales to only 4.2 cm of LOS

displacement across a structure striking 221.5°.  The remaining 24-cm of LOS

displacement must be due to vertical displacement on this fault.  This suggests oblique

displacement on the Iron Ridge Fault with a rake of nearly 45°.  If the signal in the

vertical interferogram over Iron Ridge is assumed to be uplift, there is 15.8 cm of LOS

displacement consistent, to within error, with the 16.8 cm cited by Price and Sandwell,

[1998].

A region of towards-the-satellite LOS deformation is bounded to the west by the
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Galway Lake fault, to the east-northeast by the West Calico fault, and to the west-

southwest by the Emerson fault (Figure 4.6, label C).  This region is adjacent to the

location of maximum buried dextral slip on the rupture, which is within the southern

portion of the step-over between the Homestead Valley and the Emerson faults (e.g.

Figure 4.9a).  A comparison between the LOS displacements extracted from the

coseismic interferogram along profile H-H' (which crosses this region and is parallel to

the Homestead Valley fault model segment) and the LOS displacements predicted by the

dextral slip model along the same profile indicates underestimation of the LOS

displacement by the dextral slip model by as much as 16 cm (Figure 4.9b).  One of the

largest differences between the observed GPS horizontal displacements and those

predicted by the right lateral slip model occurs in this region at station LEDG (see Figure

4.6 for location).  This difference is approximately 4.3 cm of LOS displacement, which is

not enough to account for the 16-cm discrepancy between the coseismic interferogram

measurements and the dextral slip model predictions.  This indicates that the vertical

displacement is significant.

High amplitude signals in the vertical interferogram are also observed

surrounding the Johnson Valley fault but we do not have interferometric data far to the

east of the fault in this area that would help constrain the depths of possible vertical

displacements.  However, horizontal displacements measured at benchmarks 6054 and

Ricu (see Figure 4.6 for the locations), which are within 4 km of the rupture on the

Johnson Valley fault agree to within 10 cm and 2 cm respectively with the dextral slip

model.  The residual at mark 7002 (see Figure 4.6 for the location) is 7.4 cm LOS.  The

LOS displacements along profile J-J' extracted from the vertical interferogram measure
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18 cm of LOS displacement near the Landers epicenter and -9 cm of LOS displacement

just east of the Kickapoo stepover.  These signals are larger than signals due to horizontal

displacement differences between GPS measurements and the dextral slip model

predictions.

4.6.2.  FORWARD MODELING RESULTS

A recent viscoelastic model of postseismic deformation following the Landers

earthquake by Deng et al., [1998] uses 0.7 meters of dip-slip motion on the

Emerson/Camp-Rock fault plane as an input parameter.  There is neither conclusive field

evidence nor is there accurate enough GPS evidence that this amount of dip-slip motion,

if any, occurred during the earthquake.  This assumption is tested by allowing 0.7 meters

of dip-slip motion on the northern 9 columnar patches of the Emerson/Camp Rock model

segments.  The locking depth was then varied to determine the depth to which 0.7 meters

of vertical slip might have occurred.

The results of the forward modeling are shown in Figure 4.8a.  The two dashed

lines are the predicted LOS displacements along profile AS-AS' assuming 0.7 meters of

vertical east-side-down motion on a 0-2.5 km (the lower amplitude, shorter wavelength

dashed line) and a 0-15 km depth range (the higher amplitude, longer wavelength dashed

line).  The gray line is the profile extracted from the forward model predictions that best

fit the data: 0.7 meters of vertical, east-side-down slip within the 0-7.5 km depth range.

0.7 meters of vertical slip on the Emerson/Camp Rock model segment between 0 and 15

kilometers depth rupture predicts a LOS displacement that is 10 cm less than what is

observed in the vertical interferogram 5 km northeast of the rupture (Figure 4.8a).  For
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reference, the dotted line in Figure 4.8a is the profile from the favored inverse model "c"

(see below).  Because the absolute phase (and hence the LOS displacement) near the

rupture could not be recovered due to high phase variance, it cannot be determined

whether vertical displacements on the rupture broke to the surface or remained buried or

what their absolute amplitudes might have been.  Even if the phase near the rupture could

be determined, there may be short wavelength horizontal displacement residuals due to

the complexity of faulting that would contaminate the apparent vertical signal.

4.6.3.  INVERSE MODELING RESULTS

The vertical interferogram was inverted for a vertical slip distribution on the

rupture using a linear least-squares scheme (Eqn. 4.5.1).  The roughness parameter  was

varied between values of 0.0005 and 30.  The trade-off between roughness and misfit is

plotted in Figure 4.10.  Recall that misfit and roughness were defined as the first and

second terms of Eqn. 4.5.1.   Models corresponding to representative values of  are

shown in Figure 7.  (The letters "b-f" in Figures 4.7, 4.10, and 4.11 refer to corresponding

predicted surface displacements, roughness parameters, and models respectively.)

The roughness versus misfit curve indicates more than one value of misfit for

roughness values above 0.45.  This is attributed to the fact that as the roughness

parameter increases, high spatial frequency features in the data are so severely penalized

by the inversion process that they no longer contribute significantly to the complexity of

the model (see Figure 4.7).  For example, when the roughness parameter exceeds  = 5,

there is very little uplift predicted at Iron Ridge.  It is reasonable to assume that this uplift

is due to slip on the Iron Ridge Fault rather than on the main Landers earthquake rupture.
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The favorite model "c" has a roughness parameter  equal to 3.1.  This model is

chosen because it retains as much high frequency detail in the model and predicted data

without over or under smoothing.  Model "c" reduces the data variance by 51%: the

variance of the data is 8.5 m2 while the variance of the residuals is 4.2 m2.  Displacements

along profiles AS-AS', EC-EC', H-H' and J-J' are extracted from the surface

displacements predicted by model "c" (Figure 4.7c) and plotted with corresponding

profiles extracted from the vertical interferogram in Figures 4.8c and 9c.  The model

predictions along profile AS-AS' fit the corresponding vertical interferogram data to

within 2.5 cm (Figure 4.8c) but the amplitudes along the model profile are slightly less

than those along the data profile due to the weight of the roughness factor .  The

displacements predicted by model "c" along profiles J-J' and H-H' match the

corresponding data extracted from the vertical interferogram to within 10 cm (Figure

4.9c) although, again, the predicted amplitudes are underestimated.  The model predicted

displacements along profile EC-EC' (Figure 4.9c) indicates that most of the signal from

slip on the Iron Ridge fault was eliminated by the chosen degree of model smoothing.

A reconstruction of the distribution of vertical slip along the rupture is shown in

Figure 4.12 below the "combined" dextral slip model made available by Wald, [1996].  A

main feature of the vertical slip model is pairs of east-side-up and east-side-down vertical

motions. Regions of maximum east-side-up slip are adjacent to the earthquake's

hypocenter on the Johnson Valley fault and the location of maximum sub-surface dextral

slip within the stepover between the Homestead Valley fault and the Emerson fault.  At

the locations along the rupture trace where the maximum horizontal slip was deep, the

model inferred vertical slip is also deep while at the locations where the maximum
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horizontal slip was shallow, the model inferred vertical slip is also shallow.  The model

indicates deep, east-side-down slip on the Johnson Valley fault at the latitude of the

Kickapoo step-over and a region of shallow east-side-down vertical slip on the end of the

rupture that deepens to the north.  The maximum-modeled east-side-down slip on the

Emerson/Camp Rock segment was 0.8 meters on a patch in the 2.5-5 km depth range.

This may be a localized overestimate of slip since effects from the uplift of Iron Ridge

are still apparent in the predicted data and the model (Figures 4.7c and 4.11c).

4.6.4.  MOMENT ANALYSIS OF THE SLIP MODEL

The contribution to the moment Mv from vertical displacements is computed by

Mv = An sn
n= 1

m

∑ (4.6.1)

Where Mv is the amount of moment due to vertical slip on fault patches,  is the modulus

of rigidity (30 GPa), m is the number of model patches, An is the area of patch n, and sn is

the vertical slip on patch n.  The moment predicted by model "c" is Mv = .12 x 1020 N-m.

The moment, quoted by Wald and Heaton,  [1994], due to dextral slip on fault patches of

a model inferred from horizontal GPS coseismic displacements is 0.69 x 1020 N-m which

is smaller than the 0.77x1020 N-m moment of the dextral slip model derived from a

combination of geodetic, teleseismic, and strong motion data [Wald and Heaton, 1994].

Vertical slip on fault patches may account for some of this difference in moment.
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4.6.5.  RESOLUTION ANALYSIS OF THE VERTICAL SLIP MODEL

A resolution analysis indicates the inversion routine's ability to recover the slip

distribution at the resolution of the fault model parameterization using the roughness

parameter of model "c" (Figure 4.13).  This is a function of the roughness parameter and

type of roughening filter (a Laplacian in this study), the data distribution, and the data

covariance.  Two tests were performed.  In the first test 10 meters and 30 meters of

vertical slip were placed on single shallow and single deep fault patches, respectively.

The shallow patch spans the 2.5-5 km depth range while the deep patch spans the 10-12.5

km depth range (Figure 4.13a).  In the second test (Figure 4.13b), vertical dislocations

were placed on patches inferred to slip the most by model "c".  The amount of vertical

slip placed on the test patches was the amount on the same patches inferred by model "c"

multiplied by 5.

The first test (Figure 4.13a) indicates that the recovery of the amplitude of

displacement on the shallow patch is 20% while the amplitude recovery is 5% on the

deep patch.  All of the vertical slip on the shallow test patch is recovered in the 9 model

patches surrounding the patch while 30% of the vertical slip on the deep test patch is

recovered in the surrounding 9 model patches.  Hence, the deeper an actual slip on a

patch on the earthquake rupture the more attenuated and spread out its image in a model

inferred by the inversion process.  The sum of the elements of the patch-wise slip model

is equal to the sum of the elements of the smoothed output model but a moment estimate

(Eqn. 4.6.1) is 1.5 times that of the patch-wise slip model.  This is because negative side-

lobes offset the patch-wise slip on the shallow patch.  Also, slip on a patch near the top

layer is pushed deeper while slip on a patch near the bottom layer is pushed shallower.
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The second test (Figure 4.13b) indicates that near surface vertical slip is resolved better

than deeper vertical slip and that although the patch-wise displacements are smoothed

considerably, the character of the model is preserved.

4.7.  DISCUSSION

4.7.1.  A COMPARISON BETWEEN THE FIELD MEASURED AND THE
              INTERFEROMETRICALLY MEASURED VERTICAL SLIP

During the months following the Landers earthquake, a multitude of field

researchers measured both horizontal and vertical slip on and in the vicinity of the surface

rupture trace.  The surface expression of the rupture trace can, in general, be described as

broad and complex.  Offsets on structures within different surface faulting environments

inferred by the presence of compressional and extensional bends in the rupture and shear

zones, some as wide as 200 meters (e.g. Johnson et al., [1994]), were documented.  Even

in locations where the rupture was a long, straight trace, its surface expression could

consist of a mole track in desert alluvium measuring 15 meters in width flanked by a zone

of fractures extending as far as 30 meters to either side [Hart et al., 1993].

Many of the published studies that discuss vertical displacements that occurred

during the earthquake focus on regions surrounding the compressional and extensional

bends in the rupture trace.  Measurements of vertical slip ranging in amount from 0.5 to 1

meter were not uncommon.  On the northern end of the rupture, Fleming and Johnson,

[1997] found 0.5-0.6 meters of vertical, east-side-down displacement on a ladder of

quadrilaterals spanning the Emerson fault.  However, this study was done in a region

spanning a compressional ridge on the west side of the extensional stepover between the
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Emerson and Camp Rock faults.  Further to the southeast along the rupture, Irvine and

Hill, [1994] find 1 meter of vertical east-side-up displacement on the rupture near its

intersection with the southern northeast striking zone of aftershocks but there are

fractures directly east of this measurement that may have a west-side-up sense of slip.  At

a distance 6-km away to the south along the rupture, they measure 1 meter of vertical,

west-side-up displacement just north of the stepover between the Homestead Valley and

Emerson faults.  This stepover was studied in detail by Zachariasen and Sieh, [1995]

whose measurements of vertical slip, while they were as much as 0.6 meters, west-side-

up on the Homestead Valley fault, were typically offset by east-side-up vertical slip on

the Emerson fault indicating that the vertical motion was more likely related to down-

drop of the block within the extensional stepover than to vertical slip on the rupture as a

whole.  Vertical slip on structures near the extensional Kickapoo stepover was measured

by Sowers et al., [1994]; Johnson et al., [1994]; and Spotila and Sieh, [1995].  There

vertical slip reached as much as 1 meter, west-side-up near the slip gap north of the

stepover but was typically 0-0.5 meters within the stepover and related to the down-drop

of the block to the southeast of the Kickapoo fault [Spotila and Sieh, 1995] and/or

rotation of the block to the north of the Kickapoo fault [Peltzer et al., 1994; Spotila and

Sieh, 1995] inferred from thrust faulting observed at the slip gap [Spotila and Sieh, 1995].

The deformation within the areas addressed by the detailed field studies could not

be measured with the interferometric method due to decorrelation between the images

near the rupture.  Even if it could have been, the dextral slip model parameterization is

not complex enough to account for all the possible near fault displacements.  There seems

to be little apparent correlation between the displacement patterns seen adjacent to the
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areas of detailed study in the vertical interferogram and the vertical displacements

measured in the field.  Exceptions to this are east-side down motion seen in the vertical

interferogram adjacent to the slip gap and possibly the 0.3 meters of vertical displacement

measured 2.5 km south of epicenter and 0.4 meters vertical 6 km north of epicenter

reported by [Hart et al., 1993] (although they do not indicate whether slip was west-side-

up or east-side-up).

4.7.2.  DID THE IRON RIDGE FAULT STOP THE RUPTURE?

The Landers earthquake rupture was modeled teleseismically as two events

[Kanamori et al.,  1992].  (The following description of the rupture is an interpretation of

Wald and Heaton, [1994], their Figure 4.16.)  The first slip event had a duration of 7

seconds beginning at the hypocenter on the Johnson Valley fault and ruptured northward

to the Kickapoo stepover where it nearly stopped.  During the following 4 seconds,

rupture on the Homestead Valley fault was diffuse.  Then, a second slip event originated

deep on the rupture plane just south of the stepover between the Homestead Valley fault

and the Emerson fault.  Here, slip grew towards the surface while the rupture stalled for 4

seconds in the stepover.  Finally, the rupture broke through the northern part of the

stepover and continued on shallower portions of the Emerson and Camp Rock faults.  At

the location of the intersection of the Iron Ridge fault and the main rupture, the dextral

slip model shows that slip was continuous in the 19-20 second time window and

discontinuous at the surface in the 20-21 second time window.  A small area near the

Earth's surface at the intersection of the Iron Ridge fault and the main rupture has less
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right-lateral slip than the surroundings while the slipping surface, as a whole, deepens

slightly to the northwest.  After this point, the rupture stops.

The Iron Ridge fault is here inferred to have broken 20-21 seconds after the

rupture initiation because of the discontinuity in slip at its intersection with the main

rupture within the 20-21 second time window [Wald and Heaton, 1994; their Figure

4.16].  When this happened, the Iron Ridge fault underwent both vertical and left-lateral

displacement irrecoverably accommodating some of the extensional strain propagating

through the block east of the rupture.  While the Iron Ridge fault may have played a role

in stopping the rupture by weakening the block to the east of it, other factors were

probably as or more important: on the northern Emerson and Camp Rock faults, the

rupture propagated in a weaker, shallower layer and its potency had diminished

considerably [Wald and Heaton, 1994; their Figure 4.16].

On the other hand, various lines of evidence indicate that not all of the

earthquake's rupture energy had been converted to displacement at the end of the main

rupture suggesting that if the rupture had more competent material on its tensional side, it

might have continued further.  Surface strain events to the north and west in the near-field

included triggered slip on the Calico fault [Hart et al., 1993; Price and Sandwell, 1998],

extensional deformation surrounding the Newberry Fractures [Unruh et al., 1994; Price

and Sandwell, 1998], and compressional deformation near the Barstow aftershock cluster

[Price and Sandwell, 1998] which is now believed to be coseismic since it does not have

any expression in an interferogram whose time span begins five days after the

earthquake.
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4.7.3.  A COMPARISON BETWEEN MODELED VERTICAL DISPLACEMENTS AND
             MODELED RIGHT-LATERAL SLIP

Static models of lateral dislocations that cut the surface of an elastic half-space

predict patterns of tensional and compressional strains in the material surrounding the

dislocations whose distributions depend on the geometry of and distribution of slip on the

cuts in the elastic material [Bilham and King, 1989].  Dynamic models of mode II crack

propagation in an elastic medium with a process zone at the crack tip predict

compressional and tensional stresses with axes oriented 20° away from and on opposite

sides of the propagating end [Scholz et al., 1993].  In the most simple case, the elastic

material surrounding a right-lateral dislocation on a cut striking north exhibits lobes of

tensional strain to the northeast and southwest and compressional strain to the northwest

and southeast.  Because elastic dislocation modeling predicts that the material

surrounding a fault that has slipped laterally undergoes vertical motions, it seems

probable that vertical slip may occur on a fault near locked sections or the ends of a fault

in response to lateral motions on it.

The pattern of up and down motion on the rupture inferred from the inverse model

is correlated with slip heterogeneities on the rupture plane.  Two major pairs of east-side-

up and east-side-down slip are inferred from model "c".  The first pair occurs on the

Johnson Valley Fault with the maximum east-side-up slip occurring in the same model

cell as the earthquake hypocenter.  The corresponding east-side-down slip is deep on the

Kickapoo stepover.  The second pair is probably completely on the Emerson/Camp Rock

segment of the model: The west-side-down slip is inferred to have occurred on the

Homestead Valley model segment but the Homestead Valley and Emerson/Camp Rock
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model segments are close together and there is no data between them to help constrain

which segment accommodated the vertical slip.  The maximum east-side-up slip is about

3 km north of the maximum dextral slip on the rupture and the east-side-down slip is

along the Emerson/Camp Rock segment outside of the stepover region.  The east-side-up

motion may be due to southeastward propagation of energy on the Emerson fault at the

stepover.  A third, weaker pair of east-side-up and east-side-down slip on the Homestead

Valley fault may or may not be significant.  This pair indicates east-side-up motion on the

Homestead Valley Fault at and south of the Kickapoo stepover changing to east-side-

down slip between the slip gap and the maximum in dextral slip on the main rupture.

4.7.4.  INTERPRETATION- TRANSIENT AND LONG TERM STRAIN FIELDS

Because vertical motions of the material surrounding the earthquake rupture

indicate regions of contraction and extension, their association with surface fractures, and

aftershocks can be used to interpret the local strain field induced by the earthquake.

Figure 4.14 shows just such an interpretation.  Arrows indicate the directions of

maximum tension and compression near maximums in uplift and subsidence.  Except for

the orientation of maximum extension near Troy Dry Lake inferred from the orientations

of the Newberry Fractures by Unruh et al., [1994], the azimuths of maximum tension and

compression are adopted from an inversion of slip on aftershock planes for the post-

earthquake stress field by Hauksson, [1994].

Near the main rupture, extensional and compressional lobes are associated with

the two earthquake sub-events.  Lobes of compression and extension are observed just

south of the earthquake epicenter indicated by the larger yellow star in Figure 4.14.  The
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extension on the west side of the rupture continues north to the Kickapoo stepover.  A

quadrupolar pattern of extension and compression on the Northern part of the rupture is

associated with the beginning of the large slip event on the stepover between the

Homestead Valley fault and the Emerson fault and its propagation to the end of the

rupture.  This quadrupolar pattern consists of uplift east of the stepover (Figure 4.6, label

C), subsidence west of the stepover, subsidence northeast of the end of the rupture, and

compression southwest of the tip of the rupture.

Close inspection of the fractures west of the end of the rupture indicate that

vertical motions were down to the inner concave sides of the curved fractures (Figure

4.14).  These vertical motions are opposite to what would be expected given the

topographic features in these areas indicating that normal and reverse faults associated

with long-term formation of ridges and valleys that, over the long term, accommodate

strain within a northwest-southeast directed extensional environment were subjected to a

transient compressional environment by the rupture.  For example, offsets across

fractures indicate that the block containing the northern Fry Mountains dropped down

and the valley between the Fry Mountains and the Ord Mountains lifted up.

If topography is an indicator of long-term strain, a comparison of topography with

vertical coseismic deformation can determine whether the vertical displacements were

typical of long-term deformation or were a result of the transient, local stress field

induced by the earthquake.  For example, a direct correlation was found between the

vertical motions on the Loma Prieta earthquake rupture and the uplifts of the Santa Cruz

Mountains and adjacent marine terraces [Valensise, 1994].  The profiles extracted from

the vertical interferogram and the DEM indicate that the relative vertical displacements
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east of the rupture are correlated with the relative topography along profiles J-J' and H-H'

which run parallel to the Johnson Valley and Homestead Valley faults (Figure 4.9).

However, the subsidence northeast of the end of the rupture along profile EC-EC' (Figure

4.9) occurs in a region surrounding the Rodman Mountains which are some of the highest

mountains near the end of the rupture.  This mismatch between vertical displacement and

elevation is further evident along the across-strike profile AS-AS' (Figure 4.8).    This

indicates that the vertical displacements that occurred on the end of the rupture were

induced by the local, transient stress field associated with the propagating rupture and are

not representative of long-term strain.

4.8.  CONCLUSIONS

Integration of InSAR and finite-fault elastic half-space modeling can be used to

measure the distribution of vertical displacement surrounding a major earthquake.  This

distribution can be inverted for vertical slip on the rupture plane and interpreted in the

framework of the earthquake dynamics and regional strain.  The distribution of vertical

slip on the Landers earthquake rupture, like the distribution of dextral slip, was

heterogeneous.  East-side-up/down pairs are associated with the two main slip events on

the rupture.  While the relative vertical displacements surrounding the southern part of

the rupture follow the relative topography, the relative vertical displacements surrounding

the northern part of the rupture are not correlated with the topography.  Rather than being

indicative of long-term incremental strain, the vertical displacements surrounding the end

of the rupture occurred in response to the local stress field induced by the earthquake.  A

realistic coseismic vertical slip distribution could be used as input to time-dependant
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models that describe other phases of the earthquake cycle, such as viscoelastic rebound,

to help constrain the contribution of the proposed mechanisms to the postseismic

deformation signal.
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