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Seismicity and Geometry of a 110-km-Long Blind Thrust Fault
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The August 4, 1985, Kettleman Hills earthquake was the third in a sequence of moderate shocks
to occur beneath the northern half of a 110-km-long fold chain bounding the eastern California
Coast Ranges. The 1982 My =5.4 New Idria, 1983 My, =6.5 Coalinga, and 1985 My =6.1 Ket-
tleman Hills events define a southward progression of seismic activity beneath the fold. We use
teleseismic waveforms, geodetic modeling, hypocenters relocated in a three-dimensional velocity
model, and subsurface structural data to investigate the Kettleman Hills earthquake. The main
shock results from motion on a shallowly dipping thrust fault buried at ~10 km depth. After-
shocks and coseismic fault slip extend 20 km along the fold axis, nearly the full extent of the
Kettleman Hills North Dome anticline. Aftershocks occur primarily several kilometers in front of
the fault tip and in the core of the anticline. The main shock and several foreshocks oceurred at
a 2-km right step in the Quaternary fold axis, which also corresponds to the southern end of the
1983 Coalinga and northern end of the 1985 Kettleman Hills aftershock zones. From this we infer
that the step in the fold is caused by an offset or tear in the underlying fault. The scalar seismic
moment is 1.6 x 1018 N m, consistent with the geodetic deformation, and the duration of rupture
is 16 s, 3—4 times greater than for the average earthquake with this scalar moment. The slow
rate of moment release provides an explanation for the low level of ground shaking and low local
magnitude reported for the event. The peak of the geodetic uplift is located 5 km perpendicular
to the Quaternary fold axis. We argue that the fault is propagating northeast into the undeformed

San Joaquin Valley sediments and that the overlying fold is growing at about 0.5 mm Jyr.

INTRODUCTION

The August 4, 1985, My =6.1 Kettleman Hills earthquake
occurred beneath the Kettleman Hills North Dome anti-
cline, a Plio-Quaternary fold on the western margin of the
San Joaquin basin [Woodring et al., 1940]. Previous studies
have shown that the earthquake had a thrust focal mecha-
nism [Ekstrém, 1986; J. P. Eaton, unpublished manuscript,
1985], similar in orientation to the May 2, 1983, My =6.5
Coalinga earthquake that was located 15 km northwest of
the Kettleman Hills earthquake beneath the Coalinga anti-
cline (Figure 1). The Coalinga earthquake [Stein and King,
1984], as well as several other events (for example, the 1964
Niigata, Japan, earthquake [Kawasumni, 1973], the 1985 Na-
hanni, Canada, earthquakes [Wetmiller et al, 1988], and
the 1987 Whittier Narrows, California, earthquake [Hauks-
son and Jones, 1989; Lin and Stein, 1989]), are all exam-
ples of buried or “blind” faults which have caused growth
of overlying folds. We show in this paper that the Ket-
tleman Hills earthquake also belongs in this category of
events. While the association between earthquakes and fold
growth [e.g., Stein and Yeats, 1989] as well as arguments for
[McGarr, 1991] and against [Segall, 1985] the triggering of
earthquakes by extraction of oil from the folds have been
pursued in several recent studies, the mechanisms of seis-
mic deformation remain poorly understood. Simple tasks,
such as choosing the fault plane from the two nodal planes,
are much more difficult for earthquakes on blind faults than
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for those on surface-cutting faults. Nonplanar distributions
of aftershocks contribute to this ambiguity. Typically, the
earthquake hypocenter, fault plane locations, and subsur-
face structure are poorly known, making the correlation be-
tween geological and seismic elements tentative. In contrast,
the Kettleman Hills earthquake occurred in a region which
has been extensively studied, both for oil exploration and to
understand the Coalinga earthquake to the north, and the
deeper structure is relatively well known.

In this paper we use seismicity, seismic waveforms, geode-
tic data, and ground shaking intensity data to constrain the
faulting parameters and rupture process of the Kettleman
Hills earthquake. We combine our analysis with a seismic
reflection profile in the source area. We address the question
of where seismic activity and coseismic fault slip occurred
beneath the fold and how this relates to the surface struc-
tures. Reverse faulting on steeply dipping planes [Stein and
King, 1984], blind thrust faulting on shallow-dipping planes
[Wentworth and Zoback, 1989, 1990], and fault-bend fold-
ing [Namson and Davis, 1988] have all been proposed as the
underlying mechanism of earthquake-related growth of folds
at different locations. By adding the unusually complete set
of observations for the Kettleman Hills earthquake to this
debate, we can attempt to resolve this question.

The Kettleman Hills earthquake and the Coalinga shock
appear to be part of a sequence of fold-related earthquakes
along the 110-km-long chain of anticlines which runs par-
allel to the western edge of the San Joaquin Valley (Fig-
ure 1). The sequence started with the October 25, 1982,
Mw =5b.4 New Idria earthquake, which occurred beneath the
New Idria anticline, a northward en echelon continuation of
the Coalinga anticline. The May 2, 1983, Mw =6.5 Coalinga,
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and the August 4, 1985, Mw=6.1 Kettleman Hills earth-
quakes form the southward continuation of this sequence.
In a companion study [Stein and Ekstrdm, this issue] we
discuss the Kettleman Hills earthquake in its broader con-
text and explore the possibility that an active fault underlies
this 110-km-long chain of growing folds.

THE KETTLEMAN SEQUENCE

The Kettleman Hills earthquake sequence started on Au-
gust 3, 1985, with a small number of foreshocks in the imme-
diate neighborhood of the main shock hypocenter. An earth-
quake with magnitude M=4.1 occurred 22 hours before the
main shock, and the largest foreshock (M=4.6) occurred
30 min before the main shock. The six foreshocks locate
within 2 km of the main shock. The main shock (August 4,
1985, 1201:55.94, 36°7.11'N, 120°8.97"W, h=10.1 km) had
teleseismic magnitudes m,=5.4 and Ms=5.8. Local magni-
tude estimates range from M =5.4 to M;=>5.9. To supple-
ment the stations of the Northern California Seismic Net-
work (Calnet), a set of portable instruments was installed
by the U.S. Geological Survey (USGS) on August 5. These
were deployed primarily in the San Joaquin Valley (Figure 1)
and operated for about 2 weeks. In the 4-week period follow-
ing the main shock, approximately 400 aftershocks occurred
which could be located. We have relocated the earthquake
sequence in a three-dimensional velocity model and have re-
determined focal mechanisms for 30 of the best recorded
events using P wave first motions.

Earthquake Locations

For 42 larger well-recorded events, seismograms from the
network and temporary stations were read by hand. In ad-
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Fig. 1. Map showing the surface geology of the study area. The
permanent stations of the Northern California Seismic Network
used in locating the Kettleman Hills earthquake sequence are
shown as open triangles; solid triangles show the locations of
the temporarily deployed instruments. Equal-area, lower hemi-
sphere projections of the focal sphere for the 1982 New Idria,
1983 Coalinga, and 1985 Kettleman Hills earthquakes are also
shown, where the compressional quadrants are shaded. The focal
mechanism for the Kettleman Hills earthquake was obtained from
waveform inversion. The event numbers refer to Table 1.
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dition to P and S arrival times, maximum amplitude and
corresponding periods were read and used to determine a lo-
cal amplitude based magnitude (M) [see Faton et al., 1970].
For the remaining events the network phases were analyzed
manually, while phases recorded on the temporary stations
were timed by computer using the Allen/Ellis real time pro-
cessor [Allen, 1982]. Magnitudes for these events were calcu-
lated from the coda durations. The sequence was originally
located in a one-dimensional crustal velocity model devel-
oped for the Coalinga area [Hill et al., 1990; J. P. Eaton,
unpublished manuscript, 1985]. We relocate the events in
the three-dimensional velocity structure model determined
by Eberhart-Phillips [19898] in a study of the Coalinga earth-
quake sequence. This model was obtained using Coalinga
and Kettleman Hills aftershocks as well as a line of refrac-
tion shots that sample the spatial velocity field across the
Coalinga anticline. The spacing of the velocity model grid
is smallest at Coalinga and greater beneath Kettleman Hills
North Dome and farther south. The lateral heterogene-
ity of the three-dimensional velocity model diminishes to
the south, and the model approaches a multilayered one-
dimensional model. We expect that the accuracy of our lo-
cations decreases with the distance from the Coalinga after-
shock zone, where the velocity structure is best constrained.

The sequence was located using the same computer
code that was previously employed to determine the three-
dimensional structure and to locate the Coalinga earthquake
sequence [Eberhart-Phillips, 1989a, b; Thurber, 1983]. Sta-
tions with an epicentral distance of 80 km or less were used
in the hypocenter determination, and a reading error of 0.1 s
in the phase arrival times was used in estimating the uncer-
tainty ellipsoids for the locations. Only P phases were used.

We performed several experiments in which we compared
the locations obtained from standard one-dimensional loca-
tion algorithms (HYPO71, HYPOINVERSE) with our new
locations. Relative event locations in general did not change
by more than 1 km, but the three-dimensional model pro-
duced a systematic 2-km shift of the hypocenters toward
the south. A few events moved as much as 4 km. In map
view and cross section the three-dimensional event loca-
tions cluster more tightly, although the overall spatial pat-
tern is unchanged. In a different experiment we used the
three-dimensional velocity model and derived a set of sta-
tion corrections for the Kettleman Hills sequence from the
best recorded events. These station corrections were then
used in a relocation of the whole sequence. The effect of
introducing station corrections was primarily to produce a
systematic shift of the locations by less than 1 km in a south-
western direction.

We concluded that the effect of relocation is modest for
most events, about 2 km. The locations in the three-
dimensional velocity model are probably better than the
one-dimensional alternative, since the three-dimensional
model was derived using both fixed sources and earthquakes
recorded throughout the region of interest. We decided not
to use station corrections, since the benefit seemed small,
and their inclusion would make it more difficult to discuss
the location of some northerly Kettleman Hills events rela-
tive to the previously located Coalinga events.

Earthquake locations in map view. Figure 2a shows the
well-located events of the sequence in map view. Only events
with horizontal and vertical errors less than 1.5 km are plot-
ted. Before relocation the main shock had located adjacent
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Fig. 2a. Map showing the Kettleman Hills aftershock sequence. The foreshock and main shock symbols are
solid. The dashed line shows the location of the KND reflection line analyzed by Meltzer [1989]. The brackets
indicate the locations of a northwestern and a southeastern section of seismicity which are viewed in cross section

in Figures 3b and 3c.

to the Coalinga fold; it is now located 5-6 km northeast of
the fold axis at the northern end of the North Kettleman
Hills anticline, where a 2-km step occurs between the south-
ern end of the Coalinga anticline and the northern end of
the Kettleman Hills anticline. Six foreshocks were recorded,

four during the 30 min preceding the main shock. All locate
within approximately 2 km of the main shock.

Within hours of the main shock, aftershocks extended
approximately 20 km along the strike of the fold axis. A
few isolated events occurred up to 30 km south of the main
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Fig. 2b. Map showing the structure contour map of the depth (in kilometers) to the top of the Kreyenhagen
Formation [from Zigler et al., 1986]. Dots show the locations of wells which reach the top of the Kreyenhagen
Formation. The location of the KND seismic reflection line is shown, as well as the locations of four wells (solid
squares) that were used by Meltzer [1989] to determine the time-to-depth conversion for the reflection profile. The
box shows the borders of the seismicity viewed in cross section in Figure 3a.
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shock. During the first 3 days of aftershock activity, most
events occurred beneath and to the northeast of the fold.
On August 7 a M=4.6 aftershock occurred to the southwest
of the fold in the Kettleman Plain and was followed by sev-
eral smaller shocks. Most of the aftershocks fall within an
area approximately 10 km wide and 20 km long.

The Kettleman Hills aftershock sequence is more dis-
persed than the Coalinga aftershock sequence. While ~2600
events were recorded during the first week following the
Coalinga earthquake, only ~220 were recorded at Kettle-
man Hills during the same length of time. However, the
area of the Kettleman Hills aftershock zone is almost 50%
the size of the Coalinga zone.

Earthquake locations in cross section. A vertical incidence
seismic profile, Conoco line KND, runs east-west across the
northern end of the Kettleman North Dome anticline, pass-
ing within a few kilometers of the main shock epicenter (see
Figure 2a). This line was processed and interpreted at the
Rice Geophysical Data Processing Center by Meltzer [1989].
Prestack processing of the line included f-k filtering, pre-
dictive deconvolution, velocity analysis, and application of
static corrections. Poststack processing included the appli-
cation of datum statics, finite difference time migration, fil-
ter, and display. The velocity structure used in the time-
to-depth conversion was further constrained by sonic logs of
several deep wells shown in Figure 2b, as well as by waveform
modeling of a wide-angle reflection-refraction profile across
the Coalinga anticline.

The KND line crosses the northwestern plunge of the Ket-

tleman Hills structure, and the western half of the profile is
probably not representative of the Kettleman North Dome
structure. Surface geology and well data [Zigler et al., 1986]
suggest that the subsurface structure of Kettleman Hills an-
ticline is continuous and varies little along the strike of the
fold (Figure 2b). The eastern portion of the KND line (east
of the fold axis) is likely to sample a structure which is rep-
resentative for the northeastern limb of Kettleman North
Dome.

In Figure 3a we show hypocenters which fall within 3.0 km
of the reflection profile (see Figure 2b) by projecting them
onto the structure along lines parallel to the fold axis (308°).
Several foreshocks, the main shock, and a large number of
aftershocks lie within this distance range. We seek to com-
pare the earthquake locations and faulting geometries with
the inferred structures. In Figures 3b and 3¢ we assume
that the KND line represents an oblique cut through the
structure, and we project the reflection profile, earthquake
hypocenters, and focal mechanisms onto planes perpendicu-
lar to the strike of the fold. We dash the structural data to
the west of the fold to indicate that it is unlikely to represent
the true structure.

For clarity we have divided the aftershock zone into north-
ern and southern sections. The northern section of seis-
micity extends 2 km northwest and 8 km southeast of the
northern tip of the Kettleman Hills fold axis and is shown
in Figure 3b. Most of the seismicity occurs in the eastern
limb of the anticline and in front of the shallowly dipping
thrust faults that Meltzer [1989)] inferred from the reflection
profile. Some events are as much as 10 km to the northeast
of the fold axis. A group of aftershocks is centered in the
core of the anticline, where the shallowest events occur. The
deepest events occur 7-9 km southwest of the anticline axis.
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Fig. 3a. Cross section showing the subsurface structure beneath
the seismic reflection line KND as interpreted by Meltzer [1989].
Earthquake hypocenters which fall within 3.0 km horizontal dis-
tance from the vertical profile are shown. The foreshocks and the
main shock are shown with solid hexagons. The hypocenters were
projected onto the profile along lines parallel with the strike of
the fold axis (308°). Bedding is shown as thin lines, and faults are
shown as thicker lines. The topography is shown above the cross
section. Three deep wells used by Meltzer [1989] to constrain the
interpretation of the section are shown as vertical lines. Only
events with vertical and horizontal location uncertainties of less
than 1.5 km are included.

The southern section (see Figure 2a) of seismicity extends
from 8 to 18 km southeast along the anticline and is shown
in Figure 3¢. The activity here is deeper and there are more
events directly beneath the anticline.

Focal Mechanisms

We determined first-motion focal mechanisms for a sub-
set of well-recorded events using the computer program FP-
FIT [Reasenberg and Oppenheimer, 1985]. This algorithm
makes a grid search of all possible fault angles and finds the
focal mechanisms which minimize the number of discrepant
first-motion polarities, taking into account the quality of the
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Fig. 3b. Same as Figure 3a, except both structure and hypocen-
ters have been projected onto a plane perpendicular to the strike
of the fold axis. The structure to the west is shown as dashed
lines, since it may not be representative of the Kettleman North
Dome cross section. The outline of the section of included seis-
micity is shown in map view by the northwestern brackets in
Figure 2a. First motion focal mechanisms are shown in back-
hemisphere projection and the event numbers refer to Table 1.
The unlabeled focal mechanism is the preferred solution for the
main shock (event 3), obtained by waveform inversion.
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Fig. 3c. As Figure 3b, but for the southeastern section of seis-
micity (Figure 2a).

reading and the proximity of the departing ray to the nodal
planes. Takeoff directions for the rays at the source were cal-
culated in the heterogeneous velocity structure. We initially
studied 42 events but eliminated 12 of these with ambiguous
solutions, or those we thought otherwise unreliable. The 30
remaining solutions are shown in map view in Figure 4 and
the source parameters are listed in Table 1. All the events
show thrust or reverse mechanisms on faults striking approx-
imately northwest—southeast. Mechanisms with one nodal
plane dipping at a shallow angle to the southwest dominate,
but higher angle dips are also present. Viewing the focal
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mechanisms in cross section (Figures 3b and 3¢), the shal-
lower events tend to have steeper dip angles, in some cases
correlating with the steepening of imaged faults [Meltzer,
1989] splaying toward the surface.

The focal mechanism for the main shock has one nodal
plane with a dip of 25°, more steeply dipping than the mech-
anism determined by J. P. Eaton (as cited by Hill et al.
[1990]), who reported a dip of 12° for an otherwise simi-
larly oriented plane. The difference is primarily caused by
the different velocity structures employed, since we used the
same data set as Eaton. We note that small changes in P
wave velocity in the source region can cause large changes
in the dip angle for rays departing almost horizontally. For
dip-slip mechanisms these rays often constrain the dip of
the shallowly dipping nodal plane, which consequently has
a large uncertainty associated with it.

Teleseismic Analysis of the Main Shock

The Kettleman Hills main shock was well recorded on
globally distributed digital seismic stations. We have ana-
lyzed the long-period body waves (periods greater than 45 s)
and surface waves (period greater than 135 s) using the cen-
troid moment tensor (CMT) algorithm of Dziewonski et al.
[1981] and Dziewonski and Woodhouse [1983]. This analy-
sis provides estimates of the focal mechanism, in terms of
a moment tensor, and a source centroid, which is the point
location in space and time that provides the best correlation
between synthetic and observed seismograms. The moment
tensor represents a nearly pure double-couple source (Ta-
ble 1), with one plane dipping very shallowly (12°) toward

29
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Fig. 4. Map view showing the locations and focal mechanisms of 30 events with well-constrained solutions. The
numbers refer to Table 1. The location of the KND reflection line is also shown.
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TABLE 1. Relocated Hypocenters

No. Date Time, UT Latitude Longitude Depth, M Strike, Dip, Rake,
km deg deg deg

1 Aug. 3, 1985 1357:10.5 36°06.8 —120°09.6 10.83 411 120 25 100
2 Aug. 4, 1985 1129:14.9 36°06.9 —120°09.6’ 10.18 4.61 165 25 130
3% Aug. 4, 1985 1201:55.5 36°07.1' —120°09.0 10.10 5.72 145 25 110
4 Aug. 4, 1985 1309:18.8 36°07.3 —120°08.6' 9.09 3.70 130 30 120
5 Aug. 4, 1985 1515:39.0 36°01.0/ —120°04.4 8.45 4.37 155 30 120
6 Aug. 4, 1985 1734:41.4 36°00.9' —120°04.0 10.98 3.30 100 20 100
i Aug. 4, 1985 2215: 0.2 36°00.8 —120°04.0 10.89 3.18 140 25 120
8 Aug. 4, 1985 2345:51.1 36°00.2/ —120°03.9 12.09 3.39 110 20 90
9 Aug. 5, 1985 0303:12.9 36°00.2/ —120°03.6' 9.72 3.06 135 40 90
10 Aug. 6, 1985 1811:13.5 36°00.9 —120°04.8' 9.22 3.14 150 30 100
11 Aug. 7, 1985 0016: 3.3 35°59.6 —120°09.3 12.82 4.59 125 30 70
12 Aug. 7, 1985 0028:12.4 35°59.4" —120°09.7 13.46 3.61 160 55 120
13 Aug. 7, 1985 0312:33.3 35°59.5 —120°10.0 12.70 3.01 120 20 110
14 Aug. 9, 1985 0847: 9.5 36°04.6" —120°02.5' 7.69 3.57 150 40 100
15 Aug. 9, 1985 0900:35.9 36°04.7" —120°02.6 7.61 3.17 130 40 90
16 Aug. 9, 1985 0955: 7.2 36°00.2/ —120°03.5 9.15 3.39 295 75 50
1 Aug. 9, 1985 1115:33.1 36°04.4 —120°02.3’ 7.16 3.46 135 40 100
18 Aug. 11, 1985 0630:24.7 36°06.3 —-120°11.7 8.38 3.18 135 50 110
19 Aug. 12, 1985 2209: 9.9 36°06.5 —120°05.8' 7.42 3.01 135 45 110
20 Aug. 12, 1985 2349:59.4 35°58.3 —120°09.0/ 12.40 3.01 280 75 80
21 Aug. 14, 1985 2329:55.3 36°06.5 —120°05.8’ 7.22 3.09 125 45 100
22 Aug. 16, 1985 2308:32.9 36°06.7 —120°06.2’ 7.30 2.88 140 40 110
23 Aug. 22, 1985 0009:22.0 35°59.0/ —120°03.0 9.12 2.91 145 30 90
24 Aug. 27, 1985 1830:51.8 36°08.4 —120°05.1’ 7.57 311 105 30 50
25 Aug. 27, 1985 1902: 7.4 35°58.1/ —120°06.8' 12.57 3.42 65 40 60
26 Sept. 6, 1985 0432:25.1 35°59.8’ —120°09.5 13.69 3.04 160 35 110
27 Sept. 8, 1985 1217:17.1 35°59.8’ —120°08.8’ 12.35 3.47 165 15 130
28 Sept. 12, 1985 0029:15.5 36°03.3 —120°09.5 11.54 2.85 100 20 90
29 Sept. 14, 1985 0302:44.6 36°10.6 —120°18.5 10.92 3.62 110 36 70
30 Sept. 15, 1985 0909:46.8 36°03.2 —120°09.6 11.35 3.46 100 20 60
31° Oct. 25, 1982 2226: 3.8 36°19.0/ —120°30.4/ 13.95 4.60 154 41 137
32¢ May 2, 1983 2342:38.1 3621857 —120°17.57 9.65 6.70 145 30 100

All focal mechanisms determined from first motions except as noted below.
2The focal mechanism detemined from waveform inversion is strike 142°, dip 12°, rake 109°.

®Facal mechanism from Ekstrém and Dziewonski [1985].
¢Focal mechanism from Eberhart-Phillips [1989a].

the southwest. It should be pointed out that the mechanism
is dominated by the vertical dip-slip components of the mo-
ment tensor (M. and M,,.), which are less well constrained
for shallow depth earthquakes in this long-period analysis.
The scalar moment My is 1.6 x 10"®* Nm (1.6 x 10% dyn cm,
Mw=6.1).

For all but very large earthquakes (M > 8), the centroid
epicentral coordinates obtained by the CMT method are
primarily affected by the lateral variations in elastic param-
eters in the Earth and less so by the true spatial extent of
the seismic source. The centroid depth generally has more
significance but was held fixed at 11 km in the analysis of
the Kettleman Hills main shock based on the local network
depth. Changing the fixed depth by several kilometers pro-
duced only small changes in the moment tensor estimates.

The difference between the long-period centroid time and
the short-period origin time of the earthquake can be used as
an estimate of the half duration of the source process. This
is because the short-period origin time represents the rup-
ture nucleation. The obtained difference of 8.6 s is unusually
large for an event with this moment. However, the resolution
of this parameter provided by the long-period data is such
that the large value could be attributed to the combined
effect of station coverage and unmodeled heterogeneous ve-
locity structure of the Earth.

To constrain better the focal mechanism and source
depth, as well as to determine a detailed source time func-
tion, we performed a joint analysis of broadband P wave-
forms and the CMT data set using the method of Ekstrom
[1987, 1989]. In this analysis, teleseismic P waves are used
in an inversion for focal mechanism, source depth, source
time function, and, as an option, the direction of rupture
propagation. The CMT moment tensor estimates, together
with their covariance matrix, are used as a priori informa-
tion and weak constraints in the inversion of the broad-
band data. The analysis will therefore preferentially pro-
duce source models which are simultaneously compatible
with both the P wave data and the CMT results.

The P waveforms used in the analysis are filtered to re-
semble broadband (1 Hz to 100 s) displacement records, ei-
ther by direct deconvolution of the station transfer func-
tion (for broadband recordings) or by reconstitution of the
displacement signal from the long- and short-period chan-
nels following a method similar to that of Harvey and Choy
[1982].

Only a small number of P wave records with sufficiently
high signal-to-noise ratio were available for analysis. The
low signal levels at higher frequencies are unusual for an
earthquake of this size but are consistent with a long source
duration since, for a given scalar moment, the displacement
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amplitude of a single P wave pulse is inversely proportional
to the source duration. Broadband records were successfully
deconvolved for seven stations (Figure 5). Due to the higher
noise level and difficulties identifying the onset of the signal
at GRFO, KONO and TOL, these stations were not used in
the waveform inversion. The response at the source was cal-
culated by a layer matrix method for a flat-layered crustal
model developed in the analysis of the Coalinga aftershocks
[EBaton, 1990]. This model includes a 2-km-thick sediment
layer and three layers of increasing crustal velocities with
depth. The details of the crustal model are not critical in
modeling the teleseismic waveforms, and similar results were
obtained for a single-layer crustal model with average elastic
properties. Comparisons of observed and synthetic seismo-
grams, as well as the focal mechanism and source time func-
tion, are shown in Figure 5. The fits are good at HRV, SCP,
and COL, which are the three stations with takeoff angles
farthest away from the steeply dipping nodal plane. The fits
at the other stations deteriorate 15-20 s into the waveform.
Several inversions were performed using different initial val-
ues for the depth and for the parametrization of the source
time function, as well as for the weight of the CMT results.
The focal mechanism, depth, and source duration were sta-
ble with respect to these perturbations, as were the more
prominent features of the source time function, such as the
rapid increase in moment release after approximately 4 s.
The poor coverage of the focal sphere and the low signal-to-
noise ratio prevents us from estimating the rupture direction
and rupture speed from these data.
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One important result is that the teleseismic P waveforms
are consistent with the CMT focal mechanism and scalar
moment. Even though we have data only from a small num-
ber of stations, these provide constraints on both the strike
and dip of the steeply dipping plane. A very shallow dip
for the second nodal plane therefore seems required for the
overall focal mechanism (Table 1). The fact that this differs
from our first-motion solution (compare the focal mecha-
nisms in Figure 1 and Figure 4) can be explained in two
ways: either the steeper dip of the first-motion mechanism
is due to initial faulting on a steeper plane, while most of
the moment release occurred on a more shallowly dipping
plane (e.g., downdip rupture of a listric fault), or else the
first-motion mechanism is incorrect by ~10°. It is clear,
however, that a dip of 25° for the shallowly dipping plane
would not be compatible with the teleseismic P wave data.
A consequence of the agreement between the CMT mech-
anism and the P wave data is a better constraint on the
scalar moment, which is sensitive to errors in the dip angle.

A second important result is the focal depth. We estimate
that the depth of 9.7 km is associated with an error of 1 or
2 km. This is in good agreement with the depth estimate
based on local travel time data (10.1 km), even though the
depth determined from waveforms should be interpreted as
an average depth for the entire rupture and source process.

Source Duration

The broadband teleseismic results show that the Kettle-
man Hills earthquake was an unusually slow event, in com-

[ 10 S5l | 16.2 sec

Fig. 5. Waveform inversion results for the Kettleman Hills main shock. Solid lines are the observed broadband
waveforms, and dashed lines are the corresponding synthetic waveforms. The maximum amplitude is indicated in
micrometers. The small arrow indicates the P wave arrival, and the brackets show the portion of the waveform
that was used in the inversion (COL, KEV, HRV, and SCP only). The focal mechanism and the source time
function are also shown.



4850

parison with other continental earthquakes. The shape of
the source time function (Figure 5) suggests that the earth-
quake initiated as a smaller shock which was followed ap-
proximately 4-5 s later by a more rapid rate of moment
release. We compare the total duration of 16 s with those
of other continental earthquakes analyzed using the same
method and the same type of teleseismic data. The anoma-
lous slowness of the Kettleman Hills earthquake is distinc-
tive in Figure 6a, a plot of duration versus scalar moment

for a large number of events in Asia [Ekstrdm, 1987], the

Aegean, North America, and Australia (G. Ekstrém, unpub-
lished data, 1988). The data points show that the duration
7 scales approximately with the scalar .uoment My by

T=20x10"% x M}/

where 7 is measured in seconds and M, in dyne centime-
ters. This is very similar to the global average relationship
for moderate to large earthquakes and to the relationship
obtained for shallow subduction zone events in the Aleu-
tians [Ekstrém and Engdahl, 1989]. The relationship indi-
cates that the average duration for an event with scalar mo-
ment 1-2 x10*® dyncm is 4-6 s. Conversely, a duration of
16 s is appropriate for an event with My = 5 x 102 dyn cm
(Mw=7.1). Figure 6b shows a comparison of the rate of
moment release of the Kettleman Hills (this study) and the
1983 Coalinga [Hartzell and Heaton, 1983] earthquakes. The
two events exhibit very different rupture characteristics.

Strong Motion Recordings and Isoseismals

We sought independent observations of the source dura-
tion and character of rupture by examining local seismo-
grams and ground shaking intensity maps. We were unable
to locate any strong motion instruments in operation on the
Kettleman anticline or in the town of Avenal. The best
record of strong ground motion was written in the town of
Coalinga (Burnett Construction Company), 20 km north-
west of the epicenter. This record is displayed in Figure 7.
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Fig. 6a. Duration of faulting as a function of scalar moment

for several continental earthquakes. The duration was calculated
from the source time function of each event as the shortest time
over which 95% of the total moment was released. The solid
hexagon corresponds to the Kettleman Hills earthquake, and the

solid line to the relationship = = 2.0 x 108 x Mé/a between du-
ration 7 (seconds) and scalar moment (dyne centimeters).
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Fig. 6b. Comparison of the rate of moment release in the Kettle-
man Hills and 1983 Coalinga earthquake ruptures. The moment
rate function for the Coalinga earthquake was taken from Hartzell
and Heaton [1983]

The P wave appears to have triggered the instrument, with
an impulsive onset on the vertical component but very small
amplitude on the horizontal components, but the start time
is 4.6 s late with respect to the predicted arrival of a direct
P wave from the hypocenter. We suggest that the trigger
occurred on the P wave from the second, larger burst of mo-
ment release which we identified in the source time function
(Figure 5) to occur 4-5 s after the initial onset of moment re-
lease. The largest amplitudes on the strong motion records
occur 20-25 s after the earthquake origin time. This de-
lay can be compared with the predicted P wave travel time
of 4.85 s and S wave travel time of approximately 8 s. If
this late large phase is a direct S wave, it suggests a long
source duration, rupture propagation away from the town
of Coalinga, or a combination of these two factors.

The isoseismal map for the Kettleman Hills earthquake
[Stover and Brewer, 1991] is shown in Figure 8a. There
is a strong asymmetry in the felt area, with intensity V
extending 4-5 times farther to the southeast than to the
northwest, supporting the likelihood of southward rupture
propagation and consequent focusing of seismic energy in
this direction. This pattern contrasts with that of the 1983
Coalinga earthquake (Figure 8b) which has a more radi-
ally symmetric pattern. The difference in intensity for the
two earthquakes is quite small toward the southeast, while
the Coalinga earthquake was felt much stronger in other
directions. The felt area for the Kettleman Hills earth-
quake is about 100,000 km® compared with approximately
250,000 km? for the Coalinga earthquake.
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Fig. 7. Strong motion record written at Burnett Construction Company in the town of Coalinga.
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Fig. 8. Isoseismal maps for regions of modified Mercalli intensity
V area and felt area (MM II) for (a) the Kettleman Hills earth-
quake [Stover and Brewer, 1991], and (b) the 1983 Coalinga earth-
quake [Stover, 1983]. Major faults and folds within the intensity
V zone are shown. Southeastern direction of rupture propagation
in 1985 is suggested by the asymmetrical intensity V zone.

STATIC DEFORMATION

A measure of the static deformation associated with the
Kettleman Hills earthquake was obtained from resurvey of
70 bench marks in the vicinity of Kettleman North Dome
(Figure 9). Precise (first-order) geodetic leveling was con-
ducted in 1975 and 1989 by the National Geodetic Survey
(NGS) and during 1978, 1982, 1983, and 1986 by the Depart-
ment of Water Resources (DWR) of the State of California.
In addition, several second- and third-order surveys by engi-
neering firms were conducted during 1970-1985. The eleva-
tions of bench marks measured before the earthquake, dur-
ing 1983-85, were subtracted from elevations measured af-
ter the earthquake, during 1986-1989, to deduce the “coseis-
mic” or earthquake-associated elevation changes (Figure 10a
and Table 2). An error analysis and corrections made to
remove surveying errors and ground subsidence caused by
water withdrawal are presented in the appendix.

Numerical Dislocation Erperiments

We seek the fault geometry and slip compatible with the
observed geodetic deformation (Table 2). A fault is simu-
lated by superposition of point sources distributed uniformly
over a rectangular surface at 1-km grid intervals and embed-
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Fig. 9. Map of bench marks along the California aqueduct route
(A’-B’), and along the Anticline crossing route (A-B). The Ket-
tleman North Dome Qil field is outlined by the dashed line.
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Fig. 10. Profiles of (a) coseismic elevation changes and their as-
sociated lo uncertainties, and (b) route topography nearly per-
pendicular to the anticline axis (A’~B—A). The town of Avenal is
at km -12.

ded in an elastic half-space with Poisson’s ratio 0.25 [Bar-
rientos et al., 1987]. Because the signal/noise ratio for the
observed deformation is low (3.6), we restrict our search to
uniform dip-slip motion on single rectangular faults. We
tested a range of fault geometries by systematically varying
the fault location, strike, dip, length, and downdip width.
All permutations of these variables were explored in 65,000
trials to find the acceptable range for each parameter. We
inverted for the uniform fault slip and the absolute elevation
change of point B for planar and listric thrust faults dipping
to the southwest and planar reverse faults dipping to the
northeast. (Because elevation changes are measured rela-
tive to the junction point B, the absolute elevation change
of point B is an additional degree of freedom.) The ob-
servations are weighted by the reciprocal of their squared
uncertainties. Random survey error and the uncertainty in
the subsidence correction are included in the weights. The
discrete spacing in the grid search was 2 km for the fault
position and dimensions and 10° for its strike. The depth
profile of a listric fault is defined by & = by z+ by 22, where z
is position normal to the strike and z is depth below the top
of the fault. The model fitting is guided by the ratio of the
rms misfit to the pure error. The pure error is a measure of
the average uncertainty of the elevation change of a bench
mark and is independent of dislocation models; as discussed
in the appendix, it is 10.18 mm. Although we seek fault
geometries with the lowest value of misfit/noise (M/N), we
regard all models for which M/N < 1.0 as acceptable. This
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TABLE 2. Coseismic Elevation Changes

Elevation

No. Bench Mark Latitude, Longitude, Change, a,
deg deg m min

1 155.64R 36.2206  -120.0614 0.0036 12.8
2 155.64L 36.2206  -120.0614 0.0039 12.1
3 G1098 36.2197  -120.0600 0.0052 12.2
4 155.78L 36.2192  -120.0597 0.0061 12.2
5 X1096 36.2117  -120.0578 0.0062 124
6 Y1096 36.2042  -120.0550 0.0116 8.3
7 Z1096 36.1964  -120.0519 0.0077 7.8
8 A1097 36.1881 -120.0492 0.0085 6.7
9 158.45R 36.1814  -120.0486 0.0024 6.5
10 158.47R 36.1814  -120.0486 0.0019 6.5
11 B1097 36.1740  -120.0490 0.0039 6.4
12 C1097 36.1660  -120.0490 0.0057 6.0
13 D1097 36.1580  -120.0490 0.0025 6.9
14 E1097 36.1530  -120.0490 0.0090 9.9
15 F1097 36.1460  -120.0530 0.0164 8.9
16 161.57R 36.1380  -120.0580 0.0208 10.9
17 J1098 36.1380  -120.0580 0.0206 11.1
18 G1097 36.1300  -120.0590 0.0268 10.8
19 J1097 36.1150  -120.0650 0.0523 13.9
20 K1097 36.1090  -120.0650 0.0602 14.2
21 164.40R 36.0990  -120.0590 0.0618 12.6
22 164.40L 36.1000  -120.0590 0.0604 11.9
23 164.68L 36.0960  -120.0580 0.0623 11.9
24  164.69L 36.0960  -120.0580 0.0598 10.3
25 164.69R 36.0950  -120.0580 0.0600 10.3
26 L1097-jct 36.0930  -120.0570 0.0658 10.9
27 BM 202 36.0864  -120.0753 0.0767 20.2
28 C 928 36.07256  -120.0853 0.0501 10.0
29 AB06 RESET 36.0786  -120.1017 0.0198 6.3
30 L1196 36.0769  -120.1008 0.0152 6.2
31 BM 204 36.0703  -120.1014 0.0064 6.1
32 H 963 36.0650  -120.1042 -0.0015 5.8
33 G 963 36.0517  -120.1044 -0.0125 6.2
34 W 10 USGS 36.0394  -120.1114 -0.0327 6.6
35 F 963 36.0392  -120.1119 -0.0324 6.6
36 CITY 36.0120  -120.1256 -0.0284 154
37 M1097 36.0850  -120.0440 0.0588 9.2
38 N1097 36.0800  -120.0350 0.0455 6.7
39 P1097 36.0770  -120.0270 0.0392 6.1
40 167.36R 36.0730  -120.0259 0.0443 84
41 Q1097 36.0660  -120.0180 0.0491 7.9
42 R1097 36.0600 -120.0140 0.0430 6.7
43 169.40R 36.0490  -120.0040 0.0398 7.8
44  170.42 36.0360  -119.9920 0.0380 8.5
45 172.40R 36.0130  -119.9750 0.0355 10.2
46 172.44B 36.0080  -119.9730 0.0301 9.4
47 172.58B 36.0050  -119.9710 0.0322 9.7
48 173.13B 36.0020  -119.9690 0.0290 11.4
49 173.13A 35.9990  -119.9670 0.0286 11.2
50 173.56B 35.9960  -119.9650 0.0229 11.1
51 173.56A 35.9930  -119.9630 0.0220 10.9
52 174.07B 35.9900 -119.9610 0.0192 10.0
53 174.07A 35.9880  -119.9590 0.0171 9.9
54 174.12B 35.9860  -119.9570 0.0194 9.8
55 174.12C 35.9855  -119.9565 0.0162 9.6
56 174.83B 35.9805  -119.9525 0.0142 9.9
57 U 1097 35.9790  -119.9510 0.0170 10.7
58 175.54B 35.9750  -119.9480 0.0228 13.6
59 175.54C 35.9740  -119.9470 0.0137 10.6
60 176.39B 35.9655  -119.9400 0.0072 10.2
61 176.39A 35.9660  -119.9405 0.0130 10.8
62 STRETCH2 35.9690  -119.9480 0.0082 9.6
63 DB666 35.9650  -119.9560 0.0020 9.2
64 C666 35.9600  -119.9660 0.0078 9.6
65 D666 35.9550  -119.9800 0.0063 9.9
66 E666 35.9550  -119.9960 0.0041 10.1
67 R806 35.9580  -120.0060 0.0047 104
68 Z1159 35.9540  -120.0050 0.0020 10.5
69 Y1159 35.9530  -120.0040 0.0004 10.6
70 X1159 35.9530  -120.0030 0.0003 10.6
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is because noise in the observations may influence the selec-
tion of the source parameters for models with M/N < 1.

We applied a depth correction to the elastic half-space re-
sults to account for the presence of compliant sedimentary
rocks of the Great Valley sequence overlying stiffer Francis-
can Complex and basement rocks. We simplified Eberhart-
Phillips’s [1990] seismic velocity profile to a layer extending
to a depth of 4.0-7.5 km with a P wave velocity vp=3.5
km s~ and density 2700 kg m~? overlying a substrate with
vp=6.25 km s~ ! and density 3000 kg m~3; this yields a
Young's modulus contrast of 3.5. The boundary between
the upper and lower regions coincides with the 5.0 km gt
contour of Figure 11. Using a two-dimensional boundary
element model [King and Ellis, 1990], we found that the
half-space solution underestimates the depth of the fault by
1.0 km for the reverse fault and 1.5 km for the thrust fault,
because the low-modulus surface layer concentrates the sur-
face deformation. The dip, slip, fault area, and moment do
not change. These results are in qualitative agreement with
findings of Rodgers and Rizer [1981] and Reches and Zoback
[1990].

Dislocation Results

The deduced geodetic moment, My, is 0.9-2.3 x 10** Nm
corresponding to a moment magnitude, 5.9 < My < 6.2
(Table 3). Both thrust faults dipping gently southwest and
reverse faults dipping steeply northeast satisfy the observa-
tions (Figure 12). A shallow thrust fault (M/N=0.49, model
1 in Figures 11 and 12 and Table 3) fits the leveling data
substantially better than a reverse fault (M/N=0.60; model
2). If one restricts the search to faults that pass within 2 km
of the main shock hypocenter, reverse faults (M/N>0.60) fit
better than thrust faults (M/N>0.78; model 3); Mw=6.0-
6.2, and Mp=1.2-2.3 x 10'® Nm. Since we consider all mod-
els for which M/N is acceptable, neither the thrust nor re-
verse faults can be rejected. It is also possible that slip
occurred on parts of both planes.

The geodetic source parameters are in accord with the
broadband seismic measure of the earthquake size (1.6 x
10'® Nm), its strike (140°-160°) and dip (0-20°S with mod-
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est listric curvature permitted, or 60°-89°N; Table 3). Al-
though the fault width (its downdip dimension) is poorly
constrained (< 12 km), the length is found to be 22 + 6
km, or nearly the full extent of the Kettleman Hills North
Dome anticline. The main shock lies at the north end of
the bottom of the model faults, suggesting that the rupture
propagated both updip and southward (compare Figures 9
and 12).

An independent test of the geodetically determined mo-
ment can be made using the pressure changes measured in
four water wells installed at depth of 10-24 m below the
ground surface and continuously monitored by the USGS
[Roeloffs et al., 1989]. These wells recorded the coseismic
static pressure changes (dilatations of 0.1-0.2 ppm) at a
distance of about 35 km from the main shock. The wells
have been calibrated by their response to barometric pres-
sure changes and to the solid earth tides. The near-surface
volumetric strains were calculated for the best fitting thrust
and reverse faults constrained to pass near the main shock
(from Table 1); the thrust fault, which fits the water well
data best, is shown in Figure 13. The rms signal is 3.4
times larger than the misfit; the rms misfit to the model is
0.045 ppm. The lowest rms residuals (0.040 ppm) for the
thrust model are obtained when the moment is reduced by
T%; My = 1.16 x 10" Nm (Mw =6.0). Since the strains are
proportional to the moment release, the water well obser-
vations offer independent support for the moment obtained
from inversion of the leveling and seismic waveform data.

DiscussioN

Where Is the Fault?

The dislocation experiments indicate that the distribution
of aftershocks along strike (to the NW and SE), corresponds
closely to the site of coseismic slip. Slip must terminate sev-
eral kilometers north of the south end of Kettleman North
Dome (Figure 13). However, aftershocks extend east of any
geodetically acceptable fault model (Figure 11). In addition,
aftershocks in the core of the anticline and those well to the
SW cannot be associated with substantial fault slip. The
Kettleman Hills earthquake shares with the Coalinga event

~400m
r200m
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15

—10km
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10km

Fig. 11. Cross section through the main shock, showing the principal aftershocks and the profile of the best fitting
fault (model 1) and the best fitting faults constrained to intersect the main shock (models 2 and 3). Thrust
faults with some listricity would also fit the observations (Table 3). The viewing azimuth is 325°. The shaded
background shows a cross section of the three-dimensional velocity model used in the relocation of the seismicity.

The contour labels show the P wave velocity (kms™!).
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the property that in cross section, aftershocks are widely dis-
persed, making it difficult to determine which of the nodal
planes is the fault plane. The observation that the after-
shocks extend a large distance perpendicular to the fold axis
and tend to be shallower beneath the eastern limb of the fold
supports the shallowly dipping plane, with the shallower ac-
tivity within the anticline and in its eastern limb explained
as secondary faulting triggered by slip on the deeper fault.
1t is more difficult to envision a steeply dipping plane within
the anticline triggering aftershocks distributed horizontally
over a large area.

Small adjustments on reverse faults in the core of the
anticline may be a response to slip on the master fault or
faults at greater depth. At least one such high-angle fault
is interpreted by Meitzer [1989] to be located in the core
of the Kettleman fold (Figure 3). The Coalinga earthquake
similarly shows aftershocks extending well into the anticlinal
core [Eberhart-Phillips, 1989a, b]. Several high-angle reverse
faults with modest cumulative slip are seen on the seismic
reflection profile across the Coalinga fold [Wentworth and
Zoback, 1989] and also across Kettleman Hills South Dome
(R. Bloch et al., Style and magnitude of tectonic shortening
normal to the San Andreas fault across Pyramid Hills and
the Kettleman Hills South Dome, California, submitted to
Geological Society of America Bulletin, 1992). Presumably
such faults accommodate finite strains due to folding; fault

slip in these shallower regions may be spatially separated
from master faults at greater depth.

Several authors have proposed that the Coalinga earth-
quake [Hill, 1984] and other fold earthquakes are caused or
accompanied by flexural slip, that is, slip on the interface
between sedimentary strata [Yeats, 1986; Rockwell, 1988].
Following Meltzer [1989], we interpret the continuous bright
reflectors on the KND seismic reflection profile to be bedding
surfaces of the Great Valley sediments. When the dips of
these beds are compared with focal mechanisms of the main
shock and aftershocks (Figures 3b and 3c), no correspon-
dence between the earthquake nodal planes and the beds
are seen. Thus flexural slip deformation was either absent
during the Kettleman Hills earthquake, occurred only for
earthquakes smaller than those we determined focal mecha-
nisms for, or occurred aseismically.

Earthquake Rupture and Magnitude

The broadband seismic and geodetic observations, ana-
lyzed independently, give comparable answers for the fo-
cal mechanism, scalar moment, and extent and direction of
rupture for the Kettleman Hills earthquake. If we compare
the teleseismic body wave magnitude (my=>5.4) or the lo-
cal magnitude (M7=5.4-5.9) with the moment magnitude
(Mw=6.1) determined from the broadband seismic analysis
or the moment magnitude (Mw =6.0-6.2) calculated from
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the geodetic data, we observe that the short-period measure-
ments of the seismic energy are much smaller than the long-
period measurement. Indeed, if we use My to estimate the
seismic moment using the moment magnitude relationship
[Hanks and Kanamori, 1979], we obtain a moment which
is a factor of 2-10 smaller than that determined from long-
period seismic data. What, then, may have caused this low
rate of moment release in the Kettleman Hills earthquake?
Using Brune’s [1970] scaling arguments for slip on a cir-
cular crack of radius R, and an average stress drop Ao, we
have A &
My = 7A0R
If we take the duration 7 proportional to R (i.e., assuming
constant rupture velocity), we get
3

25
28
25-29
25

25-27

19
18
18-20
16
15-17

4.5

7.5

=11
6
-9

1.5
0-2

1.5
0-3

Ao x T

If the source duration for the Kettleman Hills earthquake
is 2-4 times larger than other events of similar moment,
this would suggest a stress drop 1/8 to 1/64 of the average
event. However, simple scaling arguments would also lead
to a 4-16 times larger than average rupture area, since the
rupture area is proportional to R?. Geodetic models of the
rupture area range from 17 to 300 km? (Table 3). If we
estimate the rupture extent from the horizontal extent of
the aftershocks, we get a maximum area of approximately
200 km?. This is not unusually large for an event of this
scalar moment [Kanamori and Anderson, 1975], and the av-
erage static stress drop is therefore not anomalously low for
the Kettleman Hills earthquake.

One way to produce a long source duration for a given
source area and scalar moment is to introduce hetero-
geneities on the fault plane. If the fault plane is segmented
into parts by offsets or strength heterogeneities (asperities
or barriers) which do not break during the source process,
the amount of moment release is less than in the absence of
barriers [Das and Aki, 1977]. However, the unbroken bar-
rier model (P-SV-1) of Das and Aki does not produce a
slowdown of the rupture process. This is probably due to
the simple geometry used by Das and Aki where the whole
rupture front is blocked by the barrier. In a more realis-
tic situation, the barriers could prevent parts of the rupture
front from progressing and cause a complicated trajectory
for the spread of the rupture. The unbroken patches on the
fault plane restrain the amount of slip of the surrounding
portions which do slip, and the total slip averaged over the
whole fault area is also reduced. It is, however, not easy
to reconcile such a model with another characteristic of the
Kettleman Hills earthquake, its small number of aftershocks.
If the rupture left many small patches unbroken in the main
rupture, one could expect that many of these patches would
fail subsequent to the main shock since they were stressed
by the surrounding slip.

A second possible explanation for the slow rate of moment
release is that faulting is occurring simultaneously on more
than one fault plane, perhaps of different orientations. The
diffuse aftershock pattern is consistent with such a model,
but neither the 1982 New Idria or 1983 Coalinga earthquake
(Figure 6b), which also had diffuse aftershock distributions,
appear to have been unusually slow.

Fold Growth and Fault Slip Rates

Comparison of the geodetic and structural deformation
affords a crude estimate of the growth rate of the Kettle-

from the top of the fault.
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o All faults are rectangular surfaces with uniform dip-slip motion.
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Fig. 13. Top map shows the vertical deformation field predicted for an acceptable thrust fault which intersects the
hypocenter (Table 3) with the focal mechanism of the main shock. Lower map shows the near-surface volumetric
coseismic strain change predicted for the same fault model, and the four labeled water wells from Roeloffs et al.
[1989] used as dilatometers. The surface projection of the fault plane is shown by a rectangle.

man North Dome fold and the slip rate on the underlying
fault. The structural relief on the north end of Kettleman
North Dome is approximately 900 m based on the KND
profile and associated well control (Figure 3a). This is con-
sistent with Zigler et al.’s [1986] structure contour map on
the Kreyenhagen Formation; Namson and Davis [1988] give
700 m for approximately the same location. From Zigler et
al. [1986] it is evident that there is at least 1250 m of relief
along the center of Kettleman North Dome. Sarna- Wojcicki
et al. [1991] dated the Ishi tuff member of the Tuscan forma-
tion, immediately beneath the base of the Tulare formation
on the east flank of Kettleman North Dome, at 2.4-2.6 Ma.
Obradovitch et al. [1978] obtained a similar age for an ash
deposit in approximately the same stratigraphic position on
the anticline. Because the fold became active after deposi-
tion of the Tulare formation began [ Woodring et al., 1940,

pp. 153-154; Namson and Davis, 1988, pp. 260-261], the
fold can be no more than 2.5 m.y. old. Thus the long-term
uplift rate is 0.43+0.07 mm/yr. Since the 7 cm of coseis-
mic uplift was produced by 0.47+0.24 m of slip (Table 3),
the long-term uplift rate corresponds to a fault slip rate of
2.940.6 mm/yr. Interseismic recovery of the coseismic up-
lift caused by asthenospheric or intracrustal relaxation will
diminish this figure by as much as 50%.

CONCLUSIONS

‘We have shown that the Kettleman Hills earthquake oc-
curred on a fault buried beneath a geologically young fold.
The main shock and all well-constrained foreshocks and af-
tershocks exhibit compressional mechanisms perpendicular
to the fold axis, suggesting that the fault undergoes pure
dip-slip motion and accommodates contraction normal to
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the San Andreas fault, which is oriented parallel to the fold
and lies 30 km to the southwest. On the basis of aftershock
locations, static deformation, teleseismic broadband analy-
sis of the main shock, and seismic reflection data, the active
fault appears to be a shallowly dipping thrust fault at a
depth of 10 km beneath the fold. The main shock nucle-
ated at, or in front of, the shallow tip of a fault imaged in
seismic reflection profiles and several kilometers northeast
of the fold axis. The pattern of geodetic uplift shows that
most of the seismic slip occurred beneath the northeastern
limb of the anticline, and the peak coseismic uplift is located
5 km northeast of the Quaternary fold axis. Unless subse-
quent earthquakes occur on the downdip extension (to the
southwest) of the 1985 rupture, this suggests that the fold
is propagating into the San Joaquin Valley.

Six foreshocks and the main shock locate at a single point,
within the resolution of the data. The nucleation site is at
the offset between the Kettleman Hills and Coalinga anti-
clines. Aftershock locations and geodetic uplift data show
that the seismic rupture extended approximately 20 km
southeast of this point. The rupture direction cannot be re-
solved in the teleseismic data, but the asymmetric pattern of
isoseismal intensities is consistent with rupture propagation
to the south. Thus a structural ramp or tear on the buried
fault at depth controlled the pattern of large earthquake
occurrence.

The diffuse pattern of aftershocks, with the shallowest
events locating in the core of the anticline, cannot be as-
cribed to uncertainties in earthquake depth or position. Nor
do the aftershocks result from flexural, or bedding plane,
slip. We suggest that the pattern corresponds to secondary
faulting on associated fractures and to small adjustments
in the highly deformed and strained anticlinal cores. This
pattern appears to be characteristic of compressional earth-
quakes on blind faults, such as the 1964 Mg=7.5 Niigata,
Japan, earthquake [Kawasumi, 1973], the 1983 Coalinga,
California, earthquake [Eberhart-Phillips, 1989b], the 1985
Mw=6.6, 6.8 Nahanni, Canada, events [Wetmiller et al.,
1988], and the 1987 My =6.0 Whittier Narrows, California,
event [Hauksson and Jones, 1989)].

The Kettleman Hills earthquake is highly unusual in its
slow rate of moment release. The 16-s duration is more com-
patible with an earthquake 10 times bigger than the Kettle-
man Hills event. As a consequence, the source spectrum is
depleted of energy at high frequencies, which has led to low
local and body wave magnitude estimates with respect to the
moment magnitude. This behavior is apparently not shared
by the 1983 Coalinga earthquake. This points out that for
earthquakes which deviate from standard source scaling re-
lationships there is a large uncertainty in estimating scalar
moments and slip or deformation rates from magnitudes de-
termined from higher frequency seismic waves.

APPENDIX: LEVELING ERROR ANALYSIS

Random survey errors are proportional to the tolerances
used in the surveys and propagate with the square root of
distance. Random error assignments were thus based on
the accuracy and internal consistency of each survey. Most
sources of systematic error are slope or height dependent
with proportionalities of 10-100 ppm; these include miscal-
ibration of the graduated invar tapes suspended in the lev-
eling rods, thermal expansion and contraction of the tapes,
and atmospheric refraction of the line of sight between the
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instrument and rods. Because the majority of the surveying
was conducted along the California aqueduct (route A'-B’,
Figures 9 and 10), where the height difference across the net-
work was just 9 m, the associated effects are smaller than
random error. The short segment that traverses the anticline
(route A-B, Figures 9 and 10) shows no correlation between
height and the observed elevation change, indicating that
these errors are also small over the anticline (compare Fig-
ures 10a and 10b). We did, however, find large errors in
the DWR surveys caused by the use of Zeiss Nil automatic
leveling instruments, which required correction.

Magnetic Errors

One of the principal automatic-compensating level-
ing instruments in use throughout the world, the Zeiss
Oberkochen Nil, had a design defect that caused the com-
pensator, which acts as a plumb bob to align the optics
horizontally, to be deflected toward magnetic north. Other
automatic (or self-leveling) instruments also suffer from such
an error, but to a lesser degree. Such errors were first re-
ported by Rumpf and Meurisch [1981] and have since been
extensively tested in NGS leveling by Packard and MacNeil
[1983], Strange [1985] and Holdahl et al. [1986]. Although
we were able to determine where the seven DWR instru-
ments were used, only one was available for field testing and
calibration. The original compensators for most instruments
have been replaced, or the instruments were lost or stolen.
We therefore sought to remove the errors by finding the mag-
netic coefficient for each instrument that minimized the ob-
served differences in elevation between the error-free NGS
surveys conducted in 1975 and 1989 and each of the four
intervening DWR. surveys. We were able to make reliable
assessments for four instruments, resulting in corrections of
0.0-4.5 mm km™"; three instruments were used so sparingly
that we could deduce only that the errors were less than
1.0 mm km™!. The corrections chiefly affect the aqueduct
leveling (segment A’~B’ in Figure 9). A 1989 field test of the
one DWR instrument used on the anticline-crossing route in
1983 showed that its error was less than 0.6 mm km™".

The magnetic susceptibility b of each instrument is dif-
ferent. The error is cumulative and is proportional to the
vector component of the earth's local magnetic field in the
direction of the optical axis (or line of sight) of the instru-
ment. Thus the error per pair of bench marks (BMs) is

bM cos € cos(¢p — o)L

where M is the intensity of the magnetic field in gauss, L is
the distance between the two BMs, £ is the inclination, and ¢
is route azimuth between the pair of BMs and % the declina-
tion of the magnetic vector. This error is summed along the
route. Since M cos€ is 0.253 G over the Kettleman network,
only ¢ varies more than a negligible amount over the 50 km
span of the BMs, and thus the error can be expressed as the
product of an instrument coefficient a, where a = bM cos &,
and ), cos(¢: — %) Ls, a function which accumulates with
distance along the aqueduct from a reference bench mark,
as shown in Figure Al.

The observed elevation changes are shown in Figure A2a.
Note that the profiles exhibit little elevation change near B
(km 20) and from B’ to the south (km 40-50). The level-
ing route is nearly perpendicular to magnetic north at these
locations (see Figure 9), and thus little magnetic error accu-
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Fig. A1. Magnetic error as a function of distance along the aque-
duct route. Note that the error diminishes to the south where
the leveling route runs west across the anticline.

mulates there. This is confirmed by inspection of Figure A1,
which shows negligible error accumulation near B and south
of B'. The profiles for 1975-1978 and 1978-1982 are roughly
mirror images of each other, as are the profiles for 1982—
1983, and 1983-1986 (the coseismic interval). This suggests

that the largest errors occurred during the 1978 and 1983
surveys. Note that the form of the magnetic error curve in
Figure Al will be found in the observed elevation changes
in Figure A2a only if instruments were not changed along
the route and if nontectonic subsidence was modest. Instru-
ment usage is charted in Figure A3. Most of the 1978 survey
was carried out with DWR Nil 71129, and all of the 1983
survey was conducted with DWR. Nil 701611. -In contrast,

EKSTROM ET AL.: SEISMICITY AND GEOMETRY OF A 110-KM-LONG BLIND THRUST FAULT, 1

several instrument changes were made during the 1982 and
1986 surveys.

We found the instrument coefficient @ that minimized the
elevation changes between successive pairs of surveys, and
between each survey when differenced with the error-free
1989 NGS surveys and a NGS 1975 survey that the NGS
subsequently corrected for magnetic error of 0.83 mm km™!
[Holdahl et al., 1986]. This method yields the smallest pos-
sible coseismic elevation change and also the smallest subsi-
dence corrections. Comparison of the 1975 and 1989 surveys
(not plotted) showed that no long-term elevation changes
occurred between the north and south end of the lines, sug-
gesting that the method is appropriate. Errors less than
0.5 mm km™" could not be resolved because of competing
sources of noise. A single coefficient is assigned to each in-
strument. Since in two cases, the same instrument was used
in more than one survey, the consistency of the correction
supplies one test for the fidelity of the correction. One such
test succeeded (Nil 107287) and one failed, for Nil 71129
exhibits a different coefficient during 1978 and 1986. In-
quiries with its owner, DWR-Sacramento, revealed no infor-
mation to substantiate the change, such as replacement of
the compensator, or known remagnetization of the instru-
ment between 1978 and 1986. Remagnetization can occur
when the instrument is passed through a powerful electro-
magnetic field, such as in the vicinity of high-voltage power
lines. We have treated Nil 71129 as if it was remagnetized
between 1978 and 1986.

Once the coefficients shown in Figure A3 are applied to
the instruments, successive profiles of elevation change show
no mirror images, and the patterns of elevation change for
all but the coseismic period (1983-1986) are similar (see
Figure A2b). These results suggest that most of the errors
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Fig. A2. Successive profiles of elevation change (chronologically, bottom to top) along the aqueduct route (a)
before and (b) after correction for magnetic error. Nontectonic subsidence tends to be concentrated roughly at

km 15 and km 38.
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attributable to magnetic compensators have been removed
from the aqueduct leveling. We did find mirror image pro-
files with amplitudes of less than 10 mm for pairs of sur-
veys that were not successive. For example, 1978-1983 and
19861989 profiles (not plotted), mirror each other at a dis-
tance of 15-50 km, but no instruments are in common over
this range. We suspect that these patterns indicate resid-
ual errors that cannot be ascribed to magnetic instruments
or other known sources, which we have not successfully re-
moved.

One DWR instrument (Nil 90843) was used on the north-
ern half of the anticline route. In 1989 the DWR-Santa Nella
conducted a 30-km-long survey of a segment of the aqueduct
which had been surveyed by the NGS in 1975. Comparison
of the 1989 DWR elevations with the error-free 1975 survey
reveals that the coefficient for Nil 90843 must be less than
0.6 mm km ™! (Figure A4). Since this is within the random
error propagation, we have made no correction for this DWR
instrument.

We also found what we believe to be a blunder in one sec-
tion of the 1978 survey (BMs F1097-161.57R, 0.96 km apart,
at km 14 in Figure A2b). Here the elevation difference be-
tween the BMs measured in the forward direction exceeded
that measured in the backward direction by the 3-mm tol-
erance for the first-order survey and was rerun. The rerun
section greatly exceeded the tolerance in both of the original
differences, and should have been rerun again, but the crew
instead averaged the two original differences to calculate the
elevation difference and rejected the rerun, an impermissible
procedure in first-order leveling. We therefore substituted
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the 1983 difference for these BMs for the 1978 difference, a
correction of 12 mm.

Subsidence Correction

To isolate the deformation attributable to the earthquake,
nontectonic subsidence must be removed from the coseismic
elevation changes. Subsidence occurs in the eastern margin
of the San Joaquin Valley because of pumping of aquifers
for groundwater [see Bull, 1975]. Although the rate of sub-
sidence has diminished sharply since 1970, when the aque-
duct replaced pumping as the principal source of water for
irrigation, subsidence rates of up to 15 mm yr~! were mea-
sured in the network during 1980-1982. Pumping of the
anticline for oil and gas also causes subsidence over Kettle-
man North Dome, amounting to less than 5 mm yr~! over
the oil field during 1970-1985. Once the magnetic errors
were removed, we used the subsidence rate measured during
the decade before the earthquake and the record of water,
gas, and oil pumping to correct for the pumping-induced
subsidence (Figure A5). Implicit in this correction is an
assumption of constant subsidence rate from 1981 through
1986, whereas we know only that it was nearly constant
during the overlapping interval, 1977-1983. Any tectonic
deformation that occurred during the 22 months before the
earthquake or during the 6 months (and for a limited seg-
ment, 44 months) following the earthquake is included as
“coseismic.”

Aqueduct route. The coseismic period spans 2.4 years
(1983-1986) for the aqueduct leveling; for the anticline lev-
eling it spans 4.2-5.4 years (1983/1985-1989). We used the
deformation rate measured before the earthquake to cor-
rect the coseismic interval. Sources of nontectonic defor-
mation (chiefly subsidence) are pumping of aquifers in the
San Joaquin Valley and Kettleman Plain for groundwater
and pumping of oil, water, and gas beneath the anticline.
The water table in the vicinity of the aqueduct declined at
a rate of 2-3 m yr ! until about 1970, after which aque-
duct deliveries of water replaced groundwater pumping and
the water table began to rise at 3-4 m yr' (Figure A6a).
The long-term rate of subsidence at B (BM L1097) is shown
in Figure A6b. The subsidence rate diminished from about
100 mm yr~ ! before the aqueduct was installed in 1970 to 10

20 r T T T v
Nil #90843 [1989] - NGS [1975] ]

Elevation Difference (mm)

Distance (km)

Fig. A4. Comparison of 1989 survey by the DWR using Zeiss Nil
90843 against NGS leveling performed in 1975 along Mile 9-37
of the California aqueduct. No magnetic error can be discerned
above the random error envelope (dashed parabola).
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Aqueduct Route

80 T ] 80 ey ] X
[ SW NE ] C 8
= eo_—s Ny s eo_—N - S-.
.zE 3 ] r \’JP ]
EE 4 f 1 40 F %o\go 3
g Y i ] : :
es 20F 7 20 °&£ E
o E ¢ ] r E‘f“’ go ]
0 o 1 o Y7o 3
g 8 E ! P ]
Es 20 F 1-20F :
(ST : ] C ]
M40 F J -40 F . :
L A B E A B B ]
80 HPENETEPE BN CE S TS B A 60 Lo v 1 il i oo vy p 1oy g ]

-20 =15 -10 -5 0 5 0 10 20 30 40 50

60 pr——rr—rr ey 60 e — —rT b
& g 3 C _
g 40 F 4 40 F .
E 20F i 20 F .
9 E § ]
é O:_ ...... 0_0 ..... %‘”””“ ....._: 0:. .................................. :
o 20 N 1-20F JEP‘" ]
g ; 1 i & ]
5 40 F 1 40 | .
= [ ; s ]
3 60 F 10 :
_80'“..|...;l....l.“.l.... ~80P I B BT T B AT B R
20, 15 -10 -5 0 5 0 10 20 30 40 50
80 [Fr T s rerTrrrr e rrrrrr] 80 UL (L e S L B S (R e

] [ ] C
~ 60 F =1 60 i
EE a0 | ; 1wk 9 :
%3‘5 JO\: C ng\).o ]
g5 wb { ot Ryg, pooee’
5 U F 4 - e, P .

@ 0 0

> r 5 r ]
g3 i ] g ]
80 20 o 7 20 1
(O E L7 ] i ]
L -405,’ A B 7 40 A B B ':'
-60-“ (PN BTN T (RS 60 T [ TR Tl [ S Iy (T I U el P TR
20 -15 -10 -5 0 5 0 10 20 30 40 50

Distance (km)

Distance (km)

Fig. A5. Subsidence correction to observed elevation changes. (a) The corrected coseismic elevation changes
are made by subtracting (b) the subsidence corrections from (¢) the observed coseismic changes. Corrections for

magnetic errors have already been made to these data.
file and is thus shown connected by a dashed line.

mm yr~' afterwards. The rate of subsidence along the 50-
km-long aqueduct route traversed by the network was nearly
constant from 1978 to 1983, the last survey before the earth-
quake (Figure A6b). Because a large magnetic correction
was applied to the 1978 survey, however, we averaged the
subsidence rate measured from 1978 with that since 1982,
to correct the coseismic period (Figure A7).

The subsidence correction was not applied to the north-
ernmost 7 km of the aqueduct route. The observed coseis-
mic elevation changes (before subsidence correction) exhibit
no deformation along the northern 10 km of the aqueduct
route (km 5-15 in Figure A7Tb), whereas the subsidence rate

BM P1169 at km -20 was not retained in the coseismic

there during 1978-1983 was large (km 5-15 in Figure A7q).
Applying the correction to the northern 7 km produces the
dashed profile in Figure A7b. A test of the success of a sub-
sidence correction is that short-wavelength deformation seen
in the observed elevation changes should be reduced. This
can be seen in the segment at km 30-45, where a subsidence
trough disappears after correction. In contrast, the correc-
tion adds fluctuations at the north end where no relative
subsidence is seen in the observed data. We were unable
to obtain water table data for the period 1978-1986 at the
north end and thus do not know whether subsidence di-
minished during 1983-1986. We have left the north end of
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Fig. A6. (a) Depth from the ground surface to the water ta-
ble at USGS observation well 21S/18E-35NO1, located on the
aqueduct 7 km south of point B at km 27. Aquifers have been
recharging since about 1970, when deliveries from the California
aqueduct largely replaced pumping. (b) Subsidence history of BM
L1097 (peint B in profiles and route map) relative to south end
of network, BM X1159, atop the anticline. Note that subsidence
continues at one tenth its former rate. (¢) Net production of gas,
oil, and water for the Kettleman North Dome field [Conservation
Committee of California Oil Producers, 1974-1987]. Both gas
and liquid production have slowed since 1980.

the line uncorrected for subsidence (from BM D1097 north
to 155.64R), weighting this segment to reflect added uncer-
tainty in these elevation changes in the model fitting.
Anticline route. The anticline route contains one seg-
ment subject to pumping for groundwater (km 0 to km -7,
left panel in Figure A5b), and one segment that traverses
the oil field (km -7 to km -11). Since the subsidence rate
near the aqueduct has been uniform since about 1970 (Fig-
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ure A6b), we used the rate of subsidence measured between
1970 and 1983 to correct the observed coseismic elevation
changes (principally 1983-1989) over the range km 0 to -7.
We could not use the 1983-1985 preseismic elevation changes
for the correction because the 1985 survey was conducted at
low precision (third order) and did not occupy all of the
BMs surveyed in 1983. The 17 mm yr~! subsidence rate for
BM 202 (located at km -2 in Figure A5), the highest for the
network, was confirmed, however, by the 1983-1985 rate.
The subsidence rate for BM C928 (at km -4 in Figure A5)
was interpolated, since the BM was not observed in 1970
or 1985. Coseismic elevation changes for the five BMs near
point B that were occupied in both 1986 and 1989 agree
within 4 mm, suggesting that the correction is effective.

The cumulative oil, gas, and water volume withdrawn
from the oil field during 1983-1989 (the coseismic period)
is 22% of that withdrawn during 1970-1983 (the preseis-
mic period), as can be seen in Figure A6c. The produc-
ing zones (principally the Temblor Miocene sands) are 1.9
2.5 km deep. Thus the subsidence associated with removal
of fluids should diminish to modest amounts within several
kilometers of the edge of the field [see Segall, 1985]. Thus
0.22 times the preseismic subsidence was applied as the sub-
sidence correction within 2 km of the oil field.
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Fig. A7. (a) Subsidence correction to coseismic period for the

aqueduct route. The mean rate between 1978-1983 and 1982-1983
was used to minimize the impact of any individual magnetic error
assignment. (b) The observed and subsidence corrected coseismic
elevation changes along the aqueduct route. Corrections north
of D1097 (4-12 km) were not used since the observed elevation
changes show no relative subsidence.
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The westernmost BM in the network (BM CITY at point
A in Figures 9, 10, and A5) was surveyed in 1985.1 and
1989.5. We have no information on its subsidence history,
but since it is 2.5 km southwest of the oil field and located
on the flank of the anticline outside of the alluvium subject
to pumping for groundwater, we have made no subsidence
correction to it. One BM (P1196 at km -20 in the left panel
of Figure A5b) located 5.7 km south of CITY was surveyed
in 1969, 1985, and 1989. The preseismic subsidence rate for
P1196 is unknown. P1196 is the only BM in the network lo-
cated west of the anticline in the Kettleman Plain. Despite
an extensive records search, the only independent informa-
tion we have to assess subsidence in the plain is one well,
22817E-26H01, located 2.4 km ENE of P1196, which was
measured when drilled in 1972 and again in 1987 and 1988.
It showed a water table decline at a rate of 0.3 m yr—!, in-
dicative of pumping. This information, taken together with
the low precision of the 1985 survey, has led us to omit the
BM from the model fitting.

Assignment of Errors to the Coseismic Observations

Random survey error, re, is proportional to the square
root of distance from a reference BM,

re=aVL

where L is the distance in kilometers and « is 1/3 of the
field tolerance 3 for agreement between the height difference
measured in the forward and backward running of each pair
of BMs, if the errors follow a Gaussian distribution. For
the DWR and NGS leveling, f=3-4 mm, and we set a=1.4
mm. For the difference in elevation between two surveys,
« is calculated by the sum of squares (e.g., 1.4%), and the
net proportionality is thus 2.0mm x /L. For the third-
order 1985 survey, @=4.0 mm (this affects only BM CITY
at km -15). Since the anticline and aqueduct routes join
at BM L1097 (point B), this serves as a reference point for
the calculation of L. Since there is no absolute reference
frame for the network (e.g., a constant can be freely added
to all observations), the elevation change of B will be a free
parameter in the model fitting, and errors propagate in three
directions from B.

The observations are also weighted by the magnitude of
the subsidence correction, since data that require larger cor-
rection are inherently less certain. For the error associated
with subsidence, we take 1/3 of the subsidence correction.
The random survey errors (re) and subsidence errors (se)
are combined by the sum of the squares, so that the total

assigned error is
o; = v/rel + se?

The observations are weighted in the model fitting by
w; =7/o;

where .

N
—2 -2
g =N E o;
i=1

is the mean variance and N is the number of observations
(here, N=70). The weighted rms pure error is

[y A"
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where N is the number of bench marks. The pure error is a
measure of the average uncertainty of the elevation change
of a BM and is independent of dislocation models; here it is
10.1 mm.

Similarly, we can define an rms signal strength by

N
1 2
N_&K E o2 w?
=]

where 0, is the observed elevation change and K is the num-
ber of independent parameters; here K=1.

The signal strength is unbounded, since the absolute el-
evation change of point B is a free parameter. In practice,
the signal strength is 25-30 mm for the acceptable models.
The signal-to-noise (S/N) ratio for the network as a whole
is 3.0-4.0. About 10 BMs have 5/N ratios of 4-6. Since we
have not explicitly included the magnetic error uncertainty
in the observation standard deviations, the calculated rms
pure error of 10.1 mm is probably an underestimate.

The weighted rms misfit of a model to the data is given

by
1 N
2 : 2 9
N — K T Uy
f=1

where the residual r; = 0; — ¢; is the difference between
observed and predicted elevation changes at each BM. The
number of free parameters is K. For planar faults, K=8
(the z, y, and z coordinates of a point on the fault, its
length, downdip width, strike, dip, and elevation change of
point B) and for listric faults K=9; K decreases by 1 for
models restricted to intersect the main shock. The model
fitting is guided by the ratio of the rms misfit to the pure
error. Although we seek fault geometries with the lowest
value of misfit /noise (M/N), we regard all models for which
M/N < 1.0 as acceptable. This is because noise in the obser-
vations may influence the selection of the source parameters
for models with M/N < 1.
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