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MECHANICS OF THE MAY 2, 1983, COALINGA,
CALIFORNIA EARTHQUAKE: AN INTRODUCTION

Michael J. Rymer and William L. Ellsworth

U.S. Geological Survey
Menlo Park, California 94025

On May 2, 1983 our understanding of earthquake risk and mechanisms of
crustal deformation in California were fundamentally altered by the occurrence
of a magnitude 6.7 earthquake near the town of Coalinga. This earthquake
occurred beneath a young fold on the western margin of the San Joaquin Valley,
in an area where recent fault movement at the surface was unknown. While
other significant California earthquakes have occurred in areas where faults
were unknown, such as the Kern County earthquake of 1952, subsequent inves-
tigations have invariably revealed the causative fault, which could have been
recognized before the event by careful or subsurface geologic studies.

The case of the Coalinga earthquake is fundamentally different, as ex-
tensive geological and geophysical investigations have all failed to find
evidence for surface expression of the fault responsible for the earthquake.
Instead, the earthquake is intimately associated with active folds on the
western margin of the San Joaquin Valley.

Changes in surface elevation measured along a profile across Pleasant
Valley, where Coalinga is located, and Anticline Ridge show that Pleasant
Valley subsided and the anticline grew as a result of the earthquake. The
recognition that the earthquake was related in a complex manner to surficial
features has focused attention on a number of difficult questions regarding
the nature of this event: the underlying tectonic process, the potential for
similar or even larger events in similar tectonic settings, and the mechanisms
of fold development as a seismically driven process.

In order to answer some of these questions and especially to focus atten-
tion on the mechanics of faulting in the 1983 Coalinga earthquake and styles
of past deformation in the region, a conference on the mechanics of the
Coalinga earthquake sequence was held from June 13 to 15, 1984, under the
auspices of the Office of Earthquakes, Volcanoes, and Engineering of the U.S.
Geological Survey. Its purpose was to bring together the results of recent
interdisciplinary research on earthquakes and faulting in the Coalinga
region. The papers submitted for this volume represent the diverse special-
ties of investigators who attended the meeting: the papers range in scope from
detailed to broad, theoretical to descriptive, and range topically from geol-
ogical to geophysical to seismological.

The papers in this volume present several important observations and con-
clusions concerning the mechanics of the Coalinga earthquake sequence, a few
of which are summarized below. Of primary importance to understanding the



Coalinga sequence is an understanding of the geologic history and tectonic
setting of the region. The dominant structural feature of the region is the
San Andreas fault, which at its nearest point is about 33 km southwest of the
main shock epicenter. Northeast of the San Andreas fault is the Diablo Range
which is experiencing uplift relative to the San Joaquin Valley to the east
that began about 3 m.y. ago. Locally along the western boundary of the San
Joaquin Valley there are northwest-trending anticlines, indicative of a com-
pressional regime normal to the San Andreas fault. The Coalinga main shock
occurred near the axis of one of these anticlines, below Anticline Ridge.
Seismic refraction ana reflection studies across this anticline indicate
lithological and structural complexity below 5 km. Lying at shallower depths
a stack of sedimentary rocks is foldea into the Anticline Ridge structure.
The seismologic setting of the southern part of the Diablo Range, excluding
activity along the San Andreas fault, is dominated by widely spaced clusters
of earthquakes with reverse to thrust mechanisms; earthquakes farther north
are aligned along strike-slip faults, primarily the Ortigalita fault (Eaton,
this volume). Teleseismic observations by Choy (this volume) of the Coalinga
earthquake suggest a double event, both events with northwest-trending
strikes. The two events are inferred to be about 5 km and 3.2 s apart, the
second event being more westerly and only half as strong.

An unusual and frustrating aspect of the Coalinga earthquake was the am-
biguity as to which of the nodal planes corresponds to the fault plane of the
main shock. The resultant two choices of faulting style are 1) a shallowly
southwest~dipping thrust fault or 2) a steeply northeast-dipping reverse
fault; both of these opposing faults (nodal planes) were supported by prelim-
inary investigations and arguments for both are presented in this report. For
many earthquakes of moderate to large magnitude, surface faulting reveals the
style of faulting and restrains which of the nodal planes is represented.
However, for the Coalinga main shock there was no related surface rupture
(Clark and others, 1983). Another aspect of this seismic event was the com-
plex and widespread distribution of aftershocks which, with only a relatively
minor exception, were associated with previously unknown faults that have no
surface expression. Studies of the main shock and more than 100 of the larger
aftershocks by Eaton (this volume) ana of more than 2000 large and small
aftershocks by Eberhardt-Phillips and Reasenberg (this volume) indicate the
presence of several intersecting fault planes, all of which were active during
the Coalinga sequence, apparently reflecting complexity of the Diablo Range-
San Joaquin Valley geologic bounaary at depth. The sum of the evidence of
both of these studies favors the thrust-fault solution for the main shock.
Geodetic leveling data indicate uplift of 0.5 m at Anticline Ridge and depres-
sion of 0.25 m in adjacent Pleasant Valley (Stein, this volume). These data
are fitted to fault dislocation models to infer the style of faulting for the
Coalinga main shock, concluding that a steeply dipping reverse fault fits the
geodetic data better than a gently dipping thrust fault.

McGarr and others (this volume) studied ground motion parameters relative
to crustal strength in the seismogenic zone. They show considerable variation
in crustal strength within the seismogenic zone, typical of compressional
states of crustal stress, surrounded by zones of much Tower implied strength.
Two of the papers in this volume take advantage of information from the Tocal
densely spaced 0il wells to investigate possible relations with the Coalinga
earthquake. The paper by Seagall and Yerkes (this volume) investigates the
likelihood of the region's long-term oil withdrawal on inducing the earth-



quake. Their analyses indicate that at hypocentral depths the driving stress
decreased by less than 0.05 bars, which would slightly inhibit slip. The
paper by Yerkes and others (this volume) looks into the distribution of nat-
urally occurring abnormally high fluid pressures because they counteract the
vertical load and significantly reduce the frictional strength of the rocks,
thus enhancing the 1ikelibood of thrust faulting. The one fault that did
experience surface rupture during the earthquake sequence is the Nunez fault,
a steeply east-dipping reverse fault which ruptured in association with an M
5.2 event 40 days after the main shock (Rymer and others, this volume). An
interesting aspect of the surface rupture is the presence of afterslip that
has enlarged the surface displacement as much as 60 percent of the coseismic
slip, making the Nunez fault the first reported reverse fault to have signif-
icant afterslip at the ground surface.

The observations and results presented in this volume are undoubtedly
applicable to potential earthquake sites in similar tectonic environments
along the east margin of the Coast Ranges. Fortunately, studies of the 1983
Coalinga earthquake help focus attention on the area and should motivate
further work towards the understanding of this complicated region.

REFERENCE CITED
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GEOLOGIC BACKGROUND OF THE COALINGA EARTHQUAKE OF MAY 2, 1983
Benjamin M. Page

Department of Geology, Stanford University
Stanford, CA 94305

Introduction

The near-surface geology of the Coalinga region does not pinpoint the
cause of the May 2, 1983 earthquake, but it does provide hints as to the kinds
of structures and tectonics that may have been involved. Pre-1983 published
background material includes descriptions of the rocks and structures of the
Diablo Range, Coalinga area, Kettleman Hills, and San Joaquin Valley. The
areal geology is shown in maps by Dibblee (1971, 1973), Jennings (1958, 1977),
and Jennings and Strand (1958). The main near-surface features are
represented in figure 1 of Wentworth and others (this volume).

Principal Rock Assemblages

Basement rocks Exposures of basenent rocks in the region around Coalinga
are confined to the southern Diablo Range, which is underlain by the
Franciscan assemblage (Bailey and others, 1964). At the surface, the
assemblage largely consists of melange(s) comprising blocks of graywacke,
greenstone, and chert in a highly sheared argillaceous matrix. Few of the
blocks have been dated, but they presumably range from Upper Jurassic to Upper
Cretaceous in age, like similar Franciscan rocks in the central Diablo Range
farther north. In some Franciscan areas (for example, around Mount Hamilton
east of San Jose), large coherent tabular bodies of metagraywacke predominate
over melanges. Conceivably, such bodies might occur at depth in the Coalinga
region, although there is no indication of this at the surface. The vertical
and eastward limits of the Franciscan assemblage are unknown.

Other basement rocks in the region include serpentinite that, unlike the
ophiolite at the base of the Great Valley sequence, apparently stems from a
source beneath the Franciscan. This serpentinite forms much of the New Idria
diapir in an antiformal part of the Diablo Range 25-45 km northwest of
Coalinga, and it contains many inclusions of high P/T blueschist facies .
Franciscan rocks (Coleman, 1957). The serpentinite mass is partly sheathed by
Franciscan melange, which separates it from the flanking Great Valley
sequence. Its enormous volume seems to preclude a source within the
Franciscan, as the familiar serpentinite blocks in Franciscan melanges are
inadequate in size. Cold intrusions and extrusions of serpentinite are
conspicuous along faults in the Diablo Range south of Coalinga (Dickinson,
1966a and 1966b), and this serpentinite also may have risen from beneath the
Franciscan. The cryptic parent body could be a thick ultramafic-mafic(?)
layer or slab deep in the crust.

The Sierran basement extends westward beneath much of the San Joaquin
Valley, and it must approach the Franciscan in the subsurface somewhere east
of Coalinga. Existing drillholes are far too shallow to throw any light on
the structure of the zone of closest approach of the two types of basement, or
on the nature of the westernmost Sierran basement complex. The latter is



almost certainly not granitic like the exposed Mesozoic plutonic arc farther
east; instead, it could be almost any kind of accreted assemblage, perhaps of
island arc or ophiolitic character. If it is ophiolitic, it will be difficult
to distinguish it from the Coast Range ophiolite on the basis of geophysical
data. Indeed, it might be an extension of the Coast Range ophiolite, although
this seems unlikely. Another possibility is that some assemblage that is
unrelated to either the Coast Range rocks or the Sierran basement lies between
the two.

Great Valley sequence (GVS) The Franciscan core of the Diablo Range is
overlain tectonically by a partly eroded cover of the Upper Jurassic-
Cretaceous Great Valley sequence (Bailey and others, 1964). The tectonic
contact is possibly the Coast Range thrust (CRT) of Bailey and others (1970),
or perhaps it consists of younger faults that have overprinted the CRT
(Raymond, 1973). In any case, no verifiable depositional contact between the
GVS and the Franciscan has been found.

Ideally, a complete GVS section would include a basal ophiolite ca. 160
m.y. old (Bailey and others, 1964; Hopsor and others, 1981), pelagic chert
above the ophiolite, and a great thickness of turbiditic clastic sediment
representing most, or all, stratigraphic stages from Turonian (uppermost
Jurassic) to Maastrichtian (uppermost Cretaceous). However, in the Coalinga
region, little or no ophiolitic material, and no chert, remain at the base of
the clastic sediments, probably because they were removed by faulting along
the CRT. Although Turonian and Valanginian sediments are reported west of
Coalinga, apparently most of the Lower Cretaceous stages are missing
throughout the region. On the other hand, the Upper Cretaceous section
(Cenomanian through Maastrichtian) is locally more than 6 km thick. The GVS
in this region has been described by Ingersoll (1978), Marsh (1960), and
Mansfield (1972), among others.

Cenozoic rocks The Cenozoic stratigraphic section in the Coalinga-
Kettleman Hills area has been well-studied because of its importance in the
0oil fields. It locally attains a thickness of 5 km, all Cenozoic epochs being
represented, from Paleocene to Pleistocene. Most of the sediments are marine
clastics, but some upper Miocene formations are largely thin-bedded
procelanite. Nonmarine tongues appear in the middle to upper Miocene section;
the Pliocene strata are estuarine and nonmarine, and the Plio-Pleistocene
Tulare Formation is almost wholly nonmarine except at the base, reflecting
prevalent uplift. The Cenozoic section and near-surface structures have been
described by many, including Arnold and Anderson (1910), Anderson and Pack
(1915), Stewart (1946), and Woodring and others (1940).

Structure

Coast Range thrust (CRT) As mentioned above, the CRT or its counterpart
separates the Franciscan and GVS. One such fault, now folded, was mapped by
Dickinson (1966b) south of Coalinga. Although the CRT was originally believed
to be subduction-related, I now think it most likely formed in the Paleocene
after much of the Franciscan had been assembled. The folded thrust shown by
Dickinson (1966b) evidently truncates Upper Cretaceous GVS rocks. Its
activity may have caused the regional unconformity below the Paleocene
sediments along the west side of the San Joaquin Valley. The main thrusting
episode probably ended before the Salinian Block arrived at this latitude
(i.e., before the Eocene), because the CRT-type thrusts occur just across the




San Andreas fault from the Salinian Block, but are not found within the latter.

The CRT or its counterpart, just described, is the principal exposed
structural feature that might extend to seismogenic depths as a gently- o1pp1ng
surface of potential slip. Any other low-angle faults that may exist deep in
the crust have not been identified at the surface. Although it is a pre-
Neogene structure, the CRT might respond to modern stresses wherever it is
appropriately oriented.

Neogene structures The main structural elements are shown in figure 1 of
Wentworth and others (this volume). North of Coalinga, the Diablo Range is a
broad antiform which trends N.65°W. and which is pierced by the New Idria
diapir of serpentinite and Franciscan rocks. The antiform encompasses
subsidiary folds, one of which is the Joaguin Ridge anticline. From this
latter fold, a discontinuous belt of anticlines extends southeastward past
Coalinga and across the epicenter of May 2, 1983. The belt, unlike the
N.65°W. structures to the northwest, trends about N.40°W. It is more than 90
km long and includes the Coalinga anticline (site of the epicenter); Guijarral
Hills structure; Kettleman North, Middle, and South Domes; and Lost Hills
anticline. Significantly, most of the folds and the belt as a whole are
nearly parallel with the San Andreas fault, so they are not wrench-type
structures, although the individual an'iclines are slightly separated in a
right-stepping en echelon manner. The trough of the San Joaquin Valley
synform lies a few kilometers northeast of the Coalinga Nose-Kettleman Hills
belt of anticlines, and is parallel with it. On the southwest, a syncline
separates the belt from a narrow extension of the Diablo Range. This part of
the range, south of Coalinga, contains a complicated variety of structures,
including wrench-type folds trending about N.65°W. It is bounded by the San
Andreas fault.

A rather traditional structural interpretation is shown in a cross section
by Page and others (1977), and Page (1981, p. 337). The line of section
crosses Kettleman North Dome 27 km southeast of the epicenter of May 2, 1983.
The North Dome fold is depicted with a steep southwest limb (see also Woodring
and others, 1940), and with small internal thrust faults dipping northeast,
these being based on o0il company data. The fold configuration, which is
established by o0il well 1ogs, is such that it could hardly involve the
basement. By implication, there must be a thrust fault or decollement surface
beneath the fold, although this was not included in the cross section.

Neogene thrust faults and high-angle reverse faults have been mapped at
the surface both to the west and south of Coalinga. Some, such as those near
Orchard Peak (Marsh, 1960) trend east-west and can be explained as
compressional effects related to wrench tectonics (Wilcox and others, 1973).
Others, for example, the Maxey fault (Dickinson, 1966b), are more nearly
parallel with the San Andreas fault and require some other explanation.

Age and origin of folds, faults, and Diablo Range uplift The Coalinga
anticline-Kettleman Hills belt of folds is obviously young, as it is marked by
arching of the Tulare Formation. The latter is mainly nonmarine, but is
paralic at the base. The age range of the formation is probably mid-Pliocene
to mid-Pleistocene. Northeast of Coalinga, the upper part of the Tulare
Formation contains the tuffaceous Corcoran Clay, which is reported to be ca.
600,000 yr. old (Janda, 1965). The Tulare Formation is folded almost as much
as the older strata beneath it. Apparently the Coalinga and Kettleman Hills




anticlines began to form in the Pliocene, developed rapidly in the
Pleistocene, and are still growing. The Kettleman North Dome was eroded to a
surface of low relief after it had reached structural maturity in the
Pleistocene, but subsequent renewed movement has arched the erosion surface
(Woodring and others, 1940). This suggests that anticlinal growth in the area
proceeds haltingly.

The uplift of the Diablo Range in its present configuration likewise
started in Pliocene time, most likely accelerated in the Pleistocene, and is
probably still in progress. Along the east flank, the Tulare Formation is
upturned; along the west flank of the central part of the range, the
Plio-Pleistocene San Benito Gravels and age-equivalent Santa Clara Formation
are deformed. The three Plio-Pleistocene formations locally contain coarse
detritus from the Diablo core, whereas such material is not plentiful in
pre-Pliocene formations. (An exception is the middle Miocene Big Blue unit,
described by Casey and Dickinson, 1976, which contains serpentinite debris
from the initial extrusion of the New Idria diapir). Admittedly, local uplift
and incipient folding occurred here and there from time to time throughout the
Cenozoic, as shown by unconformities, but these events contributed 1ittle or
nothing to the outline and elevation of the present range.

Young compressional features oriented parallel with the plate boundary are
being increasingly recognized (for example, Page, 1981, p. 403-406; Crouch and
others, 1984). These features are widespread in west-central California from
the foot of the continental slope to the San Joaquin Valley. Individual
ranges are similarly oriented; these include the Diablo, Temblor, Gabilan,
Santa Cruz, and Santa Lucia Ranges. The causes of compression transverse to
the plate boundary are not fully understood. A misfit between the azimuth of
the San Andreas fault vis-a-vis the direction of relative plate motion may be
a factor, as well as extension in the Basin and Range province (Minster and
Jordan, 1984). A change in Pacific plate motion 5 m.y. BP has been documented
by Cox and Engebretson (in prep.), and this (perhaps in conjunction with the
above-mentioned influences) seems to have played a critical role, judging from
the timing of the tectonic activity in question. Possibly this is one of the
ultimate causes of the Coalinga earthquakes.

Concluding Remarks

There is abundant evidence for recent (probably ongoing) compressional
deformation, both oblique to, and normal to, the plate boundary. Structural
geometry suggests that the surface of the basement cannot be folded in
conformity with near-surface anticlines, thus implying decollement or
Tow-angle thrusting. The tectonic contact (Coast Range thrust?) between the
Franciscan Complex and Great Velley sequence is the principal exposed
structural feature that might flatten at depth to become a major quasi-
horizontal locus of slippage. Any other gently-dipping major faults that may
exist at depth have not been identified at the surface. However, reverse
faults and thrusts of moderate size offset Neogene and older rocks in many
places. Several of these are nearly parallel with the San Andreas fault, like
the unseen active faults interpreted from Coalinga earthquake focal mechanisms.

The widespread occurrence, and the youthfulness, of compressional features
(some wrench-type and others that are parallel with the SAF) suggest that
Coalinga-type earthquakes may occur in other parts of west-central California.
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Velocity Structure near Coalinga, California
by
Allan Walter
U. S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025

Seismic refraction traveltime data collected by the U.S5.G.S. along two
profiles (Figure 1) across the hypocentral region of the Coalinga earth-
quakes have been partially modeled by 2-D ray-tracing techniques. North of
Coalinga, an E-W profile extends from the Diablo Range eastward into the San
Joaquin Valley. East of Coalinga, a NW-SE profile extends south along State
Highway 33. A brief description of the profiles including an interpretation
of the first arrival data is available in Walter and Mooney (1983). Tables
of the shot and station data, location maps, and record sections are all
available in an open—-file report (Colburn and Walter, 1984).

The velocity structure derived for the east-west profile (shotpoints
9-12) is presented in Figure 2. 1In the San Joaquin Valley the velocity of
the Quaternary and Tertiary strata increases from 1.7 km/s at the surface to
about 3.6 km/s at 3 km depth. Near the base of the Tertiary section, top of
the Cretaceous Great Valley Sequence ( 'VS), the velocity increases abruptly
to 4.0-4.3 km/s. With increasing dept. of burial the velocity of the GVS in
the valley increases to 4.9 km/s. Locally some thin units have lower veloc-
ities probably resulting from higher pore pressures. In the center of the
San Joaquin Valley, the GVS overlies a basement with a velocity of 6.3-6.4
km/s, indicative of a mafic composition. Between shotpoints 9 and 10, the
dip of the basement is less than 5 degrees. Westward of SP 10 the mafic
basement plunges from 6.0 km depth to about 15 km depth beneath the Diablo
Range; the location of this change in basement geometry coincides with the
axis of the valley magnetic high,

In the Diablo Range a wedge of 5.7-6.0 km/s rocks, most probably Fran-
ciscan, lies between the GVS exposed at the surface and the mafic basement
layer. The position of the boundary separating the GVS and Franciscan wedge
beneath Anticline ridge is not well constrained by the data, but the depth
to the top of the wedge, about 6 km at SP 12 (Figure 2), increases eastward
to a junction with the mafic basement. The Franciscan wedge in the model
does not extend east beneath the San Joaquin Valley. Just east of the
anticline (SPll), travel time delays (Figure 5-8) require a basin containing
several additional kilometers of 5.0 km/s strata probably associated with
the GVS.

At equivalent depths of burial, the velocities of the lower GVS units in
the Diablo Range (4.8-4.9 km/s) are higher than those found for the GVS
farther east in the San Joaquin Valley (4.0-4.3 km/s). The east-west
refraction data (Figure 3) do not show clear evidence for a low velocity
zone (LVZ), however data recorded along the NW-SE profile (Figure 4) do show
evidence for a LVZ located within the GVS beneath the Pleasant Valley
syncline west of SP 1l1.

Figure 5 shows the velocity cross—-section inferred for the NW-SE
profile. This cross—section extends from SP 13 across Joaquin Ridge and
down the axis of the syncline to SP 15 (Figure 1). The velocity structure
is similar to that described for the east-west profile. The top of the
Franciscan lies at about 7.5 km depth and the mafic basement is at 15 km
depth., The refraction data from SP 13 and SP 14 show the presence of a
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velocity inversion at 2.4 km depth in the GVS beneath Black Mountain on
Joaquin Ridge. This LVZ correlates with a zone of high fluid pressure
encountered in a nearby ARCO well (R. F. Yerkes, pers. comm.). The top of
this LVZ plunges into the syncline to a depth of 3.4 km at the intersection
with the E-W profile, thus, the LVZ may be stratigraph— ically controlled.
The velocity within the LVZ is lower (4.2 km/s) south of axis of Joaquin
Ridge. The LVZ is less than 2 km in thickness and does not appear to extend
west of the Pleasant Valley syncline; it may extend east— ward at greater
depths into the San Joaquin Valley.

Figures 6 and 7 show the locations of some of the larger Coalinga after-
shocks (J. Eaton et. al., 1983) projected onto the plane of the respective
velocity cross—sections. Note that the majority of earthquake locations lie
within the Franciscan wedge near its eastern termination.

A better fit of the travel time data is possible, so the velocity model
should not be taken literally as correct, but rather as suggesting the gross
velocity structure. Overall, the Coalinga E-W velocity model (Figure 2) is
strikingly similar to the preliminary E-W velocity model derived for a
refraction profile recorded along reflection line SJ-6 across the San
Joaquin Valley and the Diablo Range 50 km farther south (Wentworth et. al.,
1983).
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TECTONIC SETTING OF THE 1983 COALINGA EARTHQUAKES
FROM SEISMIC REFLECTION PROFILES:
A PROGRESS REPORT

Carl M. Wentworth, Mark D. Zoback and J. Alan Bartow

U.S. Geological Survey
Menlo Park, California 94025

INTRODUCTION

The 1983 Coalinga earthquakes occurred at the east margin of the uplifted
Diablo Range where the range abruptly narrows southeastward and its bold east
front is replaced by the Coalinga-Kettleman Hills-Lost Hills anticlinal
trend. East-west seismic reflection profiles, recorded across both the
Coalinga epicentral area and the Coast Range-Great Valley boundary 65 km to
the southeast and 140 km to the northwest, all suggest eastward-directed
thrusting at that boundary. This thrusting is inferred during emplacement
(obduction?) of the Franciscan assemblage, near the beginning of the Tertiary,
and subsequently, including considerable movement in the Plio-Quaternary.

Profiles SJ-6, SJ-19, and SJ-3 (see fig. 1 for locations) are 6-second,
24-fold, VIBROSEIS records that were purchased from Western Geophysical
Company and reprocessed to 12-seconds. Profile CC-1 (located 73 km northwest
of the northwest margin of fig. 1) is a 15-second, 133-fold, VIBROSEIS record
collected for the USGS by Geophysical Systems Corporation, using 800 channel,
sign-bit recording. Work is still underway on processing and interpreting the
records.

COAST RANGE-GREAT VALLEY BOUNDARY

An abrupt and fundamental structural change occurs across the boundary
between the Diablo Range and the San Joaquin Valley. Beneath the valley, a
regional unconformity dips gently southwestward at the base of similarly
dipping Upper Cretaceous and Cenozoic strata and reaches depths of 5-10 km at
the west side. The thickness of Cretaceous strata beneath the west side of
the San Joaquin Valley ranges from about 1.5 to 4 km. Immediately to the west
in the Diablo Range, the Cretaceous (and locally Jurassic) Great Valley
sequence stands nearly on edge, dips steeply northeastward toward the valley,
and has a minimum stratigraphic thickness ranging from 3 to 8 km (exposed base
is everywhere faulted). The Mesozoic sedimentary section is thus abruptly
thickened and upturned westward across the boundary. Uplift of the Diablo
Range associated with this upturning has raised the base of the Great Valley
sequence as much as 8 km above its position beneath the west edge of the
valley. The abrupt westward thickening of the Great Valley sequence remains a
persistent and puzzling problem.

SOUTH END OF KETTLEMAN HILLS

An interpretation of reflection profile SJ-6 (fig. 2, and Wentworth and
others, 1983) shows the prominent fold of Kettleman South Dome, with Pliocene
and Quaternary strata thinned against its east flank as it grew. The base of
the Great Valley sequence west of Kettleman Hills is repeated by eastward-
directed thrusting that folded South Dome during the Pliocene-Quaternary.
This folding required about 2 km of horizontal shortening. The configuration
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of the thrust and the implied offset is uncertain. USGS experimentation with
migration of the reflection record (J. Rector and R. Williams, written
commun., 1984) suggests a steeper dip and smaller offset for the thrust and
also clouds the evidence for the northeast-dipping reverse faults shown in
figure 2 beneath the anticline.

Mafic basement (velocity of 6.5 km/s) plunges westward from 9 km at the
valley margin to 15 km beneath the Diablo Range, with much of the space above
occupied by a wedge of material having a velocity of about 5.7 km/s, which is
appropriate for Franciscan rocks. This relation implies thrust emplacement of
a wedge of Franciscan rock over the same basement that bears Great Valley
sequence farther east and beneath the peeled up Great Valley sequence of the
Diablo Range (Wentworth, Walter, Zoback, and Blake, 1983).

CENTRAL DIABLE RANGE

Preliminary interpretation of reflection profile CC-1 (fig. 3) also shows
a simple, west-dipping valley basement, which reaches a depth of about 6 km at
the structural trough (km 36, fig. 3) near the valley margin, where the upper
Cretaceous section is 4 km thick. Farther west, the section bends upward
slightly and extends beneath the leading edge of the Diablo Range (km 24, fig.
3), where steeply east-dipping Great Valley sequence is exposed at the
surface. A prism of 5.6-5.8 km/s material, again inferred to be Franciscan
rocks from the velocity, lies between this slightly upturned Great Valley
sequence and faster underlying basement, in much the same fashion as the
Franciscan(?) wedge in figure 2. The Great Valley sequence exposed here in
the Diablo Range is 7-8 km thick, twice as thick as the upper Cretaceous
section beneath the range front (km 24, fig. 3). At the surface, just north
of the mouth of Garzas Creek where the reflection line runs (see Jennings,
1977), the attitude of the Eocene Kreyenhagen formation defines an abrupt
hinge between 60° easterly dips in the range and 10° dips in front of the
range. This hinge, faulted or not, must extend down and westward beneath the
range to account for the penetration of flat dips beneath the range front.

The Ortigalita fault raises Franciscan rocks against Great Valley
sequence, probably through eastward-directed thrust or reverse faulting. In a
fashion somewhat similar to that shown in figure 2, this faulting should

repeat the base of the Great Valley sequence, now eroded from the crest of the
range.

In the core of the Diablo Range, strong, moderately east-dipping
reflections beneath exposed Franciscan may lie within a thick Franciscan
terrane, as suggested by the refraction interpretation of Walter and Mooney
(1982), or may define the base of an unexpectedly thin Franciscan. Indistinct
eastward continuation of these reflections in the record suggest that this
east-dipping feature plunges to a depth of at least 15 km. Comparisons with
the SJ-6 and SJ-19 sections (figs. 2 and 6) suggest that Franciscan rocks also
extend to a depth of about 15 km here. The east-plunging feature would then
probably represent a Cenozoic thrust that post-dates emplacement of the
Franciscan(?) wedge.
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COALINGA EPICENTRAL AREA

The Coalinga area marks the change from a wide, massive Diablo Range
cored by exposed Franciscan rocks on the northwest to a narrow, complex Diablo
Range flanked by the Coalinga-Kettleman Hills-Lost Hills anticlinal trend on
the southeast (fig. 1). Coalinga anticline occurs at this transition, rising
north-northwestward up onto the southern flank of the northwesterly trending
Joaquin Ridge anticline (fig. 4). Like Kettleman South Dome (fig. 2),
Coalinga anticline seems to have grown largely in Pliocene and Quaternary
time, although Joaquin Ridge anticline has a longer history.

Interpretation of two reflection profiles that cross the nose, SJ-3 and
SJ-19 (fig. 5), including correlation with the stratigraphy encountered in
several nearby oil wells, reveals some of the details of structure and
stratigraphy. A Cenozoic stratigraphic section that is about 4.5 km thick
beneath the valley thins and is uplifted westward across the folds and into
the Diablo Range. About 1.5 km of Upper Cretaceous strata (Moreno and Panoche
formations) are present above crystalline basement in the San Joaquin Valley
40 km east of Coalinga anticline, compared to an exposed section of Great
Valley sequence about 8 km thick in the range to the west. The records are
difficult to interpret below the top of the Panoche formation: deep structure
is only partly represented and simple layered reflections contain a major
tectonic boundary. In concert with the nearby refraction velocity model (A.
Walter, this volume; see fig. 4 for location), however, important deep
structure can be extracted from the reflection profiles.

Partial interpretations of profiles SJ-3 and SJ-19, prepared without the
aid of the refraction model, are shown in figure 5 to illustrate changes along
strike. Figure 6 presents a more complete interpretation of SJ-19 that is
based on reevaluation of the reflection record in the context of the
reflection model. We assume, in comparing the reflection and refraction
profiles, that strike is parallel to the axis of Coalinga anticline.

It is important to identify the base of the sedimentary section as a
constraint in interpretation. The top of basement beneath the Panoche
formation seems evident at the east end of SJ-19, where a strong reflection
approximately coincides with the equivalent basement in the refraction model
and with basement extrapolated from well control to the east. There are,
however, discontinuous layered reflections below this horizon that define
interval velocities of 4.5 to 5 km/s and extend to a depth of almost 10 km.
The base of the Panoche here may thus be an unconformity within the Great
Valley sequence, with more sedimentary rocks below, as implied by the interval
velocities and the refraction results. The deep, half graben of Fielding and
others (1984) may represent this underlying sedimentary prism, which probably
is pre-Panoche Great Valley sequence.

At the west end of SJ-19 and SJ-3, concentric layered reflections about
3-seconds thick beneath the Panoche top extend eastward beneath Coalinga
anticline. Using a velocity of 4.5 km/s, these layered reflections extend to
at least 10 km and possibly as much as about 13 km. Thus there is more than
sufficient space to accomodate the whole 8 km of Great Valley sequence that is
exposed to the west. If the refraction model is even approximately correct,
however, the base of the Great Valley sequence must lie well up in the
interval represented by these layered reflections. The deeper reflections

21



must then be from Franciscan rocks. These relations make the Great Valley
sequence only 3 km thick beneath the syncline and anticline, compared to a
thickness of about 5 km east of the anticline (Panoche plus underlying 5 km/s
prism).

The refraction model (fig. 6) defines in its west half an eastward
thinning wedge of 5.8 km/s material that, because of its velocity, we infer to
be Franciscan. The top of this wedge corresponds to a prominent reflection
beneath Coalinga anticline in SJ-19. Steps in this reflection imply faults
that can be fit by principal northeastward-directed thrusts and subordinate
antithetic thrusts. These faults lie beneath, and are presumably associated
with, the northwest-striking anticline (fig. 4).

Coalinga anticline changes amplitude dramatically along its length, as
shown by the structure contour map (fig. 4) and by the two reflection profiles
(fig. 5)=--about 2.5 km on SJ-19 and almost 4 km on SJ-3, measured at the base
of the Moreno formation between the crest of the fold and the base of its
northeast limb. Relief across the fold is accomplished in two distinct steps
or tiers, the lower of which shows about the same amplitude, 1.5 km, on both
profiles. Pleasant Valley syncline expresses only the amplitude of the upper
tier of the anticline, which probably developed separately from the lower
tier. Each tier is probably associated with separate, underlying thrusts.
Just how these thrusts and fold tiers relate to the northwest and north-
northwest trends of folding is not clear: SJ-19 crosses northnorthwest-
trending Coalinga anticline, whereas SJ-3 shows the lower tier on the nose of
northwest-trending Joaquin Ridge anticline (fig. 4).

The position of the tip of the Franciscan(?) wedge beneath undeformed
strata east of the anticline as shown in figure 6 seems inconsistent with
folding of the anticline by thrusting associated with the wedge. One
explanation, which would also account for the smaller thickness of Great
Valley sequence beneath the folds than farther east, is that the Franciscan

wedge splits the sedimentary section and overlies at least 2 km of Great
Valley sequence.

RELATION TO 1983 COALINGA EARTHQUAKES

The 1983 Coalinga main shock is consistent with the northeast-directed
thrusting inferred above. That earthquake involved northeast-southwest
compression and rupture on a plane striking northwest and dipping either 67°
NE or 23° sw (Eaton, Cockerham, and Lester, 1983). The hypocenter lies at a
depth of about 10 km beneath the crest of the anticline (figs U4 and 6).
Northeast-directed thrusting would require that the gently southwest-dipping
focal plane of the main shock be selected (fig. 6), rather than the steeply
northeast-dipping plane favored by Stein's modeling of co-seismic surface
deformation (this vol., and 1984). If the thrusts in figure 6 flatten down
dip to the southwest, a thrust drawn through the hypocenter would have a shape
similar to that of the thrust alternative that most closely fits the surface
deformation in Stein's modeling.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTIONS

Geologic map of the Kettleman Hills-Coalinga region. Locations of
seismic reflection lines SJ-3, -6, and -19 are shown relative to
the Coalinga-Kettleman Hills anticlinal trend, the uplifted
Franciscan assemblage and Great Valley sequence exposed in the
Diablo Range, and the 1983 main-shock epicenter.

Interpretation of reflection profile SJ-6 from Wentworth and others
(1983). Basement and Franciscan assemblage based in part on
associated refraction velocity model. Note the two-fold vertical
exaggeration.

Preliminary interpretation of reflection profile CC-1. Profile
lies 140 km northwest of profile SJ-19 along Garzas Creek and
highway 140 (see Jennings, 1977). Velocity structure 6 km east of
west end of profile taken from Walter and Mooney (1982); pi symbols
mark deep boundaries in that velocity model, which crosses this
profile at a high angle. Surface attitudes shown at range front
(km 24). West-dipping queried faults and steeply east-dipping
layering in Great Valley sequence not evident in reflection record.

Structure map on top of Kreyenhagen. The top of Eocene strata
(Kreyenhagen formation) represents the deepest structural horizon
for which drill-hole control is abundant. Similar structure
extends downward at least another half kilometer to the top of the
Cretaceous Panoche formation. Surface geology not shown above
Kreyenhagen in contoured area. Epicenter location of the Coalinga
main shock from Eaton and others (1983), reconfirmed July, 1984
(Eaton, oral commun.).

Interpretations of reflection profiles SJ-3 and 19, independent of
refraction velocity model. Velocities shown are those used to
correct time to depth and are based partly on reflection interval
velocities and partly on geologic interpretation. Velocity
structure in the upper 5 km fairly well constrained by reflection
data.

Refraction velocity model and associated reflection interpretation
along profile SJ-19. Refraction model from A. Walter (this

vol.). Velocities above 5 km in reflection model are based on
reflection interval velocities, those below are taken from
refraction model. "Deepest event" marks deepest clear reflection
in 12-s reflection record, Coalinga main-shock hypocenter and
southwest-dipping focal plane (Eaton and others, 1983) projected to
this W-E section parallel to the anticline axis.
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Basement Faults Beneath the Western Great Valley of California
Based on COCORP Seismic Reflection Profiles near Coalinga

Eric Fielding and Muawia Barazangi
Department of Geological Sciences
and
Institute for the Study of the Continents
Cornell University
Ithaca, New York 14853

Summary

COCORP, the Consortium for Continental Reflection
Profiling, collected deep seismic reflection profiles along
two lines in the Coalinga area of central California during
May and June of 1977 (see Figure 1). These reflection data
shed some light on the deep Cenozoic and Mesozoic structures
in the subsurface and suggest the existance of basement faults
beneath the 1983 Coalinga earthquake sequence, and the western
San Joaquin Valley. The collection and processing of the
reflection data are covered in more detail in Fielding and
others (1983), and the geologic background and stratigraphic
interpretation of the data are covered in Fielding and others
(1984); these topics will be covered only briefly here.

The COCORP data are most consistant with faulting on the
high-angle nodal plane of the May 2, 1983 main shock focal
mechanism (see Figures 2, 4 and 5), and the continuity of
reflections from the folded sedimentary layers across the axis
of the Coalinga Nose-Kettleman Hills North Dome (KHND)
anticline indicates that major movement on faults has not
broken through about the upper 6 km of the sedimentary section
at the latitude of the COCORP lines. The presence of
low~angle, southwest-dipping thrust faults to the southwest of
the Coalinga Nose anticline is ruled out in the upper 8-10 km
by the continuity of reflections from presumed sedimentary
layering (see Figures 2, 3 and 4). A southwest-dipping thrust
fault deeper than 10 km cannot be ruled out, but there are no
deeper reflections in the COCORP data to suggest such a fault.

We have interpreted and inferred several faults beneath
the axis of the San Joaquin Valley, with significant movement
during the Cretaceous, as high-angle normal faults that
affected the basement and the overlying sediments. The Late
Cenozoic and ongoing surface folding and subsurface reverse
faulting, highlighted by the recent Coalinga earthquake
sequence, may be the result of the reactivation of these
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inferred high—angle basement faults; hence pre—existing
faults may be controlling the compressional deformational
style of the western Great Valley in the Coalinga area.

Discussion

Figure 1 shows the locations of the two COCORP Coalinga
lines on a tectonic map of the area with structural contours,
faults, fold axes, and the May 2, 1983 main shock location and
focal mechanism and the preliminary spatial extent of the
aftershock zone (Eaton, 1983; Reasenberg and others, 1983).
The main, 50 km long, east-west Line 1 runs from the hills
southwest of the city of Coalinga, due east across the
Coalinga Nose—-KHND anticline, and out into the San Joaquin
Valley. It passes about 15 km to the southeast of the May 2
main shock epicenter along the strike of the Coalinga Nose
anticline (also called Anticline Ridge), and crosses the
southern end of the aftershock zone. Note that there is about
2 km of plunge and a considerable decrease in amplitude along
the fold axis, as shown by the structural contours on the
Eocene Kreyenhagen formation, derived from the closely spaced
0il wells of the Coalinga and Kettleman Hills oil fields
(Figure 1); this would suggest that the underlying fault
offset is less and/or deeper than it is where the main shock
occurred.

The short, 15 km north-south crossline, labelled Line 3,
starts at the base of KReef Ridge, southeast of Coalinga, and
runs due north across the end of the Kettleman Hills North
Dome. Common depth point, or CDP, coverage on Line 3 extends
only to vibration point 113, or VP 113--the station numbering
used on this and the other figures—--so the CDP stack does not
quite cross Line 1. The results presented here are from
extensive reprocessing done on the Megaseis computing facility
at Cornell University during 1982 and 1983--before and after
the May 2 main shock—--and followed a standard processing
sequence. A detailed stacking velocity (approximately equal
to RMS velocity for shallowly dipping layers) analysis was
performed; a plot of the interval velocities derived from the
processing of Linme 1, can be found in Fielding and others
(1983).

Figure 2 shows the CDP stack for Line 1. The scale is
approximately equal for the horizontal and vertical axes,
assuming a velocity of 4 km/s (close to the average velocity
of the sedimentary section) for the conversion of the two-way
travel time to depth. There are several caveats to remember
in the interpretation of these data. Because the dominant
frequency of the reflections detected in these data is 10-15
Hz, with a wavelength of 200-400 m, the resolution of these
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data is about 50-100 m. Fault offsets or other structures
smaller than 50 m or 1/4 wavelength might not be detectable.

Figures 2 and 3 show unmigrated CDP stacks, which means
that dipping reflections are apparently displaced down-dip,
and appear to have shallower dips than the true position of
the reflectors in the earth. In addition, Lines 1 and 3 cross
the Coalinga Nose-KHND structure at about 40 and 50 degree
angles, respectively, so that the reflection points are
probably not directly below the surface traces of the lines,
For Line 1, this means that the east-dipping reflections are
actually bouncing somewhat south of the line, and appear to
have slightly shallower dips than they would if they were in
the plane of the section. The combined corrections for the
migration and the off-strike section take reflections with
apparent dips of 20 degrees to true dips of about 35 degrees.

Figure 3 shows the unmigrated CDP stack for Coalinga Line
3. This crossline runs from the steeply dipping strata of the
Reef Ridge anticline, due north across the north end of the
Kettleman Hills North Dome. The continuity and slight north
dip of the sedimentary reflectors across the syncline here
clearly rules out a southwest-dipping thrust fault, at least
in the upper 5-6 s, or down to about 8-10 km depth,
Subhorizontal reflections are assumed to be from the same
sedimentary section as is interpreted beneath about VP 90 of
Line 1.

Figure 4 shows the interpretation of Coalinga Line 1.
The strong reflectors in the Tertiary section are shown in
this figure with their identified ages only, derived from the
exposed surface geology off the west end of the line, and from
several nearby o0il wells (see Fielding &nd others, 1984 for
the geologic map and stratigraphic description). In the lower
part of the section, consisting mostly of the Upper Jurassic
through Cretaceous Great Valley Group, the seismic data have
been abstracted as a line-drawing. No wells have penetrated
deeply into the Cretaceous section, so the exposed thickness
of 8-10 km has been projected down-dip from the hills west of
Coalinga, placing the approximate bottom of the sedimentary
section and the top of basement at the depth indicated by the
dashed line, where projected down-dip, and the dotted line,
where inferred from the deepest reflections received.

Notice the offset between event A and '‘event B, which are
correlated as the same stratigraphic horizon by their seismic
expression; this offset requires about a kilometer of
movement on an inferred fault. The best fit to the observed
truncations, and to the folding of the overlying sediments is
with a high-angle normal fault dipping to the east. The dip
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and, especially the strike, are not well constrained. In
addition, strike-slip movement on the basement faults cannot
be detected in the seismic data.

To the west of events A and B on Line 1, there is a
wedge—-shaped package of reflectors which dip increasingly
westward, extending to event C. A migrated version of this
feature can be found in Fielding and others (1984). The
tilting of the probably Cretaceous sediments in this wedge
requires significant rotation of the underlying basement, at
least 30 degrees, depending on the unconstrained strike of the
dipping strata. The wedge has a seismic expression similar to
half-grabens imaged on other reflection profiles, and occurs
in the same position as a wedge of material with velocities
near 5 km/s shown on the U.S.G.S. refraction line some 15 km
to the north (Walter, this volume; Wentworth and others, this
volume). The essentially undeformed overlying Tertiary
section indicates that fault movement on both of the
interpreted basement faults described above ended before the
Tertiary (see Figures 2 and 3).

The fault beneath the Coalinga Nose anticline, shown in
Figure 4, is inferred from several sources: from the COCORP
data, the focal mechanism of the 1983 Coalinga main shock from
Eaton (1983), and dislocation modelling of coseismic elevation
changes by Stein and King (1984). COCORP lines 1 and 3 show
continuous reflections from the apparently little deformed
sedimentary layering of the Great Valley Group and the
Tertiary section to the west and south, respectively, of the
Coalinga Nose-KHND anticlinal axis to depths of about 6
seconds two-way travel time or 8 to 10 km (Figures 2 and 3).
This rules out significant fault offsets greater than the
approximate 50-100 m resolution of the reflection data within
the observed sedimentary section. Beneath the sedimentary
reflectors, extensive reprocessing of the reflection data
revealed no evidence of any southwest dipping reflections, as
might be expected if there were a low-angle fault zone at
depth. Seismic retlection data has been very successful in
imaging low-angle faults in other areas (e.g., Wentworth and
others, 1983; and this volume; Allmendinger and others,
1984), so the absence of reflections here may be significant,
assuming that some seismic energy is penetrating through the
thick overlying sedimentary section.

The shape of the Coalinga Nose-KHND anticline both
outcropping at the surface and revealed in the seismic
reflection lines across the fold axis is quite similar to
forced folds and drape folds seen on seismic lines in the
Laramide province (e.g., Sacrison, 1978). Because there is
good evidence for high-angle Cretaceous basement faults
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beneath the sedimentary section just 10-15 km to the east of
the CN-KHND axis, the simplest interpretation of the 1983
Coalinga main shock focal mechanism is that movement occurred
on the high-angle northeast-dipping nodal plane determined by
Eaton (1983; see Figure 1). As described in detail by Stein
and King (1984), the repetition of about a thousand
earthquakes of the magnitude of the 1983 earthquake would
produce the observed fold amplitude and shape.

Reflections from a fault with a 50 or 60 degree dip would
probably not be detected on a seismic reflection line, and if
it were, it would appear displaced significantly down-dip to
the northeast on the unmigrated seismic sections. As
mentioned earlier, the continuity of reflections from the
sedimentary layers folded over the anticlinal axis rules out
large (> 50 m) fault displacements certainly in the upper 4
km, and probably in the upper 6 km, where the fold is crossed
by COCORP line 1. This is consistent with the elastic
dislocation modelling of the coseismic surface deformation
measured on levelling lines and long-term deformation of
terraces along streams which cross the Coalinga Nose (Stein
and King, 1984).

Figure 5 shows two highly schematic cross-sections along
Line 1, portraying two of many possible geometries of basement
faults, which satisfy the observed structures in the overlying
sedimentary section shown in the COCORP data. Cretaceous
faults in the preferred figure 5a are high-angle normal
faults, and would be similar to growth-fault adjustments seen
in other deep sedimentary basins. Cretaceous listric
reverse—-faults and/or strike-slip faults could also explain
the rotation and deformation of the Cretaceous strata, as
shown in figure 5b. In both cases, the pre-existing faults
may be controlling the deformational style of the Pliocene to
Recent folding of the Coalinga Nose-KHND anticline.

It is not unreasonable to compare the general active
deformational style of the Coalinga area, and possibly the
whole western Great Valley, to the active deformation of the
Zagros fold belt in western Iran. The Zagros orogenic belt is
the result of the Miocene to present continental collision of
the Arabian plate with the Iran crustal blocks at the edge of
the Asian plate. Shortening of the Zagros belt is being
accomodated both by folding of the relatively thick (6-10 km)
sedimentary section, and by thrust faulting of the basement,
as indicated by numerous medium-sized earthquakes. The
basement faulting in the Zagros appears to be strongly
decoupled from the overlying folded sedimentary section by a
relatively thick (about 1 km) salt layer located at the base
of the sedimentary cover. As appears to be the case in the
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Coalinga earthquake sequence, the main shocks of medium-sized
(Mg= 6-7) events in the Zagros are located in the uppermost
part of the basement and are not associated with surface
faulting; however, many attershocks do occur within the
overlying sedimentary section. Hence, it is tempting to
speculate that numerous, and mostly unmapped, active faults
may exist beneath the western edge of the Great Valley. The
seismic hazard potential of such "blind" faults should be
carefully evaluated.
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Figure Captions

Figure 1:

Generalized tectonic map of the Coalinga area, showing
location of COCORP lines, major faults and fold axes,
topographic contours (dashed), 500m structural contours
on top of Eocene Kreyenhagen formation derived from wells
in Coalinga and Kettleman Hills o0il tields, location and
focal mechanism of May 2, 1983 Coalinga earthquake main
shock and its aftershock zone through June 12, 1983.

Figure 2:
COCORP Coalinga Line 1: time section is not migrated or
deconvolved. Trace amplitude balancing with a window of
0.5 s applied before stack. High-amplitude, continuous
reflections are from Lower Tertiary section. Note
structures in Cretaceous section reflectors beneath the
strong Tertiary reflections.

Figure 3:
COCORP Coalinga Line 3: time section is not migrated or
deconvolved. Trace amplitude balancing with a window of
0.5 s applied before stack. Note sharp upwarping toward
Reef Ridge on south end and limb of Kettleman Hills North
Dome on north end. Relatively continuous, presumably
unfaulted, reflectors can be seen down to 5-6 s (10-12

km) in syncline in the middle of the line.

Figure 4:
Interpretation of COCORP Line 1 (unmigrated), showing
surface topography and geology, stratigraphic
interpretation of reflections from the Cenozoic section,
line drawing abstracted from deeper reflections
intepreted as from the Great Valley Group, inferred
basement faults and approximate location of basement
(dashed where projected and dotted where inferred). Note
offset between events A and B, and wedge-shaped package
of reflectors extending to event C. Wells projected onto
section are identified in Fielding (1984).

Figure 5:
Schematic drawings of two possible interpretations of the
subsurface structure and tectonic setting of the Coalinga
area, consistent with the COCORP data on the overlying
sedimentary section. Basement faults deformed the Great
Valley Group, and one may be reactivated under the
Coalinga Nose anticline.
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REGIONAL SEISMIC BACKGROUND OF THE MAY 2, 1983 COALINGA EARTHQUAKE

J. P. Eaton

U.S. Geological Survey
Menlo Park, California 94025

ABSTRACT

Seismicity in the central and southern Coast Ranges for the 11 years prior
to the 1983 Coalinga earthquake is examined along with focal mechanisms of
selected large recent earthquakes in the region. A preliminary model is pro-
posed for the process that generates reverse and thrust fault earthquakes
along east and west flanks of the Coast Ranges. The cause of such earthquakes
appears to be a component of convergent displacement across the San Andreas
transform system in the southern Coast Ranges. The earthquakes with reverse
and thrust focal mechanisms are found in regions with a distinctive cluster
pattern of seismicity, along the flanks of the southern Coast Ranges, that are
separated from the San Andreas fault by regions of relative quiescence. The
reverse and thrust fault earthquakes occur where detachment zones that 1lie
within a ductile lower crust beneath the center of the transform system pass
upward into the brittle crust along its margins. Convergence of the transform
system, together with regions of unusually strong materials in the brittle
upper crust flanking the San Andreas fault southeast of Cholame, may play an
important role in producing such large earthquakes in that region.

INTRODUCTION

The occurrence of the 1983 Coalinga earthquake was a surprise for several
reasons: no fault capable of producing an M6.7 event had been mapped in the
Coalinga region, the historical record does not place such a large earthquake
near Coalinga, and the pattern of recent seismicity in the region had not been
interpreted to indicate the presence of an active, undiscovered fault capable
of producing such an event. We shall pursue the last point by examining the
seismicity in the central Coast Ranges during the 11 years prior to the Coal-
inga earthquake to determine whether an uninterpreted warning lay hidden in
the seismicity data.

The primary data set we examine is the catalog of earthquakes Tocated by
the USGS telemetered seismic network from January 1972 through April 1983.
Because the network was reinforced and extended during these years the catalog
is not uniform in either spatial or temporal coverage. The numbers of sta-
tions in the northern subregion (Carquinez to San Benito) and the southern
subregion (San Benito to Santa Margarita) were, respectively, 54 and 24 in
1972, 73 and 52 in 1975, and 87 and 68 in 1982. C(Critical stations near Coal-
inga, including Anticline Ridge (PAR), were installed in 1975, and critical
stations near San Luis Obispo, including Santa Margarita (PMG), were installed
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in 1978. Because the network was initially designed to study the San Andreas,
Hayward, and Calaveras faults, station density was high near these faults and
low elsewhere, particularly along the edge of the Great Valley and along the
coast. Consequently, the ability of the network to detect and locate small
events in these last two regions, particularly in their southern parts, lagged
seriously behind the capability of the network elsewhere in the central Coast
Ranges during the entire period, 1972 to 1983. Moreover, the persistent con-
centration of small earthquakes along slipping segments of the major faults
noted above permits these segments to be delineated by seismicity in a rela-
tively short recording interval, whereas the intermittent, sparse earthquakes
in other parts of the region must be recorded over a much longer period to
accumulate a sufficient number of earthquakes to delineate the active struc-
tures from which they emanate.

Our presentation consists of an examination of three seismicity maps of
the central Coast Ranges and two maps portraying focal mechanisms of selected
large recent earthquakes in the Coast Ranges and Transverse Ranges. The first
seismicity map, figure 1, covers the period January 1982-April 1983 and shows
the regional distribution of earthquakes relatively unbiased by the evolution
of the network. The second and third seismicity maps cover the period January
1972-April 1983 and show the cumulative distribution of earthquakes in the
central Coast Ranges (figure 2) and the central Coast Ranges east of the San
Andreas fault (figure 3), respectively. These two figuraes are biased by the
loss of smaller earthquakes along the coast and along the edge of the Great
Valley. The first focal mechanism map (figure 4) shows first motion solutions
and P-axis orientations; the second (figure 5) shows the orientation and dip
of the focal planes believed to correspond to the fault planes as well as the
corresponding relative displacements on the faults.

SHORT-TERM SEISMICITY PATTERN

Central Coast Range earthquakes for the 16 months preceding the Coalinga
earthquake are plotted in figure 1. The 500' elevation contour is the approx-
imate boundary between the Coast Ranges and the Great Valley. The directions
N41°W and N35°W correspond, respectively, to the average strike of the San
Andreas fault between Cholame and Hollister and the relative motion between
the Pacific and North American plates in the same region derived by Minster
and Jordan (1978) from a global inversion of plate motions from which data on
the San Andreas fault were excluded.

In its general appearance, the short-term pattern of seismicity shown in
figure 1 is very similar to that for any comparable time interval from 1970
onward. Such maps for earlier times, however, are relatively poorer in events
in the southern parts of the coastal and Great Valley margin regions because
of the inadequacy of the network in those regions in earlier years. The pat-
tern of seismicity revealed by comparison, in 1978, of yearly plots from 1970
through 1977 suggested (Eaton, 1985) that they were composed of several types
of epicenter distributions:

1) Tlinear concentrations of epicenters of rather uniform density, along

selected portions of the principal faults of the region, which are repeat-

ed with 1ittle variation from year to year,

2) episodes of seismicity that spring up suddenly and then die out slowly

over a period of a year or more; these episodes are moderate, isolated

earthquakes and their aftershocks, and they occur both on and off well

45



recognized fauits,
3) scattered epicenters throughout seismically active portions of the

Coast Ranges from the Pacific shoreline to the western edge of the Great
Valley.

In figure 1 the principal linear concentrations of epicenters along mapped
faults are: 1) along the San Andreas fault from Parkfiela to Corralitos, 2)
along the Hayward fault east of San Francisco Bay, 3) along the Calaveras
fault from Hollister to the south end of San Francisco Bay, and 4) along the
Sargent fault. The cluster of events southeast of Idria on figure 1 repres-
ents the aftershock zone of the October 25, 1982 Idria earthquake (M5.5). The
scattered epicenters away from the principal mapped faults on figure 1 show
more clearly defined trends and clusters than was evident on earlier maps.
Such trends include one that lies east of Hollister and extends from San
Benito on the south to the junction of the Calaveras and Hayward faults north
of Hollister, another that parallels the coast from Pt. Sur to west of Bryson,
and another that extends from the southeast end of the Ortigalita fault to the
Idria aftershock cluster. Broader trends of activity composed of diffuse
patches of epicenters 1ie along the coast from Bryson to Santa Margarita,
along the western edge of the Great Valley from Idria to Devils Den, and east
of the Calaveras fault.

LONG-TERM SEISMICITY PATTERN

Coast Range earthquakes for the 1l-year period January 1972-April 1983 are
shown on figure 2, where nearly 13,000 events are plotted. The short-term
features that were evident in figure 1 are reinforced and extended in the Tong
term pattern; additional features well expressed in the long-term pattern were
not visible in figure 1. Such new features include the linear zones of epi-
centers along the San Andreas fault between Corralitos and San Francisco and
between Parkfield and Cholame, along the Palo Colorado-San Gregorio fault be-
tween Pt. Ano Nuevo and Pt. Sur, along other faults that are parallel to and
east of the Hayward fault in the region east of San Francisco Bay, and (prob-
ably) along a zone that runs diagonally across the Salinian block from
Monterey to Cholame.

Another striking feature of the overall pattern is the virtual absence of
activity along the San Andreas fault southeast of Cholame and along the edge
of the Great Valley southeast of Devils Den. Other regions of very low seis-
micity include the San Francisco Bay block between the San Andreas and Hayward
faults, a Targe quiet region east of the southern half of the Calaveras fault,
and most of the Salinian block between the San Andreas fault and the zone of
epicenters along the coast.

For a more detailed Took at the long-term pattern of seismicity in the
Coalinga region we turn to figure 3, which is an enlarged version of the
southeast quarter of figure 2. Here, we are interested primarily in the
region east of the San Andreas fault. As in the earlier figures, the 500'
contour marks the approximate boundary between the Coast Ranges and the Great
Valley. The main shock and aftershock zone of the 1983 Coalinga earthquake
are shown with dashed lines, ana the dates of occurrence of the more prominent
clusters are also indicated. Northwest of Idria seismicity drops off abruptly
east of a medial line striking N34°W that lies parallel to and just east of
the Ortigalita fault. West of the medial line northwest of Idria, epicenters
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are broadly scattered and clusters are not prominent. Southeast of Idria
clusters of events are prominent and most of the epicenters lie east of the
medial Tine. The Coalinga earthquake sequence was almost entirely contained
between the medial line and the 500' contour. The aftershocks filled in a
region of relative quiescence that was framea by the clusters of 1976, 1980,
and 1982. Another quiet zone of comparable size lies just east of Idria. It
is framed by the 1983 aftershock region and the clusters of 1975, 1974, and
1982. An even larger quiet zone lies between the 1983 aftershock zone and the
San Andreas fault.

If the medial line suggested by the distribution of epicenters east of the
San Andreas fault in figure 3 is extended to the northwest as shown with a
dashed line in figure 2, it passes through the easternmost linear concentra-
tion of epicenters (near Livermore) east of San Francisco Bay. The medial
line is very nearly parallel to the direction of relative motion between the
Pacific and North American plates. The pattern of seismicity in the central
and northern parts of figure 2 appears to be dominated by the branching of the
Calaveras and other faults off of the San Andreas. This process appears to be
responsible for the complexity of the seismicity pattern along and near the
major faults from San Benito northward and in the region east of the Hayward
fault. Other processes appear to dominate the pattern along the coast south-
east of Pt. Sur and in the southeastern Coast Ranges southeast of the San Luis
Reservoir. In a general way the seismicity patterns in these two regions are
similar. The most prominent features in the northern halves of these regions
are linear concentrations of epicenters in northwest-trending zones, between
Pt. Sur and Cape San Martin along the coast and between San Luis Reservoir and
Idria along the edge of the Great Valley. The most prominent features of the
southern halves of these regions are the broad clusters of epicenters between
Cape San Martin and Santa Margarita along the coast and between Idria and
Devils Den along the edge of the Great Valley. We suspect that these changes
in the pattern of seismicity in the regions boraering the San Andreas fault
are related to the change in behavior of the San Andreas itself from the
region northwest of Parkfield to the region southeast of Cholame: the trans-
ition from creep accompanied by frequent small earthquakes (unlocked) to no
creep with virtually no small earthquakes (locked).

FOCAL MECHANISMS IN THE SOUTHERN COAST RANGES AND TRANSVERSE RANGES

To search for the reasons underlying the changes in seismicity pattern
from northwest to southeast in the central Coast Ranges we turn to data on
focal mechanisms of 20, mostly recent, earthquakes in the southern Coast
Ranges and western Transverse Ranges. Except for the composite solution for
1966 Parkfield aftershocks, the first motion solutions are for individual,
mostly fairly large, events that were played back from magnetic tape for
analysis. The earthquakes were sufficiently well recorded at distances in
excess of 100 km that many Pn arrivals at a broad range of azimuths, as well
as refractions from shallower crustal boundaries and direct arrivals, were
used in the solutions. Most of the solutions are very well determined,
although some events along the San Andreas haa many systematically discordant
arrivals as a consequence of a horizontal contrast in velocity across the
fault. Details of the seven new solutions worked out for this paper are shown
in figure 6; details of the remaining solutions are given in the references
cited in table 1.
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Four of the events studied were on the San Andreas fault between Parkfield
and Corralitos, two were on the Calaveras fault north of Hollister, six were
along the coast between Santa Barbara and Monterey, three were from the region
along the edge of the Great Valley near Coalinga and preceded the Coalinga
earthquake, and five were from the Coalinga sequence itself. First motion
diagrams and P-axis orientations are shown in figure 4, and fault plane
orientations and slip directions are shown in figure 5.

The six solutions along the San Andreas and Calaveras faults indicate
right-lateral strike slip on near-vertical fault surfaces with strike and slip
directions that parallel the sections of the faults on which the earthquakes
occurred.

The six solutions along the coast show a progressive change from northwest
to southeast: Point Sur (840123), right-lateral strike-slip displacement on a
near-vertical fault with a location and orientation corresponding to the Palo
Colorado-San Gregorio fault; San Simeon (830829), right-oblique reverse slip
on a fault parallel to the coast (and the nearby offshore Hosgri Fault) and
dipping 55°NE; Point Sal (800529), thrust displacement on a fault striking
N62°W and dipping 34°NE; Santa Barbara (780813), left oblique reverse slip on
a fault striking N64°W and dipping 32°NE.

The solutions for the Coalinga region indicate a preponderance of reverse
faulting, but, otherwise, they are remarkably diverse. Inferred P-axis azi-
muths of the main Coalinga earthquake and of two of the three pre-Coalinga
earthquakes are nearly perpendicular to the San Andreas fault. The inferred
P-axis orientations of the Coalinga aftershocks vary systematically across the
aftershock zone: nearly east-west in the northwestern part to nearly north-
south in the southeastern part.

DISCUSSION

Effective use of seismicity data to predict the location of future earth-
quakes requires that such data be interpreted within the context of a specific
model that organizes and explains the existing data and provides a vehicle for
predicting future events in the modelled systems. Broadly, the global plate
tectonic model and the seismic gap approach to predicting earthquakes provide
a framework for the model we need, but they are not sufficiently specific to
be of practical use. On a gloabal scale the San Andreas fault system is a
simple transform fault along which the Pacific and North American plates move
past one another parallel to the fault. On a regional scale, that transform
is an extended zone of interaction between the Pacific and North American
plates, and it is very complex. It has a width that is a significant fraction
of its length, a complex internal structure that varies with position within
it, poorly understood transitions to other global structures at its ends, and
a poorly known variation of elastic properties with depth. Moreover, the
northern and southern parts of the zone are dissimilar, and there is a large
left-stepping offset in its longitudinal axis where it crosses the Transverse
Ranges.

We shall to outline a preliminary model for the central Coast Ranges that
encompasses (1) the seismicity and focal mechanism data presented above, (2)
the gross geologic features of the region, and (3) the general results of
detailed studies of earthquakes and crustal.structure in the region. The most
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important of these results are that, with rare exceptions, the deepest earth-
quakes in the central Coast Ranges are only about 12-15 km deep (Eaton, this
volume; Sibson, 1984) and that P-wave velocities appear to increase from near
6 km/sec to about 6.5 km/sec at that depth (Walter and Mooney, 1982; Walter,
this volume). The depth to the mantlie and the velocity of P-waves in the
upper mantle appear to vary across the region from less than 25 km and about
8.1 km/sec, respectively, along the coast to nearly 30 km and 7.9 to 8.0
km/sec, respectively, along the edge of the Great Valley (Oppenheimer and
Eaton, 1984).

The zone of interaction between the Pacific and North American plates
appears to extend entirely across the Coast Ranges. Earthquakes at depths of
a few km to about 12 km occur throughout the region, which implies that the
crust is being deformed and is both brittle and elastic in that depth range.
The heaviest concentration of small earthquakes is along sections of the major
strike-slip faults that currently are undergoing continuous or intermittent
creep. Along sections of these faults that are not presently creeping, earth-
guakes are sparse and somewhat scattered or they are virtually absent. At
intervals of a century or more, however, large sudden offsets accompanied by
major earthquakes occur when these locked sections of the faults move.

Studies of the distribution of earthquakes with depth on the major strike-
slip faults, using both Targe earthquakes and their aftershocks and the long-
term background of smaller earthquakes, show that the transition from the
seismic zone to the aseismic zone is abrupt (Sibson, 1984; Eaton and others,
1970; Cockerham and Eaton, 1984). A similar abrupt cutoff of seismicity below
about 12 km was observed for the Coalinga earthquake sequence, which occurred
near the edge of the Great Valley more than 30 km northeast of the San Andreas
fault and consisted almost entirely of reverse-fault events (Eaton, this
volume).

We interpret the foregoing observations to indicate that there is an
abrupt transition from brittle elastic behavior to ductile behavior at a depth
of about 12-15 km, at or near a transition from upper to lower crustail veloc-
ities (and materials?) throughout the central Coast Ranges (see aliso Sibson,
1982, 1984). Present evidence is insufficient to determine whether the
ductile zone is limited to the lower crust or whether it extends through the
upper mantle into the asthenosphere. In the former case, the relative motion
between the Pacific and North American plates in the upper mantle would,
presumably, occur along an earthquake-free (creeping) fault or along a narrow
ductile shear zone. In either case, the relative motion between the plates
would not be communicated directly to the brittle upper crust and expressed at
the surface as a major fault rooted in the interface between the two plates at
depth. The ductile Tower crust would proviae sufficient decoupling between
the upper mantle and the brittle upper crust so that the pattern of deforma-
tion in the heterogeneous upper crust would be strongly influenced by its
local physical properties and by the character of structures within it.

Particularly strong sections of the crust would resist internal deforma-
tion, and earthquakes would be concentrated along their boundaries. Weaker
portions of the crust could undergo internal deformation and generate earth-
quakes internally as well as along their boundaries. Once established as
zones of relative weakness, major throughgoing faults could remain active even
when the pattern of intra-crustal stresses was no longer optimum for their
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development. The entire brittle upper crust might indeed be rotated or pushed
lTaterally along subhorizontal zones of detachment in the Tower crust without
symptomatic earthquakes except where the detachment surface might pass upward
into the brittle crust.

Several features of the seismicity and focal mechanism maps for the
central Coast Ranges suggest the presence of a detachment zone beneath the
upper crust. Such features include the complex branching of major faults
northwest of San Benito and the mismatch between the strike of the San Andreas
fault and the direction of relative plate motion (N41°W versus N35°W) between
San Benito and Cholame. More important with regard to the Coalinga earthquake
is the evidence for reverse and thrust faulting along the flanks of the Coast
Ranges southeast of Cape San Martin and southeast of Idria (see also Crouch,
1984; Eaton, this volume). These are the two regions where the seismicity
maps show scattered large clusters of epicenters rather than the linear
concentrations which might suggest the presence of strike-slip faulting.

Focal mechanisms of large recent earthquakes in these regions are predom-
inantly thrust or reverse faults. We suggest that the distinctive pattern of
seismicity in these regions maps out reverse fault provinces. Earthquakes
scattered over a subhorizontal fault cutting upwara through the crust would
appear as a cluster of epicenters rather than a linear zone, as for a vertical
fault. The reverse faults along the margins of the southern Coast Ranges may
be rooted in detachment zones below 12 km depth, which may extend for some
distance back toward the San Andreas fault in the middle of the range. Crouch
and others (1984) suggested a detachment zone below about 12-15 km depth on
the basis of seismic reflection profiles across faults offshore between Point
San Luis and Santa Barbara.

The presence of zones of thrusting along both flanks of the southern Coast
Ranges suggests that there is a component of convergent movement between the
Pacific and North American plates across this part of the transform. Minster
and Jordan (1984) concluded that there is between 4 and 13 mm/yr compression
normal to the San Andreas fault across the fault system. The paucity of
earthquakes between the San Andreas fault and the flanking zones of reverse
faulting indicates that the crust is sufficiently strong and sufficiently
decoupled from the plates beneath it that it can resist internal deformation
while sustaining the compressive forces required to push its outer margins out
over the edges of the contracting transform zone. Looking farther south to-
ward the Carrizo plains and the locked "Fort Tejon" section of the San Anareas
fault, we may wonder whether the same process is responsible for the behavior
of that section of the fault: abnormally strong crustal rocks pinnea together
along the San Andreas fault by an abnormally large normal component of stress
resulting from convergence of the plates along that section of the transform.
The existence of a tentative model for a region, like that sketched above for
the southern Coast Ranges, does not lead us directly to believable earthquake
predictions. It does, however, provide a specific vehicle that can be tested
against additional existing data and modified and improved by new observations
and insights. The model that evolves through this process can be expected to
optimize the value of historical seismicity data as well as the stream of
current seismicity observations for the prediction of earthquakes.

The model of the earthquake generating process that is undergoing the most
vigorous evaluation in California is applicable to the major strike-slip
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faults of the San Andreas system, and relatively little attention has been
paid to potential earthquake sources along the flanks of the Coast Ranges.
The relatively high level of background seismicity and the occurrence of
several M5+ earthquakes along the edge of the Great Valley between Idria and
Devils Den from 1975 through 1982 did cause some concern, but the seismicity
data for this region had not been organized in a manner to support thoughtful
interpretation. Moreover, the monitoring and evaluation of earthquakes along
the flanks of the southern Coast Ranges was not being pursuea vigorously
because of limited resources and the higher priority assigned to the nearby
San Andreas fault. We must conclude that the surprise that accompanied the
occurrence of the Coalinga earthquake was, at least in part, due to neglect.
However, a larger part was due to the lack of a plausible model to explain the
occurrence of earthquakes in such regions and to place them in the broader
context of processes at work in the transform zone.

The occurrence of the Coalinga earthquake has stimulated increased concern
over large earthquakes along the flanks of the Coast Ranges, and the post-
earthquake analysis of the instrumental record of seismicity in the central
Coast Ranges during the 11 years prior to the earthquake has led to a tenta-
tive model of the process that generates events like the Coalinga earthquake.
Further development of the model and its effective application to the earth-
quake prediction task will both require improved monitoring and analysis of
earthquakes along the edges of the Coast Ranges. The same effort should Tead
to a better understanding of the process that generates great earthquakes
along the section of the San Andreas southeast of Cholame.
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FIGURE CAPTIONS

Figure 1. Central Coast Range earthquakes from January 1982 through April
1983. The 500' contour (shown only along the west side of the Great
Valley) marks the approximate boundary between the Coast Ranges and the
Great Valley. The locations of selected cities are marked with X's.
Selected faults and geographic features are identified for reference.

N410W and N359W are the average strike of the San Andreas fault be-
tween Cholame and Hollister and the direction of relative motion of the
Pacific plate to the North American plate in the same region, respectively.

Figure 2. Central Coast Range earthquakes from January 1972 through April
1983. The 500' contour marks the approximate boundary between the Coast
Ranges and the Great Valley. The locations of selected cities are marked
with X's. Selected geographic features are identified for reference.

Figure 3. Central Coast Range earthquakes east of the San Andreas fault for
January 1972 through April 1983. The 500' contour marks the approximate
boundary between the Coast Ranges and the Great Valley. The locations of
selected cities are marked with X's. The main shock and aftershock region
of the 1983 Coalinga earthquake as well as the dates of occurrence of the
larger earthquake clusters are indicated on the map.

Figure 4. First motion diagrams and P-axis orientations for selected earth-
quakes in the Coast Ranges and Transverse Ranges. Individual earthquakes
are identified by their dates of occurrence. First motion diagrams of
earthquakes of the 1983 Coalinga sequence are shown at an expanded scale.
On the inset showing P-axis orientations, events of the Coalinga sequence
are plotted with dashed lines. Hypocentral and focal mechanism data are
summarized in table 1.

Figure 5. Fault plane orientations and slip directions for selected earth-
quakes in the Coast Ranges and Transverse Ranges. Strike directions are
indicated by the line segment drawn through the epicenter symbols. Dip
angles and directions are shown by each solution. Slip sense and direc-
tion for strike-slip solutions are indicated by the half-barbed pairs of
arrows. For events with appreciable dip-slip displacement, an arrow
indicates the direction of slip of the upper plate relative to the lower
plate and the + and - signs indicate the relative vertical displacement of
the two plates. Events of the 1983 Coalinga sequence are shown at an
expanded scale.

Figure 6. First motion plots and focal plane solutions for selected events
shown on figures 4 and 5. Solid circles and open circles represent unam-
biguous compressional and dilatational first wave onsets, respectively.
Less certain compressional and dilatational first wave onsets are indi-
cated by + and -, respectively. The inferred axes of maximum and minimum
compressional stress (pressure axis and tension axis) are marked by P and
T, respectively.
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The May 2, 1983 Coalinga Earthquake and Seismicity Rates and
Strain Energy in the Central Coast Ranges, California

Robert A. Uhrhammer

Seismographic Station
University of California, Berkeley
Berkeley, California 94720

ABSTRACT

The cumulative rate of seismicity for the Central Coast Ranges in Califor-
nia (logN=2.287—0.811 M, normalized to earthquake sequences per year per
1000km? is determined from a 132 year historical seismicity record (1851-
1982; 3.0< M, <7.3 or MMZ>= VII). The spatial distribution of the seismicity
(3.0< M; <5.6; 1953-1982) indicates that the average interoccurrence time for
a M;>6.7 (Coalinga sized) earthquake, centered to the northeast of the San
Andreas fault zone, is 690+ 180 years. The probability of a M, >6.7 earth-
quake occurring in the vicinity of Coalinga, in a 132 year interval, is 20 percent.
Therefore the M; 6.7 Coalinga mainshock of May 2, 1983 is not an unexpected
event in either size or general location.

The coseismic strain release in the Central Coast Ranges has averaged
0.40+0.12u strain/ year from 1953 to 1982 over a zone 100km wide, centered
approximately on the San Andreas Fault. A strain energy glut has been accu-
mulating for at least the past 30 years at an average rate of 1x 10Yergs/ year in a
30km wide zone, transverse to the axis of the Central Coast Ranges, centered
in the vicinity of the Coalinga mainshock. The implication is that the presence
of a significant strain glut is indicative of the approximate size and general posi-
tion, but not the time of occurrence, of an impending earthquake.

A comparison between the average rate of strain accumulation
(0.56+0.03u strain/ year), in a 100km wide segment of the Central Coast
Ranges, and the average rate of coseismic strain release implies that the largest
magnitude earthquake which can occur in the region between approximately
Hollister and Parkfield is M/**=7.46+0.14.

The difference in azimuth between the relative tectonic plate motion vec-
tor and the strike of the San Andreas Fault is 5.4°+2.0°. Decomposing the
plate motion vector into orthogonal components yields a right-lateral strike-slip
motion of 5.6+0.3cm/year parallel to the fault and a compressive motion of
0.53+0.20cm/ year perpendicular to the fault. The tectonic compression is
compatible with the reverse faulting mechanism for the Coalinga mainshock.
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Introduction

The historical record of seismicity in a 250km long segment of California’s Central Coast
Ranges, from approximately Monterey to Santa Maria, extends in more-or-less complete form
back to 1830 (Townley and Allen, 1928) with only one event reported prior to 1851. During
the 1850’s many newspapers were established in California and written records of widely felt
and damaging ecarthquakes became common (e.g., Toppozada er al., 1981). This paper
analyzes the historical seismicity record from 1851 to 1982 for the Central Coast Ranges. The
aim is to give a broad seismicity setting to the occurrence of the 1983 Coalinga sequence. The
May 2 mainshock had a mean local magnitude M; = 6.7+0.16 determined from maximum
trace amplitudes measured on 5 Wood-Anderson records from the U. C. Berkeley network. Its
seismic moment was M, = (2.3+1.2)x10dyne—cm estimated from the Berkeley and James-
town broad-band recordings (Uhrhammer et al., 1983).

The historical record is sufficient to determine the average cumulative rate of seismicity
for 3.0< M, <7.5. Since the occurrence of the Coalinga sequence (see Figure 1), there has
been much speculation about the earthquake potential in the region of the Central Coast
Ranges on the northeast side of the San Andreas fault zone. This problem is addressed in light
of the spatial variation in the rate of seismicity, parallel to and perpendicular to the San
Andreas fault zone, from a 30 year seismicity sample (1953-1982; 3.0< M;<5.6; 455 earth-
quake sequences). Descriptively the spatial distribution of seismicity perpendicular to the San
Andreas fault zone is trimodal and one of the peaks, accounting for approximately 20 percent
of the earthquake sequences, occurs over a 40 km wide zone, parallel to the San Andreas Fault
and centered in the vicinity of Coalinga.

The analysis of the spatial variation in the rate of strain energy release is one way to con-
sider mechanical aspects of the regional seismo-tectonics. In this paper it is calculated as a
function of position, parallel to and perpendicular to the San Andreas fault zone, from the 30
year seismicity sample (1953-1982; 3.0< M <5.6; 660 earthquakes) including foreshocks and
aftershocks. The likelihood of earthquake occurrence is assumed to be inversely proportional
to the rate of coseismic strain energy release. The size and relative position of coseismic strain
energy gluts in the region are determined to test the hypothesis that such gluts may be indica-
tive of the approximate size and relative position of an impending earthquake. The 1983 Coa-
linga mainshock did occur in an area of a strain energy glut and the earthquake essentially dissi-
pated the accumulated excess strain energy in the region.

In addition a comparison between the cumulative rate of seismicity and the net rate of
overall strain energy accumulation, for the Central Coast Ranges, provides an upper bound on
the magnitude of earthquakes which can occur in the region. The rate of high coseismic strain
energy release transverse to the San Andreas fault occurs over a zone approximately 100km
wide.

Historical Rate of Seismicity

The rate of seismicity in the Central Coast Ranges of California (shown in Figure 1) was
determined by combining information from three primary sources: 1) Townley and Allen
(1928); 2) Bolt and Miller (1974) supplemented with the semiannual Bulletins of the Seismo-
graphic Stations (1974-1982) (the "UCB catalog"); and 3) Hileman er al. (1973) (the "CIT cata-
log"). A search was made using these sources to list all earthquakes reported in a 250 km seg-
ment of the central coast centered in the vicinity of Coalinga. All earthquakes centered within
a 47,700 km? quadrangle, defined by the coordinate points (37.40°N, 120.53°W); (35.68°N,
118.88°W); (34.58°N, 120.48°W); and (36.27°N, 122.22°W), were selected. One hundred
ninety earthquakes occurring between 1851 and 1927 were selected from the Townley and
Allen Catalog (1928), 2352 earthquakes occurring between 1910 and 1982 were selected from
the UCB catalog, and 213 earthquakes occurring between 1932 and 1973 were selected from the
CIT catalog. All earthquakes in the region (excluding foreshocks and aftershocks) with local
magnitude (M;) > 5.5, with area shaken at Modified Mercalli (MM) > V in excess of
16,000 km?, or with maximum MM intensity > VII are listed in Table 1. The Rossi-Forrel
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intensities given by Townley and Allen (1928) have been changed to the equivalent Modified
Mercalli intensities, based on the description of felt reports and damage, for in-house use at
Berkeley (B. A. Bolt, personal communication).

The local magnitude (M;) given in Table 1 is determined by: 1) instrumental records; 2)
area shaken with MM 2V, or 3) maximum MM intensity. For most earthquakes, occurring in
the region after 1911, instrumental records are available (kept on store at Berkeley) for deter-
mining M;. When instrumental records were not available, M; was estimated from the area
(A) in km?* shaken with MM > V. When felt reports were not sufficiently detailed to deter-
mine the area shaken with MM 2= V, the maximum reported MM intensity was used to esti-
mate M.

The largest magnitude earthquake which has occurred in the region since 1851 is the M,
7.3 Lompoc earthquake of November 4, 1927 (Byerly, 1930). There is some uncertainty about
the location of this earthquake and recent reanalyses by Gawthrop (1978) and Hanks (1979)
agree at least in placing the epicenter closer to shore (approximately 25km west of Pt.
Arguello) which reduces the magnitude slightly to M; 7.2-7.3 (this agrees with the moment-
magnitude estimate by Hanks and Kanamori (1979)). Four earthquakes, with an M, of 5.9 or
larger, occurred in the 132 year interval from 1851 to 1982 (see Table 1). The local magnitude
for the 1885 and 1901 earthquakes is determined from the area shaken with MM 2> V and M,
for the 1922 and 1952 earthquakes is determined from instrumental records.

The number and MM intensities of felt earthquakes reported in the Townley and Allen
catalog (1928) (excluding aftershocks) are given in Table 2. Note that the number of earth-
quakes reported felt (listed in Table 1) at the MM>VII intensity level is probably complete
back to 1850 because the number of earthquakes per decade does not fluctuate significantly.
However, the number of earthquakes reported felt at the MM 21V intensity level is not con-
stant and it increases rapidly after 1900 which implies that either all earthquakes capable of
being felt with MM21V are not accounted for or the rate of seismicity is not stationary with
time. The former explanation seems more likely.

The earthquakes reported felt, within the Central Coast Ranges, prior to 1915 do not have
instrumentally determined local magnitudes. The M, for 5 earthquakes occurring between
1882 and 1916 was determined from the area (A) shaken with MM > V using the relation:
M, = 0.86 + 1.09log 4, where A is in km? (Toppozada, 1975). The uncertainty in M, deter-
mined from the area of MM 2> V shaking, is about 0.3 magnitude units. Prior to 1880 the felt
reports are insufficient to estimate the area of MM 2> V shaking. In order to estimate the rate
of seismicity from the longest possible seismicity record, the equivalency between the max-
imum reported intensity (MM) and local magnitude (M;) must be determined. The estimated
correlation, sufficiently accurate for the present purpose, between MM and M) is given in
Table 3. From 1932 to 1972 the UCB catalog gives both MM and M, for many earthquakes
which occurred on the Central Coast Ranges in the region shown in Figure 1. A maximum
reported MM intensity of VII is equivalent to M; = 5.5+0.40 and 11 earthquakes occurred
between 1851 and 1982 with either MM VII (prior to 1930) or 5.5< M. <5.9 (after 1930). The
earthquakes with MM = VII (see Table 1) occurred in 1852, 1853, 1882, 1902, 1915, 1916,
1926, 1952, 1961 and 1966. As discussed above, the list is probably complete. There is consid-
erable scatter in M, for earthquakes which are assigned a given MM intensity and the standard
error is about half a magnitude unit. Note that the earthquakes have a tendency to cluster
together in time which suggests that a stationarity assumption may not be valid.

The cumulative number of earthquake sequences N (number of sequences with magni-
tude > M;) and the inferred rate (normalized to earthquake sequences per year per 1000 km?)
is given in Table 4. The uncertainty in magnitude (o ML) is taken to be the precision to which
the magnitude is determined. The area is 33,750km? (the area of the map in Figure 1) for
M; <5 and 47,700km2 for M;>5 (as described earlier in the text). The reason for using two
different areas is to provide the largest possible portion of the Central Coast Ranges (centered
around Coalinga, where the San Andreas fault trace is relatively straight) which is compatible
with the completeness of the available seismicity record at each magnitude level. The standard

63



error in the rate is calculated assuming that the earthquakes follow a Poisson distribution.

Prior to estimating the rate of seismicity for M;>5 and M, >4.5 the CIT catalog (Hile-
man et.al., 1973) was compared with the UCB catalog (Bolt and Miller, 1974). No additional
earthquakes centered within the area of Figure 1 were found listed in the CIT catalog which
were not listed in the UCB catalog. The magnitude of an earthquake which occurred, prior to
the development of the M, scale in the 1930’s, was not determined from instrumental records
uniess there was a special interest in the earthquake. For M; =95, 17 earthquakes occurred
between 1932 and 1982 in the region shown in Figure 1, and, for M;>4.5, 51 earthquakes
were observed in the same time interval.

The rate of seismicity for M; 23.0, M; 23.5, and M;2>4.0 is estimated from the UCB
catalog for the 30 year interval from 1953 to 1982. From approximately 1950 on, the seismicity
record for M; >3.0 in the region (excluding foreshocks and aftershocks) stabilized at an aver-
age rate of approximately 15 earthquake sequences per year. Ranges of time and distance win-
dows, for identifying members of a sequence, were tried and a 14 day time and 30km distance
window was adopted as about optimal. Earthquakes which occur within 14days and 30km of
each other are assumed to be members of the same sequence. Fourteen days is 0.13 percent of
the 30 year sample time and the area of a 30km circle is 8.4 percent of the 33,750 km? sample
area. The probability of two unrelated earthquakes in the 660 earthquake sample occurring
within the criteria for a single sequence is only 6.1 percent (assuming that the sequences follow
a Poisson distribution). The 455 earthquake sequences (3.0 M <5.6) observed from 1953 to
1982 are plotted in Figure 1. At the M;>3.0, M;23.5, and M;>4.0 level, 455, 152, and 61
earthquake sequences, respectively, were observed in the 30 year interval shown in Table 4.
Note that the original 660 earthquake seismicity sample reduces to 445 earthquake sequences so
that, on the average, two-thirds of the earthquakes with M; >3 will be associated with a
sequence of two or more earthquakes. The distribution of earthquakes within the sequences is
not considered in this paper.

Below M; 3.0 the cumulative rate of seismicity is not reliably estimated for two principal
reasons (dealing primarily with the southern part of the region shown in Figure 1). First, the
earthquakes listed in the UCB catalog are not complete for 2.5< M; <3.0 due to few high-
magnification seismographic stations in the region and because the selection criteria for inclu-
sion in the UCB catalog has changed since 1953. The southern most station in the Berkeley
network (PRI; 14.7kg vertical Benioff; magnification 80K at 1 sec; established in 1961) is
located on Priest Mountain (near 2 in Figure 1) which is 50-100km from the earthquakes
occurring along the southern part of the region. Second, the local magnitude, of earthquakes
occurring in the region, can not be estimated from the maximum trace amplitudes recorded on
the relatively low-gain Wood-Anderson torsion seismograms for M; <3. The two Wood-
Anderson seismographs nearest to Coalinga are located at Mt. Hamilton (MHC; 180km
northwest) and Isabella (ISA; 180km east-southeast). For internal consistency, it is preferable
to use only magnitudes determined from the maximum trace amplitudes recorded on Wood-
Anderson seismograms.

The cumulative rate of seismicity data given in Table 4 was fit to the standard form
logN = a — bM; by a weighted least-squares procedurc and the result is (normalized, as
before, to earthquake sequences per year per 1000 km?:

logN = 2.287 — 0.881 M, 1)
The associated variance is:
o 2gn =0.2422 — 0.1362 M, + 0.01991 M? ()

where N is the number of earthquake sequences which have a magnitude > M;. The seismi-
city in the Central Coast Ranges is assumed to be stationary with time in order that the data
from the different time intervals in Table 4 can be combined to solve for (1) and (2). The
weighting is by inverse variance which is equivalent to the maximum likelihood solution.
Equations (1) and (2) are considered valid for 3.0< M; <7.5. From (2), the linear correlation
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(p ) is -0.98 so the coefficients in (1) have a high negative linear correlation (there may be
higher order correlations present which are not taken into account in the form of (1)). The
cumulative rate of seismicity is plotted in Figure 2 where (1) is an excellent fit to the observa-
tions and there are no significant discrepancies in the rates estimated from the 30, 51, and 132
year sample times given in Table 4. There is no graphical indication that the stationarity
assumption is violated, however the observed cumulative number of earthquakes would have to
deviate, from the theoretical value given by (1), by a factor of two or more before it would
become noticeable. The average cumulative rate of seismicity from (1) and its corresponding
uncertainty from (2) are given in Table 5 along with the average interoccurrence time and its
corresponding uncertainty (all entries are normalized to a 1000 km? area).

From (1), the rate of occurrence of a M, >6.7 earthquake sequence (such as the May 2,
1983 Coalinga mainshock; Uhrhammer er al., 1983) along a 100km segment (centered on Coa-
linga) of the Central Coast Ranges on the northeast side of the San Andreas Fault (excluding
earthquakes centered within 10km of the San Andreas Fault) is
0.0019+0.00026 earthquakes/ year in a 8375km? area. This corresponds to an average interoc-
currence time for M; 26.7 earthquakes of 515+ 70 years and the 95 percent confidence interval
spans from 390 to 650 years. This estimate assumes that (1) is appropriate everywhere in the
region and, as shown in the next section, there is evidence that in fact it underestimates the
interoccurrence time for M; 2 6.7 earthquakes.

For comparison, the rate in the same area, as estimated from a much shorter 1962 - 1982
seismicity sample (M;>3), is 0.0062+0.0030 earthquakes per year with M; >6.7 (Uhrhammer
et al., 1983) which corresponds to an average interoccurrence time of 161+78 years. The two
estimates of the interoccurrence time differ by a factor of 3 and the difference can be traced to
the relatively low b-value (0.67+0.065) estimated for the shorter time interval.

Spatial Variation in the Rate of Seismicity

The distribution of the 455 epicenters (3.0 M, <5.6; 1953-1982) plotted in Figure 1
shows that the rate of seismicity is not uniform throughout the Central Coast Ranges. The rate
of seismicity strikingly varies as a function of position along and perpendicular to the San
Andreas Fault. Given a cumulative rate of seismicity of the form:

logN = a — bM| (3)

the problem is to determine the variation in a and b as a function of position, parallel to and
perpendicular to the San Andreas Fault. The San Andreas Fault was chosen as the coordinate
reference frame since more than one-half (260) of the earthquake sequences plotted in Figure
1 are within 10km of the trace of the fault. Note that the seismicity, in the vicinity of the San
Andreas Fault, tends to cluster approximately 3 km to the southwest of the surface trace of the
fault. The offset is attributed to a 10 to 20 percent lateral velocity contrast across the fault zone
which is not taken into consideration when locating the earthquakes. The seismicity extends
approximately 90 km on either side of the San Andreas Fault towards the continental shelf on
the southwest and towards the San Joaquin Valley on the northeast. The distribution of seismi-
city is such that 140 (30.7%) of the earthquake sequences are located on the southwest side of
the San Andreas Fault and 86 (18.9%) are located on its northeast side.

In order to determine whether or not there is a significant spatial variation in the b-value
in (3), the b-value was computed for three cases. First, on the southwest side of the fault
(>10km SW), fitting (3) to 140 earthquakes (3.0< M;<5.2) gives b = 1.02+0.087. Along
the San Andreas Fault (within 10 km), fitting (3) to 230 earthquakes (3.0< M, <5.6) yields
b= 0.86+0.073. On the northeast side of the fault (>10km NE), fitting (3) to 86 earthquakes
(3.0< M; <£5.4) gives b = 0.87+0.14. None of these b-values differ significantly, at the 95 per-
cent confidence level, from b determined from the historical seismicity. The sample size is just
not sufficiently large to detect, with statistical significance, fine variations in the b-value.
Therefore the historically derived b-value of 0.88+0.14 is adopted for use in all subsequent cal-
culations.
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The variation of the a-value in (3) is estimated as a function of position (x) for cross-
sections A-A’ and B-B’ (see Figure 1) which are perpendicular and parallel, respectively, to the
San Andreas Fault. The normal distribution function is used as an averaging kernel to esti-
mate:

=1

a(x,0) = bM + log 4)

iexp{ (x~x,)Y2a ]l

where b = 0.88, M = 3.0 (minimum M), x, is the position, and 20 is the averaging width.
In computing a(x,,,o-) a range of averaging widths were tried and a width of 20=10km was
chosen as about optimal. A larger width smooths out detail in a(x,,0) and a smaller width
causes a large increase in the variance of a(x,,0). The uncertainty in a(x,,0) is given by:

2.2
27 “log e . (5)

Enexp{- (x,-—x,,)z,/20-2]

i=1

ol=

The value of a(x,,0) normalized to per year per 1000km? for 20=10km along cross-
section A-A’, perpendicular to the San Andreas Fault, is given in Figure 3. The cross-hatched
region represents the 95 percent confidence level in a(x,,0). Note that the spatial distribution
of a(x,,0) is trimodal with the main peak corresponding to the San Andreas fault zone. The
right-hand peak at x,=33km northeast of the San Andreas Fault corresponds to the relative
increase in seismicity observed in Figure 1 in a rather diffuse zone which runs from the Ortigal-
ita fault through the vicinity of Coalinga. The left-hand peak at x,=—65km corresponds to a
general increase in seismicity in the vicinity of the coastline shown in Figure 1. The cumulative
rate of seismicity for magnitude > M is determined from the value of a(x,,o) plotted in Fig-
ure 3 using

logN = a(x,,0) — 0.88M, 6)
and the corresponding uncertainty is:
oden = (1.232 — 0.6930 M, + 0.1013 MP) C2, M

where C is the 95 percent confidence level (the height of the shaded region in Figure 3). The
coeflicients in (7) were derived by scaling the coefficients given in (2).

As an example of estimating the rate of seismicity, using a(x,,o) from Figure 3, consider
the location of the 1983 Coalinga mainshock, shown as a star in Figure 1 and as an arrow in
Figure 3. The width of the peak in a at x,=33km is 40km (x,=13km to x,=53 km as estimated
from the width where the rate decreases to one-fourth of the peak value). The average a-value
(@) for the region is given by:

a{x,,0) = log

flOa(x o) ) (8)

2_1x]

The associated uncertainty o is given by the standard method for finding the variance of an
arbitrary function. Equation (8) is used to find the average value of a (@) when the area is
greater than 1000km? Solving for @(x,,0) where x;=13km and x,=53km yields @=2.46 and
o ;=0.106. The rate of seismicity is then 0.00146+0.000382 earthquakes/ year with M >6.7 in
a 4000km? area in the vicinity of Coalinga. Note that the size of the area is arbitrary and
4000 km? was chosen based on the approximate width of the zone of seismicity occurring on the
northeast side of the San Andreas Fault (40 km, from Figure 1) and the length was normalized
to 100km. It follows that the average interoccurrence time for M;>6.7 earthquakes in the
same region is 690+180 years. Table 6 gives the rate of seismicity and the corresponding
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average interoccurrence time for the region of the Coalinga mainshock. On the assumption
that M;>6.7 earthquakes exhibit a Poisson probability distribution, A=rr= 0.00146x132=0.2,
so that the probability of one or more M; >6.7 earthquakes occurring in the vicinity of Coa-
linga in a 132 year interval is approximately one in five. The inference is that the May 2, 1983
M; 6.7 Coalinga mainshock is not an unexpected event in either size or general location.
Remember that the Coalinga mainshock was not included in the seismicity sample for deter-
mining the rate of seismicity. Including the Coalinga mainshock in the seismicity sample does
not appreciably change the results.

The value of a(x,,0) normalized to per year per 1000km? for 20=10km along cross-
section B-B’ (see Figure 1), parallel to the San Andreas Fault, is given in Figure 4. The peak
in the a-value of 3.25 at x,=—92km is associated with the high rate of seismicity along the Bear
Valley - Stone Canyon segment of the San Andreas Fault (number 1 on Figure 1). The low in
the a-value of 2.08 at x,=—50km is due to the rapid decrease (by a factor of 5) in the observed
seismicity along the San Andreas fault zone southeast of Parkfield (bottom of Figure 1). South
of Parkfield is the "locked" Carrizo Plain segment of the San Andreas Fault where the rate of
seismicity is low and the potential for the occurrence of a large earthquake is relatively high
(Lindh, 1983). For approximately 100 km along the cross-section the a-value fluctuates around
2.8 with significant lows near the projection of the Coalinga mainshock location (arrow on Fig-
ure 4) and approximately 50km to the northwest (x,=50km). The significance of these lows in
the a-value is discussed below.

Spatial Variation in the Rate of Strain Energy Release

Cumulative coseismic strain release from a 30 year sample of seismicity (1953-1982; 660
earthquakes; 3.0< M; <5.6) may be estimated from the square-root of the seismic wave energy
(Benioff, 1955). The strain is plotted as a function of position (x) along the two cross-sections
A-A’ and B-B’ (in Figure 1) in Figures 5 and 6, respectively. The coseismic strain energy
release (E) for each earthquake is estimated from the local magnitude M; where:

;—mng —59+0.75M, ©)

The form of the normal distribution function was again used as an averaging kernel to estimate
the cumulative strain energy release E(x,,0) where:

Ex, o) = ﬁé}&exp{—(m—xo) 2/20-2} (10)

as a function of position x, and averaging width 2o. In computing E(x,,c) a width of
20=10km was chosen after test trials (same as averaging width for the estimation of a{x,,o) in
the previous section). The largest earthquake in the seismicity sample is M 5.6 which has a
source dimension approximately the same as the averaging width (10km). If the largest earth-
quake in the seismicity sample has a source dimension which is much larger than the averaging
width, the rapid variations in the plotted strain energy at the location of the large earthquake
may be misleading. The uncertainty o g for E(x,,0) in (10) is calculated assuming that the

uncertainty in the M, estimate is chL=0.15 (a typical observed value for earthquakes which
occur in the Central Coast Ranges).

The strain energy release rate (normalized to per year per 1500km® volume) for the
cross-section A-A’ (see Figure 1) perpendicular to the San Andreas fault is given in Figure 5.
The 1500 km> volume comes from a zone 1km wide by 100km long by 15km deep. The 15km
depth is estimated from the observed range of focal depth (0—15km) for earthquakes which
have occurred in the Central Coast Ranges (Bolt and Miller, 1971). Below a depth of 15km it
is assumed that strain is relieved by plastic flow and elastic strain energy is not accumulated.
The maximum in Figure S5 (9.6) corresponds to a strain energy release rate of
(1.6+0.7)x10"%ergs/ year which coincides with the San Andreas Fault and the width of the
zone of high strain energy release rate is approximately 100 km (from 40 km southwest to 60 km
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northeast of the San Andreas fault).
The average strain release € (Bullen, 1963) is estimated from the strain energy release by:

E;
uv

where u is the average shear modulus (3><10”dynes/ cm? and V is the crustal volume under
strain. The average strain release rate in the 40 km wide zone on the southwest side of the San
Andreas fault is 0.46+0.15u strain/ year. Also, the average strain release rate in the 60 km wide
zone on the northeast side of the fault is 0.384+0.09u strain/ year. The average for the whole
100 km wide zone is 0.40+0.12u strain/ year (averaged over 30 years). Assuming that the aver-
age rate of crustal distortion in a 100km wide region across the San Andreas fault zone is
equivalent to the relative motion across the Pacific-North American plate boundary,
5.6+0.3cm/ year (Minster and Jordan, 1978), the average rate of shear strain accumulation in
the region is 0.56+0.03w strain/ year. Therefore, for the past 30 years, the rate of strain accu-
mulation due to relative plate motion has exceeded the rate of coseismic strain dissipation due
to earthquakes, occurring in the 180km long segment of the Central Coast Ranges, by
0.16+0.087u strain/ year. The conclusion is that the rate of strain accumulation has exceeded
the rate of coseismic strain dissipation by approximately 40 percent during the past 30 years
(1953-1982), assuming that all of the strain is accumulated in the Central Coast Ranges and
that u and V (combined as uV) are not in error as much as (1). This strain accumulation sug-
gests an increasing potential for the occurrence of a large earthquake with time. Other mechan-
isms for dissipating the strain energy, such as aseismic creep, mountain building, and tectonic
folding are not considered in this calculation so it clearly represents an overestimate of the
potential.

an

€ =

On the southwest side of the San Andreas Fault, the average strain accumulation rate has
exceeded the average coseismic strain dissipation rate by 0.10=%0.11u strain/ year which is not
statistically significant. Thus almost all of the strain energy accumulation on the southwest side
of the fault, during the past 30 years, has been dissipated by the earthquakes which have
occurred in the region. On the other hand, on the northeast side of the fault, the average rate
of strain accumulation has exceeded the average rate of coseismic strain dissipation by
0.18+0.067u strain/ year which is statistically significant. Therefore, on the northeast side of
the fault, a strain energy glut has been accumulating over at least the 30 year interval from
1953 to 1982. One inference is that the potential for the occurrence of a large earthquake is
increasing more rapidly on the northeast (Coalinga) side of the fault than on the southwest side
of the fault.

The strain energy released by the 1983 Coalinga mainshock, M; 6.7, is approximately
7x10% ergs (from (9)). The aftershocks were distributed over a 20km by 25km zone to a
depth of 15km which implies that the volume of the source region is approximately 7500 km”.
Consequently, from (11), the average strain release by the Coalinga mainshock is approxi-
mately 56u strain.

The coseismic strain energy release rate (normalized to per year per 100km length) for
the cross-section B-B’> (see Figure 1) parallel to the San Andreas Fault is given in Figure 6.
The maximum in the strain energy release rate (9.58) at x,=—100km (1.4x10"ergs/year) is
associated with the high rate of seismicity along the Bear Valley - Stone Canyon segment of the
San Andreas Fault (1 in Figure 1). The second highest strain energy release rate (9.50) at
xo=9km (1.0x10'%ergs/ year) is associated with the relatively high rate of seismicity along the
Parkfield segment of the San Andreas fault (2 in Figure 1). Note that to the southeast of
Parkfield (x,>40km in Figure 6 and bottom of Figure 1) the rate of strain energy release due
to earthquakes decreases by a factor of approximately 20. Assuming that the overall tectonic
strain rate is uniform along the Central Coast Ranges when averaged over a long period of
time, the coseismic strain energy release rate in Figure 6 is inversely proportional to the earth-
quake potential. Thus the highest potential for the occurrence of a large earthquake is to the
southeast of Parkfield. There are two other significant lows in Figure 6, at x,=—8km (where
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the M; 6.7 Coalinga mainshock occurred) and at x,=—50km. The relative position of the epi-
center of the Coalinga mainshock is shown by the arrow in Figure 6. Assuming that the strain
energy released by the M, 6.7 Coalinga mainshock is 7x10%'ergs (from (9)) and that an event
this size or larger occurs every 690+180 years, the average annual coseismic strain energy
release per year in a 30km wide zone is 102X®>1£0050) 5,00/ yoqr (given by the dashed line in
Figure 6). It follows that the low in the rate of strain energy release (i. e., the strain energy
glut) at x,=—8km in Figure 6 disappeared when the M; 6.7 Coalinga mainshock occurred.

The source dimensions of the Coalinga mainshock are of the same order as the 304m dis-
tance between the peaks at x,=—22km and x,=8 km. There is a suggestion that it may be possi-
ble to predict the general size and relative position of a maximum sized earthquake in the
region, but not the time of occurrence, from the relative rate of strain energy release along the
Central Coast Ranges (based on relatively short, 30 year, seismicity sample). Consider the low
at x,=—50km in Figure 6. This low in the rate of strain energy release is approximately 80km
wide which is of the same order as the fault rupture length associated with a M; 7'4 earth-
quake. The strain energy release for a M, 7% earthquake is 1x10Pergs (from (9)) and the
corresponding rate of  occurrence along the San Andreas Fault is
0.00066+0.00026 earthquakes/ year (from Figure 3). The average interoccurrence time is
1500+500 years. The low in the rate of strain energy release at x,=—50km will accumulate
strain energy at a rate of (5.6+2.6)x10"ergs/ year and at this rate it can accumulate 1x105ergs
in 1700830 years. Thus the average interoccurrence time of 1500+ 500 years for a M; 7'
earthquake and the strain accumulation time of 1700830 years in a 804m segment of the San
Andreas fault zone are quite compatible.

Discussion and Conclusions

The average annual rate of seismicity, (1), and its variance, (2), for earthquakes which
occur in a 180km segment of the Central Coast Ranges of California, centered around Coa-
linga, are estimated for earthquakes with 3.0< M; <7.5 from the 132 year record of historical
seismicity (1851-1982). It is assumed that the rate of seismicity is stationary in time as there
are no statistically significant fluctuations in the observed number of earthquakes per decade.
The results show a clear spatial variation in the rate of seismicity (from Figure 1) which can be
assigned to either variation in the a-value or the b-value (or both) in (3) with position. A b-
value of 0.88+0.14 does not vary significantly with position perpendicular to the San Andreas
Fault.

The spatial distribution in the rate of seismicity in the transverse cross-section A-A’ (Fig-
ure 3) is trimodal with the highest a-value associated with the San Andreas Fault. The broad
peak at x,=—65km (in Figure 3) is associated with the numerous, relatively small magnitude,
earthquakes which occur in the vicinity of the coastline in Figure 1. Note that the rate of strain
energy release in the same region (see Figure 5) is relatively low. This is in agreement with
the relative lack of larger earthquakes in the region and it implies that the appropriate b-value
for the vicinity of the coastline may in fact be larger than the adopted b-value of 0.88+0.14.
The peak in the a-value at x,=33km is associated with the seismicity occurring in a rather
diffuse zone, which extends from the Ortigalita fault (Figure 1) through the vicinity of Coa-
linga. Assuming that large earthquakes exhibit a Poisson probability distribution, a M;>6.7
earthquake (such as the May 2, 1983 Coalinga mainshock) will occur on the average every
690+ 180 years (in a 4000 km? area) in the vicinity of Coalinga. The probability of one or more
M, >6.7 earthquakes occurring in a 132 year interval is approximately 20 percent (1 chance in
5). The M; 6.7 Coalinga mainshock is therefore not an unexpected event in either size or gen-
eral location.

Elastic strain energy accumulates in the crust due to the 5.6+0.3 cm/ year relative motion
between the Pacific and North American plates. The San Andreas fault zone is the boundary
between the two plates and the overall strain energy is dissipated primarily by earthquakes
which occur within a 100km wide zone (see Figure 5) centered approximately on the San
Andreas fault. The average rate of strain accumulation in the 100km wide zone
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(0.56+0.03u strain/ year) exceeds the average rate of coseismic strain dissipation
(0.40+0.12u strain/ year, averaged over 30 years) by 0.16+0.087u strain/year. This strain
energy glut indicates increased likelihood for the occurrence of large earthquakes with time.

On the northeast side of the fault zone, approximately 70 percent of the strain energy is
dissipated within 13 km of the San Andreas fault and the other 30 percent of the strain energy is
dissipated over a zone extending from 13 km to 60 km northeast of the fault. This is compatible
with the difference between the average motion across the San Andreas Fault
(3.7+0.3¢cm/year; Hall and Sieh, 1977) and the average relative motion of the Pacific and
North American plates (5.6+0.3 cm/ year; Minster and Jordan, 1978). The annual rate of strain
accumulation over the past 30 years (1953-1982) in the zone from 13 km to 60km northeast of
the San Andreas fault is 0.045+0.033u strain/ year. The M, 6.7 Coalinga earthquake had an
estimated strain release of S6u strain and it would take 1200+910 years to accumulate this
amount of strain. Thus the strain accumulation time, although it is not well determined, is
compatible with the interoccurrence time of 6854178 years for M; 6.7 earthquakes estimated
in this paper from the seismicity record.

An upper bound for the magnitude of an earthquake (M), which can occur in a
region, is reached when the average rate of coseismic strain release is equal to the average rate
of tectonic strain accumulation (0.56+0.03u strain/ year). The average rate of coseismic strain
release for 3.0 M, < M[™* is determined from the cumulative rate of seismicity (1), the strain
energy release (9), and the strain release (11). The resulting upper magnitude bound for the
Central Coast region is M[™*=7.46+0.14. In estimating M["* the cross-sectional area perpen-
dicular to the San Andreas fault zone is limited to a maximum of 1500km? (100 kmx15km).
There are two basic assumptions in determining this value for M/[™*. First, the rate of strain
accumulation is stationary. Some support for this assumption in recent geologic times comes
from the similarity of slip rates, along the San Andreas Fault in central California, determined
by geologic evidence (Hall and Sieh, 1977; 3.7+0.3cm/yr over the past 3 millennia) and geo-
detic evidence (Thatcher, 1975). Second, the source volume of large earthquakes increases
linearly with the largest source dimension (length) as opposed to small earthquakes where the
source volume increases with the cube of the source dimension. This assumption is fundamen-
tal in limiting the size of M/™* because it implies that the larger earthquakes, which behave like
line sources, will release proportionally more elastic strain. Some examples of coseismic strain
release are: the M; 5.9 Coyote Lake earthquake of August 6, 1979 relieved =23u strain (Uhr-
hammer, 1980); the M, 6.7 Coalinga mainshock relieved =56y strain (this paper); and the M,
8.3 San Francisco earthquake of April 18, 1906 relieved =115y strain (Thatcher, 1975). Thus
above M;=6 the coseismic strain release increases with M, at a rate of approximately
40u strain/ My and M[™* corresponds to a balance between the rates of strain accumulation and
strain release.

Note that the average annual rate of strain energy release transverse to the San Andreas
fault zone (Figure 5) exhibits a periodicity of 25+4.4km between peaks. For comparison, the
median spacing between Quaternary age faults, parallel to the San Andreas Fault, in the region
(Jennings, 1975) is 28+3km. The upper part of the crust which accumulates and dissipates
elastic strain energy is assumed to be approximately 15km thick (the depth to which earthquake
foci are observed in the Central Coast Ranges). The aspect ratio between the inter-strain peak
distance and the elastic crustal thickness is approximately 1.8. One possible explanation for the
similarity and the regularity in the spacing of peaks in the rate of coseismic strain energy release
and in the spacing of the Quaternary age faults is as follows. First, the regularity in the spacing
of the existing Quaternary age faults is mechanically controlled by the width of a crustal cross-
section (perpendicular to the relative plate motion) required to accumulate sufficient strain
energy to fracture the entire thickness of the elastic portion of the crust. Second, the coseismic
strain energy release is controlled by the lateral variation in the strength of the elastic upper
crust and the higher rates of strain energy release will occur along existing faults where the
crust is presumably weaker.

The RM2 model of Minster and Jordan (1978) predicts a rate of relative motion between
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the Pacific and North American plates, in the Central Coast Ranges, of 5.6+0.3cm/year in a
direction N35°W=+2.0°. The strike of the surface trace of the San Andreas Fault is
N40.4°W+0.23° in the region shown in Figure 1 (Jennings, 1975). The difference in the
azimuth between the relative motion of the plates and the strike of the fault is 5.4°+2.0° which
is statistically significant. Decomposing the relative plate motion vector into orthogonal com-
ponents which are parallel and perpendicular, respectively, to the strike of the San Andreas
Fault, yields a right-lateral strike-slip motion of 5.6+0.3cm/year parallel to the fault and a
compressive motion of 0.53+0.20cm/year perpendicular to the fault. Hall and Sieh (1977)
estimate a slip rate of 3.7+0.3 cm/ year along the San Andreas Fault in Central California, thus
1.9+0.4cm/ year of right-lateral strike-slip motion and the compressive motion are not absorbed
by the San Andreas Fault. These motions must be taken up, in part, by active orogenic
processes which are occurring in the Central Coast Ranges. The tectonic compression is com-
patible with the reverse slip mechanism for the Coalinga mainshock as evidenced from geodetic
elevation changes (Stein, 1983).
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Table 1.

Earthquakes with MM 2 VII or M >5.5

Date (E;ng) I;;It L:)\;llg MM M; :r eel;1 Region
12/17/1852 353 | 120.7 | VII 5.52 San Louis Obispo
02/01/1853 | 21:00 | 35.7 | 1212 | VII 5.52 San Simeon
03/06/1882 | 21:45 36.9 | 121.2 | VII 5.53 17 | Quien Sabe Valley
04/12/1885 | 04:05 | 36.4 | 121.0 | VI 6.2 72 | Bitterwater
03/03/1901 | 07:45 | 36.0 | 120.5 | VIIIX | 5.93 38 | Stone Canyon
07/28/1902 | 06:57 348 | 1204 | VII 5.53 18 | Los Alamos
01/12/1915 | 04:31 348 | 120.3 | VII 5.54 16 | Los Alamos
08/06/1916 | 19:38 | 36.7 | 121.3 | VII 5.53 15 | Paicenes
03/10/1922 | 11:21 358 | 120.3 | VII-IX | 5.6° 22 | Parkfield
07/25/1926 | 17:57 | 36.6 | 120.8 | VII 5.52 Idria
11/04/1927 | 13:50 34.6 | 120.9 | VII-IX | 7.3% 130 W of Pt. Arguello
06/08/1934 | 04:47 | 35.8 | 120.8 | VIII 5.6° 25 | Parkfield
11/24/1952 | 07:46 | 35.7 | 121.2 | VII 5.9 45 | San Simeon
04/09/1961 | 07:23 36.7 | 121.3 | VI 5.6* 18 | Paicines
06/28/1966 | 04:26 | 36.0 | 120.5 | VII 5.6° 23 | Parkfield

1 - area in 10%km? with MM >V

2 - estimated from max MM intensity
3 - estimated from area with MM 2>V
4 - determined from seismograms kept on store at Berkeley
5 - from Bakun and McEvilly (1984)
6 - from Byerly (1930)

Table 2.
Number of Felt Earthquakes (excluding aftershocks)
D MM Intensity N | Population
A VTV VI VI VIl | IX people] km?
1850 0.128
1 1 2 4
1860 0.378
1 1
1870 0.848
2 2
1880 1.25
1 1 2
1890 2.00
1 1
1900 2.04
1 2 1 1 5
1910 2.47
8 7 1 2 1 19
1920 2.82
7 1 1 2 11
1930 4.02
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Table 3.

Maximum MM Intensity versus My,
MM ML ag ML

v 3.7 0.54

A% 4.1 0.52

VI 4.6 0.48

VIl 5.5 0.40
VIII 6.0 0.32

Table 4.
Observed Cumulative Rate of Seismicity
M; Area Time r o,
> | M| (10%kmd) | o | T | Gea/yn) | (ealyr)
3.0 .05 33.75 30 | 455 | .449 0211
35 .05 33.75 30 152 | .150 0122
4.0 .05 33.75 30 61 | .0603 00771
4.5 .05 33.75 51 51 | .0210 .00294
5.0 .05 33.75 51 17 | .00699 .00170
5.5 10 47.7 132 15 | .00242 .000625
5.9 15 47.7 132 4 | .000635 | .000318
7.3 15 47.7 132 1 | .000161 | .000161
Table 3.
Calculated Cumulative Rate of Seismicity

M r T, T or

2> (eq/yr) (eq/yr) (yr) (yr)

30 | 441 114 2.27 586

3.5 ] .160 .0356 6.25 1.39

4.0 | .0580 0168 17.2 4.99

4.5 | .0210 .00870 47.5 19.7

5.0 | .00763 .00426 131, 73.2

5.5 | .00277 .00197 361. 257.

6.0 | .00100 .000867 996. 867.

6.5 | .000364 .000373 2750. 2820.

6.7 | .000243 .000264 4120. 4470.

7.0 | .000132 .000156 7570. 8950.

7.5 | .0000479 | .0000644 | 20900. 28100.
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Table 6.

Cumulative Rate of Seismicity

(Coalinga Region)

M; r o, T oT

> (eq/yr) (eq/yr) (yr) (yr)
3.0 2.64 .160 .38 .023
3.5 .959 .0494 1.0 .054
4.0 .348 .0238 2.9 .20
45 126 0124 79 .78
5.0 .0459 .00612 22. 2.9
5.5 .0167 .00284 60. 10.
6.0 .00605 .00125 170. 34,
6.5 .00220 .000539 450. 110.
6.7 .00146 .000382 690. 180.
7.0 .000798 | .000226 1300. 350.
7.5 .000299 | .0000961 | 3500. 1100.
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Figure 1. Map of Central Coast Ranges of California from approximately Monterey to Santa
Maria. The positions of the major faults are indicated by the heavy lines. Thirty years of
seismicity (455 earthquake sequences; 3.0< M; <5.6; 1953-1982) are plotted in octagons
which are scaled to the size of the earthquakes. The star is the location of the M, 6.7
Coalinga mainshock of May 2, 1983. The large numbers 1 and 2 indicate the Bear
Valley-Stone Canyon and Parkfield segments, respectively, of the San Andreas Fault. The
area is 33,750km (180kmx187.5km) and cross-sections A-A’ and B-B’ are used in Fig-
ures 3 to 6.
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Figure 2. Cumulative rate of seismicity for the Central Coast Ranges where N is normalized to
earthquake sequences per year per 1000 km>. The shaded band represents the 95 percent
confidence interval for log N and the open circles with error bars are the observed data.
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Figure 3. The a-value is plotted as a function of position perpendicular to the San Andreas
Fault (cross-section A-A’ in Figure 1). The a-value is normalized to per year per
1000 km? and the shaded region is the 95 percent confidence level. The arrow indicates
the position of the Coalinga mainshock.
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Figure 4. The a-value is plotted as a function of position parallel to the San Andreas Fauit

(cross-section B-B’ in Figure 1). The a-value is normalized to per year per 1000 km? and
the shaded region is the 95 percent confidence level. The arrow indicates the position of

the Coalinga mainshock.
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Figure 5. The square-root of the coseismic strain energy release (proportional to strain) is plot-
ted as a function of position perpendicular to the San Andreas fault zone (cross-section
A-A’ in Figure 1). The strain energy is normalized to ergs per year per 1500km’. The
shaded region is the 95 percent confidence level and the arrow indicates the position of
the Coalinga mainshock.
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Figure 6. The square-root of the coseismic strain energy release {proportional to strain) is plot-
ted as a function of position along the San Andreas fault zone (cross-section B-B’ in Fig-
ure 1). The strain energy is normalized to ergs per year per 1500 km®. The shaded region
is the 95 percent confidence level and the arrow indicates the position of the Coalinga
mainshock. The dashed line indicates the strain energy release due to the Coalinga
mainshock.
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ABSTRACT

Source characteristics of the Coalinga earthquake of May 2, 1983 (m,; 6.2,
Mg 6.5) have been determined from analysis of teleseismic data that were
digitally recorded by the Global Digital Seismograph Network. Broadband
displacement and velocity records of P waves have sufficient frequency content
to determine that the mainshock was a complex rupture consisting of two events
that occurred about 3.2 seconds apart. By fitting the broadband pulse shapes
with synthetics, we find that the first event had a depth of 9.5 km and a
predominantly thrust focal mechanism with strike 300°, dip 65° and rake 35°.
The hypocenter of the second event has a depth of 5.6 km. Its fault plane
solution with strike 300°, dip 80° and rake 80° is similar to the solution of the
first event. The moments of the first and second events are 1.9x10% and
0.8x10% dyne-cm, respectively. By inverting P-wave arrival time differences at
each station, we find the second hypocenter is located on a separate en echelon
fault southwest of the first hypocenter. The surface projections of these faults
bracket a substantial portion of the aftershock zone. From an inversion of P-
wave pulse durations, the rupture geometries of each event could be estimated.
The rupture geometries are nearly circular with a radius of about 6.0 km for the
first event and 4.7 km for the second event. Assuming a circular rupture
geometry, the static stress drop of the first event is about 34 bars. The static
stress drop of the second event is about 19 bars. An estimate of the dynamic
stress drop could be obtained only for the first event because of the waveform
complexity. A lower bound for this parameter is 24 bars or 31 bars depending
on whether the steep or shallow dipping nodal plane is chosen as the fault plane.
Inverting the energy flux in the velocity waveforms, we find the energy radiated
by earthquake is 1.6x10?! dyne-cm. This implies an average apparent stress of

18 bars.
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The complexity of the mainshock and of the aftershock sequence indicate
that strain could have accumulated on a system of strongly interdependent
faults. As the region became critically loaded, the effect of a major rupture was
to critically stress faults adjacent to the initial nucleation. The ensuing stress
release reflects the complexity of the fault system, occurring in a rapid mode
{the second event of the mainshock) and in a slow mode (the aftershock

sequence).
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INTRODUCTION

The use of theoretical seismograms to model teleseismically recorded body
waves has significantly enhanced the ability of seismologists to describe the
dynamics of the rupture process in earthquakes. Recent papers (e.g., Choy and
Boatwright, 1981; Choy et al.,, 1983) have demonstrated that broad bandwidth
data, data with spectral information from several Hz to tens of seconds, can
provide greater resolution of the rupture process. These papers demonstrated
that variations in pulse shape about the focal sphere could be readily quantified
and related to dynamic and static properties of the source, including estimates
of associated stress drops and the rupture geometry. The variations in pulse
shape were relatively easy to quantify for the earthquakes studied in these
papers, however, because the direct phases of the events were well-separated
from depth phases. Unfortunately, body waves generated by shallow
earthquakes generally are not well-separated. In the P-waves from such
earthquakes, the direct phase, surface-reflected phases and phases arising from
a complex source all may interfere with one another. The purpose of this paper
is to demonstrate that even for a shallow earthquake, broadband data can be

used to great advantage in interpreting the dynamics of the rupture process.

As an example of such an analysis, this paper describes the modelling of
broadband body waves from the Coalinga earthquake of May 2, 1983 (OT 23h 42m
37.85s; my 6.2; Mg B6.5). The teleseismically inferred source parameters are
derived entirely from properties of the body waves. The resulting rupture
history provides an independent complement to aftershock and strong motion

data for understanding the earthquake.
DATA PROCESSING

To study the rupture complexity of teleseismically recorded earthquakes it

is necessary to have phase and amplitude information about and above the
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corner frequency. For moderate-sized earthquakes (i.e., events with
5.55m<6.5), the frequency band of interest ranges from 0.1 to 5 Hz. Although
such broadband data are not yet routinely recorded by any global network, they
can be obtained by data processing techniques in which seismograms from
bandlimited instruments at a single station are combined to give a record with
overall broadband response. Because of the difficulty in preserving accurately
information at intermediate and high frequencies by hand-digitization of analog
records, we use data from the Global Digital Seismograph Network (GDSN). The
high quality and digital format of the data recorded by the GDSN permits the
easy and accurate retrieval of original broadband ground displacements and
velocities by the recombination of long- and short-period seismograms. A
method for doing this with GDSN data is described by Harvey and Choy (1982). A
comparison of typical broadband data with conventional bandlimited data is
shown in Figure 2. At the top, the broadband displacement from station COL
(solid line) is superimposed on the original long-period record (dashed line).
Compared to the displacement pulse, the long-period record is significantly
spread out in time and the waveform is devoid of high frequency details. The
bottom part of Figure 2 compares the original short-period record with the
broadband velocity record. Short-period instruments often emphasize energy in
a narrow bandwidth near 1 Hz, producing a ringing appearance in seisrnograms
so that arrivals from a complex source or from depth phases are very difficult to
discern. The velocity records are generally better than the displacement
records for identifying the onsets of arrivals. All the broadband P-waves in this

report have flat response to displacement or velocity between 0.02-5 Hz.

Our analysis of the Coalinga earthquake will emphasize the simultaneous
use of broadband displacement and velocity to quantify source parameters. The

distribution of GDSN stations which provided usable broadband records with
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respect to the epicenter of the Coalinga earthquake is shown in Figure 1. The
P-wave data for the mainshock (Figures 3a-3h) are shown in three ways. The top
trace shows the original short-period recording. The next trace shows the
broadband ground displacement. The bottom trace shows the corresponding

broadband ground velocity.
COMPUTATION OF BODY WAVE SYNTHETICS

The basic procedure in inverting for details of the rupture is to compare
observed records of displacement with synthetics generated by a source model.
The comparison is repeated until by trial and error the best possible fit to the
suite of waveforms about the focal sphere is obtained. Observed body waves
from a complex source are synthesized by the summation of simple sources.
For a single shallow source, the far-field P-wave may be written as the sum of the

direct P-wave and the depth phases,

u(x,t) = gp(A-t) * Qp(x-t) + gpP(A-t—tpP) * in(x't)
R("p-?p) R("pP-S”pP)
gsp(At—tp) * Np(x.t) (1)
R(¥sp.¢sp)
Here, g,(A.t) is the propagation operator for a point source for a distance A for

the direct P wave. (I,(x.t) is the undistorted body wave pulse shape radiated by
the source toward a receiver at x R('t’p.;op) is the radiation pattern coefficient
for the body wave with takeoff angle ¥, relative to the fault normal and azimuth
wp relative to the slip direction. Similarly, gpp, gsp and (lp and {lsp are the
propagation and source operators for pP and sP; t;p and t.p are the delays of the
depth phases. Note that eq. 1 implies that the direct and surface-reflected
pulses are expected to be sufficient to describe the rays radiated by the source
to receiver. The variety of crustal models that have been proposed for the
Coalinga region (e.g., Wentworth et al.,, 1983; Walter and Mooney, 1983; Fielding

et al, 1983; Eaton et al.,, 1983; and Sherburne et al.,, 1983). indicates that the
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refractors that are present are either weak and/or inconsistent. Although most
of these papers use flat-layers to present their crustal models, the velocity-
depth functions for Coalinga can be represented equally well by velocity
gradients. This can be seen in the detailed model of Fielding et al. (1983) which
used high-angle reflections from a COCORP signal source. The COCORP data
indicate that the crust can consist of fine laminations, too small to be resolved
by refraction data, rather than thick layers with homogenous velocities. While
the discretization of velocity gradients into layers is justified and useful for
simplifying the inversion of travel-time data, it may be less appropriate for
modelling waveforms. For teleseismic body waves propagating through the
gradient at relatively steep angles of incidence, no significant secondary arrivals

would be generated.

For body waves between approximately 30°<A<90° the effects of
propagation consist primarily of geometrical spreading and attenuation. Our
propagation operator is computed using the full wave method (Richards, 1973;
Choy, 1977; and Cormier and Richards, 1977). For earth structure, the JB earth
model is used except near the source. Near the source we use the velocity
profile at the intersection of lines 1 and 3 in the COCORP study of Fielding et al.
(1983). The COCORP model, derived from high-angle reflection data, is probably
more applicable to modelling teleseismic waveforms than models derived from

refraction data. The attenuation operator we use has a t°* of about 0.8 secs.

The crustal response at the receiver can be easily calculated using the
matrix method of Haskell (1962), but it is not necessary in our analysis. At
teleseismic distances (>30°), the angles of incidence are very steep. For most
commonly used earth models (where there are no high-impedance velocity
contrasts other than the crust-mantle interface), crustal reverberations on the

vertical component seismograms are unimportant. Models with intracrustal
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low-velocity layers that have been suggested for some pathogenic stations (Rial
and Brown, 1984) predict a significant arrival about 15 seconds after the first
P-arrival. This late arrival may have to be considered in long-period and
moment-tensor inversions because, owing to the phase response of typical long-
period seismographs, rather long time windows must be processed even for a
simple impulse response. The broadband body waves of the Coalinga
earthquake, however, have a typical duration of about 12 seconds (see Figures 2
and 3a-h).

The source pulse is a triangular function. We do not constrain the depth
phases to have the same time function as the direct body wave because, in
general, for any given station P, pP and sP have different takeoff angles with
respect to the fault plane. Any significant variation in the pulse durations can

be used to constrain the source geometry (Boatwright, 1984).

For a complex earthquake, the synthetics are obtained by summing a
number of simple sources, lagged in time to account for the different travel
times of spatially separated foeci. Although this strategy is similar to that
described by other analyses of earthquakes (e.g., Langston and Helmberger,
1975; Rial, 1978), we emphasize one major difference with previous studies. Our
primary emphasis is on the synthesis of broadband displacements rather than
long-period records.

DATA ANALYSIS
Seismogram synthesis

We begin by modelling the broadband waveforms with a single source. If the
best synthetic waveforms still disagree systematically with the data, waveforms
from additional events are superimposed on the data until it is clear that the fit
between observed and synthetic records can no longer be improved. For the
Coalinga earthquake, it turns out that two rupture events are required to satisfy
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the complexity in the observed waveforms. The focal mechanism of the first
event is shown in Figure 4 by the solid lines. The nodal planes for the second
event are shown by dashed lines. Distributed about the focal sphere are the
velocity waveforms from stations used to derive the rupture histories. To
illustrate the procedure used to model the earthquake, we detail the
construction of the synthetic for the displacement at COL. The same procedure
is followed for the construction of the sy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>