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THE COALINGA, CALIFORNIA, EARTHQUAKE
OF MAY 2, 1983

INTRODUCTION

By MicHAEL J. RYMER and WiLLiaM L. ELLSWORTH,
U.S. GEOLOGICAL SURVEY

At 2342 G.m.t. May 2, 1983, a magnitude (M) 6.7
earthquake occurred about 12 km northeast of the town
of Coalinga, approximately halfway between Los Ange-
les and San Francisco. The shock was felt from Los
Angeles to 200 km north of Sacramento and as far east as
Las Vegas. Unlike other well-documented, major earth-
quakes in California in the 20th century, this event was
not associated with any previously known or suspected
active fault. Comprehensive geologic and geophysical
investigations begun soon after the event have demon-
strated the absence of a near-surface fault responsible for
the earthquake. Instead, the earthquake was closely
associated with a fault zone concealed beneath folds
developed along the structural boundary between the
Coast (Diablo) Ranges and the San Joaquin Valley.

The May 2 earthquake occurred 35 km northeast of the
San Andreas fault, in a region that has produced only
scattered seismicity in historical time. Although there is
abundant evidence of active folding along the boundary
between the Coast Ranges and the San Joaquin Valley,
little attention had been paid to Quaternary tectonics and
potential earthquake sources in this region. Thus, this
earthquake has provided a unique opportunity to exam-
ine the structural setting and the mechanisms of earth-
quake generation near Coalinga and, by analogy, along
the entire boundary between the Coast Ranges and the
San Joaquin and Sacramento Valleys.

This volume contains 23 chapters on the following
topics related to the May 2 earthquake: geologic and
seismologic setting, seismologic and geophysical studies,
surface deformation and landslides, and engineering
studies. The chapters range in scope from detailed to
broad and from theoretical to descriptive. Earlier com-
pilations of preliminary reports on the earthquake have

Manuseript approved for publication, April 26, 1988.

been published by the U.S. Geological Survey
(Borcherdt, 1983; Rymer and Ellsworth, 1985), the
California Division of Mines and Geology (Bennett and
Sherburne, 1983), and the Earthquake Engineering Re-
search Institute (Scholl and Stratta, 1984). The chapters
in this volume largely supersede these earlier reports and
generally represent the culmination of research on the
particular topics. Strong-motion studies of the earth-
quake and its aftershocks are currently under way.

Seismologic and geophysical studies indicate that the
1983 Coalinga earthquake sequence was complex, involv-
ing both primary and secondary slip along several faults.
This earthquake sequence defines a zone 20 by 35 km long
and 14 km deep, located in the vicinity of the Coalinga
anticline. Clusters of instrumentally recorded earth-
quakes observed during 1973-83 were broadly distribut-
ed throughout this region; these earthquakes occurred
within a relatively quiescent zone framed by three of
these previous clusters.

New advances in instrumentation and event processing
provided hypocentral and magnitude determinations for
more than 6,000 aftershocks in the first 5 months after
the May 2 earthquake. Hypocentral locations of after-
shocks indicate a complex pattern of faulting on several
seismiecally active fault surfaces, including a horstlike
structure above the main shock. Focal mechanisms of the
larger events show predominantly crustal shortening in a
northeast-southwest direction, accommodated by thrust-
ing and reverse faulting in a direction normal to the San
Andreas fault. Broadband teleseismic recordings of the
main shock indicate that it, too, was a complex event,
involving ruptures on approximately parallel surfaces.

The May 2 earthquake occurred on the periphery of a
region being actively studied in the U.S. Geological
Survey’s Earthquake Prediction Program. Although a
seismic station was located near the epicenter, the
nearest instrumental strain sensors or geodetic-survey
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2 THE COALINGA, CALIFORNIA, EARTHQUAKE OF MAY 2, 1983

lines were located nearly 40 km to the southwest, near
the town of Parkfield, along the San Andreas fault.
Careful examination of all available data failed to reveal
any clear precursory changes in the Parkfield region
within the minutes to days before the May 2 earthquake.
Some unusual aceelerations in creep rate were observed
along the San Andreas fault adjacent to the Coalinga
region about 6 months before the event; however, they
may have been caused by unusually heavy rainfall rather
than by tectonic activity.

Special studies carried out to improve our knowledge
of the geologic structure and Quaternary tectonics of the
Coalinga region are reported in this volume, including
detailed seismie-refraction, seismic-reflection, and grav-
ity and magnetic surveys. These studies, together with
the wealth of seismologic data, provide invaluable insight
into the geologic history and faulting processes in the
Coalinga region. Together, they suggest a buried wedge
of Mesozoic oceanic crust being forced eastward beneath
a thick section of Cretaceous and younger sedimentary
rocks. Within the sedimentary rocks an anticlinal fold has
developed subparallel to the San Andreas fault. Similar
anticlinal features have been noted elsewhere along the
east flank of the Coast Ranges.

Documentation of surface geologic effects of the main
shock, and of surface faulting associated with another
earthquake 40 days after the main shock, provide new
perspectives on faulting processes in the Coalinga region.
For example, although no surface faulting was associated
with the main shock, surface displacement on the Nufiez
fault, 14 km west of the main shock, did accompany a
shallow-focus aftershock. Displacement on the Nufiez
fault during the 1983 earthquake sequence was large
relative to that during some major earthquakes in
California in the 20th century, even though the Nufiez
fault is only a minor structure. Moreover, a second
coseismic-slip event occurred on the Nufiez fault. This
later event was associated with the second largest event
in the Coalinga earthquake sequence (M;=6.0), 80 days
after the main shock; the later slip was also associated
with postseismic slip. This is the first well-documented
example of postseismic slip associated with reverse
faulting.

The timing of major earthquakes similar to those of
1983 beneath the Coalinga anticline and on the Nufiez
fault were studied by detailed stratigraphic analyses.
Careful analysis of alluvial deposits laid down by a stream

cut through the Coalinga anticline indicates that major
earthquakes with the same amount of uplift as in 1983
have minimum average repeat rates in the range
200-1,000 years during past 2,000 years. In contrast,
movements on the Nufiez fault have not occurred in the
past 1,700 to 1,900 years.

Two chapters in this volume deal! with pore-fluid
pressure in the Coalinga region. Chapter 13 documents
abnormally high fluid pressures that might have reduced
stress across the causative fault and thus led to the May
2 earthquake. This study also shows that the zone of
abnormally high fluid pressure extends along the south-
western margin of the San Joaquin Valley. Chapter 14
analyzes whether oil-field operations, such as oil with-
drawal and steam injection, near Coalinga might have
induced the May 2 earthquake. Techniques of this anal-
ysis may be applicable to other oil fields in tectonically
active regions.

Four chapters in this volume describe damage to
manmade structures due to strong earthquake shaking in
the Coalinga area: residences and commercial structures
(chaps. 19, 20), industrial facilities (chap. 21), and oil-field
structures (chap. 22). A common observation is that
construction meeting modern building-code require-
ments performed very well, whereas older structures
were more prone to failure.

The observations gained from the studies reported in
this volume have helped clarify the faulting processes,
regional tectonics, and earthquake potential of a previ-
ously enigmatic part of California. This information will
be useful to scientists and engineers studying earthquake
problems elsewhere in California and in other regions of
the world with similar tectonic settings.
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1. SUMMARY OF THE STRATIGRAPHY AND GEOLOGIC HISTORY OF THE COALINGA REGION 5

under the west side of the valley near Coalinga and thin
eastward toward the Sierra Nevada and westward,
partly by erosion, toward the Diablo Range (figs. 1.3,
1.4). Along strike to the southeast, the Cenozoic section
shows a consistent thickening from Anticline Ridge
through the Lost Hills, except for local thinning of upper
Cenozoic units in the area of Kettleman Hills South Dome
and the Lost Hills (fig. 1.4).

PALEOGENE HISTORY

The principal paleogeographic elements that existed in
the Coalinga region during the Paleogene were: (1) a
marine basin with an eastern shelf occupying the area of
the present San Joaquin Valley; (2) the ancestral Sierra
Nevada bounding the basin on the east; and (3) a
continental borderland of basins and highs, probably
formed during Late Cretaceous and Paleocene wrench
faulting along the proto-San Andreas fault, on the west
(Clarke and others, 1975; Nilsen and Clarke, 1975).
Paleogene strata (Lodo Formation or equivalent) uncon-
formably overlie the Great Valley sequence (figs.
1.2-1.5), although the angular discordance is generally
small or nonexistent. The absence of evidence for strong
deformation suggests that this unconformity may be due

EXPLANATION
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\ [9]

Sedimentary rocks (Pleistocene and upper Pliocene)

Sedimentary rocks (Tertiary)
Great Valley sequence (Mesozoic)
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B
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\
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FIGURE 1.1. —Continued

at least in part to a eustatic lowering of sea level at about
62 Ma (Vail and Hardenbol, 1979).1

The lower Paleogene in the San Joaquin Valley consists
of two depositional sequences, the lower ranging in age
from Paleocene through lower Eocene, and the upper
from middle through upper Eocene. The lower, trans-
gressive-regressive sequence includes deep-marine sed-
imentation in the basin trough (Lodo Formation),
followed by westward- or southwestward-prograding,
nearshore marine and deltaic sedimentation (Gatchell
sand of Coalinga anticline and McAdams sand of Kettle-
man Hills). The upper sequence consists of a locally
transgressive sandstone (Domengine or Avenal Sand-
stone), followed by a widespread hemipelagic shale
(Kreyenhagen Shale). Sedimentation in the deeper part
of the basin to the southeast, which included a deep-
sea-fan deposit (Point of Rocks Sandstone Member of the
Kreyenhagen), may have been partly contemporaneous
with the shallow-marine sedimentation (Avenal Sand-
stone) in the Kettleman Hills and southern Diablo Range
area (Nilsen and Clarke, 1975). The two sequences are
separated by an unconformity in the northern and
eastern parts of this area, as well as in the Diablo and
northern Temblor Ranges, but appear to be conformable
in the Kettleman Hills area and in the deeper part of the
basin to the south. Truncation of older units at the base
of the upper sequence in the Diablo and Temblor Ranges,
together with local evidence of Franciscan provenance in
the basal sandstone (Regan, 1943), indicates uplift in
those areas. Elsewhere, such as in the eastern shelf area,
the unconformity may be due as much to the lowered sea
level at about 52 Ma (Vail and Hardenbol, 1979) as to the
uplift.

There was continuous sedimentation from the Eocene
into the Oligocene in the deep southeast end of the San
Joaquin Basin, and an overall regressive trend with only
minor and relatively brief intervals of shoaling in the
Oligocene deposits of the Kettleman Hills area (lower
part of the Temblor Formation)?, leading to an unconform-
ity near the Oligocene-Miocene boundary (figs. 1.2-
1.5). The Oligocene record in many parts of California,
however, shows widespread nonmarine deposits and
unconformities indicating a major regression (Nilsen,
1984). In the San Joaquin Basin north of Coalinga,

The marine onlap curve of Vail and Hardenbol (1979) was modified to fit the Cenozoic
chronology of Berggren and others (1985).

2The use of the name “Temblor Formation” here is consistent with past USGS usage
(Woodring and others, 1940; Dibblee 1973), but is at variance with local oil-field usage. The
Temblor Formation is bounded by the Kreyenhagen Shale below and the Monterey Formation
above, and in the Coalinga-Kettleman Hills area contains an angular unconformity that
progressively truncates the lower part of the Temblor northward and westward (figs. 1.2-1.5).
Oil-field usage, on the other hand, restricts the name “Temblor Formation” to strata above the
unconformity and applies local informal names, such as “Felix siltstone,” “Burbank sand,”
“Whepley shale,” “Allison sand,” “Vaqueros sand,” and “Leda sand,” to the various subunits
below the unconformity.
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TABLE 1.1.—Stratigraphic units of the Coalinga-Kettleman Hills region, California

[Data compiled from Woodring and others (1940), Adegoke (1969), Stanton and Dodd (1972), Dibblee (1973), Dibblee and Nilsen (1974), Nilsen and Clarke

(1975), Casey and Dickinson (1976), Ingersoll (1979), Mansfield (1979),

Cooley (1982), Graham and others (1982), Kuespert (1983), and Bates (1984)]

Lithology

Environment of deposition

Jurassic.

Conglomerate, sandstone, siltstone,
and claystone; coarsens westward
toward the Diablo Range.

Mostly silty sandstone, siltstone,
and claystone; coarsens westward
and includes much coarser grained
sandstone and conglomerate.

Silty sandstone, silstone, mudstone,
blue adestic sandstone, buff to gray
sandstone, and conglomerate; coarsens
southward and westward.

Sandstone, conglomerate, and siltstone;

Silty arkosic sandstone, conglomerate,
siltstone, and mudstone, locally

Silty shale, siltstone, and minor silty

Porcelaneous mudstone and siliceous shale;
local conglomerate at base.

Alluvial fan, fluvial,
and lacustrine.

Fluvial and nearshore marine.

Shallow marine, lagoonal,
and fluvial,

Alluvial fan and fluvial.

Nearshore marine.

Marine shelf (neritic to upper
bathyal).

Mostly deep marine (bathyal),
locally near-shore marine.

Shale, calcareous shale, and siltstone=-----=-

Siliceous shale and calcareous shale--

Breccia, conglomerate, conglomeratic mudstone,
sandstone and mudstone, all composed of
serpentinite debris.

Calecareous sandstone, sandy siltstone, silty
shale, conglomerate, and shale--mostly
sandstone, with thin siltstone beds in the
north and west, decreasing sand/shale ratio
southeastward, and mostly shale in the

Porcelaneous or diatomaceous shale,
porcelaneous mudstone, and shale.
Arkosic sandstone and interbedded shale-=-----=-
Arkosic sandstone and conglomerate, locally
Quartzose sandstone and silty sandstone,
kaolinitic in part; includes widespread
unit of carbonaceous shale and sandstone.
Silty shale or mudstone, and claystone---------
Claystone or shale, and siltstone-=--=====cee--

Arkosic sandstone, siltstone, shale,

Shale with graywacke interbeds~—=--=-=--==w-=—--

Formation Age Thickness (m)
Tulare Formation--=~------- Late Pleistocene 300->800
and Pliocene.
San Joaquin Formation----~ Pliocene=~==-=~==v-u= 350->750
Etchegoin Formation------- Pliocene and 200->1,600
late Miocene,
Kern River Formation------ Pleistocene(?) to 800+-1,600+
late Miocene. coarsens eastward.
Santa Margarita Late Miocene-===-==== 0-250+
Formation.
calcareous.
Reef Ridge Shale-=~-=-==-= do=mmmmmmm e e e 0->650
sandstone.
Monterey Formation==------- Late and middle -———
Miocene.
McLure Shale Member -— <60->650
Devilwater Shale=-=-=-=m==-=c-—emeoeooeeonan 0->250
Member .
Gould Shale Member---=======-=-emmmooocana— 0->60
Big Blue Formation-- - Miocene-=~-~ ———— 0-50
Temblor Formation'-=---- Middle Miocene 0-31, 200
to Oligocene.
Temblor Range.
Kreyenhagen Shale--- Eocene-========-vwe-- <60->900
Point of Rocks do=====mmmmmeme e 0->300
Sandstone Member.
-Domengine Sandstone, Middle Eocene-=----- 0-125
Avenal Sandstone. glauconitic.
Gatchell sand of Coalinga  Eocene=--======-=--- 0-430
anticline, McAdams
sand of Kettleman Hills.
Lodo Formation==-~=======<- Early Eocene and 50->300
late Paleocene.
Great Valley sequence
Moreno Shale=-~==~===~- Paleocene and 0->600
Late Cretaceous.
Panoche Formation--~- Late Cretaceous=---- 1,000-6,000
and conglomerate.
Gravelly Flat Early Cretaceous 0->700
Formation. and Late Jurassic.
Franciscan assemblage==--- Cretaceous and Unknown

Graywacke, claystone, greenstone, and chert,
commonly intensely sheared.

Mass flow, fluvial, and
shallow marine.

Complex of shallow-marine,
nearshore-marine, and deltaic
and tidal deposits to north
and west, deeper marine-slope,
basinal, and submarine-fan
deposits in central basin to
west, grading into nonmarine
deposits to north and northwest.

Deep marine (bathyal).

Deep-sea fan.

Shallow marine (nearshore shelf)
and deltaic.

Nearshore marine (barrier island?)
and (or) deltaic.

Deep marine (lower neritic to

bathyal).

Deep marine (slope).

Deep marine (lower slope and
submarine fan).
Deep marine (slope?).

Trench and slope deposits,
tectonically mixed with oceanic
sediment and volcanic material in
subduction complex.

1Formally named members, the Buttonbed Sandstone, Media Shale, Carneros Sandstone, Santos Shale, Agua Sandstone, Wygal Sandstone, and Cymric Shale,
are ngt recognized in the Kettleman Hills and Coalinga area.
Domengine Sandstone equivalent in the Reef Ridge area.

Miocene deposits (upper part of the Temblor and nonma-
rine correlatives) unconformably overlie marine Eocene
deposits (Kreyenhagen Shale) (fig. 1.2). Eustatic lower-

NEOGENE AND QUATERNARY HISTORY

ing of sea level, particularly at mid-Oligocene time (Vail
and Hardenbol, 1979), probably contributed to the Oli-
gocene regression; but tectonic activity, possibly associ-
ated with the approach of the Pacific-Farallon spreading
ridge, was the dominant influence (Nilsen, 1984) and
effectively masked eustatic sea-level effects for most of
the San Joaquin Basin.

The Neogene history of the San Joaquin Basin is closely
tied to the evolution of the San Andreas fault system. The
south-to-north progression of local volecanism through
central and northern California during the Miocene, and
the rapid subsidence of the southern San Joaquin Basin
during middle to late Miocene time (although that deep-
ening was augmented by a global highstand of sea level;
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Vail and Hardenbol, 1979), closely correspond in time and
space to northwestward migration of the Mendocino
triple junction and consequent northwestward propaga-
tion of the San Andreas transform fault (Dickinson and
Snyder, 1979).

VALLECITOS COALINGA KETTLEMAN HILLS
SYNCLINE AREA ANTICLINE AREA NORTH DOME

SYSTEM AND
SUBSYSTEM
SERIES AND

SUBSERIES

— HOLOCENE,
AT.
L Qu F Tulare Formation
T
PLEISTOCENEV San Joaquin Formation
r PLIOCENE i
L Nonmarine rocks Etchegoin Formation
“:i AN Santa Margarita Formation
B § i
10— Reef Ridge Shale
L ] McLure Shale Member of
B w K Monterey Formation
ol g | =3 - :
- o« z LAAAAAALAL Big Blue Formation
Z| ©
B = Temblor Formation Temblor Formation (upper part)
NV
[ b VT
20— H |
o |
4
i
>
=z .
T, H
o L [ w 5
5 < |z
= w
= (B | 5 P
ui [ L
Q - 3 5 r{ Temblor Formation
% E (lower part)
Tumey Formation f‘
. (shale member) \
- g: * L' Tumey Shale
3 I~ T — — —
s r““’J’
w (sandstone member)
- =z
w
. 8 o Kreyenhagen Shale
; w 3 Kreyenhagen Shale
[ &l & | E
o]
o
L prr}
50
l———""C.ndstonel i
L ——{Fomengine Sandstonef e Sandstone T doms sand ?
? 4} /l*
- 5 Yokut Gatchell sand *
B Sandstone an
- L)
| Lodo Formation ' Lodo Formation
b}
60— ;’ 5
1|
(=]
w
L 2 .
a H Moreno Shale Moreno Shale
- |

! The Lodo Formation in the Vallecitos area includes the Cerros Shale, Cantua Sandstone,
and Arroyo Hondo Shale Members.
2 Informal names of local usage.

FIGURE  1.2.—Correlation of Cenozoic stratigraphic units of the
Coalinga region. Sources of stratigraphic information: Vallecitos
syncline area—Phillips and others (1974), Dibblee (1979), Nilsen
(1979), and Rentschler (1985); Coalinga anticline area—Woodring
and others (1940), Church and Krammes (1959), and Bate (1985);
Kettleman Hills North Dome —Woodring and others (1940), Church
and Krammes (1959), Sullivan (1966), and Kuespert (1985). Series
and subseries boundaries from Berggren and others (1985).

1. In the simplest view, the Neogene history of the

west-central part of the San Joaquin Basin can be
thought of as a single depositional sequence, although
that history is complicated by several discrete epi-
sodes of tectonic activity that produced results rang-
ing from slight shoaling to major unconformities.
Miocene sedimentation began in the Coalinga area
with a transgression and the deposition of shallow-
marine sandstone (upper part of the Temblor Forma-
tion) over truncated Oligocene (lower part of the
Temblor Formation) and Eocene (Kreyenhagen Shale)
strata (figs. 1.2, 1.3, 1.5). This overall transgressive
trend was interrupted by two pulses of uplift. The first
uplift, near the end of the early Miocene, was centered
to the southeast in the southernmost Diablo Range
and Temblor Range area, resulting in an unconformity
there and producing eastward-prograding deltaic and
nonmarine deposits in the Coalinga-Kettleman Hills
area (Kuespert, 1983). With renewed subsidence,
shallow-marine sand onlapped westward over these
deltaic deposits and the formerly emergent areas
(upper part of the Temblor Formation in the Coalinga-
Kettleman Hills area, Buttonbed Sandstone Member
of the Temblor in areas to the southeast), and were
followed in the Kettleman Hills area and to the
southeast by deep-marine slope and submarine-fan
deposits (Kuespert, 1983). The second uplift, during
middle Miocene time, was centered to the north of
Coalinga in the New Idria-Joaquin Ridge area of the
Diablo Range (fig. 1.1) and produced southeastward-
prograding deltaic and nonmarine deposits (upper-
most part of the Temblor Formation) in the Coalinga
anticline area (Kuespert, 1983; Bate, 1985). A subse-
quent serpentinite mass flow and associated deposits
in the areas adjacent to Joaquin Ridge (Big Blue
Formation) indicate exposure of the New Idria ser-
pentinite (Bate, 1985).

. The San Joaquin Basin deepened rapidly during late

middle Miocene time as shelf deposits, followed by
deep-water hemipelagic shale (Monterey Formation),
were deposited over formerly emergent areas. The
Neogene marine basin reached its maximum extent in
early late Miocene time, approximately coincident
with a middle to late Miocene global highstand of sea
level (Graham and others, 1982). The Kettleman and
Lost Hills anticlines are not expressed in isopachs of
the lower parts of the Monterey Formation; however,
the presence of banktop-type pure diatomite in the
upper parts of the Monterey on the Lost Hills anticline
suggests syndepositional growth of this structure
(Graham and others, 1982).

. A basinwide regression began in late Miocene time

with shallowing of the basin to shelf depths and a
transition from hemipelagic shale to shale and
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siltstone richer in terrigenous material (Reef Ridge
Shale). Concurrently, nearshore coarse clastic depos-
its (Santa Margarita Formation) prograded basinward
from the north and east. Much of the basin-margin
area, including the uplifted Diablo and Temblor Rang-
es, became fully emergent before the final marine

latest Miocene time, the basin had become a semien-
closed shallow-marine embayment, with an opening to
the northwest through the Warthan Creek-Priest
Valley area near Coalinga, and with high areas to the
north at Joaquin Ridge and to the southeast in the
southern Diablo and Temblor Ranges.

transgression deposited shallow-marine sediment | 4. The basin gradually became shallower through
(Etchegoin Formation) over truncated older strata in Pliocene time as it filled with sediment (upper part of
the uplifted areas (figs. 1.3, 1.4). The San Joaquin the Etchegoin and San Joaquin Formations). Nonma-
Basin had been open to the ocean at its deep southwest rine deposits prograded into the basin from all sides
end through middle Miocene time (Bandy and Arnal, (nonmarine facies of the Etchegoin and San Joaquin
1969), but beginning in late Miocene time the basin Formations on the west side, and the Kern River
was progressively closed off on the west by north- Formation on the east side), leading to the final
westward movement of the Salinian block highs west transition to nonmarine sedimentation during latest
of the San Andreas fault and by folding and uplift in Pliocene time (lower part of the Tulare Formation).
the Temblor and Diablo Ranges (Harding, 1976). By Folding along the west side of the San Joaquin Valley
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grew progressively basinward through Miocene and
Pliocene time (Harding, 1976), and by late Pliocene
time there was evidence, provided by the slight
thinning of upper Pliocene strata (San Joaquin For-
mation) over the structure (figs. 1.3, 1.4), of growth of
the Coalinga anticline. Growth of the Kettleman Hills
structure must have been initiated at about this time
or later because late Pliocene facies trends (Stanton
and Dodd, 1972) are apparently unaffected by the
presence of a growing structure at that locality.

The final transition to nonmarine conditions was aug-
mented by continued deformation in the Temblor and
Diablo Ranges during late Pliocene and Pleistocene time
(Page, 1981), and it was probably at about that time that
the western outlet of the basin through Priest Valley was
finally closed off by Coast Range deformation. Latest
Pliocene and Pleistocene alluvial-fan deposits (Tulare

Formation) overlie truncated older strata along the west
side of the San Joaquin Valley, although only a short
distance basinward more distal facies are apparently
conformable with underlying Pliocene deposits (fig. 1.3).
Dominantly fluvial sedimentation has continued to the
present, with intermittent lacustrine deposits concen-
trated in the central part of the basin. Episodic alluvial
sedimentation in the San Joaquin Valley throughout the
Quaternary probably has been controlled more by climat-
ic fluctuations than by tectonic activity (Marchand, 1977,
Lettis, 1982); however, the Quaternary growth of such
structures as the Coalinga anticline and the Kettleman
Hills, as well as Quaternary folding and faulting else-
where in the Diablo Range (Lettis, 1982), demonstrates
continued tectonic activity in that period. Furthermore,
the occurrence of such earthquake sequences as that
beginning in May 1983 indicates ongoing deformation in
the Coalinga region.
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TABLE 1.2.—Wells shown on cross sections A-A' (fig. 1.3) and B-B’

(fig. 1.4)
No. Well Location
Sec. T. R.
Cross section A-A'
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3 Superior 0il 22 20 S. 15 E.
"Pleasant Valley" 1.
4 Lloyd A. Harnish 30 20 S. 16 E.
"Guijarral Service" 65-30F.
5 Union 0il "Gatchell" 65-28-====-- 28 20 s. 16 E.
6 Texaco "Spielep" l-==-=-m—m—eoaa- 26 20 S. 16 E.
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18-30.
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10 Mobil 0il "B.L.C." U8-T---==--uu- 7 20 S. 19 E.
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12 Terra Resources "Piexoto" 1-=---- 26 19 S. 20 E.
13 Canus Petroleum 19 19 8. 21 E.
"Hansen Farms" 1.
14 Chevron USA "Mills" 58-8===sm=-w-- 8 19 8. 22 E.
Cross section B-B’
1 Fresno 0il Investment 20 19 S. 15 E.
"Phelps-Gov't." 2.
2 Chevron USA 213-=====mmmeee—een—— 35 19 S. 15 E.
3 Gulf 0il "Leavitt-Hintze" 1------ 12 20 S. 15 E.
4 Union 0il "USL" 68-=====—-me—cemu-- 18 20 S. 16 E.
5 Chevron USA "P.V.F." 82-29F-==--- 29 20 S. 16 E.
6 Union 0il "Gatchell" 65-28-~===~- 28 20 S. 16 E.
7 Sun 0il "Dessel" U]=2e--ommme—aa- 2 21 S. 16 E.
8 Chevron USA "Bourdieu" 1=A=====-- 1 21 8. 16 E.
9 Artnell Co. "Helm-Sumpf-SOCO 13 21 S. 16 E.
Fee" U42-13,
10 Kettleman North Dome Unit 34 21 8. 17 E.
423-34g.
11 Kettleman North Dome Unit 7 22 S. 18 E.
E27-7Q.
12 Kettleman North Dome Unit 1 23 s. 18 E.
E1-1U.
13 Middle Dome Corp. 38-19V-=-==---- 19 23 S. 19 E.
14 Chevron USA "SF & FL" 68~-=-===-= 4 24 8. 19 E.
15 Occidental Petroleum "USL" 27 2b s, 19 E.
27-27.
16 Chevron USA "SF & FL" 4-2-w-=-n--o 12 25 8 19 E
17 Mobil 0il "Williamson" 33-11~~==~= M 26 S 20 E
18 Chevron USA "Cahn®" 58-h-----wee-- 4 27 S 21 E
19 Chevron USA "Van Sicklin" U45-=--- 36 27 S 21 E
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ABSTRACT

The 1983 Coalinga main shock occurred about 45 km east of the San
Andreas fault and about 10 km below the Coalinga anticline on the east
edge of the southern Diablo Range, central Coast Ranges of California.
The aftershock pattern broadly outlined the southeast-plunging Coa-
linga anticline of late Cenozoic strata but generally excluded Joaquin
Ridge, an east-plunging anticline of Tertiary and older strata contigu-
ous on the north. The Coalinga anticline plunges southeast toward
Kettleman North Dome, the northern of four narrow, elongate uplifts
of late Cenozoic strata along the Diablo Range-San Joaquin Valley
margin. These uplifts are notable for their near-lithostatic pore-fluid
pressures at depth.

The San Joaquin Valley, the large southern part of the Great Valley
of California, is a broad asymmetric trough. Its sedimentary sequence,
locally more than 9 km thick, ranges in age from Late Jurassic through
Holocene and is chiefly marine upward into the Pliocene sequence. The
fill conceals the eastern margin of Franciscan rocks, which underlie the
Diablo Range, and the western margin of Sierran basement, as well as
intervening rocks and structures. A 20- to 30-km-wide band of narrow
elongate folds, many containing oil fields, extends along the west side
of the valley for at least 115 km southeast of Joaquin Ridge. Fold axes
generally trend subparallel to the San Andreas fault, and many are cut
by reverse faults of similar trend. The eastern margin of this fold belt
is 15 to 20 km east of the mapped Franciscan substrate but essentially
coincides with the eastern margin of an extensive subsurface field of
abnormally high pore pressures.

The Coast Range-Great Valley boundary is marked by an abrupt
westward thickening and upturning of late Mesozoic and overlying
strata along most of its length. The buried eastern margin of Franciscan
rocks beneath the Coalinga anticline forms the east tip of a tectonic
wedge that peels up late Mesozoic and younger strata to form anticlines,
such as the Coalinga anticline, as the wedge is thrust eastward during
1983-type earthquakes. Structure contours on young basin deposits and
geophysical profiles suggest that the western margin of the San Joaquin
Basin is controlled by this wedging process and that the original axis of
the ancestral basin lay far west of the present margin.

The western and eastern margins of the central Coast Ranges and all
of the western Transverse Ranges are characterized by isolated
clusters of thrust/reverse earthquakes. Examples of M;=5 thrust
reverse earthquakes include the 1980 Point Sal and 1983 Coalinga
earthquakes in the central Coast Ranges, and the 1971 San Fernando,
1973 Point Mugu, and 1978 Santa Barbara earthquakes in the western
Transverse Ranges. A broad section of California, from Monterey Bay
to the Los Angeles Basin and from the Continental Shelf to the San
Joaquin Valley, is characterized by northeast-southwest compression,
as shown by the P-axes of numerous such earthquakes and the
maximum-compressive-stress axis compatible with the 1971 San
Fernando and 1983 Coalinga earthquake sequences. Fold axes through-
out this region are oriented generally normal to this compression,
rather than as wrench folds in the San Andreas system. Shortening
normal to the San Andreas fault—such as during the 1983 Coalinga
main shock—is generally attributed to divergence between the fault
and Pacific-North American plate motion, and to northwestward
extension of the Basin and Range province. Unusual aspects of the
resulting deformation include sole thrusts or regional decollements
beneath the central Coast and western Transverse Ranges, probably
permitted or aided by abnormally high pore pressures at depth.

INTRODUCTION

The 1983 Coalinga main shock occurred beneath the
Coalinga anticline, about 45 km east of the San Andreas
near the boundary between the San Joaquin Valley and
the southeastern Diablo Range of the central California
Coast Ranges (fig. 2.1). The main shock and most
aftershocks occurred 6 to 14 km beneath the Coalinga
anticline-Pleasant Valley syncline area. The main-shock
epicenter was about 10 km northeast of the town of
Coalinga, near the axis of the Coalinga anticline. The
aftershock epicenters form an elliptical pattern, about 35
km long from Nufiez Canyon on the northwest to the
Guijarral Hills on the southeast, and about 15 km wide
from Coalinga on the southwest to the main-shock
epicenter (fig. 2.2). This pattern includes most of the
southeast-plunging Coalinga anticline but lies south of
contiguous, east-southeast-plunging Joaquin Ridge. This
chapter outlines aspects of the structural history, seis-
micity, and inferred stress regime of the Diablo Range-
San Joaquin Valley region.

GEOLOGY AND STRUCTURE

The Diablo Range extends about 325 km from the
Sacramento River near lat 38° N. on the northwest to

13
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Antelope Valley on the southeast (fig. 2.1); it averages
about 40 km in width from the San Andreas-Calaveras-
Hayward faults on the southwest to the San Joaquin
Valley on the northeast. The main mass of the range,
centered about 125 km northwest of the Coalinga anti-

120°30° 120°20’

cline, is about 120 km long and generally antiformal in
style. The core of the mass is a tectonic assemblage of
Franciscan rocks, chiefly late Mesozoic melange, mud-
stone, sandstone, graywacke, greenstone, and blue-
schist. The core is flanked by generally coeval strata of
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FIGURE 2.2. — Locations of epicenters of the 1983 Coalinga earthquake sequence, including aftershocks of M, = 2.5 through September 30, 1983.
Solid symbol, main-shock epicenter (M, = 6.7); triangle, recording station. Contour interval, 200 ft. Modified from Eaton (1985b, fig. 2).
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the Great Valley sequence, chiefly marine turbidites,
which form the structural cover of the Franciscan assem-
blage. Locally it can be shown that basal Great Valley
strata were deposited on ophiolite (Bailey and others,
1970), but the contact with the Franciscan is everywhere
faulted. Great Valley strata are overlain unconformably
by late Cenozoic deposits.

The structure of the south half of the range consists of
numerous closely spaced folds. The axes generally are
subparallel to the San Andreas fault near the fault zone
but may diverge eastward away from the fault. The
anticlines near the San Andreas fault are cored by
Franciscan or ultramafic rocks, flanked by Great Valley
and Cenozoic strata, and commonly cut by reverse or
thrust faults.

One of the largest anticlinal features in the south half
of the range, San Benito Mountain-Joaquin Ridge, is
cored by a 10- by 20-km-long elliptical body of ultramafic
rocks, chiefly serpentinite (New Idria serpentinite), with
Franciscan sedimentary rocks along the southwestern
and northern margins. Great Valley strata dip away from
the core on all sides, and the contact is faulted and locally
overturned (Eckel and Myers, 1946). Whether this ultra-
mafic body represents ophiolite on which the Great
Valley sequence was deposited or a diapir from beneath
Franciscan rocks is questionable (Page, 1981, p. 371). On
the basis of its magnetic anomaly, the body appears to
have a restricted lateral extent in the subsurface (see
chap. 5).

From the San Benito Mountain (New 1dria) structural
high, Great Valley and Cenozoic strata plunge easterly
toward the San Joaquin Valley and form the east-
southeast-trending axis of Joaquin Ridge. The Coalinga
anticline (Anticline Ridge) is a relatively small, sharply
defined, narrow fold in chiefly Tertiary and Quaternary
strata, whose axis extends more than 20 km southeast-
ward from Joaquin Ridge and plunges gently southeast
toward Kettleman North Dome. The Coalinga anticline
has a gently dipping northeastern limb, but its south-
western limb is much narrower and has a straight, locally
steep to overturned southwestern margin.

The Kettleman Hills-Lost Hills trend is a chain of
narrow anticlinal hills, subparallel to the San Andreas
fault, that extends for about 65 km along the west side of
the San Joaquin Valley southeast of the Coalinga anti-
cline (fig. 2.1). This chain is separated from the Diablo
Range by synclinal Pleasant Valley. Three separate
anticlines, with exposed cores of marine Pliocene strata,
are called North, Middle, and South Domes, although
none is domal and South Dome is not doubly plunging.
The axis of each anticline is offset right laterally from the
next, as is the axis of the Coalinga anticline from that of
North Dome. North dome is cut by several reverse faults
subparallel to the anticlinal axis, and by numerous

crossfaults (Woodring and others, 1940). Dip separation
on exposed faults is as much as 100 m (Woodring and
others, 1940). A north-south-trending, west-dipping re-
verse fault with at least 100 m of slip separates North and
Middle Domes (Woodring and others, 1940). The Lost
Hills is a fold in nonmarine Pliocene and Pleistocene
strata, aligned with, but about 10 km southeast of, South
Dome. Each of these anticlinal structures contains an oil
field. The Kettleman Hills-Lost Hills structure trend is
notable for its near-lithostatic pore-fluid pressures at
depth (Berry, 1973). The distribution of such abnormally
high pressures in this trend and adjoining parts of the
region, and their significance to the Coalinga earthquake
sequence, are described in chapter 13.

Along the Kettleman Hills trend, the cores of the folds,
as marked by the Cretaceous-Tertiary boundary, crest at
about 3,350 m below sea level (see fig. 13.3). Northwest-
ward on the Coalinga anticline, however, this boundary
rises to exposures at about 610 m above sea level.
Because the base of the Pliocene and Pleistocene Tulare
Formation on the Coalinga anticline is folded to the same
degree as the base of the Tertiary sequence, most uplift
and tilting of the anticline have probably occurred since
deposition of the Tulare began about 2 m.y. ago. If this
age estimate is correct, the long-term average rate of
uplift is at least 2 mm/yr.

The Cenozoic structural history of the Coalinga region
includes at least three major deformational events, each
of which is marked by a conspicuous hiatus and (or)
unconformity (see chap. 1). The earliest of these events,
which resulted in a disconformity at the base of the
Tertiary sequence, may represent emplacement of the
Coast Range thrust. The second, a middle Tertiary
event, caused an extensive angular unconformity at the
base of the middle Miocene sequence, which is discordant
on Eocene strata. A structure-contour map of this
unconformity shows that, northeast of the Coalinga
anticline, the structure of the rocks above the unconform-
ity generally accords with that of the older rocks below
(see fig. 4.4). The axis of Joaquin Ridge, however, which
is northwest of the Coalinga anticline, plunges about S.
80° E., whereas the axis of the much sharper and
asymmetric Coalinga anticline, as expressed in younger
rocks, plunges about S. 45° E. Southwest of the Coalinga
anticline, the structure of exposed pre-Tertiary strata is
truncated by the unconformity, and the axes of Kettle-
man North Dome and the Pleasant Valley syncline
generally parallel that of the Coalinga anticline. Serpen-
tinite clasts in the upper part of the middle Miocene
sequence probably represent unroofing of the New Idria
serpentinite during the middle Tertiary event. The third
major deformational event is marked by an angular
unconformity, as great as 30°, at the base of the lower
Pliocene sequence, which locally rests on Upper
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FIGURE 2.4.—Faults, fault-plane solutions for M,;=5 earthquakes
since 1933, and fold axes in central California. CA, Coalinga
anticline; JR, Joaquin Ridge; LA, Los Angeles. East edge of the
Franciscan assemblage in the San Joaquin Valley from Walter (see
chap. 3) and Wentworth and Zoback (see chap. 4). Inset shows
distribution of pressure (P) and tension (T) axes for mapped events.
Solid star, orientation of maximum-compressive-stress axis (S,);

open star, orientation of minimum-compressive-stress axis (Sy),
derived from 1983 Coalinga earthquake sequence by method of P
and T dihedra (Angelier, 1984). Tickmarks on diameter of circle
indicate trend of the San Andreas fault in central California (N. 41°
W.). All thrust/reverse-fault solutions are compatible with indi-
cated 8, and S; axes. Sources listed in table 2.1.
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Cretaceous strata southwest of the Coalinga anticline
(Jennings and Strand, 1958). Subsequent—and continu-
ing —deformation produced a local angular discordance at
the base of the Pleistocene sequence. Each of these
deformational events is associated with uplift and folding
in the Coalinga anticline area and may be attributable to
thrust wedging, as described below.

The Coast Range-Great Valley boundary is marked by
an abrupt westward thickening and upturning of the
Great Valley sequence along most of its 355-km length
(Wentworth and others, 1984). Franciscan and coeval
Great Valley rocks are juxtaposed at the surface along
the Coast Range thrust (Bailey and others, 1970), a
regional-scale feature that, in the context of plate tec-
tonics, has been considered to dip east into the crust and
represent a subduction-zone suture. The buried eastern
margin of Franciscan rocks beneath the Coalinga anti-
cline is the tip of a tectonic wedge that peels up Great
Valley and overlying strata as the wedge is thrust
eastward during Coalinga-type earthquakes. The Coast
Range thrust may thus form the roof thrust of this wedge
(Wentworth and others, 1984). Franciscan wedges,
which underlie the Coalinga anticline and the South
Dome-Lost Hills area, presumably are associated with
such intervening structures as North and Middle Domes.
The east tips of the wedges mapped near the Coalinga
anticline and the Lost Hills coincide with the west flank

EXPLANATION

Franciscan assemblage and correlative rocks in
subsurface—Queried where extent of unit
uncertain

Abnormally high pore pressures

Franciscan assemblage and correlative rocks

\
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-——mmam -
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TABLE 2.1.—Data on fault-plane solutions

[References: 1, Hanks (1979); 2, Gawthrop (1978b); 3, Smith and
Hamilton {1978); 4, Savage and Prescott (1978); 5, Stein and
Thatcher (1981); 6, Gawthrop (1978a); 7, Whitcomb and others
(1973); 8, Woodward-Clyde Consultants (1979); 9, Lee and others
(1979); 10, R.S. Cockerham {(written commun., 1981); 11, Lee and
others (1978); 12, Eaton (1985a); 13, Eaton (1985b); 14, Corbett
and Piper (1981)]

Location

Date Lat (°N.) Long (°W.) M Fault Reference
Nov. 4, 1927 34.6 120.9 7.3 (M) mmmmmmmmmmemen 1
34.9 120.7 7.3 (Mg) 2--mwmmmmmmoem- 2
34,65 120.9 7.5 (Mg) Offshore 3
Lompoc.
34,88 120.78 7.3 Femmmmmmem e 4
Mar. 11, 1933 33.62 117.97 6.3 Newport- 8
Inglewood.
July 21, 1952 35.00 119.02 .2 White Wolf--=--- 5
June 22, 1966  35.795 120.3% 5.5 San Andreas---- 12
Nov. 5, 1969 34.61 121.44 5.6 Santa Lucia 6
Banks.
Feb. 9, 1971 3441 118.40 6.4 San Fernando--- 7
Feb. 24, 1972 36.59 121.20 5.1 San Andreas---- 10
Feb. 21, 1973 34.08 119.04 5.9 Anacapa---~=---- 9
Aug. 6, 1973 33.97 119.45 5.0 do=w==mm————— 9
Nov. 28, 1974 36.92 121.48 5.2 San Andreas=--- 10
Aug. 13, 1978 34,37 119.72 5.1-5.9 Santa Barbara 11, 12
Channel.
Jan. 1, 1979 33.95 118.7 5 Anacapa(?)=----- 10
May 29, 1980 34.98 120.71 5.1 Hosgri--~==----- 12
Sept. 4, 1981 33.68 119.12  5.2-5.6 Near Santa 10, 14
Barbara
Island.
Aug. 11, 1982 36.63 121.30 4.8 San Andreas---- 12
Oct. 25, 1982  36.32 120.52 5.2 New Idria(?)--- 12
May 2, 1983 36.22 120.32 6.7 Coalinga 13
(buried).
Aug. 29, 1983 35.84 121.35 5.4 Hosgri==-===--- 12
Jan. 23, 1984  36.37 121.36 5.2 Hosgri-San 12
Gregorio.

of the San Joaquin Valley as defined by structure
contours on the top of the lower Pliocene sequence (Hoots
and others, 1954). This relation suggests that the west
edge of the basin is controlled by advance of the wedges
and that the original axis of the basin lay far west of the
present western margin.

The history of folding in a 20- to 30-km-wide belt that
extends along the western margin of the San Joaquin
Valley for at least 115 km southeast of Joaquin Ridge has
been described by Harding (1976). More than 125 sepa-
rate structures were mapped by Harding (1976), includ-
ing numerous exposed, but chiefly buried, folds, many
containing oil fields. Individual axes are as long as 25 km,
generally trend as much as 20° more westerly than the
San Andreas fault, and are arranged generally in eche-
lon, deflected 1 to 5 km right laterally. In the belt as a
whole, folding has been essentially continuous since early
Miocene time. Both the area involved and individual folds
were inferred by Harding (1976) to have developed
progressively eastward, away from the San Andreas
fault. Oil-producing anticlines nearest the fault are folded
more tightly and commonly are disrupted by reverse
faults. Harding (1976) associated the fold belt with the
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presence of buried Franciscan rocks, but it extends as
much as 30 km east of the Franciscan wedges mapped
from seismic profiles by Wentworth and others (1984; see
chaps. 3, 4). The east edge of the fold belt, however,
essentially coincides with that of a subsurface field of
abnormally high pore pressures (fig. 2.4; see chap. 13).

SEISMICITY

The 1983 Coalinga thrust/reverse-displacement main
shock, which occurred below the young Coalinga anti-
cline, may be attributable to eastward thrusting of a
buried east-facing wedge of Franciscan rocks (see fig.
13.9). On August 4, 1985, an M;=6 thrust/reverse
earthquake occurred about 17 km due east of Coalinga
and about 17 km southeast of the 1983 main-shock
epicenter at a depth of about 13 km. The fault-plane
solution and aftershock pattern of this event suggest that
it may be associated with eastward thrusting of a buried
wedge of Franciscan rocks, similar to the 1983 sequence
(fig. 2.3).

A 50-km-wide band of seismicity for 1972-83 along the
eastern margin of the Diablo Range north of the Kettle-
man Hills is characterized by several small clusters (see
fig. 8.3). This rather diffuse seismic pattern is inter-
rupted by Franciscan-bounding faults, such as the Orti-
galita, New Idria, and Waltham Canyon faults. The
clusters extend northwestward and southeastward, gen-
erally along the eastern margin of the range; the 1983
seismic rupture filled the gap between the clusters of
1976, 1980, and 1982. A fault-plane solution for a large
earthquake in the 1982 cluster at the southeast tip of the
New Idria serpentinite is similar to that for the 1983
Coalinga main shock: reverse-thrust displacement on
faults trending about N. 55° W. (Eaton, 1985). The
Llanada and Ortigalita faults, which bound the Fran-
ciscan core of the central Diablo Range, have (at least
since 1969) been characterized by small earthquakes with
chiefly strike-slip solutions, compatible with right-lateral
displacement on these faults (fig. 2.3; La Forge and Lee,
1982). However, fault-plane solutions for one event near
the junction of the two faults, as well as for the 1982 New
Idria and 1983 Coalinga earthquakes to the southeast,
indicate reverse-thrust displacement on northwest-
trending faults.

STRESS REGIME

A broad region of California, from San Francisco to the
Transverse Ranges and from the San Joaquin Valley to
the Continental Shelf, is characterized by late Cenozoie
deformation under generally northeast-southwest com-
pression. As recognized by Reed (1933) more than 50
years ago and by many other workers since, the central

and southern Coast Ranges, both west and east of the
San Andreas fault, are dominated by compressive struc-
tures aligned subparallel to the fault—for example, the
Kettleman Hills-Lost Hills trend. Seismic data support
the geologic evidence (fig. 2.4): The orientation of the
maximum compressive stress axis S, of the 1983 Coalinga
earthquake sequence, the concentration of gently plung-
ing P-axes in the northeast and southwest quadrants of
the solutions, and the distribution of reverse/thrust-fault
solutions on both sides of the San Andreas fault all
indicate an appreciable component of northeast-south-
west shortening normal to the trend of the fault and at
variance with pure transform motion.

The shortening orthogonal to the San Andreas fault is
attributable to (1) approximately 6° divergence in trend
between the fault and Pacific-North American plate
motion; and (2) northwestward extension of the Basin
and Range province, thus shortening the distance be-
tween the Sierra Nevada and the San Andreas fault and
causing left-lateral displacement on the Garlock and
White Wolf faults. Estimates of the rate of shortening
during the past 5.5 m.y. range from 4 to 13 mm/yr
(Carter, 1982; Crouch and others, 1984; Minster and
Jordan, 1984) but involve many tenuous assumptions. All
the deformation in the region (fig. 2.4), including that of
1983 in the Coalinga area, is compatible with and
attributable to shear between the Pacific and North
American plates (Wise, 1963; Atwater, 1970; Scholz and
others, 1971; Sbar, 1982).

This deformation has some unusual aspects only now
being perceived. The concept of a regional decollement
beneath the Coast Ranges dates at least from Dixon and
Farrar (1980), and beneath the Transverse Ranges from
Hadley and Kanamori (1978); such a feature was de-
seribed by Yeats (1981). Crouch and others (1984) de-
scribed post-Miocene thrust faults, as indicated by
offshore reflection profiles, and suggested the presence
of a sole thrust beneath the southern Coast and western
Transverse Ranges. Wentworth and others (1984; see
chaps. 3, 4), using reflection and refraction profiles that
cross the Coast Range-Great Valley boundary at several
localities, present specific documented models of buried
east-thrusting tectonic wedges of Franciscan rocks along
the boundary, including one for the Coalinga anticline
that explains the 1983 earthquake sequence. Webb and
Kanamori (1985) summarized data for about 20 fault-
plane solutions in the Transverse Ranges that suggest a
regional decollement.

Chapter 8 emphasizes the change in pattern of seis-
micity and style of faulting in the Coast Ranges (fig. 2.4):
linear bands of small strike-slip earthquakes along faults
of the San Andreas system northwest of the 1857
rupture, but isolated clusters of thrust-reverse events in
the Coast Ranges and Transverse Ranges opposite that
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rupture (now locked). Chapter 8 notes that this change
may be related to the long-recognized change in behavior
of the San Andreas fault from creep accompanied by
many small earthquakes (unlocked) northwest of the 1857
rupture to no creep and virtually no small earthquakes
(locked) along that segment. Much or all of the terrain
characterized by thrust/reverse-fault earthquakes is un-
derlain by Franciscan rocks, and at least parts are
underlain by abnormally high pore pressures. The distri-
bution of these abnormally high pressures in the south-
western San Joaquin Valley and western Transverse
Ranges, and how they permit or aid thrusting, has been
mapped (fig. 2.4) and is described in chapter 13. The
clusters of thrust earthquakes are inferred to occur on
subhorizontal faults rooted in detachment zones below
seismogenic depths, which may extend some distance
back toward the San Andreas. In this model, the locked
(1857 rupture) segment of the San Andreas fault, includ-
ing the “Fort Tejon” segment along the northern margin
of the Transverse Ranges, is characterized by unusually
strong crustal rocks that are clamped by an abnormally
large component of compressive stress due to conver-
gence across the transform (see chap. 8). The association
of the creeping segments with Franciscan rocks, which
are known sources of diagenetic/metamorphic fluids and
abnormally high fluid pressures, has long been recog-
nized (Berry, 1973; Irwin and Barnes, 1975).
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ABSTRACT

Interpretation of seismic-refraction data collected along two profiles
intersecting in the hypocentral region of the May 2 earthquake provides
a velocity structure for the Coalinga region. An 83-km-long east-west
profile extended from the San Joaquin Valley to the Diablo Range
across Anticline Ridge, 1 km south of the M;=6.7 main-shock epicen-
ter. A 102-km-long northwest-southeast profile extended subparallel to
the Diablo Range front along the syncline west of Anticline Ridge.
Traveltime data from four shotpoints along the east-west profile and
five shotpoints along the northwest-southeast profile have been mod-
eled by two-dimensional ray-tracing techniques. In the San Joaquin
Valley, the velocity of Cenozoic strata increases from 1.6 km/s near the
surface to about 3.6 km/s at 3.6-km depth. Near the top of the
Cretaceous Great Valley sequence, the velocity increases abruptly to
4.0-4.3 km/s. With increasing depth of burial, the velocity of Great

Valley sequence in the valley increases to 5.0 km/s. On the west flank
of the valley, velocity inversions within the Great Valley sequence
indicate high formation pore pressures. These velocity inversions do not
extend under the Diablo Range. At equivalent depths of burial, the
velocities of the lower Great Valley units in the Diablo Range (4.8-4.9
km/s) are higher than those found for the Great Valley sequence farther
east in the San Joaquin Valley (4.0-4.3 km/s).

In the San Joaquin Valley, the Great Valley sequence overlies a
basement with a velocity of 6.3 to 6.4 km/s, indicative of a mafic
composition. The dip of the basement increases westward of the valley
axis from less than 5° to about 10°-12°. The basement plunges to an
estimated 14- to 15-km depth at the front of the Diablo Range where an
east-pointing wedge of Franciscan assemblage (5.7-6.1 km/s) lies
between Great Valley sequence exposed at the surface and the mafic
basement. Depth of the boundary separating the Great Valley sequence
and Francisean wedge increases eastward to a junction with the mafic
basement under the upturned west flank of the San Joaquin Valley.
East of the Franciscan wedge, the San Joaquin Valley is underlain by
a basin containing several additional kilometers of sedimentary strata
associated with the Great Valley sequence. Unreversed refraction data
support’a deeper layer within the mafic basement with velocities
exceeding 7 km/s, and a Moho depth of 28 to 30 km near the front of the
Diablo Range. Comparison of the refraction velocity models with the
hypocentral locations of the 1983 earthquake sequence reveals that the
source region for the M;=6.7 main shock and larger aftershocks is
within the Franciscan wedge and that the seismicity extends upward
into the Great Valley sequence.

INTRODUCTION

The May 2 earthquake (M,=6.7) was unexpected in
that it occurred at the structural transition between the
southern Diablo Range and the San Joaquin Valley, part
of the 500-km-long Coast Ranges-Great Valley boundary.
Since 1981, the U.S. Geological Survey (USGS) has been
acquiring both seismic reflection and refraction data
along profiles that cross this boundary. The oecurrence of
the May 2 earthquake provided motivation to acquire
additional seismic reflection and refraction data in the
hypocentral region with the goal of understanding the
structural relations responsible for the unexpected seis-
micity. This understanding is needed to assess the
probability of large earthquakes occurring elsewhere
along the Coast Ranges-Great Valley boundary.

The locations of the acquired seismic profiles relevant
to interpreting the regional structure near Coalinga are
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shown in figure 3.1. Three east-west reflection profiles,
SJ-3, SJ-6, and SJ-19, were purchased from Western
Geophysical, and a shorter east-west reflection profile,
C1, was acquired from the Consortium for Continental
Reflection Profiling (COCORP). Three refraction profiles
were recorded by the USGS: an east-west profile more or
less coincident with the southernmost reflection profile
(SJ-6); an east-west profile through the Coalinga epicen-
tral region; and a northwest-southeast profile just east of
the Diablo Range front, connecting the two east-west
refraction profiles.

The reflection and refraction data along profile SJ—6
were acquired before the May 2 earthquake; a prelimi-
nary interpretation of this profile was presented by
Wentworth and others (1984b). An interpretation of the
reflection data along profiles SJ-3 and SJ-19 is presented
in chapter 4. This chapter presents an interpretation of
the two seismic-refraction profiles crossing the hypocen-
tral region of the 1983 Coalinga earthquake sequence.

GEOLOGIC SETTING

The study area crossed by the profiles, the southern
San Joaquin Valley and the Diablo Range, is bounded on
the east by the Sierra Nevada and on the west by the San
Andreas fault. The San Joaquin Valley is an asymmetric
sedimentary trough lying west of the Sierra Nevada,
with its axis near its western margin with the Diablo
Range. Data from wildeat oil wells and the seismic-
reflection profiles show that sediment has been deposited
above a gently west dipping basement surface since
Cretaceous time. Well cores and aeromagnetic data are
interpreted to indicate that the composition of the valley
basement changes westward from eontinental to oceanic;
the suture is east of the center of the valley.

The Cretaceous sedimentary units are collectively
referred to as the Great Valley sequence. Both the
Cretaceous and overlying Tertiary sections consist of
alternating shale and sandstone with local conglomerate.
Unconformities occur throughout the sedimentary see-
tion, indicating alternating cycles of marine transgres-
sion and regression. The facies of the entire section
changes from marine to continental eastward of the
valley axis, and the Quaternary units are nonmarine (see
chap. 1).

Few wells west of the center of the valley penetrate
the basement, and the seismic-reflection profiles are
ambiguous as to the depth of basement under the west
edge of the valley and the adjacent folds. Data from oil
wells in the valley show that the thickness of the
sedimentary section increases westward to at least 7 km
at the valley axis and increases southward along the
valley axis. Pliocene and younger strata represent more
than half the Cenozoic section.

Along the front of the Diablo Range, the San Joaquin
Valley strata are folded upward; and northwest-trending
anticlines, such as the Coalinga anticline and the Kettle-
man Hills (fig. 3.1), are superimposed on the west flank
of the San Joaquin Valley syncline. Unconformities
revealed by well data indicate that major uplift of the
Diablo Range occurred during post-Eocene time (Page,
1981). The Eocene and older sedimentary formations
thicken westward to an erosional unconformity exposed
on the upturned west flank of the San Joaquin Valley,
whereas the Miocene and younger formations thicken
eastward from this unconformity to the axis of the valley
trough. A decrease in the thickness of Pliocene and
Quaternary strata over the crest of the Coalinga and the
Kettleman Hills anticlines indicates that the secondary
folding commenced in early Pliocene time (see chap. 1).

Folding and faulting associated with uplift of the
Diablo Range created local structural highs and lows with
the major folds internal to the range trending west-
northwest. Most of the west-northwest/east-southeast
deformation is associated with the development of the
proto-San Andreas fault zone starting in Eocene time
(Harding, 1976). Continuing uplift and shortening of the
Diablo Range from subsequent east-west compression
has resulted in the Pliocene growth of the Coalinga
anticline and the Kettleman Hills on the flank of the San
Joaquin Valley syncline. The May 2 main shock occurred
near the intersection of the west-northwest-trending
Joaquin Ridge anticline with the northernmost projection
of the northwestward Kettleman Hills trend—the Coa-
linga anticline (fig. 3.1).

Within the Diablo Range, folded and faulted Great
Valley units overlie Jurassic and Cretaceous Franciscan
assemblage. The Franciscan assemblage consists of de-
formed, fault-bounded blocks of graywacke, greenstone,
chert, their metamorphic equivalents, and serpentinite,
believed to be part of an accretionary wedge formed
above a subduction zone on the continental margin and

ccoeval with the Great Valley sequence (Bailey and

others, 1964). The Great Valley-Franciscan contact,
exposed 6 to 9 km east of the San Andreas fault and in the
cores of the larger northwest-trending anticlines, is
inferred to be a thrust fault (Bailey and others, 1970).

FIGURE 8.1. —Generalized geologic map of southern Diablo Range-San p
Joaquin Valley, showing locations of seismic profiles. Reflection
profiles: SJ-3, SJ-6, SJ-19 (Western Geophysical) and C-1 (CO-
CORP). Refraction profiles: east-west profile (shotpoint 9 to shot-
point 12) and northwest-southeast profile (shotpoint 13 to shotpoint
17). CA, Coalinga anticline; JR, Joaquin Ridge; KP, Kettleman Plain
syncline; PV, Pleasant Valley; WC, White Creek syncline. Geology
adapted from Jennings (1977); no contacts shown southwest of the
San Andreas fault.
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Serpentinite blocks included within the Franciscan, such
as the New Idria diapir, are inferred to be derived from
underlying oceanic basement (Page, 1985). In the core of
the Diablo Range, 100 km north of Coalinga, 14 to 18 km
of Franciscan assemblage is estimated to lie above a
lower crust composed of oceanic basement (Walter and
Mooney, 1982).

SEISMIC-REFRACTION EXPERIMENT

Two intersecting seismic-refraction profiles, one strik-
ing east-west and the other northwest-southeast, were
recorded across the epicentral region of the Coalinga
earthquake sequence in summer 1983. The east-west
profile extends 83 km from the center of the San Joaquin
Valley, across Anticline Ridge and Pleasant Valley, into
the Diablo Range. The northwest-southeast profile ex-
tends 103 km from Joaquin Ridge southeastward along
the Pleasant Valley-Kettleman Plain syncline (fig. 3.1). A
total of 120 vertical-component seismographs (Healy and
others, 1982) were deployed along each profile. Four
shotpoints were located along the east-west profile, and
five along the northwest-southeast profile; shot sizes
ranged from 900 to 1,400 kg. The quality of the shot
records varies greatly along both profiles, owing to
differences in shot coupling and background-noise levels.
Tables of the shot and station data, location maps, and
record sections of the explosion seismograms were pre-
sented by Colburn and Walter (1984).

EAST-WEST PROFILE

The east-west profile crosses from the San Joaquin
Valley to Anticline Ridge along a straight line and
continues along a crooked line westward across Pleasant
Valley into the Diablo Range, where it lies near the axis
of the west-northwest-trending White Creek syncline
{fig. 3.1). The four shotpoints on the east-west profile are
labeled, from east to west, 9 through 12 (fig. 3.1).
Shotpoint 9 is located near the center of the San Joaquin
Valley, about 60 km east of the epicenter of the Coalinga
main shock; shotpoint 10 is located about 5 km east of the
axis of the San Joaquin Valley trough; shotpoint 11 is
located on Anticline Ridge near the main-shock epicen-
ter; and shotpoint 12 is located in the Diablo Range just
south of Joaquin Ridge and about 30 km west of Anticline
Ridge.

NORTHWEST-SOUTHEAST PROFILE

The northwest-southeast profile is subparallel to the
strike of the Coalinga anticline and Kettleman Hills folds,
except where it crosses over the axis of the Joaquin
Ridge anticline. Shotpoints 13 and 14 are located, respec-
tively, on the northeastern and southwestern limbs of the

west-northwest-trending Joaquin Ridge anticline near
the Tertiary-Cretaceous contact (fig. 3.1). Limited road
access between these two shotpoints resulted in deploy-
ment of the seismographs along a crooked line across the
crest of the ridge. South of shotpoint 14 the profile
follows the southeast-plunging axis of the Pleasant Val-
ley syncline to shotpoint 15. From shotpoint 15, the
profile line strikes southward away from the synclinal
axis onto the western limb of the syncline. The profile
reaches its highest structural level on the western limb
just north of shotpoint 16, where Pliocene rocks are
exposed at the surface (fig. 3.1). South of shotpoint 16,
the fold structure is buried under a mantle of recent
alluvium, and the profile strikes downsection toward the
projected synclinal axis.

QUALITY OF SEISMIC DATA

Representative normalized record sections of the seis-
mic data are shown in figure 3.2. From both shotpoints 9
and 10, arrivals were clearly recorded out to the west end
of the east-west profile. The signals from shotpoints 11
and 12, however, were overwhelmed by high noise levels
in the San Joaquin Valley. No traveltime data were
recorded within the first 6 km of shotpoint 12. The signals
from shotpoints 13 and 14 were recorded to the south end
of the northwest-southeast profile, but the signals from
shotpoints 15, 16, and 17 were so weak that very few
northward-reversing velocity data were recorded. On the
record section of shotpoint 16, clear first arrivals were
observed only out to 40 km north; and from shotpoint 17,
no arrivals whatsoever were observed at distances be-
yond 30 km north. Poor signals were due principally to
firing the shots in unconsolidated sediment above the
water table.

VELOCITY MODELING

The observed traveltimes were modeled by two-dimen-
sional ray-tracing techniques (Cerveny and others, 1977).
Beginning with a starting-velocity model, the calculated
traveltimes from each shotpoint were compared with the
observed traveltime plots, and then the velocity struc-
ture was iteratively modified to reduce discrepancies.
Seismic amplitudes were not modeled.

In constructing the velocity models, surface geology,
well logs, and the nearby reflection profiles provided
constraints on the configuration of the sedimentary
section in the model. Published velocity measurements of
clastic sedimentary rocks (Schock and others, 1974),
Franciscan metasedimentary rocks (Stewart and Pesel-
nick, 1978), and mafic basement rocks (Christensen,
1982) were compared with the modeled refraction veloc-
ities to identify four basic stratigraphic-structural units
in the models: Cenozoic strata (1.6—4.2 km/s), Great
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Valley sequence (3.0-5.3 km/s), Franciscan assemblage
(5.5~6.2 km/s), and mafic basement (6.3 km/s).

Predictability of the velocities within the sedimentary
units was assumed, in that for a given stratigraphic unit,
the velocity is a simple function of age and depth of burial,
increasing with increasing age and depth (Gardner and
others, 1974). Under this assumption, the velocity con-
tours parallel the stratigraphy rather than cut across
stratigraphic boundaries. This assumption, however,
was not found to be correct everywhere along the profiles
because of unpredictable changes in formation pore
pressure.

From examination of the drilling histories of selected
wells in the Coalinga region (see chap. 23), zones of
abnormally high pore pressure are inferred to exist in the
sedimentary section at various depths and locations. The
locations of these zones shown in chapter 23 do not reveal
any predictable pattern, except that shale provides the
confinement for the pore pressures. Most of the inferred
zones are thin relative to the seismic wavelengths, but in
a few places the abnormally high pressure zones extend
over intervals large enough to be resolved with the
refraction data as velocity inversions or low-velocity
Zones.

EAST-WEST VELOCITY MODEL

The velocity model and the corresponding geologic
correlations derived for the east-west profile are shown
in figure 3.3. The depth of the Tertiary-Cretaceous
boundary in the model is tightly constrained by oil wellg
along the two east-west seismic-reflection profiles SJ-3
and SJ-19, respectively located 3 km north and 5 km
south of the east-west refraction line (fig. 3.1). Few wells
penetrated far into the Great Valley sequence, and so the
configuration of the stratigraphic boundaries below the
top of the Great Valley sequence was inferred solely from
the two east-west seismic-reflection profiles and surface
geology. These reflection profiles, however, are ambig-
uous as to the location of the base of the Great Valley
sequence. One constraint on the depth of the Great
Valley-basement interface is provided by two oil wells,
one 8 km north and the other 22 km south of shotpoint 9,
both of which penetrated basement. The interpolated
depth at the intersection of the line connecting these two
wells and the refraction profile, 4 km, is the depth of
Great Valley-basement interface assigned in the velocity
model 1.3 km west of shotpoint 9.

From shotpoint 9 to about 7 km east of shotpoint 10,
the sedimentary units dip less than 3° W., and the mafic
basement dips 4°-5° W.. The modeled depth of the
basement in this section increases from 3.9 to 5.8 km.
Westward to shotpoint 10, the overlying sedimentary
units flatten, and the basement plunges at an even

steeper dip of 10°-12°, reaching a depth of 14 to 15 km
under the Pleasant Valley syncline. The steepening of the
basement dip west of shotpoint 10 is supported not only
by traveltime delays of the basement arrivals but also by
gravity data along the east-west profile (see chap. 5).
West of Pleasant Valley, the seismic and gravity data
only poorly constrain the depth of mafic basement in the
Diablo Range, and so for the purposes of ray-trace
modeling, the basement was projected westward under
the Diablo Range at a constant depth of 15 km.

West of Anticline Ridge (shotpoint 11) and into the
Diablo Range (shotpoint 12), the sedimentary section is
uplifted by a wedge of Franciscan rocks lying below the
Great Valley sequence and above the mafic basement.
The top of this wedge is assumed to intersect the
basement at the east limit of uplift, the toe of the eastern
limb of the Coalinga anticline (fig. 3.3). The location of
this toe in the refraction model was constrained by its
respective locations on the adjacent reflection profiles.

The Cenozoic strata thin across the Coalinga anticline
and pinch out on the west side of Pleasant Valley, where
the Cenozoic-Cretaceous (Great Valley sequence) contact
dips 30°-40° E. (Dibblee, 1971). In the Diablo Range, the
structural geometry within the Great Valley sequence is
not constrained by reflection data or wells, and so the
internal geometry was assumed to be conformable with
surficial bedding attitudes down to the base of the Great
Valley sequence. The Great Valley units are horizontal in
the cross section because the profile strikes subparallel to
the White Creek synclinal axis; the true dip at the surface
is from 25° to 35° into the plane of the cross section.

The calculated thickness of Great Valley sequence west
of the toe of the Coalinga anticline depends on the depth
of the Great Valley-Franciscan contact and the amount of
section eroded in the Diablo Range. The modeled thick-
ness decreases from about 7 km at the toe of the Coalinga
anticline to about 5 km under Pleasant Valley. Near
shotpoint 12, the thickness is from 5.5 to 6.5 km, but the
Great Valley sequence units exposed at shotpoint 12 are
not at the top of the Great Valley sequence. About 10 km
southeast of shotpoint 12, the calculated thickness of
Great Valley sequence exposed between the Tertiary-
Cretaceous contact and the Great Valley-Franciscan
contact to the west is 7 to 8 km (Mansfield, 1979). One
possible explanation for the decrease in thickness under
Pleasant Valley is that the Franciscan wedge actually
overrode the lowermost Great Valley units.

In the model presented here, the thickness of the
Franciscan wedge increases westward from 0 km at the
toe of the Coalinga anticline to about 9 km under
shotpoint 12. Assuming both that the Franciscan rocks
exposed in the Diablo Range west of shotpoint 12
represent the top of this wedge and that the depth of
mafic basement does not decrease west of Pleasant
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Valley, then the wedge is at least 15 km thick near the
San Andreas fault.

VELOCITIES WITHIN THE CENOZOIC
AND GREAT VALLEY SECTIONS

Not all reflection events evident in the reflection
records were associated with velocity boundaries in the
refraction model, because the resolution of the refraction
data is much coarser and because reflection events

THE COALINGA, CALIFORNIA, EARTHQUAKE OF MAY 2, 1983

represent impedance contrasts that may be unrelated to
velocity contrasts. Where the thickness of a stratigraphic
unit is less than one seismic wavelength, the modeled
refraction velocity represents an average velocity
through a group of formations.

In the San Joaquin Valley near shotpoint 9, the velocity
of the Cenozoic strata increases from 1.6 km/s near the
surface to about 3.6 km/s at 3.6-km depth. Near the base
of the Cenozoic section or the top of the Great Valley
sequence, the modeled velocity increases abruptly by 0.5
to 0.7 km/s. West of shotpoint 10, the modeled velocities
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of the Cenozoic and Great Valley rocks below 3-km depth
exceed those found at equivalent depths between shot-
points 9 and 10. A reported facies change from continen-
tal to marine between shotpoints 9 and 10 (see chap. 1)
may explain the observed westward increase in velocity,
particularly if there is an accompanying decrease in
formation pore pressure.

West of the San Joaquin Valley axis and continuing into
the Diablo Range, the uplift of the older, more compacted
rocks to shallow depths results in higher velocities than
those observed at equivalent depths of burial in the San

Joaquin Valley. The velocity of the Great Valley se-
quence modeled at 3-km depth under shotpoint 12
(4.8-4.9 km/s) is higher than that modeled at 5 km depth
under shotpoints 9, 10, and 11 (4.0-4.3 km/s). One
possible explanation for this difference is that higher pore
pressures exist in the Great Valley sequence east of
Pleasant Valley, whereas in the Diablo Range, erosional
truncation or increased fracturing of the Great Valley
sequence units has lowered the pore pressures. Because
lateral variations in pore pressure are unpredictable, the
velocities in the lowermost Great Valley sequence cannot
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FIGURE 3.8. —East-west refraction profile. A, Velocity model derived
for east-west refraction profile (shotpoint 9 to shotpoint 12), showing
velocities in kilometers per second. Solid triangles, shotpoint loca-
tions. CA, Coalinga anticline; LVZ, low-velocity (velocity inversion)
zone; PV, Pleasant Valley syncline. Heavy solid line, geologic
contact constrained by well data; light solid line, velocity boundary
constrained by reversing refraction data; dashed line, velocity
boundary inferred from unreversed refraction data; question marks,

extrapolated velocities. Shaded area is outside reciprocal ray path
for two outermost shotpoints. Vertical dashed line shows intersec-
tion with northwest-southeast profile. Location of main shock is
projected into cross section. B, Model cross section showing geologic-
stratigraphic interpretation of velocity structure. B, basement, Cz,
Cenozoic strata; Kg, Cretaceous Great Valley sequence; KJf, Juras-
sic and Cretaceous Franciscan assemblage.
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be interpolated with certainty between shotpoints 9 and
12,

On the record sections (fig. 3.2), the arrivals from
lowermost Great Valley units are behind the basement
arrivals. In the absence of abnormally high pore pres-
sure, the maximum velocity obtainable in Great Valley
rocks at 10-km depth is constrained by the laboratory
velocity measurements reported for sandstone and shale
to be less than 5.3 km/s (Schock and others, 1974). In
some localities, the high pore pressure causes a velocity
inversion. The low-velocity zone (LLVZ) modeled below
5-km depth under the eastern limb of the Coalinga
anticline is inferred from the record section of shotpoint
11 (fig. 3.2B); at distances greater than 20 km east of this
shotpoint, the cutoff of first arrivals together with a delay
of subsequent arrivals indicates an LVZ. This velocity
inversion shallows beneath the Pleasant Valley syncline,
as inferred from the refraction data recorded from
shotpoint 14 on the axial profile (fig. 3.2D). The record
sections of shotpoints 11 and 12 (figs. 3.2B, 3.2C) show no
evidence of the LVZ extending westward into the Diablo
Range.

VELOCITIES WITHIN THE FRANCISCAN ASSEMBLAGE

The velocities modeled within the Franciscan wedge
are similar to those reported for Franciscan rocks in the
core of the Diablo Range, 100 km farther northwest
(Walter and Mooney, 1982). The Franciscan wedge was
modeled as a homogeneous unit because refracted arriv-
als from within the wedge were recorded only from
shotpoint 12. (The northwest-southeast model does show
stratification within the Franciscan, but it is not evident
how to integrate the structure into the east-west model.)
On the record section of shotpoint 12, between 25- and
50-km distance, arrivals from the Franciscan wedge
define three subparallel branches offset by time delays
(fig. 3.2C). Such delays could be caused by downward
steps in the top of the Franciscan wedge between the
Diablo Range and Anticline Ridge, by alternating higher
and lower velocity units, or by both. Although the
velocity was assumed to increase abruptly across the
Great Valley-Franciscan contact, it could just as well
increase over a narrow transition zone.

Interpretation of the velocities within the Franciscan
wedge in terms of lithology is ambiguous for distingtish-
ing between metasedimentary rocks and serpentinite
because laboratory velocities of both rock suites overlap
(Stewart and Peselnick, 1978). Modeled aeromagnetic
data, however, provide some discrimination. Chapter 5
presents aeromagnetic data that show evidence of a
serpentinite body west of or directly below shotpoint 12,
but no evidence of the magnetic body extending eastward

under Pleasant Valley or Anticline Ridge. The aeromag-
netic data do not preclude the existence of small lenses of
serpentinite farther east.

VELOCITIES WITHIN THE BASEMENT

Limited refraction data from the basement make it
difficult to distinguish whether changes in basement
velocity are due to compositional variation or to struc-
tural geometry. Therefore, to reduce the number of
variables in the modeling, the composition of the base-
ment was assumed to be laterally homogeneous and its
velocity to depend only on the depth of burial. If the
composition does vary laterally, however, such a change
would be reflected in the model as a change in the
basement geometry.

The 6.3- to 6.4-km/s velocity modeled for the top of the
basement, together with the observed aeromagnetic
anomaly (see chap. 5), suggests that the upper basement
is probably a serpentinized peridotite. The velocity
transition from Great Valley strata to basement is
assumed to be an abrupt step increase, but because the
seismic amplitudes were not modeled, the traveltime
data alone do not preclude that the velocity at the top of
basement may actually increase from less than 6.0 to 6.3
km/s across a thin zone. Realistically, the basement
probably has some lateral heterogeneity due to differing
degrees of serpentinization.

The modeled basement velocity increases with depth to
6.5 t0 6.6 km/s 3 km below the top of basement (fig. 3.3).
On the record section of shotpoint 9 (fig. 3.2A), secondary
arrivals recorded at a distance of 35 to 50 km west
suggest a velocity boundary at about 12-km depth
beneath shotpoint 10. At this boundary, the modeled
velocity increases from 6.7 to 7.0 km/s; however, the
velocity-depth function in the basement is poorly coun-
strained because of uncertainties in the overlying veloc-
ity structure. The east-west profile was not long enough
to record the Pn arrivals needed to constrain the velocity
structure at the Moho.

NORTHWEST-SOUTHEAST VELOCITY MODEL

The velocity model for the northwest-southeast profile
and the corresponding geologic correlations are shown in
figure 3.4. Unlike for the east-west profile, no parallel
reflection profile is available to constrain the geometry of
the sedimentary section along this profile. From shot-
point 14 southeastward to shotpoint 15, surface dips and
oil well data define the depth of the Cenozoic-Cretaceous
contact. The modeled thickness of the Cenozoic section
increases southward from 0 near shotpoint 14 to about 4
km under shotpoint 17. The structural high apparent in
the model near shotpoint 16 is due to the profile crossing
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onto the western limb of the Kettleman Plain syncline.
The true dip of the strata is into the plane of the cross
section.

Along the length of the model, the Great Valley-
Franciscan contact lies between 7- and 9-km depth. The
refraction data do not constrain the depth of the bound-
ary south of shotpoint 16. Note that the Great Valley-
Franciscan contact is modeled deeper beneath the axis of
Joaquin Ridge (greater than 8 km depth) than under the
syncline south of shotpoint 14 (approx 7 km depth). Thus,
the thickness of the Great Valley sequence decreases
from 8 km under the axis of Joaquin Ridge to about 5 km
under the Pleasant Valley syncline. The implication of
this sudden thinning south of Joaquin Ridge is that the
lower part of the Great Valley sequence was truncated by
faulting.

The estimated thickness of Franciscan assemblage
along the axial northwest-southeast profile ranges from 6
to 7 km. The change in depth of the Franciscan-basement
contact along this profile is not well constrained because
the traveltime data from shotpoint 13 support a 15.5-km
depth, those from shotpoint 14 support a 14-km depth,
and the reversing data from shotpoint 16 are obscured by
noise. Because a similar sense of structural offset be-
tween Joaquin Ridge and Pleasant Valley was modeled
for the overlying Great Valley-Franciscan contact, the
basement under Pleasant Valley may have been uplifted
with respect to the basement beneath Joaquin Ridge by
a fault crossing the profile at the north end of Pleasant
Valley near shotpoint 14. The existence of these breaks in
the model could be artifacts either of modeling assump-
tions, such as that units are flat layers with constant
velocities, or of a poor correlation of respective phases
between shotpoints.

VELOCITIES WITHIN THE CENOZOIC AND
GREAT VALLEY SECTIONS

The velocities modeled within the Cenozoic section are
comparable to those found along the east-west profile.
However, the velocities within the upper 2 km of Great
Valley sequence across Joaquin Ridge are lower than
those modeled for the Great Valley sequence near
shotpoint 12. This difference is probably due to the
increasing age and greater compaction of the rocks west
of shotpoint 12. The velocities within the Great Valley
sequence increase with depth and age except where
zones of abnormally high pore pressure result in velocity
inversions.

The record sections of shotpoints 13 and 14 (figs. 3.2D,
3.2E) show evidence of a major LVZ within the Great
Valley sequence under Joaquin Ridge: an abrupt trunca-
tion of first arrivals, accompanied by a time delay of the
arrivals from deeper units. This LVZ correlates with a
zone of abnormally high pore pressure encountered in a

wildeat oil well drilled 3 km west of the northwest-
southeast profile (see chap. 23). At the ridge axis, the top
of the LVZ is at 2.4-km depth, and the LVZ is less than
2 km thick; but the plunge of the LVZ into the Pleasant
Valley syncline suggests that the velocity inversion is
stratigraphically controlled. The pattern of traveltime
delays between 20 and 30 km east of shotpoint 13 requires
that between the Joaquin Ridge axis and shotpoint 14 the
average velocity in the LVZ decreases or the thickness of
the zone increases, or, possibly, both. The velocity within
the zone increases southward of shotpoint 14, and be-
tween shotpoints 14 and 15 the lowermost Great Valley
strata associated with the LVZ are truncated by fault
contact with the Franciscan assemblage. The LVZ must
be confined to the Pleasant Valley syncline because the
data recorded between shotpoints 11 and 12 on the
east-west profile (figs. 3.2B, 3.2C) show no evidence of
the LVZ extending into the Diablo Range. Farther
south, the refraction data from shotpoint 16 (fig. 3.2F)
show evidence for velocity inversions under the western
limb of the Kettleman Plain syncline both near the top of
the Great Valley sequence and lower in the sequence.

Although the presence of velocity inversions increases
the uncertainty in interpreting the arrivals from under-
lying units, modeled velocities of 5.2 to 5.3 km/s at depths
of 6 to 8 km are assigned to the Great Valley sequence
because the reported velocities of Franciscan metasedi-
mentary rocks are greater than 5.5 km/s below 6-km
depth of burial (Stewart and Peselnick, 1978; Lin and
Wang, 1980; Walter and Mooney, 1982). The velocities
modeled for the lower part of the Great Valley sequence
under Joaquin Ridge may be slightly high, however,
because the reversing ray paths from shotpoints 13 and
14 are initially updip. If the average velocity in the lower
part of the Great Valley sequence is reduced to 4.9 km/s,
the depth to the Great Valley-Franciscan contact under
Joaquin Ridge is about 7.5 km. A 7.5-km thickness for the
Great Valley sequence under Joaquin Ridge is compara-
ble to the measured thickness of Great Valley rocks
exposed at the surface south of shotpoint 12.

VELOCITIES WITHIN THE FRANCISCAN ASSEMBLAGE

The Franciscan assemblage is divided into three units:
an upper unit below the Great Valley contact, with
velocities of 5.5 to 6.0 km/s; a discontinuous middle unit
between 10- and 11-km depth, with velocities of 6.0 to
6.15 km/s; and a lower unit, with velocities of 5.8 to 6.0
km/s, extending down to the basement contact.

Traveltime data from shotpoint 13 (fig. 3.2D) place the
top of the upper Franciscan unit from 7.5- to 8.5-km
depth under Joaquin Ridge, depending on the velocities
assumed in the lower part of the Great Valley sequence,
whereas the data from shotpoint 14 (fig. 3.2E) place the
top of this unit at 7-km depth under Pleasant Valley. The
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velocities within the upper unit vary laterally along
profile, ranging from 5.5 to 5.8 km/s along its contact with
the Great Valley sequence and from 5.8 to 6.0 km/s along
its bottom. The variation is attributable to changes in the
apparent velocities between the shotpoints, but it is
difficult to determine how much of it is actually due to
changes in composition and how much is an artifact of the
modeling assumptions.

Secondary arrivals observed between 30 and 40 km
from shotpoints 13 and 16 (figs. 3.2D, 3.2F) support the
existence of a higher velocity Franciscan unit between
10- and 11-km depth, whereas the data from shotpoint 14
(fig. 3.2E) support a higher average velocity in the upper
unit, with no abrupt increase in velocity at the top of the
middle unit. The record sections of all three shotpoints
show a truncation of arrivals from this middle unit and a
delay of the basement arrivals, supporting the existence
of a continuous velocity inversion near 11-km depth. One
possible explanation for this velocity layering within the
Franciscan assemblage is that the units represent differ-
ent metamorphic-rock types, such as graywacke and
metagraywacke or melange units, juxtaposed by thrust
faults; another possibility is that the lowermost Fran-
ciscan unit has higher fluid pressures than the overlying
Franciscan unit.

VELOCITIES WITHIN THE BASEMENT

Because of the absence of reversing traveltime data
from the basement, the flat-lying velocity boundaries
shown in the model (fig. 3.44) are highly speculative.
Different patterns of basement arrivals recorded from
shotpoints 13 and 14 suggest a laterally varying base-
ment structure. Alternative velocity-depth functions de-
rived for the basement, using the traveltime data from
shotpoints 13 and 14, are shown in figure 3.5.

Note that the function derived from the shotpoint 13
data shows a somewhat simpler velocity structure than
that derived from the shotpoint 14 data. The overall
increase in modeled velocities from 6.4 km/s at the top of
the basement to more than 7.1 km/s below 24-km depth
indicates an increasingly mafic composition with increas-
ing depth. Although the data show no evidence for a
continuous LVZ in the basement, they do not exclude the
possibility of localized velocity inversions. At equivalent
depths, the velocities modeled using the data of shotpoint
13 average 0.3 km/s lower than those modeled using the
data of shotpoint 14. If this lateral change is real and not
an artifact of the modeling assumptions, it could have
resulted from mineralogic differentiation during
petrogenesis or from juxtaposition of different rock types
by faulting.

The depth of the base of the crust (Moho) along the
northwest-southeast profile is uncertain because the
profile was not long enough to record the Pr phase. One

constraint on the depth of the Moho, however, is provid-
ed by the record section of shotpoint 13 (fig. 3.2D). At
distances from 80 km to the end of the profile at 100 km,
the record section shows secondary arrivals that could be
the PmP phase, the reflection from the Moho. Assuming
that the velocity across the Moho increases from 7.4 to
7.9 km/s, the observed arrival times are approximately
fitted by placing the Moho at a depth of 28 km in the
model. Oppenheimer and Eaton (1984) reported a similar
depth estimate from regional earthquake Pn traveltimes
recorded at nearby earthquake-network stations. If the
Moho under Pleasant Valley is no deeper than the 30 km
reported for the central Diablo Range (Walter and
Mooney, 1982), the overlying mafic basement is 13 to 15
km thick.

COMPARISON OF THE VELOCITY MODELS
AT THEIR POINT OF INTERSECTION

The velocity-depth functions for the two crossing
profiles at their point of intersection in Pleasant Valley
are shown in figure 3.6. The depth of the Cenozoic-
Cretaceous contact is constrained by wells to be 2 km in
both models. The respective depths modeled for the
Great Valley-Franciscan and Franciscan-basement con-
tacts are 6 and 14 km in the east-west model and 7 km and
15.5 km in the northwest-southeast model. Thus, the
section above the basement comprises 4 to 5 km of Great
Valley sequence and 7 to 8 km of Franciscan assemblage.
The two models show a similar range of velocities for the
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FIGURE 3.5.—Velocity-depth functions interpreted for northwest-
southeast profile. 4, Joaquin Ridge at model location 16 km SE. (fig.
3.4), using unreversed data from shotpoint 13 south. B, Kettleman
Plain syncline at model location 55 km SE. (fig. 3.4), using unreversed
data from shotpoint 14 south. Same symbols as in figure 3.3B.
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four defined stratigraphic units but disagree on the
internal details within each unit. The estimated depth
range to the top of the mafic basement under Pleasant
Valley, 14 to 15.5 km, is comparable to the 16*+3-km
depth range estimated for the central Diablo Range
(Walter and Mooney, 1982).

COMPARISON BETWEEN THE COALINGA
VELOCITY MODELS AND THE VELOCITY
MODEL DERIVED FOR PROFILE S]-6

Before the May 2 earthquake, the USGS recorded an
east-west refraction profile across the San Joaquin Val-
ley, the Kettleman Hills, and the Diablo Range, about 60
km south of the east-west Coalinga profile (fig. 3.1) and
coincident with seismic-reflection profile SJ-6. Overall,
preliminary interpretation of the profile SJ-6 refraction
data shows the same basic structural transition between
the San Joaquin Valley into the Diablo Range: West of
the valley axis, an eastward-thinning wedge of 5.6- to
6.0-km/s rocks lies between a 6.3-km/s basement and
overlying folded sedimentary rocks. The profile SJ-6
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FIGURE 3.6. —Velocity-depth functions from the two refraction models
at their point of intersection (see fig. 3.1); dashed line, 24.1 km E. of
shotpoint 12 (fig. 3.3); solid line, 26.2 km SE. of shotpoint 13 (fig. 3.4).
Same symbols as in figure 3.3B.

data support a 14- to 15-km depth for the Franciscan-
basement contact under the western limb of the valley
syncline, comparable to the depth modeled for the
intersecting northwest-southeast Coalinga profile. In
addition, the profile SJ-6 data support the Great Valley-
Franciscan contact rising to a shallow depth west of the
San Joaquin Valley synclinal axis. East of the Kettleman
Hills, the major difference between these profiles is that
the sedimentary section is thicker along profile SJ-6 and
an L VZ exists in the Cenozoic section near the valley axis
on profile SJ-6.

COMPARISON BETWEEN THE
REFRACTION VELOCITY STRUCTURE
AND NEARBY SEISMIC-REFLECTION PROFILES

A COCORP east-west reflection profile collected 12 km
south of the Coalinga east-west refraction profile shows
a west-dipping band of reflections near the axis of the San
Joaquin Valley that correlates with the thick section of
Great Valley sequence modeled with the refraction data.
Fielding and others (1984) interpreted these reflection as
evidence that downdropping of the basement surface
west of the present valley axis along normal faults during
Cretaceous time resulted in a much thicker section of
Great Valley sequence. They concluded that normal
faults in the basement were reactivated as reverse faults
by Cenozoic compression and now determine the locus of
folding on the west side of the valley; that is, the Cenozoic
strata and Great Valley sequence strata are draped over
the fault and buckling.

Reflection records collected along profile SJ-19 show
evidence of a wedge-shaped structure below the top of
the Great Valley sequence under Anticline Ridge and
Pleasant Valley (see chap. 4). This structure is outlined
by both offsets and a divergence of reflection events,
which can be interpreted as the locations of reverse and
thrust faults. Several west-dipping reverse faults disrupt
the Great Valley sequence, and one east-dipping reverse
fault penetrates upward into the lower Cenozoic section.
The similarity in internal stratification of the wedge
between the faults to the overlying Great Valley se-
quence implies that the wedge consists of either Great
Valley units or stratified Franciscan units which have a
seismic signature similar to that of the overlying Great
Valley sequence. At Pleasant Valley, the depth to the top
of this reflection wedge is estimated to be about 5.5 km,
which results in a thickness of about 3 km of Great Valley
sequence overlying the reflection wedge. Because this
thickness is about 2 km less than that suggested by
refraction modeling, the uppermost reflections in the
wedge are probably from units assigned to the Great
Valley sequence, rather than from the Franciscan
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assemblage. Surprisingly, no large-amplitude reflection
event is evident in the reflection records to support the
abrupt step increase in velocity across the Great Valley-
Franciscan contact shown in the refraction models.

The profile SJ—6 reflection data, collected farther
south, also show evidence of high-angle reverse faults in
the sedimentary section beneath the Kettleman Hills
anticline, as well as of a subhorizontal thrust fault at the
base of the syncline west of this anticline (Wentworth and
others, 1984b). Thus, it is reasonable to assume that
reverse faults underlie the entire length of the Kettleman
Hills fold trend south of Joaquin Ridge.

THE COALINGA, CALIFORNIA, EARTHQUAKE OF MAY 2, 1983

RELATION BETWEEN COALINGA SEISMICITY
AND THE VELOCITY STRUCTURE

The locations of epicenters in the Coalinga region for
the period May 2, 1983, to September 30, 1983, are shown
on the map in figure 3.7, on which is superimposed the
generalized geology and the locations of the two refrac-
tion profiles. The May 2 main shock occurred at 10-km
depth under Anticline Ridge near shotpoint 11. The
aftershock zone extended from Anticline Ridge westward
to the Diablo Range, northward to Joaquin Ridge, and
southward to the Kettleman Hills. Most aftershocks
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FIGURE 3.7.—Seismicity in the Coalinga region from May 2 to
September 9, 1983, showing locations of epicenters (see chap. 8) with
respect to general geology and refraction profiles. Star, epicenter of
May 2 main shock (M, = 6.7). Hypocenters of events located within
outlined 2-km-wide strips are plotted on the respective velocity
model cross sections in figure 3.9. Stippled band is “quiet zone”

marking break in structure discussed in text. Kg, Great Valley
sequence (Cretaceous); KJf, Franciscan assemblage (Cretaceous and
Jurassic); QT, sedimentary rocks (Pliocene and younger); S, serpen-
tinite (Mesozoic); T, sedimentary rocks (Tertiary). Q, Quaternary
deposits.
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occurred below 5-km depth, with an abrupt cutoff near
13-km depth (see chaps. 8, 9). The temporal-spatial
pattern of hypocenters with respect to the fault-plane
solutions favors a subhorizontal thrust on a southwest-
dipping plane for the main shock, and this thrusting was
subsequently accompanied by reverse faulting on steeply
northeast and southwest dipping planes under Anticline
Ridge. Both the postseismic elevation changes measured
across Anticline Ridge (see chap. 13) and the fault offsets
observed in the seismic-reflection records (see chap. 4)
support this style of deformation.

The map view of the located hypocenters (see chap. 8)
shows a narrow aseismic band or “quiet zone” (fig. 3.7),
striking northeast-southwest across the north end of
Pleasant Valley, that is bordered on the northwest by a
line of aftershocks with right-lateral strike-slip solutions.
From a comparison of the focal mechanisms and tempo-
ral-spatial patterns of seismicity on either side of this
strike-slip zone, the thrust plate is inferred to be more
rigid north of the zone, under Joaquin Ridge, than south
of the zone, under Pleasant Valley. Fortuitously or not,
the strike-slip zone intersects the northwest-southeast
profile near the “break” in velocity structure modeled on
the southern limb of Joaquin Ridge near shotpoint 14 (fig.
3.4).

The velocity-depth function used in chapter 8 to solve
for the hypocentral locations is shown in figure 3.8, along
with the velocity-depth funetions taken from the refrac-
tion models at their point of intersection. This velocity
function was derived by iteratively adjusting a flat-layer
model so as to minimize the rms traveltime residuals for
the events, as well as to comply with the requirement
that the first-motion plots correspond to double-couple
focal mechanisms. Note that below 3-km depth, the
model used to locate the earthquakes closely approxi-
mates the velocity structure found at the intersection of
the two profiles: The Great Valley-Franciscan contact is
at 7 km, and the Franciscan-basement contact at 14 to 16
km.

Hypocenters of the 1983 Coalinga earthquake sequence
that are located within 1 km of the refraction profiles (fig.
3.6) are shown projected into the respective velocity-
model cross sections in figure 3.9. Note that the hypo-
centers of the main shock and most of the larger
aftershocks are located within the Franciscan wedge;
however, the seismicity extends into the Great Valley
sequence both under the Coalinga anticline and along the
projection of the Nufiez fault west of Pleasant Valley.
The zones of abnormally high pore pressure and low
velocity in the Great Valley sequence under Pleasant
Valley and the Coalinga anticline could have aided the
extension of faulting into the Great Valley sequence by
reducing the effective confining pressure (see chap. 23).
The abrupt cutoff of seismicity below 13-km depth in the

Franciscan assemblage may indicate a change in rock
strength, allowing aseismic deformation (Sibson, 1984).

SUMMARY OF MODELING RESULTS

1. The velocity in upper Cenozoic strata along both
profiles increases with increasing depth. The velocity
gradient in the uppermost kilometer is about 1 s™.
Near the base of the Cenozoic or the top of the
Cretaceous section, the velocity abruptly increases by
about 0.5 km/s, and the velocity gradient decreases to
less than 0.5 s™'. The velocity of the lower Cenozoic
and Cretaceous strata is less predictable. East of the
Diablo Range, the Great Valley sequence is charac-
terized by alternating sections of higher- and lower-
velocity rock wunits, probably indicating large
variations in formation pore pressure. These velocity
inversions increase the uncertainty in the underlying
structure, particularly the velocities of the lowermost
sedimentary units, as well as the depth to the under-
lying basement.
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2. From Anticline Ridge westward into the Diablo several additional kilometers of Great Valley se-
Range, a wedge of intermediate-velocity Franciscan quence. The velocity at the top of the basement
rocks lies between the Great Valley sequence and the suggests a composition such as serpentinized peridot-
underlying basement. The velocity structure within ite, but owing to the absence of reversed refraction
this Franciscan wedge is not laterally uniform. Along data, the velocity structure of the underlying base-
the northwest-southeast profile, the refraction data ment is not well constrained. Both profiles show
show evidence of a velocity inversion in the wedge, evidence of deeper layering in the basement, and
supporting a change in either composition or pore along the northwest-southeast profile the data sug-
pressure within the lowermost units of the wedge. gest a Moho depth of 28 to 30 km.

3. East of the toe of the Franciscan wedge, the steeper | 4. The source region of the M;=6.7 main shock and the
dip or offset of the basement between the valley axis larger aftershocks is within the Franciscan wedge, but
and the Coalinga anticline results in a basin containing the refraction data have insufficient resolution to
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southeast (B). Vertical dashed line in northwest-southeast cross
section indicates intersection with “quiet zone” shown in figure 3.7.
Star, location of main shock. Same symbols as in figures 3.1 and 3.3B.



3. UPPER-CRUSTAL VELOCITY STRUCTURE NEAR COALINGA 39

determine fault offsets. The observed folding and
faulting within the sedimentary section are probably
promoted by elevated pore pressures in the lower part
of the Great Valley sequence under Pleasant Valley
and the Coalinga anticline. The cutoff in seismicity
near 13-km depth may result from a change in the
strength of the Franciscan assemblage.

5. Before acquisition of the seismic reflection and refrac-
tion profiles across the Diablo Range-San Joaquin
Valley margin, the Great Valley-Franciscan contact
was interpreted as the suture of a fossil subduction
zone in which the Franciscan assemblage underthrust
the San Joaquin Valley basement. The seismic-refrac-
tion interpretation, however, supports obduction of
the Franciscan assemblage onto the same basement
that underlies the Great Valley sequence in the San
Joaquin Valley (Wentworth and others, 1984a). That
is, wedges of Franciscan assemblage were thrust
eastward, underplating and deforming the Cretaceous
and Cenozoic strata while flexing the mafic basement
downward. The Coalinga anticline has grown above
the easternmost tip of a Franciscan wedge. East-west
compression along the San Andreas fault continues to
uplift the San Joaquin Valley margin, as evidenced by
focal mechanisms of the 1983 Coalinga earthquake
sequence.
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ABSTRACT

The 1983 Coalinga main shock occurred at the eastern margin of the
Coast Ranges beneath Coalinga anticline, which forms the northwest
segment in a 100-km-long zone of young anticlines about 35 km

northeast of the San Andreas fault. Northeast-directed thrusts (here
named the “Coalinga thrust zone”) terminate beneath the anticline at a
depth of about 10 km in a series of upward-splaying reverse faults,
above which the anticline has grown in the past 2 Ma. A distinet
flattening near the center of the northeastern limb of the fold separates
it into upper and lower tiers, which are related to separate reverse-fault
splays below. :

The main shock appears to have occurred at the base of a reverse-
fault splay beneath the upper tier of the fold and produced a focal
mechanism with a gently southwest-dipping focal plane that strikes
parallel to the fold axis. Rupture propagated bilaterally back down the
thrust and up the reverse fault. Dislocation modeling that reasonably
fits the observed surface uplift across the anticline indicates about 2 m
of slip on a 4-km-wide thrust rupture dipping 10° SW. and about 1.2 m
of slip on a reverse rupture, which dips 55° SW. and extends 7 km updip
to a depth of about 3.4 km beneath the center of the eastern limb of the
fold. Aftershocks delineated both rupture zones, as well as various
other zones along which complex readjustment to the main-shock
deformation oceurred.

Thrusting of the type responsible for the growth of Coalinga anticline
probably extends the length of the Coalinga-Kettleman Hills-Lost Hills
anticlinal trend, with tear faults at the echelon steps in the trend. The
earthquake occurred east of the north-trending Pleasant Valley cross-
structure, a large tear structure against which Coalinga anticline and
other folds terminate. Aftershocks with strike-slip mechanisms aligned
with the cross-structure indicate right-lateral movement, which is
consistent with the 20-km right step in the eastern front of the Diablo
Range that occurs there. Although the main-shock rupture surface
probably terminated northwestward at the cross-structure, aftershock
mechanisms suggest that related thrusts extend farther northwest
beneath Joaquin Ridge anticline in the southern Diablo Range. Such
thrusting may be characteristic of the eastern margin of the Coast
Ranges throughout its length.

The structural setting for this recent thrusting east of the San
Andreas fault was established in the Mesozoic under a different tectonic
regime. Structure at the Coast Ranges boundary indicates eastward
thrusting of a tectonic wedge of Mesozoic Franciscan assemblage onto
west-dipping basement and concurrent peeling up of the coeval Great
Valley sequence, which unconformably overlies that basement farther
east. The basement shallows northeastward from its 15-km depth
beneath the Diablo Range, first at 15°-20° beneath the west side of the
San Joaquin Valley and then more gently. This shallowing of basement
probably limited northeastward penetration of the Franciscan wedge
and seems to be limiting the more recent thrusting as well.
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INTRODUCTION

The Coalinga main shock of May 2, 1983, occurred 35
km northeast of the San Andreas fault at the eastern
margin of the southern Coast Ranges (fig. 4.1). Although
it was a large earthquake (M=6.7) and occurred near the
San Andreas system, it was not a typical San Andreas
event. Initial analysis (Eaton, 1983) indicated that the
earthquake resulted from thrust or reverse movement at
a depth of about 10 km on a fault striking parallel to the
San Andreas fault. No ready explanation existed for a
large earthquake at the Coast Ranges boundary that
involved compression normal to the San Andreas fault.

The earthquake occurred beneath Coalinga anticline,
which forms the northwestern segment of a 100-km-long
zone of Quaternary anticlines that is parallel to the San
Andreas fault and is aligned with the main eastern front
of the Coast Ranges on strike to the northwest. No
surface or subsurface faults appropriate to generate the
earthquake were known, although early results of our
study of the Coast Ranges boundary suggested that
eastward-directed thrusting beneath the young folds
might be involved (Wentworth and others, 1983). The
occurrence of a large earthquake in this setting raises the
possibility that similar earthquakes could occur else-
where along the young-fold trend, or perhaps anywhere
along the 600-km length of the Coast Ranges boundary.

The Coast Range thrust, a major tectonic feature near
the Coast Ranges boundary, has been viewed as a fossil
subduction zone for nearly 25 years. Our recent work
(Wentworth and others, 1984a; Wentworth and Zoback,
1985), in contrast, suggests that the Coast Range thrust
does not extend eastward to depth through the crust and
emphasizes the need to improve our understanding of
subsurface structural relations across this boundary.
Deep structure in the vicinity of Coalinga anticline
embodies several fundamental issues of the Coast Ranges
boundary: the eastward, downdip extent of the Coast
Range thrust; the abrupt westward thickening of the
Great Valley sequence (Upper Mesozoic sandstone and
shale that connect Coast Range and Great Valley geolo-
gy); and the relation of the contrasting basements on
which the Great Valley sequence was deposited (Coast
Range ophiolite in the Coast Ranges and presumed
Sierran crystalline rock beneath the Great Valley).

We first explore the origin of the earthquake and its
regional implications by setting the general context of the
earthquake at the Coast Ranges boundary and develop-
ing the structural anatomy and inferred tectonic history
of the Coalinga area itself. The primary basis for our
analysis of the Coalinga area is two seismic-reflection
profiles across Coalinga anticline. These not only show
details of the shallow folding but contain reflections at

hypocentral depth that we conclude represent eastward-
directed thrusts that have created Coalinga anticline.
We then apply our structural interpretation to the
generation of the Coalinga earthquake sequence, which is
described in other chapters of this volume. Eaton (chap.
8) determined the locations and focal mechanisms of the
main shock and principal aftershocks. The main-shock
focal mechanism yields both a steep (reverse fault) and a
low-angle (thrust) focal plane, although Eaton considers
it unlikely that the steeply dipping plane broke during the
main shock. He concludes that the main shock occurred as
a result of thrusting on a fault that dips 23° SW. and
strikes N. 53° W. beneath Coalinga anticline. Eberhart-
Phillips and Reasenberg (chap. 9), through an analysis of
several thousand aftershocks and several hundred well-
determined focal mechanisms, conclude that main-shock
rupture probably occurred on a steeply southwest dip-
ping plane beneath Coalinga anticline that appears to
flatten southwestward at a depth of 10 km and (or) on a
steeply northeast dipping plane. Dislocation modeling of
observed coseismic elevation changes over Coalinga
anticline (Stein and King, 1984; Stein, 1985) suggests that
the earthquake occurred on the steeply northeast dipping
focal plane of the main-shock focal mechanism. We use
similar modeling of this surface deformation to test our
conclusion that main-shock rupture occurred, instead, on
a gently west dipping thrust and steeper reverse-fault

splay.

REGIONAL SETTING

In its broadest context, the Coalinga main shock
occurred at the 600-km-long boundary (the Coast Ranges
boundary) between the uplifted mountains of the Coast
Ranges and the alluvial lowland of the Great Valley.
West of this boundary, in the Coast Ranges, late Ceno-
zoic structures were formed in the right-lateral strike-
slip regime of the San Andreas fault system. East of it,
the vast Sierran block is tilted gently down toward the
Coast Ranges and is covered by sediment along its
depressed southwestern margin, but is otherwise largely
intact.

FIGURE 4.1.—Geologic map of the San Joaquin Valley and adjacent §
Coast Ranges, showing regional setting of May 2 main shock and
locations of seismic-reflection lines (solid lines with dots). Geology
modified from Jennings (1977). L (east of junction of Calaveras and
San Andreas faults), Lanada ophiolite at base of Great Valley
sequence; PVCS, Pleasant Valley cross-structure; Qa, Quaternary
alluvium; Ts, Tertiary sedimentary rocks; Tv, Tertiary volcanic
rocks; Mzg, Mesozoic Great Valley sequence; Mzm, Mesozoic meta-
morphic rocks; f, Franciscan assemblage; u, ultramafic rocks; gr,
granitic rocks; Pzm, Paleozoic metamorphic rocks.
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GREAT VALLEY SEQUENCE

A thick, east-dipping sequence of marine sandstone
and shale, the Great Valley sequence, is exposed along
the eastern margin of the Coast Ranges. Where com-
plete, this section ranges in age from Late Jurassic to
Late Cretaceous and depositionally overlies mafic and
ultramafic rocks of the Coast Range ophiolite (Bailey and
others, 1970; Hopson and others, 1981). In the southern
Coast Ranges, however, the base of the section is
generally cut out by faulting at the contact with the
Franciscan assemblage (Jennings, 1977).

Only the upper part of the Great Valley sequence is
present to the east beneath the Great Valley, where it
overlies and thins eastward across crystalline basement.
Correlation of the Upper Cretaceous strata beneath the
valley with the Upper Cretaceous part of the Great
Valley sequence exposed in the Coast Ranges yields a
vast asymmetric synclinorium, 600 km long, with its axial
trough near the western margin of the Great Valley (fig.
4.1; see Page and others, 1979).

The westward transition from the Upper Cretaceous
section beneath the Great Valley to the Jurassic and
Cretaceous section in the Coast Ranges occurs abruptly.
For most of the length of the Great Valley, the thickness
of the nearly flat-lying section beneath its western side
ranges from about 1.5 to 4 km. Minimum stratigraphic
thicknesses in the steeply dipping Great Valley sequence
exposed to the west, in contrast, range from 3 to 8 km in
the Diablo Range to as much as 15 km farther north.
Some interpretations account for this change by east-
ward onlap of the sequence during sedimentation (for
example, Schilling, 1962), although the transition is so
abrupt that gradual onlap alone seems insufficient. Other
interpretations suggest westward deepening of the late
Mesozoic sedimentary basin across dip-slip faults (for
example, Brown and Rich, 1967).

FRANCISCAN ASSEMBLAGE

The main mass of the Coast Ranges west of the Great
Valley sequence is composed of the Franciscan assem-
blage, also of Late Jurassic to Late Cretaceous age,
which is an accretionary prism that consists principally of
oceanic sedimentary and lesser volcanic rocks. Some
tectonostratigraphic units in the Franciscan consist of
well-bedded, albeit variously folded, rocks, whereas
others are a melange of various kinds and sizes of blocks
in a matrix of sheared mudstone (Blake and others, 1984).
Most of the rocks have varyingly undergone high-pres-
sure, low-temperature metamorphism to blueschist
grade. The structural base of the Franciscan is nowhere
exposed at the surface.

CRYSTALLINE BASEMENT

In the Great Valley, crystalline basement rock of the
tilted Sierran block extends southwestward from expo-
sure in the Sierran foothills beneath unconformably
overlying Cretaceous and Cenozoic sedimentary rocks
(fig. 4.2). The surface of this basement rock dips 3°-5°
SW. across the San Joaquin Valley for about three-
fourths of its width. Drill holes to basement define this
surface down to a depth of about 4.5 km.

The shape of the basement surface beneath the valley
seems extraordinarily simple. In the southern part of
figure 4.2, however, the surface is cut by several
northwest-trending faults that have vertical separations
as large as 1.2 km. Identification of the strike extension
of one of these faults (associated with the Semitropic
anticline) as a reverse fault on reflection profile SJ-6
(Wentworth and others, 1983a) implies that other base-
ment faults beneath the western San Joaquin Valley may
also be reverse.

West of the area of well control, reflection and refrac-
tion profiles indicate that this same surface (the top of
rock with a seismic velocity of 6.2-6.5 km/s) extends
westward beneath the leading edge of the Coast Ranges
(Wentworth and others, 1984a; Wentworth and Zoback,
1985). The gentle southwestward dip increases to 10°-15°
near the western margin of the San Joaquin Valley and
then flattens at a depth of about 15 km beneath the
eastern Diablo Range. This continuity of erystalline
basement at depth across the boundary between the
Great Valley and the eastern Coast Ranges is supported
at Coalinga by the gravity and magnetic modeling of
Griscom and Jachens (chap. 5), who confirm the base-
ment configuration determined from refraction profiling
(see chap. 3) and find that a major break in the basement
surface is not tenable.

Granitic and metamorphic rocks of the Sierran foothills
form the uppermost crystalline basement as far west as
the deepest basement wells northeast of Coalinga (fig.
4.2; see table 4.2). Farther west, however, the refraction
velocities and gravity and magnetic modeling indicate the
presence of higher velocity (6.3-6.5 km/s), denser (2.90
g/em®), magnetic basement rock that Griscom (1982)
infers to be a slab of ophiolite that was obducted onto the
continental margin during Jurassic time.

COAST RANGE THRUST AND FRANCISCAN WEDGE

The Franciscan assemblage and Great Valley sequence
are juxtaposed across the Coast Range thrust, which is a
major northeast-dipping fault that extends the length of
the Coast Ranges near their eastern margin. This thrust
was conceived (Bailey and others, 1964, p. 163-165;
Irwin, 1964) to account for the structural juxtaposition of
these two different masses of Mesozoic rock. In the
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context of plate tectonics, the Coast Range thrust has
since been viewed as a subduction-zone suture that
extends eastward to depth in the mantle (for example,
Dickinson, 1981).

From its exposure in the eastern Coast Ranges (fig.
4.1), the Coast Range thrust projects downward to the
east beneath the Coast Ranges boundary. Because the
surface of the crystalline basement under the Great
Valley extends westward beneath this boundary without
major offset, however, the Coast Range thrust cannot
extend eastward to depth through the crust as a subduc-

4b

tion zone suture. On the contrary, it must terminate at or
above the continuous basement surface. These relations,
both at Coalinga and elsewhere near the Coast Ranges
boundary, led to the proposal that the Coast Range
thrust is the roof thrust of a wedge of obducted Fran-
ciscan rock that was thrust northeastward onto the
continental margin, where it concurrently peeled up the
overlying Great Valley sequence (Wentworth and others,
1984a). The gross structure at the Coast Ranges bound-
ary thus involves a deep basement surface overlain by an
eastward thinning wedge of Franciscan rock that is
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FIGURE 4.2.—Surface configuration of Great Valley basement. Con-
tours (in kilometers below sea level; long-dashed line, 500 m) drawn
from depth to crystalline rock in wells (solid dots; depth shown in
kilometers for westernmost wells) in east two-thirds of valley (circles
mark wells with inconsistent basement depths) and from seismic-
reflection and refraction profiles in the west (SJ-6, Wentworth and
others, 1983a; SJ-19, this chapter; refraction lines, chap. 3; triangles
mark shotpoints). Basement faults (bold solid line, dashed where

approximate; U on upthrown side; arrow indicates direction of dip)
and their vertical separations largely from Western Geophysical Co.
(1975). Lettered wells provide westernmost control east of Coalinga
on thickness of Great Valley sequence (see table 4.2). Surface of
exposed basement (above sea level) is a topographic envelope on ridge
crests. Short-dashed line marks alluvial boundary. A-A’, location of
figure 4.6. Light shading, rock exposures.
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bounded above and below by thrusts and is structurally
overlain by Great Valley sequence.

SHALLOW STRUCTURE

Structure above the basement surface within the San
Joaquin Valley is relatively simple: a homocline that dips
very gently southwestward and is interrupted locally by
slight anticlinal warps. Some of these anticlines overlie
basement faults (fig. 4.2), but it has also been suggested
that some lie above foreland thrust ramps (such as the
Turk anticline; see chap. 6).

The Coast Ranges boundary is marked by abrupt
upturning of the gently west dipping strata beneath the
San Joaquin Valley to form a nearly linear, northeast-
facing flank to the San Joaquin Valley syncline (fig. 4.1).
In the Coast Ranges southwest of this simple fold flank,
however, structure varies considerably.

From the main-shock epicenter southeastward, the
abrupt upturning marks the northeast flank of the
Coalinga-Kettleman Hills-Lost Hills anticlinal zone,
which strikes nearly parallel to the San Andreas fault for
100 km along the southwestern margin of the San Joaquin
Valley. West of this zone, structure generally strikes
more westerly. Northwest of the epicenter for about 50
km, similar oblique-trending structures extend right up
to the range front.

At the junction between these two reaches of the Coast
Ranges boundary, the main structural uplift of the Coast
Ranges—represented by exposure of the Great Valley
sequence—steps to the right about 20 km (fig. 4.3) along
an obscure, north-northeast-trending structure that we
here term the “Pleasant Valley cross-structure” (see figs.
4.1, 4.4, 4.8). This feature is situated near the exposed
Cretaceous-Tertiary contact at the northwest end of
Pleasant Valley. Its northern end is defined by the
termination of Coalinga anticline against the south flank
of Joaquin Ridge anticline, and its south end by the
abutment of Jacalitos anticline against the south flank of
White Creek syncline. That large synecline dies out
toward the cross-structure, as does the Pleasant Valley
syncline from the opposite side. No faults that might
accommodate differential movements along the eross-
structure have been recognized at the surface.

QUATERNARY DEFORMATION

The southern part of the Coast Ranges boundary is
marked by differential Quaternary movement between
the mountains and the valley. The evident structure at
the boundary is a homoeline of Cretaceous and Cenozoic
strata that dips northeast toward the valley. Southeast of
the main-shock epicenter, this homocline forms the
northeast flanks of the anticlines of the Coalinga-Kettle-
man Hills-Lost Hills zone, which have grown in Pliocene

and Quaternary time. The folds stand as hills above the
surrounding alluvial plain and involve strata at least as
young as about 0.6 Ma.

Northwest of the epicenter, the homocline fronts the
main mass of the Diablo Range, where it also involves
strata as young as about 0.6 Ma. These young strata
(represented by the Corcoran Clay Member of the Tulare
Formation) are consistently tilted up at the valley margin
as steeply as about 3° (Page, 1986). In the foothills
southeast of San Luis Reservoir (fig. 4.1), Lettis (1982)
found a similar amount of northeastward tilting of old
stream terraces west of the valley margin. This obser-
vation suggests that late Quaternary uplift of the Coast
Ranges here has been accommodated by folding across
the Coast Ranges boundary.

Range-front faulting has also occurred along the east
side of the northern Diablo Range (San Joaquin Valley
fault, fig. 4.1; Herd, 1979a; Lettis, 1982). This faulting
involves as much as about 200 m of down-to-the-east
separation on Quaternary terraces. Herd (1979b) consid-
ered this faulting to be normal, and Lettis (1982) sug-
gested lateral movement, but our work indicates that the
basic style of faulting beneath the range front should be
west-dipping reverse or thrust faulting. In the same
foothills area southeast of San Luis Reservoir, Quater-
nary terraces are broken by a series of small, northeast-
dipping reverse faults (O’Neill fault system of Herd,
1979b; Lettis, 1982). These faults seem to represent
bedding-plane slip that occurred as the northeast-dipping
Great Valley sequence was tilted another increment.

STRUCTURE AND TECTONICS OF
THE COALINGA AREA

The 1982 main shock occurred beneath Coalinga anti-
cline near the junction of the Pleasant Valley cross-
structure with the west flank of San Joaquin Valley
syncline. Structure and timing of deformation in this area
are well defined by a thick Cretaceous and Cenozoic
stratigraphic section that includes more than a kilometer
of Pliocene and Quaternary marine and alluvial sediment
(see chap. 1). These strata are exposed in the mountains

FIGURE 4.3. —Geologic map of the Coalinga area, showing locations of
seismic-reflection lines (every fifth kilometer mark numbered),
refraction shotpoints (labeled triangles), and wells (lettered dots)
used in interpretation. f, Franciscan assemblage; Kg, Gravelly Flat
Formation; Kp, Panoche Formation; Kps, sandstone unit in Panoche
Formation; Ks, Cretaceous sedimentary rocks, undivided; Qa, Qua-
ternary alluvium; Qs, Quaternary sediment; Qt, Tulare Formation;
sp, serpentinite; Te, Etchegoin Formation; Tk, Kreyenhagen For-
mation; TKm, Moreno Formation undivided; Ts, Tertiary sedimen-
tary rocks; Tsj, San Joaquin Formation. Geology modified from
Dibblee (1971) and Mansfield (1972).
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in the western part of the area (fig. 4.3) and are evident

in drill holes and reflection profiles downdip to the east in

the subsurface.

1. The folds of principal interest (fig. 4.4) are (1) Joaquin
Ridge anticline, which raises the reconstructed top of
the Cretaceous section about 9 km relative to the
trough of the San Joaquin Valley syncline; (2) flanking
White Creek syncline, whose 4.5 km of structural
relief dies out abruptly eastward toward the Pleasant
Valley cross-structure; (3) Coalinga anticline, which
plunges southeastward off the south flank of Joaquin
Ridge anticline but nowhere exceeds about 1.5 km in
amplitude; and (4) flanking Pleasant Valley syncline,
which plunges and tightens southeastward from the
Pleasant Valley cross-structure toward the deep,
poorly defined trough southwest of Kettleman North
Dome. Coalinga anticline gives way southeastward
across a series of right steps to North Dome and the
other folds in the Coalinga-Kettleman Hills-Lost Hills
zone of anticlines.

2. Some of the folds in the Coalinga area had an earlier
history of growth through the Tertiary, but all have
undergone major growth during the past several
million years. Joaquin Ridge anticline and its flanking
synclines were influencing sedimentation in early to
middle Tertiary time (Harding, 1976), although about
half of the limb rotation (Dibblee, 1971) recorded in
Cretaceous strata along the White Creek syncline
(dips of 40°-60°) is shared by the unconformably
overlying Etchegoin Formation (dips of 15°-30°) of
largely Pliocene age. Uplift of the western limb of
Pleasant Valley syncline influenced sedimentation in
the early and middle Tertiary (see chap. 1, figs. 1.2,
1.3). Although Harding (1976) presented evidence
suggesting that Coalinga anticline had enough struc-
tural relief in the early Tertiary to influence the
distribution of the nearshore Gatchell and “Leda”
sands (of local usage), this relief may have been
associated, instead, with Joaquin Ridge anticline and,
in any case, need not have been large.

3. Beginning in Pliocene time, Coalinga anticline began
to grow fast enough to cause distinet thinning of the
San Joaquin Formation being deposited across its
crest (see chap. 1), although principal folding is
younger, postdating the beginning of Tulare deposi-
tion. Dips in exposed Tulare strata are at least as
steep as 15°, similar to those in older strata in the core
of the fold (Dibblee, 1971).

4. The age of volcanic tuff in Kettleman North Dome
makes the age of the Tulare-San Joaquin boundary
about 2 Ma (Sarna-Wojcicki and others, 1985), indi-
cating that this principal folding began later than 2
Ma. The top of the Tulare Formation (horizon C) is
also folded. This horizon is equivalent to the Corcoran

Clay Member of the Tulare Formation (see chap. 1;
J.A. Bartow, oral commun., 1984) and correlates
approximately with the 0.6-Ma-old Friant Ash Mem-
ber of the Turlock Lake Formation (Marchand and
Allwardt, 1981). Modern growth of the fold is docu-
mented by leveling surveys after the Coalinga main
shock (Stein, 1985, fig. 2). Page (1984) pointed out that
the cutting and subsequent arching of an erosional
surface on Kettleman North Dome indicates that this
young folding was not continuous over time.

SEISMIC-REFLECTION PROFILES

The seismic-reflection profiles studied here (pls. 4.1,
4.2; fig. 4.5), which cross Coalinga anticline north and
south of the main-shock epicenter (figs. 4.3, 4.4), provide
detailed structural information in the subsurface down to
the hypocentral depth of the main shock. In concert with
the refraction work of Walter (chap. 3), these profiles
provide the basis for a structural cross section through
the source region of the Coalinga main shock (fig. 4.6).

Reflection profiles SJ-19 and SJ-3 were collected and
processed by the Western Geophysical Co. in 1981-83.
Rights to these profiles were purchased by the U.S.
Geological Survey in 1983. The profiles are conventional
24-fold Vibroseis profiles collected using an upsweep and
amaximum receiver offset of 3.5 km (profile SJ-19). They
were originally processed to a two-way traveltime of 6 s
and were subsequently recorrelated to a record length of
12 s and reprocessed for the U.S. Geological Survey
(table 4.1; see Okaya, 1986, for recorrelation technique).
Our emphasis is on profile SJ-19 (pl. 4.1), which contains
much more information than profile SJ-3 (pl. 4.2) and
best defines deep structure.

A third east-west reflection line (COCORP line 1),
located 6.4 km south of profile SJ-19, was collected in
1977 to image deep structure by the Consortium for
Continental Reflection Profiling (COCORP). Recent in-
terpretation of this profile (Fielding and others, 1983,
1984; Fielding and Barazangi, 1985) yielded a differ-
ent structural model than we propose here.

FIGURE 4.4. —Structure-contour map of the Coalinga area. Top of §
Eocene Kreyenhagen Formation mapped (from well control) downdip
from its surface exposure (dotted line) near sea level (0.0 contour;
dashed where approximate); top of Cretaceous strata (largely top of
Moreno Formation) approximately reconstructed (from exposed
structure) updip to the northwest from its surface exposure (shaded
line) near sea level (0 contour; dashed where approximate). Creta-
ceous surface lies about 1 km vertically below the Kreyenhagen
surface near their surface exposures. Dots, drill holes to Kreyen-
hagen Formation; circles, drill holes to Temblor Formation. Bold
hachured line, top of lower tier of Coalinga anticline; bold line marked
N, Nuifiez fault trace; circled x, main-shock epicenter; cross-hatched
lines, reflection lines showing kilometer marks; triangles, refraction
shotpoints.
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COCORP line 1 is similar to profile SJ-19 but lacks the
clarity and detail beneath Coalinga anticline that are
evident in profile SJ-19.

Interpretation of the reflection profiles is straightfor-
ward in the Cenozoic and uppermost Cretaceous section,
where the reflections are regularly layered and the
section is penetrated by nearby wells. Below the top of
the Panoche Formation (horizon P), however, the rocks
have not been sampled by the drill. Lateral constraints on
the identity of these deep rocks from wells to the east of
the profile and outerops to the west require complex
structure across the Coast Ranges boundary. Beneath
the San Joaquin Valley to the east, about a kilometer of
Cretaceous strata overlying crystalline basement (pene-
trated in wells L-0, table 4.2) dips gently west toward
the reflection profile. In the Diablo Range to the west, in
contrast, an exposed section of uppermost Jurassic and
largely Cretaceous Great Valley sequence, about 8 km

thick (fig. 4.3) and locally attached to a basement of Coast
Range ophiolite (L, fig. 4.1), structurally overlies Fran-
ciscan assemblage and dips east toward the profile.

SHALLOW STRATIGRAPHY

Reflections in the upper part of profile SJ-19 (pl. 4.1)
show a regular stratigraphy and define a more detailed
version of the same fold structure that is determined
from the top of the Kreyenhagen Formation (horizon K)
penetrated in wells (fig. 4.4). The stratigraphic units and
their tops shown in plate 4.1B were identified from
geophysical logs of seven wells that lie within 1 km of
profile 8J-19 and approach or penetrate the base of the
Cenozoie section (fig. 4.3; table 4.2). We use the stratig-
raphy and well-log picks of Bartow (chap. 1).

Interval velocities were calculated from stacking-ve-
locity analyses of the reflection data spaced every 1 to 2
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FIGURE 4.5.—Cross sections through Coalinga anticline, showing structure evident along reflection lines SJ-19 (4) and SJ-3 (B). Structure
converted to depth from plates 4.1B and 4.1C.
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km along the profile. Velocity control is reasonably good
where reflections are clear and close to horizontal,
because maximum source-receiver offsets of 3.5 km on
profile SJ-19 yield about 0.25 s of normal moveout at a

51

two-way traveltime of 3.0 s east of the anticline. The
interval velocities were generalized for portrayal on plate
4.1B under the assumption that lateral variations are
regular. The calculated velocities in the upper part of the
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FIGURE 4.6. —Structural cross sections across Coalinga anticline along
line A-A' (fig. 2), projected from profile SJ-19 (fig. 4.54), showing
alternative positions of the Franciscan wedge. All features are
common to both alternatives except rock identities and bounding
faults associated with the wedge. Upturning of reflections at west
end of profile SJ-19 modified to accommodate breadth of syncline
along section (see fig. 4.4). Surface of crystalline basement from

figure 4.2. A, Shallow-wedge alternative, in which interval F is the
Franciscan wedge that has ramped up into the Great Valley sequence
and raised its upper part farther east. B, Deep-wedge alternative, in
which interval F is Great Valley sequence and the Franciscan wedge
intrudes along the basement surface and raises the entire Great Valley
sequence.
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TABLE 4.1. — Recording and processing pa-
rameters for reflection profiles SJ-3 and
SJ-19

Recording parameters

Parameters for reflection profile SJ-3
shown in parentheses where different
than those of profile SJ-19:

Group interval, 110 (220) ft,
24 geophones per group

Sample interval, 4 ms

Vibrator interval, 220 ft

Spread, 0-880-11,330 (5,940) ft

Pilot, 10-58 Hz, 20-s duration

5 (4) vibrators, 10 (12) sweeps

24~fold composite data

Processing parameters

Trace edit

Crosscorrelation

Deconvolution

Statics--datum is mean sea level
Velocity analysis

Normal moveout

Stack

Time-variant filter
Finite-diference migration

record are generally uniform along each stratigraphic
interval and are probably accurate to within +0.1 km/s.
They are more erratic, however, between horizons T (top
of the Temblor Formation) and P (top of the Panoche
Formation), presumably owing to the high sensitivity of
calculated interval velocities to small variations in stack-
ing velocity. Here, we generalized the velocity structure
from a running average of three adjacent values of
interval velocity along each stratigraphic interval, and
estimate the resultant uncertainty to be about +0.3 km/s.

The Tulare Formation (interval C-J) thins westward
against Coalinga anticline. Its uppermost part, the lat-
eral equivalent of the Corcoran Clay Member (identified
in well G by J. A. Bartow, oral commun., 1984), is folded,
but to a lesser degree than its base, a difference that
indicates progressive growth of the anticline during and
through the end of Tulare time (approx 2-0.6 Ma). No
similar thinning is evident lower in the section. At the
west side of Pleasant Valley syncline, in contrast, there
is evidence of westward thinning lower in the Cenozoic
section and of angular discordance at its base. This
difference indicates that uplift there began much earlier,
near the beginning of the Cenozoic.

The base of the Cenozoic section is marked essentially
by the unconformable contact between two deep-water
shales, the lower Tertiary Lodo Formation over the
largely Cretaceous Moreno Formation (see chap. 1). The
simplest correlation of this contact westward across the
reflection record from its position in well G (pl. 4.1B)
carries it across the updip ends of several reflections,
beneath well F, and onto reflection M, which extends

westward discontinuously across the balance of the
record.

The top of the underlying sandstone units of the Upper
Cretaceous Panoche Formation (horizon P) is penetrated
in well G, where it is marked by a strong, continuous
reflection. This reflection can be traced westward to km
29, where it is lost in noise. The equivalent reflection
beyond the noisy area continues from km 20 westward to
km 1.5. The Moreno interval thus defined (M-P) thins
both eastward and westward from a maximum east of
Coalinga anticline.

The eastward thinning is at least partly due to onlap of
the Moreno onto the gentle Panoche high that overlies
the basement high between faults I and II. The westward
thinning, however, culminates in an unconformity at the
west end of the record. There, clear angular relations
occur beneath a reflection that seems best correlated
eastward with horizon M in Coalinga anticline. At the
surface, the Moreno is cut out southward from refraction
shotpoint 14 beneath converging lower Cenozoic uncon-
formities (fig. 4.3; see chap. 1). There is an unresolved
mismatch of about 75 m (0.6 wavelength) between this
identification of horizon M and its position in well A. The
interval velocity required to achieve a match (2.0 km/s
below horizon K) seems too low in comparison with the
reflection interval velocity of 2.4 km/s and the even
higher velocities indicated by the sonic log of a nearby
well (Superior West Coalinga Fee 31, sec. 31, T. 20 S., R.
15 E.).

The shallow stratigraphy in profile SJ-3 (pl. 4.1D) is
essentially the same as that in profile SJ-19. The
sequence of reflections down to horizon P is very similar
in the two records, and identification of horizons at the
east end of profile SJ-3 is based on correlation of
reflections with profile SJ-19. No deep wells lie close to
the SJ-3 profile line, but interpolation between two wells
that straddle this line at the crest of Coalinga anticline
(wells H and I, fig. 4.3; table 4.2) allows approximate
identification of the labeled horizons at 5.5 km on plate
4.1D.

LOW-VELOCITY ZONES

The reflection interval velocities on profile SJ-19 (pl.
4.1B) define three low-velocity zones above horizon P
that are probably the result of high fluid pressure (see
chap. 23). Opposed lateral gradients in velocity in the
intervals between horizons t and G (largely Kreyenhagen
Formation) and G and P (largely Moreno Formation) in
the eastern part of profile SJ-19 produce a stepped pair
of low-velocity zones. Although associated high fluid
pressure was not found by Yerkes and others in well G,
which penetrates interval t-G near the reflection profile,
they did recognize it in a well about 10 km to the
northwest along strike (North Central Boston Ranch 1,
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TABLE 4.2.—Well control

[Wells A through G lie along reflection line SJ-19, wells H and I straddle reflection line SJ-3 at the crest of Coalinga anticline, and wells
J and K lie on the crest of the Joaquin Ridge anticline (see fig. 4.3 for locations). Wells L through O reach crystalline basement off
the east end of reflection line SJ-19. Wells also used by Bartow in chapter 1 are indicated in parentheses by cross section (A or B)

and well number]

Location Total Elevation Thickness

Well Name Year depth (ft) of Cretaceous
See. T. S. R. E. (ft) strata (m)

A Standard 302 (A2)===--=-===—emaae 1955 19 20 15 4,302 776 -

B Rheem Standard 28--=--=-=====e---- 1954 15 20 15 7,753 743 -

C Zwang 2= l4=--=me e mm e m oo 1954 14 20 15 8,110 693 -

D Union (R.S. Lyttle) USL 68 (B4)-- 1940 18 20 16 8,051 749 ==

E  Union Helm, Sumpf and Sumpf, 1955 14 20 16 9,578 513 =
Pleasant Valley 8-14.

F Standard Haven Boston 313 (A9)--- 1959 23 20 18 14,322 289 -

G Mobil BLC U8-7 (A 10)=======mmmem 1951 7 20 19 14,911 269 ---

H Fresno Exploration-Phelps 1947 20 19 15 4,582 1,594 -—-
Government 2.

I Standard 213===--===-mm=mmocoaoes 1947 35 19 15 5,775 930 ---

J  Arco Bravo 1---=====se----em-aaee 1969 7 19 14 6,502 2,100 ===

K Arco Joaquin Ridge 1---====-=----- 1975 39 19 14 14,409 3,786 ---

N  Amerada Lawton 58----- ---- 1942 26 17 19 11,990 228 1,111

M Sunray A.J. Borba 1--- -=-= 1962 6 18 20 11,724 222 922

N  Exxon Capital Co. G-1- ---= 1961 7 19 21 12,816 231 1,069

0 Occidental Hansen l--====-==----- 1966 14 22 22 14, 680 191 945

sec. 21, T. 19 S., R. 18 E.; top of high-pressure zone at
11,485 ft, top of Kreyenhagen at 11,500 ft).

Low velocities also occur in interval G-P near its
intersection with the east-dipping reverse fault (fault I'V)
in the core of Coalinga anticline. Here, the interval
velocities have not been smoothed as severely for pres-
entation on plate 4.1B as elsewhere because of their
regular decrease inward toward the fault from each side.
The coincident local increase in transit time across
interval G-P (0.26, 0.4, and 0.35 s at km 8, 11.8, and 13
km, respectively) may be caused by this velocity anom-
aly, although westward thinning of the Gatchell sand (of
local usage, top at horizon G) is also involved (Harding,
1976). Yerkes and others (chap. 23) did not detect high
fluid pressures associated with this low-velocity zone in
such wells as C and D (pl. 4.1B), which bottom within
interval G-P.

DEEP UNITS

Identification of the rocks below the top of the Panoche
Formation (horizon P) depends largely on extrapolation
from the geologic relations known east and west of profile
SJ-19 and on inference from the velocity structure along
the cross and axial refraction profiles determined by
Walter (chap. 3, figs. 3.24, 3.3A4, see fig. 4.2 for profile
locations).

EASTERN BASEMENT AND UPPER PART OF
THE GREAT VALLEY SEQUENCE

About 20 km northeast of the east end of profile SJ-19,
several wells penetrate 0.9 to 1.1 km of Upper Creta-
ceous strata and the underlying crystalline basement
(wells L0, fig. 4.2; table 4.2). Walter’s interpretation of
the cross refraction profile (see chap. 3), which is fitted to

this westernmost basement well control near shotpoint 9,
yields basement rock with a velocity of about 6.3 km/s
and a basement surface that dips gently west from
shotpoint 9 for about 25 km and then abruptly steepens.
Near the east end of profile SJ-19, this refraction
boundary lies at a depth of 5.6 km. Because the strong
reflection at 3.7 to 3.9 s in the reflection record (B, pl.
4.1B) coincides in time with this basement depth, this
reflection must represent the basement surface.

The less continuous subhorizontal events below this
basement reflection have stacking velocities that yield an
interval velocity of 4.5 km/s, characteristic of the Great
Valley sequence, and thus are probably multiples. Simi-
lar layered events and interval velocities occur at the east
end of COCORP line 1. Fielding and others (1983, 1984)
placed the basement surface below those events at about
5s (8.5 km).

East of km 44.5, apparent downfaulting of the base-
ment reflection (B) by about 200 m to the strong
reflection at 3.8 s (B?, pl. 4.1B) leads to our inference of
fault I. Similar relations are evident at the east end of
COCORP line 1 (Fielding and others, 1984). The inferred
fault is presumably steep, either normal or reverse, and,
if correlative between the two reflection lines, strikes
slightly west of north. On plate 4.1A, reflection B breaks
up as it approaches fault I from the west. A stacking
velocity only 3 percent higher, however, yields a nearly
continuous reflection across the inferred fault, a result
suggesting that principal fault offset ceased during the
Late Cretaceous, prior to deposition of the overlying
Cretaceous strata.

Stratigraphy encountered in well G, together with the
basement surface identified beneath the well, defines a
Cretaceous section (interval M-B, Moreno and Panoche
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Formations, 1.6 km thick at 4.5 km/s) that represents a
slight westward thickening from the Cretaceous section
drilled farther east. This upper interval of Great Valley
sequence (GVSa, pl.4.1B) thickens more rapidly west-
ward from well G above an extension of horizon B that is
drawn below the well-layered reflections. It reaches a
thickness of 3.1 km at km 27, where it becomes obscured
by noise in the record.

The same interval reappears west of the area of noise
(km 20 and beyond), where it is also about 3 km thick. It
projects updip beyond the end of the record section to the
west into surface exposures of the upper part of the Great
Valley sequence (figs. 4.3, 4.6). In contrast to interval
GV8a farther east, the base of GVSa beneath Coalinga
anticline is defined in the reflection record by a series of
two or three strong reflections (horizon X). The approx-
imate concordance of this lower horizon with overlying
structure is achieved partly by folding and partly by
faulting.

Interval velocities within GVSa east of km 30 vary
somewhat but range predominantly from 4.3 to 4.6 km/s
and are here generalized as 4.5 km/s. This velocity is
consistent with that determined for Great Valley se-
quence at similar depth elsewhere (table 4.3). West of km
20, interval velocities within GVSa are poorly con-
strained by the data and range from about 3.6 to 5.4 km/s.
Refraction velocities range from 4.6 to at least 4.9 km/s
and include a velocity inversion. For our present purpos-
es, we generalize the velocity of this part of interval
GVSa as a uniform 4.6 km/s.

The upper section of Great Valley sequence (interval
GVSa) thus defined extends eastward from outerop in the
Coast Ranges, through Coalinga anticline, and on be-
neath the San Joaquin Valley, where it thins onto
identifiable crystalline basement (km 40). Layering with-
in this interval is concordant with that in the overlying
Cenozoic section.

LOWER PART OF THE GREAT VALLEY SEQUENCE

West of the prominent basement reflection (horizon B)
at the east end of the profile between km 29 and 39,
interval GVSa is underlain by a zone of short, variably
west dipping reflections (pl. 4.1B). These reflections
coincide with a westward-thickening prism of 5.1-km/s
material that is evident on the cross refraction profile of
Walter (chap. 3). Because this zone appears to be
layered, occurs beneath the upper part of the Great
Valley sequence, and has a refraction veloeity appropri-
ate for Great Valley sequence (table 4.3), we infer it to be
a lower interval of Great Valley sequence (GVSb). A
similar zone of crude, west-dipping events in about the
equivalent position on the COCORP reflection line is also
interpreted to represent sedimentary strata (Fielding
and others, 1984). Horizon BB represents an approxi-

mate envelope at the base of the zone on profile SJ-19.
The termination of interval GVSb on the east is unclear
in the seismic record. To avoid earrying this interval
eastward beneath the basement reflection (horizon B east
of km 40), where the cross refraction model places higher
velocity rock, we terminate the interval somewhat arbi-
trarily at a pair of dip-slip faults (II and III) where the
reflections are ne longer apparent.

We thus identify an older interval of Great Valley
sequence (GVSb), at least 2.5 km thick at km 30, which
is bounded on the east by presumably steep faults that
are truncated by the base of interval GVSa. Horizon B
west of km 39 could thus be an unconformity within the
Great Valley sequence. West of km 29 in the seismic
section, the evidence for interval GVSb is lost in noise.
Basement beneath the interval may lie at or below
horizon BB. The cross refraction profile indicates that
basement deepens westward, possibly across a series of
dip-slip faults.

INTERVALS F AND D

The interval between the base of interval GVSa and
crystalline basement thickens westward to about 10 km
beneath Coalinga anticline (fig. 4.6). There, in contrast to
interval GVSb farther east, the interval is characterized
by seismic velocities of 5.6 to 6.1 km/s. These velocities
are distinctly higher than in interval GVSa above or in
interval GVSb to the east and considerably exceed those
known in Great Valley sequence elsewhere (table 4.3).

A natural division of this 10-km-thick interval into two
parts, interval F above and interval D below, is provided
by the central T reflections and a coincident 6.1-km/s
layer in the axial refraction profile (see chap. 3). These T
reflections are strong and form a discordant base to
overlying layered reflections. No distinct reflections are
observed below the T reflections.

The interval velocity across interval F' (between hori-
zons X and T), picked from constant-velocity panels, is

-5.8 km/s. The cross and axial refraction profiles similarly

indicate velocities that range from 5.6 to 6.1 km/s, not
only throughout most of interval F but throughout the
underlying interval D as well (fig. 4.6, pl. 4.1B; see chap.
3, figs. 3.24, 3.34).

We assign the top of the upper, 5.8-km/s interval to
reflection horizon X, despite a discrepancy of about 1 km
in depth between that horizon and the top of 5.7-km/s
rock in the axial refraction profile (pl. 4.1B). The X
reflections are particularly strong, and, more important-
ly, this correlation places structural discordance in both
the reflection and refraction profiles at the same horizon,
as described below. This discrepancy in depth is similar
to the half-kilometer discrepancy in the depth of the same
top of 5.7-km/s rock at the crossing of the two refraction
profiles (see chap. 3, fig. 3.5).
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TABLE 4.3. —Compressional seismic velocities

Source Method Location Velocity

(km/s)

Depth
(km)

Great Valley sequence

Walter and Refraction----  Central Diablo 3.5-4.8 0.5-3.5
Mooney (1982). Range.
Mooney and do===m=mm—nm—- Central Coast 3.8 0-4
Walter (1981). Ranges.
Zoback and Reflection---~  Central Diablo 2.9-4.6 0-5
Wentworth (1985). Range and Great
Valley.
Blumling and Refraction----  Southern Calaveras 3.1-4.7 0-5
others (1985). fault zone.
Wentworth and Reflection----  Southeastern 3.9-5.1 0-10
others (1983). Kettleman Hills.
Bailey and Inferred from Coast Ranges: 0
others (1964). rock density‘ Upper Cretaceous 4.6 -
strata.
Lower Cretaceous
strata. 4.8 -—
Upper Jurassic
strata. 4.9 -
Franciscan assemblage
Denlinger and Reflection-=--- Castle Rock Springs, 2.4-5.0 0-1
Kovach (1981). Geysers geothermal
area.
Warren (1981) Refraction----  Mendocino-Geysers 5.0-5.2 1.5
area.
Mooney and do======m==-== Central Coast 4.8-5.2 0-4
Walter (1981). Ranges.
Blumling and do--—-~==-==== Central Diablo 3.6-5.75 0-12
Prodehl (1983). Range.
Stewart and Laboratory---- Central and northern 5.2-6.5 T-122
Peselnick (1978). California.
Zoback and Reflection----  Central Diablo 5.2-5.8 0-14
Wentworth (1985). Range.
Walter and Refraction----  do--=-=====-==-=---- 4.8-5.9 1-15
Mooney (1982).
Wentworth and do-==mmmmm———— Southeastern 5.6-5.9 3-15
others (1983). Kettleman Hills.
Blumling and do-======m-s—- Southern Calaveras 5.7-6.3 4-13.5
others (1985). fault zone.
Serpentinite
Christensen Laboratory=--- Coast Ranges==-======= 30,5-5.7 2-15
(1982). u
Do- -- do do==-r=mmmmmmm oo .9-T.4 2-15

1Velocitles calculated from median densities reported for each
stratigraphic interval, using relation of Gardiner and others (1974). Densities
are bulk densities of surface samples of sandstone soaked briefly in water
(Irwin, oral commun., 1986).

Inclusion of temperature increase with depth yields little change in
veloc%ty with increasing pressure for individual samples.

Five serpentinite samples: velocity of individual samples varies by 0.1
to 5 km/s with depth.

Eleven samples of serpentinized peridotite: velocity of individual samples
varies by 0.1 to 0.3 km/s with depth.

The upper and western parts of interval F contain
layered reflections that are largely concordant with those
of interval GVSa above. Except for the high seismic
velocity (5.8 km/s), this 5-km-thick interval could be
viewed simply as a continuation of the lower part of the
Great Valley sequence, equivalent to interval GVSb east
of Coalinga anticline (fig. 4.6B). The resulting 7-km-thick
layered section beneath horizon M (3.1 s at 4.6 km/s)
would correlate nicely with the 8-km-thick section of
Great Valley sequence that dips toward the reflection
profile from exposures farther west (figs. 4.3, 4.6B).

We thus define two intervals below the upper interval
of Great Valley sequence (GVSa) along the western part
of SJ-19: an upper interval (F), 5 km thick, that contains
layered reflections concordant with interval GVSa above
and has a seismic velocity of about 5.8 km/s; and a lower
interval (D), also about 5 km thick, that has a seismic

velocity of about 5.9 km/s. The identity of these intervals
is uncertain because of conflicting evidence and is dis-
cussed further below.

DEEP UNITS IN PROFILE SJ-3

Reflection profile SJ-3 (pls. 4.1C, 4.1D) is much less
informative below horizon P than is profile SJ-19, al-
though both similarities and differences with profile
SJ-19 are evident. No conspicuous basement reflection is
present at the east end of the record. As in profile SJ-19,
however, a boundary (horizon B) can be drawn between
the regularly layered reflections of interval GVSa above
and the cruder reflections of interval GVSb below, which
defines a GVSa interval that is about 2.6 km thick at the
east end of the record.

Comparison of profile SJ-3 with the velocity structure
of the axial refraction profile where the two profiles cross
(pl. 4.1D) suggests that the top of interval F in profile
SJ-19 (horizon X) best corresponds with horizon E. This
correlation defines an overlying interval of Great Valley
sequence (interval M-E) that is about 6.5 km thick (3.85
s at 4.6 km/s), or twice the thickness of the Great Valley
sequence above horizon X on profile SJ-19. Within
interval M-E, horizon D may be equivalent to horizon B
farther east and thus define an interval of GVSa that is 4
km thick.- The northwestward rise of velocity intervals in
the axial refraction model represents a northwestward
rise in the top of the Great Valley sequence above a flat
to probably depressed top of the 5.8-km/s layer below
(see chap. 3, fig. 3.3B).

Structural discordance below horizon E, marked by
eastward convergence of reflections between km 7.5 and
9, is consistent with horizon E being a structural bound-
ary at the top of the 5.8-km/s layer. A clear set of
reflections similar to the T events in profile SJ-19 is
absent in SJ-3, although the few aligned events at about
4.6 s (horizon F) may represent them. If so, the equiva-
lent of interval F here is only about 2 km thick, as is the
equivalent 5.8-km/s layer in the axial refraction line.

FOLDS AND FAULTS

The gross uplift of the Cenozoic strata and upper Great
Valley sequence west of the San Joaquin Valley, and
their folding in Coalinga anticline, are well defined in the
reflection records. Offsets and terminations of reflections
also define several small faults, all but one restricted to
the pre-Cenozoic rocks, which have dip separations of
tens to hundreds of meters. The major faults, in contrast,
are indicated principally by structural anatomy and,
within interval F, by their relation to folding. In the
western part of the record, the relation we infer between
the faults and the overlying Coalinga anticline denies a
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large strike-slip component to the faulting. East of the
anticline there is no such constraint, but the faults there
predate the upper part of the Great Valley sequence.
Because the reflection lines cross structure obliquely,
structural relations are somewhat distorted in the
records.

Coalinga anticline rises westward out of the San
Joaquin Valley trough in two distinct steps, or tiers, that
are separated by a flattening near the center of the
eastern limb of the anticline (conspicuous on profile SJ-3
at km 12-13 and subtle on profile SJ-19 at km 15-16). The
lower tier rises 1.7 km to a depth of 2.25 km at horizon K
on both profiles (fig. 4.4), whereas the upper tier has a
greater amplitude on the northern profile.

The core of the anticline in profile SJ-19 is broken by
an east-dipping reverse fault (fault IV) that, at this
latitude, has about 30 m of offset at horizon M (pl. 4.1B).
The fault can be carried downdip from the offset in
horizon M along a series of reflection terminations well
into interval GVSa, where net offset is similar to that
above. Although the detailed shape of fault IV is uncer-
tain, the fault must steepen downdip unless velocities at
least as low as 3 km/s apply to the whole prism of GVSa
above the fault.

Throw on the reverse fault decreases upward from
horizon M and seems to be converted into folding to
produce the abrupt kink at the base of the western limb
of Coalinga anticline. This relation is complicated, how-
ever, by the sharp westward thinning of interval G-M by
0.06 s at about the same position, due in part to lateral
change in velocity and in part to thinning of the Gatchell
sand (Harding, 1976, fig. 10). This westward thinning of
interval G-M accounts for half of the 0.12 s of structural
relief on horizon T above.

Although there is no direct evidence for a similar fault
beneath Coalinga anticline on profile SJ-3, the absence of
reflections west of km 6 permits one. If present there,
such a fault probably ends downdip within interval M-D,
for horizon D shows no east-side-up reverse movement.

The horizons bounding interval F above and below are
marked by structural discordance from which we infer
faults subparallel to layering. East of about km 16, the
otherwise-concordant layered reflections in intervals
GVSa and F become discordant across horizon X. The
east-dipping interval GVSa cuts obliquely downward
across subhorizontal layering in F and then flattens
farther east. Structural discordance beneath the upper
part of the Great Valley sequence is also suggested by
relations in the axial refraction profile (see chap. 3),
where a low-velocity zone (4.9-5.1 km/s) bounded by
5.1-km/s layers butts downward against the top of the
5.8-km/s interval. We have assigned these two discordant
features and the top of the 5.8-km/s interval to a common
horizon, X. At the base of interval F, the Z reflections,

which are concordant with those above, butt obliquely
downward to the east against the flatter T zone (pl.
4.1B).

Horizon X at the top of interval F participates in the
folding of Coalinga anticline, whereas the T reflections at
the base of that interval do not. This difference requires
deformation within interval F that is associated with the
base of the fold. Reflections L and N diverge upward to
the east from the T reflections. Smoothly curved projec-
tions beyond their ends lead upward to aligned termina-
tions of reflections that mark faulting or abrupt folding in
the upper part of the interval. East-facing fold steps in
horizon X and associated reflections overlie the updip
parts of each of these projections.

We interpret these relations together to indicate
eastward-directed thrusting along the T zone that splays
upward into reverse faults (faults IX, X, pl. 4.1B). These
splay faults dip 40°-50° W. in the plane of the section (fig.
4.5). This reverse faulting, in turn, gives way upward to
folding that coincides with the two tiers of Coalinga
anticline above. Reflection terminations imply at least
two more reverse faults forward of fault X (faults XI and
XII). Structure is not well imaged in the eastern tip of
interval F' here, probably because structure is complex,
and even the identity of horizon X becomes uncertain. If
the location of horizon X shown on plate 4.1B east of fault
X is correct, that fault has about 700 m of vertical
separation, although interval GVSa above shows no such
faulting.

The T zone has thus undergone northeastward-di-
rected thrusting that was absorbed updip within interval
F by reverse faulting and the folding that created
Coalinga anticline. We name these faults the “Coalinga
thrust zone” for their spatial and causal relation to
Coalinga anticline. Several kilometers of offset along the
Coalinga thrust zone is required to accomplish the updip
folding. This estimate is obtained by summing the
horizontal movements required to generate the monocli-
nal uplifts above each fault incline.

Several minor reverse faults are evident beneath fault
IV within interval F and the overlying Great Valley
sequence. The most conspicuous of these, the west-
dipping fault VI, offsets horizon X only 100 to 150 m, yet
it extends updip and downdip along a series of reflection
terminations for a vertical distance of 4.5 km. The other
minor faults (V, VII, and VIII), which are also drawn as
reverse faults to conform to the structural style estab-
lished by faults IV, VI, and the Coalinga thrusts, seem to
have more limited vertical extents.

The deep reflections on profile SJ-3 (pls. 4.1C, 4.1D)
are too sparse to provide much control on faulting.
Beneath Coalinga anticline, the two correlated segments
of horizon D may be connected across the intervening gap
by a steeper fold limb, in a fashion similar to the
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monoclinal steps in horizon X on profile SJ-19, although
some faulting may be involved as well.

At horizon E, if correlation of the two offset segments
is correct, a fault is required. The reflection terminations
imply a steep westward dip of about 50°-55°. Because the
relation of this fault to the overlying folding is the same
as that of fault IX on profile SJ-19, we conclude that it is
the same fault. Both these faults presumably root west-
ward in the 6.1-km/s refraction layer in a fashion similar
to the thrusts on profile SJ-19.

FRANCISCAN WEDGE AND LOWER PART OF
THE GREAT VALLEY SEQUENCE

The identity of the rock composing the interval be-
tween the upper part of the Great Valley sequence and
crystalline basement along profile SJ-19 is uncertain.
East of Coalinga anticline, seismic velocity and apparent
layering, together with position beneath interval GVSa,
lead us to conclude that there the interval represents a
lower part of the Great Valley sequence that we call
GVSb. Farther west, however, the higher seismic veloc-
ities of intervals F' and D pose an obstacle to simple
continuation of interval GVSb westward beneath Coalin-
ga anticline, despite the concordant layered reflections of
interval F and the compatibility of such a continuation
with the 8-km thick section of Great Valley sequence
exposed west of the reflection profile.

These high velocities are characteristic of Franciscan
rock (table 4.3) and raise the possibility that the whole
10-km interval consists of Franciscan rock, emplaced as a
tectonic wedge that has been thrust eastward between
crystalline basement and overlying Great Valley se-
quence (interval GVSa). The only other exposed rock in
the region that can have such velocities is Coast Range
ophiolite (table 4.3). Although little ophiolite is exposed
in the region (Jennings, 1977), it is known to underlie
Great Valley sequence locally and could be more exten-
sive in the subsurface. Any significant thickness of
ophiolite seems excluded, however, by the absence of a
high in the magnetic field, which is typical of such rocks
in central California (see chap. 5).

The whole 10-km interval cannot be Franciscan, how-
ever, because a wedge that thick should have raised the
overlying interval GVSa considerably more than the
existing 2.5-km difference in the altitude of interval
GVSa west and east of Coalinga anticline. Such a thick
wedge would also deny westward continuation of the
lower interval of Great Valley sequence (GVSb), and yet
there is no satisfactory way to account for such a
westward termination of interval GVSb beneath the east
flank of the anticline. Neither an unconformity nor an
east-facing basement fault are reasonable, and there is no
room for interval GVSb to have been driven eastward in
front of an advancing Franciscan wedge.

It is equally unreasonable, even disregarding seismic
velocity, that the whole 10-km-thick interval between
GVSa and erystalline basement is Great Valley sequence.
The presence of such an undisturbed sedimentary se-
quence would require awkward changes in the thickness
of interval GVSb, from about 4.5 km east of Coalinga
anticline, through 10 km beneath the anticline, to about
5 km farther west (to match the 8-km-thick section
exposed to the west). Thrust repetition of interval GVSb
might account for local thickening of the Great Valley
sequence beneath the anticline, but this thickening is
inconsistent with the structure or the 8-km-thick surface
section to the west.

In the face of conflicting evidence, then, we consider
the remaining alternative, that the 10-km-thick interval
between GVSa and crystalline basement is partly Great
Valley sequence and partly Franciscan rock. Reflection
zone T and the coincident 6.1-km/s layer divide this
interval into two 5-km-thick intervals (F and D), and we
conclude that either interval F or D is Franciscan and the
other, despite its high velocity, must be Great Valley
sequence. This leads to the two alternative interpreta-
tions portrayed in figure 4.6—a shallow Franciscan
wedge that has overridden part of the Great Valley
sequence (fig. 4.6A) or a deep Franciscan wedge that has
lifted the whole 8-km-thick section of Great Valley
sequence (fig. 4.6B).

The concordance of layered reflections from within
interval GVSa down through interval F makes simple
downward continuation of the layered sedimentary se-
quence (fig. 4.6B) attractive. Such regular, concordant
layering seems less likely in an independent mass of
Francisean rock that has been structurally juxtaposed
beneath Great Valley sequence (fig. 4.64). Much of the
Franciscan actually is quite regularly layered, however,
despite the common view that it is a vast melange. In
particular, the Yolla Bolly and Burnt Hills terranes
(Blake and others, 1984), which form much of the exposed
Franciscan in the Diablo antiform 75 km to the northwest
(fig. 4.1), retain the gross well-bedded aspect of their
protolith sandstone and shale sequences. Thus, although
regular, concordant layering would be expected of an
interval F composed of Great Valley sequence, it could
exist in Franciscan rock as well.

These layered reflections within interval F define
structural discordance at the east tip of the interval that
resembles a thrust ramp, formed as interval GVSa was
thrust westward over its lateral equivalent, interval F.
This discordance, and that present elsewhere at the top
of 5.8-km/s rock, probably represents thrusting, but not
between a repeated GVSa section. The seismie velocities
deny correlation of the two adjacent units, and such gross
repetition of section is unknown in the exposed Great
Valley sequence. Available fossil control in the Juniper
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Ridge-Joaquin Ridge area west and northwest of the
reflection profile also makes such repetition there unlike-
ly (J.A. Bartow, written commun., 1985).

The bounding of interval F above and below by faults
is consistent with the thrust boundaries required for a
shallowly emplaced Franciscan wedge, as is a thrust
ramp at the east tip of the wedge. Thrusting along the top
of the interval and, especially, the degree of discordance
indicated in the axial refraction line make that shallow-
wedge interpretation particularly attractive. The steep
secondary faults that offset horizon X require this
X-horizon thrusting to predate Coalinga thrusting, a
timing inherent in the shallow-wedge interpretation.
With a deep wedge, it may be that, once the wedge was
emplaced, eastward thrusting shifted upward to move
the lower part of the Great Valley sequence (interval F)
forward far enough to create the bounding faults, al-
though creation of the upper thrust and its relative
timing remain problems. In this case, the thrust ramp
must be only apparent, the result of folding and thrusting
within the tip of the thrust mass.

Seismic velocity in Great Valley sequence ranges as
high as 4.6 to 5.1 km/s elsewhere in the region (table 4.3)
and reaches 5.2 km/s at the base of interval GVSb east of
Coalinga anticline (see chap. 3). Sandstone densities
determined throughout the Great Valley sequence far-
ther north in the Coast Ranges reach a mean of 2.59 g/em?®
in the lowest, Upper Jurassic part (Bailey and others,
1964, fig. 27). This density represents a bulk seismic
velocity of about 4.9 km/s (table 4.3). Such a velocity
implies a rock porosity of about 4.5 to 10 percent,
according to the velocity-porosity relations for silicic
clastic rocks summarized by Dobrin (1976, fig. 2-23). For
these same rocks to have a velocity of 5.8 km/s, porosity
must be reduced to about 0.5 percent. Cementation to
cause this reduction in porosity seems unlikely, given the
general absence of pore-filling cement in exposed Great
Valley sequence and the lower velocity of interval GVSb
east of the anticline. Compaction under increased litho-
static pressure is a more likely cause, especially if some
recrystallization is involved. Such compaction cannot
account for the high velocity of interval F because both it
and interval GVSb to the east are under similar litho-
static pressures (fig. 4.6); but it could affect interval D.
The pressure in interval D is not strikingly higher than in
interval F', however, especially in its upper part; and it
seems doubtful that simple load compaction of interval
GVSb there, relative to GVSb to the east, is a sufficient
source of the difference in velocities.

The two alternative levels of emplacement of the
Franciscan wedge have markedly different implications
for structure west of profile SJ-19 (fig. 4.6). With a deep
wedge, the overlying Great Valley sequence is continu-
ous from the exposed surface section eastward through

Coalinga anticline. The shallow wedge, in contrast,
requires the full surface section to have been obliquely
truncated and raised above a thrust ramp in the lower
part of the Great Valley sequence. That ramp lifted the
tip of the intruding Franciscan wedge up into the center
of the Great Valley sequence, trapping interval GVSb
below. Such a geometry is quite plausible, as illustrated
in figure 4.7. It can account for the abrupt upfolding of
Great Valley sequence west of profile SJ-19, and it
provides a reasonable explanation for the presence in the
gravity model (see chap. 5) of higher density rock
underlying exposed Great Valley sequence at shallow
depth, despite the contrary implications of surface struc-
ture.

From the data now available, we cannot confidently
select one of the two alternative interpretations illustrat-
ed in figure 4.6. In either case, it is difficult to explain the
high velocities associated with interval GVSb beneath
Coalinga anticline, although this dilemma is more serious
in the deep-wedge interpretation, where the GVSb
interval is at shallower depth. The deep-wedge interpre-
tation does provide a more satisfactory explanation of the
concordant layered reflections in interval F. Structural
relations are simpler in the deep-wedge interpretation,
but structural history is more straightforward in the
shallow-wedge interpretation. Elements of the gravity
model are satisfied by the truncation of the Great Valley
sequence inherent in the shallow-wedge interpretation.

East

Basement

Basement

FIGURE 4.7.—Schematic cross section showing buckle in uplifted
Great Valley sequence (GVS) caused by eastward shallowing of
tectonic wedge of Franciscan rock above a thrust ramp. A,
Westward-thickening Great Valley sequence before emplacement
of wedge along dotted line. B, Great Valley sequence uplifted above
Franciscan wedge and folded above thrust ramp. Half-arrows,
direction of relative movement; full arrow, general direction of
wedge emplacement.



4.STRUCTURE OF THE COALINGA AREA AND THRUST ORIGIN OF THE EARTHQUAKE 59

TECTONIC HISTORY

The Coalinga main shock occurred at the major strue-
tural boundary in central California where folds and
thrusts of the uplifted Coast Ranges abut the depressed,
gently west dipping basement and overlying sedimen-
tary rocks of the Sierran block. Coincident with this
prominent structural demarcation are three underlying
features: (1) a marked southwestward deepening of
crystalline basement that extends beneath the boundary,
(2) an abrupt southwestward thickening of the overlying
Great Valley sequence, and (3) the buried east edge of the
Franciscan terrane, which composes much of the Coast
Ranges. These features are interrelated and represent a
predominant and persistent tectonic boundary about 600
km long near the western margin of North America.

The Mesozoic sedimentary basin in which the Great
Valley sequence was deposited must have deepened
southwestward to provide room for the thick Coast
Range section to accumulate. The refraction and reflee-
tion profiles at Coalinga support such southwestward
deepening, probably across dip-slip faults that were
active during deposition of all but the uppermost part of
the sequence, which overlaps the inferred fanlts I and II
at the east end of profile SJ-19. The result was an Upper
Jurassic and Cretaceous sedimentary section that
thinned and onlapped eastward from an 8-km-thick
section on the southwest to a 1.5-km-thick section some
25 km farther northeast.

Structural relations at Coalinga, and to the northwest
and southeast at reflection profiles CC-1 and SJ-6 (fig.
4.1), indicate that, after initial aceretion at the continen-
tal margin, the late Mesozoic Franciscan assemblage was
thrust northeastward onto that margin and beneath the
coeval Great Valley sequence (Wentworth and others,
1984a; Zoback and Wentworth, 1986). The earlier view
that the east margin of the Franciscan assemblage marks
an east-dipping crustal suture is made untenable by these
relations. Once this landward-directed thrusting was
established, it seems to have persisted, at least sporad-
ically, through later changes in tectonic regime. Al-
though its timing is not well constrained, the thrusting
probably began by the end of Cretaceous time, when
strong convergence was underway at the continental
margin (Page and Engebretsen, 1984). It has probably
continued intermittently throughout the Cenozoie, in-
cluding important movement during the San Andreas
regime.

Uplift in the Coast Ranges must have occurred during
initial emplacement of the Franciscan wedge onto the
continental margin, possibly leading to unroofing of the
Franciscan and shedding of Franciscan detritus into the
local sedimentary basin in Eocene time (see chap. 1).
Later uplift accompanied folding and faulting that, at

least at the eastern margin of the Coast Ranges, we infer
to have been underlain by northeastward-directed
thrusting. Northeastward termination of that deforma-
tion near the shallowing of basement led to the sharp
upturning of Great Valley sequence and younger strata
at the valley margin. The Pleasant Valley cross-structure
represents a subsurface tear in those underlying thrusts
across which folding was independent and the main Coast
Range uplift stepped to the right about 20 km.

The uplift must have been underway by earliest
Cenozoic time to create the unconformities in the lower
Tertiary section around the northwest end of Pleasant
Valley. Joaquin Ridge anticline and associated folds were
probably established then above underlying thrusts, and
by Miocene time the New Idria serpentinite core of
Joaquin Ridge anticline (fig. 4.3) was exposed and
shedding subaerial debris flows (Big Blue Formation of
Casey and Dickenson, 1976). The strikes of these folds
and of the Pleasant Valley cross-structure suggest that a
principal direction of thrusting was north-northeast-
ward.

The growth of Coalinga anticline must have oceurred in
two related stages. Initial eastward movement of the
Franciscan wedge raised the overlying strata to form the
beginning of the lower tier of the fold. Continued
thrusting developed the Coalinga thrusts, then backed up
into interval F, thickening its tip beneath the growing
lower fold tier and breaking upward to raise the upper
tier of the fold.

The principal thrusting at Coalinga anticline began in
Pliocene time, as indicated particularly by the thinning of
the Tulare Formation westward against the fold. This
thrusting, which occurred well after establishment of the
San Andreas fault system, may have resulted from
compression across the San Andreas system caused by a
shift in relative motion between the Pacific and North
American plates that occurred about 5 Ma (Cox and
Engebretsen, 1985).

A thrust origin for Coalinga anticline suggests that the
whole Coalinga-Kettleman Hills-Lost Hills anticlinal
trend has been created by northeastward-directed
thrusting. The thin, 6.0-km/s layer in the axial refraction
model, with which the Coalinga thrusts are associated,
extends along the length of the syncline west of the
anticlinal trend at a depth of 10 to 11 km. If this
association is causal, then thrusts are implied along the
whole length of the syncline and associated fold trend.
Details of these inferred thrusts probably vary along the
length of the fold trend because the depth of the syncline
changes and the steep limb of the anticline shifts from the
west side on Kettleman North and Middle Domes to the
east side on Kettleman South Dome and the Lost Hills
anticline (Zigler and others, 1986 and 1987). The right
steps between individual anticlines in the trend should
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represent crossfault tears in the thrusts. Wentworth and
others (1983a) proposed that Kettleman South Dome
grew during Pliocene and Quaternary time above the
blind tip of a west-dipping thrust. If that thrust lies at a
depth of 10 km beneath the syncline, however, some
details of that interpretation must be changed.

This recent thrusting may also extend northwestward
from Coalinga anticline. The lower tier of folding on
reflection line SJ-3 is part of the nose of the Joaquin
Ridge anticline, a relation implying that lower-tier
thrusting extends northwestward at least that far. The
Quaternary folding and faulting along the range front
farther northwest may also result from continuing move-
ment on underlying thrusts.

SOURCE OF
THE COALINGA EARTHQUAKE SEQUENCE

The 1983 Coalinga earthquake sequence occurred at
depths of 2 to 14 km beneath Coalinga anticline and the
adjacent south flank of Joaquin Ridge anticline, and
involved subhorizontal compression largely perpendicu-
lar to the axis of Coalinga anticline (fig. 4.8; see chap. 8).
The main shock occurred at a depth of about 10 km, which
coincides with the Coalinga thrust zone (fig. 4.9). Its
focal-mechanism solution yields a subhorizontal pressure
axis that trends northeast and focal planes that strike N.
53° W., essentially parallel to the N. 43° W. strike of
Coalinga anticline. The planes dip 23° SW. and 67° NE.,
representing either thrust or reverse faulting, respec-
tively.

The numerous aftershocks occupy a large volume
surrounding the main shock. Their distribution and
focal-plane orientations, though complex, define several
different zones in three dimensions (fig. 4.8), as described
by Eaton (chap. 8) and Eberhart-Phillips and Reasenberg
(chap. 9).

The dominant style of Quaternary deformation in the
vicinity of the main shock has been thrusting and
associated reverse faulting directed northeastward be-
neath Coalinga anticline. The occurrence of the main
shock in the Coalinga thrust zone and the near-parallel-
ism of the thrust focal plane with that zone lead us to
conclude that the earthquake resulted from continued
thrusting beneath the anticline. The coseismic uplift at
the ground surface (Stein, 1985) that occurred over the
upper tier of Coalinga anticline (see fig. 4.11) indicates
that the main-shock thrusting splayed upward along fault
IX, rather than continuing farther forward beneath the
lower tier of the fold.

The aftershock pattern contains elements consistent
with this faulting configuration. Both of the aftershock
analyses represented in figure 4.8 contain events with
steeply southwest dipping focal planes that occur near

fault IX beneath the upper northeastern limb of the
anticline, and both contain events with flatter, south-
west-dipping focal planes that occur at a depth of 8 to 10
km beneath the crest of the anticline where fault IX joins
the Coalinga thrust zone (B and C, respectively, in fig.
4.8D and equivalents in fig. 4.8C).

The hypocenter of the main shock is determined by
Eaton (chap. 8) to lie 1 km northeast of the axis of
Coalinga anticline (fig. 4.4) at a depth of 10 km, which
places it near the base of fault IX. The 23° dip of the
thrust focal plane, intermediate between the 10° dip of
the thrust zone and the 55° dip of reverse fault IX, places
the initial rupture of the main-shock event on a fault
segment of intermediate dip in the region where the two
faults join. Simple projection of the hypocenter 7.5 km
along the trend of the fold axis to profile SJ-19 places it
beneath fault X in the gently dipping Coalinga thrust
zone (fig. 4.6). This projection leads to a misfit in
main-shock location of about 2 km horizontal and 1 km
vertical, which is probably within the combined uncer-
tainties of the projection, the absolute location of the
hypocenter, and the positions of faults in our cross
section. Location of the main shock at the junction
between the thrust and reverse faults requires, if seis-
mogenic rupture occurred on both faults, that fault
rupture propagated both downdip along the thrust and
updip along the reverse fault.

MODEL FOR MAIN-SHOCK RUPTURE

We construct a specific fault model for the Coalinga
main shock (figs. 4.10, 4.11) that consists of two connect-
ed, southwest-dipping fault planes: a gently dipping (10°)
thrust that is equivalent to part of the Coalinga thrust
zone and, farther updip, a steeper (55°) reverse-fault
splay that is equivalent to fault IX. The two planes strike
N. 43° W., parallel to the fold axis of Coalinga anticline,
and join at a depth of 9.1 km. This configuration was

FIGURE 4.8. —Stereograms of structure and earthquakes in the Coa- p
linga area. Box is 15 km from top (at sea level) to bottom; 2.5-km
depth increments shown at right. All views along a common azimuth
from 40 km away, first from 10 km above sea level (4) to see the folds,
and then from 5 km below sea level (B through E) to see relation of
faults and earthquakes beneath the folds. Letters keyed to text. A,
Fold configuration represented by structural contours of figure 4.4.
Coalinga anticline plunges gently toward viewer in center and away
from Joaquin ridge anticline in background. Beneath Coalinga
anticline, traces of prineipal faults are shown that are evident in
reflection lines SJ-19 and SJ-3 (fig. 4.5). B, Same as figure 4.84,
except viewpoint is 5 km below sea level. C, Selected focal planes of
larger aftershocks, from Eaton (chap. 8). D, Southwest-dipping focal
planes of aftershocks near May 2 main shock, from Eberhart-Phillips
and Reasenberg (chap. 9). E, Northeast-dipping focal planes of
aftershocks shown in figure 4.8D.
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determined from the faults on profile SJ-19 and the gross
trend of the fold axis. Despite the 9-km distance from
profile SJ-19 to SJ-3 along the fold axis and the north-
westward broadening of the upper tier of the fold (fig.
4.4), the fault model also fits the structure along profile
SJ-3 reasonably well.

The model faults are 16 km long and approximately
centered on the main-shock hypocenter. Their northwest
end was constrained by the location of the Pleasant
Valley cross-structure and by the suggestion in the uplift
contours that coseismic uplift dies off there as well. The
southeast end of the model faults was similarly controlled
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by the uplift closure there, as well as by the southeast
limit of aftershocks with focal mechanisms similar to that
of the main shock (see chap. 8).

Widths and slips for the two fault planes were selected
through dislocation modeling to fit the surface uplift
defined by Stein (1985; see next subsection): a width of 4
km and slip of 2 m for the thrust plane, and a width of 7
km and a slip of 1.2 m for the reverse plane. These
parameters, together with the 16-km fault length, yield
nearly equivalent seismic moments of about 4.3x10%°
dyne-cm on each fault segment.

A T-km width for the reverse fault carries the rupture
updip almost to the base of the Cenozoic section, which is
farther than we would infer from the reflection records
alone (fig. 4.5). Occurrence of aftershocks beneath the
northeastern limb of the fold as high as the top of the
Kreyenhagen Formation (fig. 4.8) indicates, however,
that the reverse faulting can have reached 7 km updip.
This contrast between inferred rupture in the 1983 event
and detectable offsets in the reflection record implies
that, as deformation is proceeding, the reverse faults are
extending upward into the anticline.

CONSISTENCY WITH SURFACE DEFORMATION

The surface deformation documented by leveling sur-
veys across the epicentral area before and after the
earthquake (fig. 4.10; Stein, 1985) can be used to test our
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interpretation that the 1983 main shock resulted from
eastward-directed thrusting and reverse faulting. We
calculate vertical deformation at the surface through
dislocation modeling applied to the fault model just
described, and compare the results with the observed
surface deformation. Examination of the calculated uplift
patterns for various widths and slips on the thrust and
reverse planes leads to selection of the model values that
best reproduce the observed uplift.

We consider the results along three profiles (figs. 4.10,
4.11): two that cross the anticline obliquely along the two
seismic profiles, and one almost normal to strike that
follows the greatest cross-strike extent of the uplift data.
Because of the irregular distribution of resurveyed bench
marks, we compare the calculated model results both
with uplift at bench marks located within 1 km of the
profiles and with curves defined by the uplift contours. In
drawing those contours, we sought to honor the data
points directly, to place the axis of uplift northeast of the
fold axis where the data require it along profile A-A’, and
otherwise to conform to the shape of the underlying fold
(fig. 4.4).

The calculated surface uplifts fit the observed uplifts
quite well, without recourse to varying the fault slip or
fault geometry along strike (fig. 4.11). The best fit occurs
along profile B—B’, where both the maximum amount of
uplift and the decay of uplift eastward is well matched.
The fit is nearly as good along profile A-A’. Two bench
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FIGURE 4.10.—Model of Coalinga thrust and reverse fault IX
beneath Coalinga anticline and its relation to coseismic surface
deformation. Locations of resurveyed bench marks and corrected
elevation changes from Stein (1985). Profiles A-A', B-B’, and
C-C’ are shown in figure 4.11; profile B-B’ approximately
coincides with reflection line SJ-3; and profile C-C’ coincides

with western part of reflection line SJ-19. Fold axes from figure
4.4, Uplift values all contain an adjustment of -7.0 cm applied by
Stein (1985) in matching his best-fit model, under the assumption
that deformation extended beyond the limit of resurveyed bench

marks southwest of Coalinga.
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marks in the center of Pleasant Valley show a signifi-
cantly greater decrease in elevation than is predicted by
the model; however, the subsidence correction is more
poorly known there than elsewhere along the profile
(R.S. Stein, written commun., 1985). Along the north-
eastern part of this profile, the calculated elevation
change drops more rapidly than does the observed
change. In this part of the profile, however, the plan
pattern of uplift departs considerably from a two-dimen-
sional pattern; the northeastward bulge in the uplift
contours suggests a more complex pattern of faulting
here than our simple model can represent. A reasonably
good fit is also obtained along profile C-C’, although little
direct control exists on the uplift here, and the model
results along this profile should be particularly sensitive
to the exact position of the southeast end of the model
faults.

Stein examined dislocation models of the elevation
changes in terms of slip on various faults at depth. His
preferred result (Stein, 1985, fig. 3A) consists of a steeply
northeast dipping reverse fault that is oriented parallel to
the steep focal plane of the main-shock focal mechanism
and is pinned at the downdip end by the hypocenter
reported by Eaton and others (1983). Although this
result is the best fit that he considers and is consistent
with the main shock, there is no evidence in the after-
shock pattern that this fault moved in 1983, nor is it
consistent with the structure evident in the reflection
records. This northeast-dipping fault would have to cross
the southwest-dipping fault VI evident on profile SJ-19
(pl. 4.1B). Stein found that to obtain a reasonably good fit
for faulting on a west-dipping thrust at hypocentral
depth, he had to include a steeper updip fault segment
(Stein, 1985, fig. 3D). This alternative interpretation is
nearly identical to our fault model.

RECURRENCE

The progressive construction of Coalinga anticline
through late Pliocene and Quaternary time has required
many individual movements on the Coalinga thrusts,
each presumably similar to the 1983 event. It is difficult
to estimate the recurrence rate for such events because
of the complex deformation pattern at the northeast end
of the Coalinga thrusts and the absence of direct infor-
mation on the amount or rate of fault offset. The most
straightforward method of estimation is to relate the
1983 increment of fold growth (0.45 m) to the whole
amplitude of the upper tier of the fold at the main-shock
epicenter (1.5 km), and to assume a constant rate of
deformation. For a 2-Ma history of folding, this relation
yields 3,300 events, or a recurrence interval of 600 years.
The similar amplitude of the lower fold tier implies a
separate series of earthquakes on the thrusts responsible
for its growth. The resulting estimate of the recurrence

interval of large earthquakes beneath Coalinga anticline,
about 300 years, is similar to the 200- to 600-year
estimate determined by Stein and King (1984) for the
reverse-fault model.

SUBORDINATE DEFORMATION

The occurrence of aftershocks throughout a large
volume of suprabasement rock represents extensive
minor deformation around the main-shock rupture. Such
distributed deformation seems reasonable in this bound-
ary region where the northeastward-thrusting Coast
Ranges abut relatively undeformed Great Valley base-
ment and overlying sedimentary rocks.

A group of aftershocks with southeast-dipping focal
planes (A, fig. 4.8E) define a steeply southeast dipping
zone beneath the western limb of Coalinga anticline that
approximately coincides with fault V on profile SJ-19.
This zone has an orientation similar to that of Stein’s
preferred fault but lies 2 to 3 km farther southwest.
Principal main-shock rupture on this zone is denied by the
pattern of surface uplift, which peaks too far to the
northeast.

Another, deeper group of aftershocks underlies the
Coalinga thrust zone beneath the crest of the anticline (E,
figs. 4.8C—4.8E). Some of these events could represent a
downdip extension of the southeast-dipping zone just
described, but in aggregate they seem better interpreted
to represent southwest-dipping reverse faulting.

The Nufiez group of aftershocks (N, fig. 4.8C) defines
a north-south-striking zone that dips east beneath the
surface expression of the Pleasant Valley cross-structure
and reaches the depth of the Coalinga thrust zone. The
reverse motion on the Nufiez zone, which led to surface
faulting across the axis of the White Creek syncline
during the aftershock sequence (fig. 4.4; see chap. 15),
represents shortening across the Pleasant Valley cross-
structure.

At and below the level of the Coalinga thrust zone, in
contrast, the cross-structure is marked by several strike-
slip events in the aftershock sequence (see chap. 8). The
right-lateral focal planes of these events are consistent
with the right-lateral style of that structure inferred
from the right step in the main range front.

Numerous aftershocks with thrust mechanisms extend
for 10 km northwest of the cross-structure at a depth of
8 to 12 km beneath the south flank of Joaquin Ridge
anticline (see chap. 8). These aftershocks suggest that
thrusts similar to the Coalinga thrusts extend northwest-
ward beyond the end of Coalinga anticline, although the
more easterly trend of their pressure axes suggests some
independence of the Coalinga thrusts. The west-north-
west trends of Joaquin Ridge anticline and its flanking
synclines must be due to more northerly trending com-



66 THE COALINGA, CALIFORNIA, EARTHQUAKE OF MAY 2, 1983

pression than is indicated by these earthquakes, possibly
involving shallower thrusting.

The Domengine cluster of aftershocks (D, fig. 4.8C)
occurred on the northeast flank of Joaquin Ridge anti-
cline. The northeast-dipping focal planes of these after-
shocks seem to lie in the bedding and represent bedding-
plane slip, like the slip on faults of the O’Neill zone farther
northwest.

CONCLUSIONS

Seismic-reflection profiles across Coalinga anticline
have proved important in understanding the 1983 Coa-
linga main shock. They indicate the presence of previ-
ously unknown thrust faults that extend northeastward
from beneath Pleasant Valley at hypocentral depth and
splay upward as reverse faults beneath the anticline.
This upward splaying at the buried northeast termination
of the thrusts has raised the anticline, principally during
the past 2 Ma. Because of their relation with the
anticline, we name these faults the “Coalinga thrust
zone.” The main shock occurred at the thrust-splay
junction 9 km beneath the crest of the anticline and
involved northeastward-directed movement on both the
thrust and reverse fault. We estimate the recurrence
interval of a characteristic M=6.7 earthquake beneath
Coalinga anticline to be about 300 years.

Our structural interpretation of the epicentral region is
founded on the seismic-reflection profiles, associated
refraction profiles (see chap. 3), drill-hole information,
surface geology, and the distribution and focal mecha-
nisms of earthquakes. Together, they provide a coherent
picture of structural relations and implied tectonie histo-
ry at Coalinga. The magnetic and gravity modeling of
Griscom and Jachens (chap. 5) provides an important test
of the structural anatomy on which our interpretation is
based. The dominant style of deformation we infer at
Coalinga, and the specific faults evident in the reflection
records, nicely match deformation represented by the
thrust focal plane of the main-shock mechanism (see
chap. 8). The aftershock patterns described by Eaton
(chap. 8) and Eberhart-Phillips and Reasenberg (chap. 9)
also are compatible with our interpretation. Further-
more, dislocation modeling of a simple fault model
demonstrates that our interpretation satisfies the coseis-
mic surface deformation above the main shock described
by Stein (chap. 13), and leads to selection of specific fault
dimensions and slip. The resulting bilateral fault rupture
involves equivalent seismic moment on the thrust and
reverse-fault planes of 4.3x10% dyne-cm, the sum of
which satisfies the moment of the earthquake.

The Coalinga thrusts, the overlying anticline, and the
focal plane of the main-shock mechanism all strike
northwestward, parallel to the San Andreas fault 35 km
to the southwest. The thrusting and this most recent

earthquake thus result from compression at the north-
eastern margin of the Coast Ranges that is oriented
perpendicular to the San Andreas fault. Folds like
Coalinga anticline extend southeastward along the Coast
Ranges boundary for 100 km and probably represent
similar compression and thrusting. Structure northwest
of Coalinga along the range front differs, but also
involves Quaternary folding and faulting that may be
related to underlying thrusts. We thus expect that large
earthquakes like the 1983 Coalinga event may be possible
elsewhere along the Coast Ranges boundary. Northeast-
southwest compression seems characteristic of this
boundary between the strongly deformed Coast Ranges
and the gently tilted Sierran block to the east.

The examination of structure across the Coast Ranges
boundary at Coalinga supports conclusions about the
history of that boundary derived from our more general
study. The southwest-dipping crystalline basement be-
neath the Great Valley extends westward beneath the
leading edge of the Coast Ranges and is overlain by a
wedge of rock that, from its position and seismic velocity,
we infer includes Franciscan rock. This relation requires
that a wedge of Franciscan rock has been thrust north-
eastward onto Great Valley basement while it concur-
rently peeled up the overlying Great Valley sequence. A
southwestward steepening of the basement surface be-
neath the southwest side of the valley seems to have
controlled southwestward thickening in the Great Valley
sequence and, later, the northeastward extent of thrust-
ing. That termination of thrusting, in turn, probably
controls the position of the northeast front of the Coast
Ranges. The thrusting now underway at Coalinga and,
by inference, elsewhere along the Coast Ranges bound-
ary is thus a continuing expression of a long-established
pattern of deformation.
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ABSTRACT

We have used gravity and magnetic data to compute east-west
crustal models along a profile extending eastward from the San Andreas
fault in the eastern Coast Ranges, through the town of Coalinga, and
across the Great Valley of California. These models agree well with
seismic refraction and reflection models, support the idea that the
Franciscan assemblage near its contact with the Great Valley sequence
was emplaced by tectonic wedging, and do not indicate the presence of
a fossil subduction zone. The west half of the Great Valley is underlain
by a thick, west-dipping slab of magnetic high-density rock that may be
an ophiolite obducted from the west onto the continental margin during
Jurassic time. Warping and faulting of this slab during deposition of the
overlying Great Valley sequence created structures parallel to the
basin’s east side that later may have acted as barriers limiting the
eastward intrusion of Franciscan wedges. Multiple wedging is implied
by a mostly concealed magnetic slab, presumed to be Coast Range
ophiolite, that is consistently present for a strike distance of 600 km
along the contact of the Franciscan assemblage and the Great Valley
sequence, and that has its west edge emplaced within the Franciscan
assemblage.

INTRODUCTION

We use gravity and magnetic data to compute crustal
models based initially on geologic and seismic interpre-
tations across the boundary between the Great Valley
and the Coast Ranges in California, as part of a multidis-

ciplinary investigation of the Earth’s crust. Potential-
field data, such as gravity and magnetic surveys, are
especially sensitive to steeply dipping boundaries and
thus provide powerful additional constraints to seismic
reflection and refraction techniques, which work best for
relatively flat lying boundaries. The models described
here are constructed along or near seismic-reflection
profile SJ-19 (see chap. 4), which extends in an east-west
direction along a parallel located 5 km north of Coalinga
(fig. 5.1). The models continue beyond the ends of profile
SJ-19, extending westward to the San Andreas fault and
eastward to the Sierra Nevada foothills. The models
computed from the potential-field data agree well with
both the seismic-reflection interpretation (see chap. 4)
and the seismie-refraction velocity model (see chap. 3),
and provide considerable new information concerning
subsurface geologic structures and inferred lithology in
the Coalinga region and the Great Valley.

GEOLOGIC SETTING

The geology and tectonic setting of the Coalinga area
along profile SJ-19 are described in chapter 4. In the
Great Valley (here, the San Joaquin Valley) east of
Coalinga, sedimentary rocks of Cretaceous and Cenozoic
age rest on an unconformity that dips gently west to
depths of 5 to 10 km on the west side of the valley.
According to drill-hole data, crystalline rocks of the
Sierra Nevada foothills, composed of weakly to moder-
ately metamorphosed Paleozoic and Mesozoic sedimenta-
ry and volcanic rocks, all intruded by Mesozoic granitic
rocks of the Sierra Nevada batholith (Matthews and
Burnett, 1965), lie below the same unconformity on the
east side of the valley. A 20-km-wide belt of rocks
forming the Kings-Kaweah ophiolite (Saleeby, 1978)
trends north-south along the east border of the valley;
this ophiolite is intruded by younger gabbroic rocks
associated with the Sierra Nevada batholith. Basement
rocks of the central and western Great Valley are also

69
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considered to be an ophiolite assemblage, on the basis of
lithologic data from a few drill cores and an association
with large magnetic and gravity anomalies (Blake and
others, 1978; Oliver and Griscom, 1980, p. 28-29). The
basement rocks lying between the two ophiolites have
been sampled by numerous drill holes and are probably
equivalent to the igneous and metamorphic rocks of the
Sierra Nevada foothills (May and Hewitt, 1948; Thomp-
son and Talwani, 1964; M.C. Blake, Jr., oral commun.,
1984).

Melange and imbricate layered rocks of a Late Jurassic
to Cretaceous subduction complex occur west of Coalinga
along the east side of the San Andreas fault. These rocks
are the Franciscan assemblage (Bailey and others, 1964;
Hamilton, 1978), which consists predominantly of turbi-
ditic graywacke, siltstone, shale, and lesser amounts of
chert and volcanic rocks. Additional rocks characteristi-
cally found in melange of the complex are serpentinite,
gabbro, diabase, limestone, and high-pressure metamor-
phic rocks, including jadeitic metagraywacke. In the
antiformal core of the Diablo Range 90 km northwest of
Coalinga, regional high-pressure metamorphism of Fran-
ciscan rocks tends to reach a maximum along the east
border of the Franciscan (Bailey and others, 1964); this
regional observation is supported by the higher densities
of the more easterly Franciscan sandstone units in the
Diablo Range (Bailey and others, 1964), as well as by the
distribution of Franciscan metamorphic facies along the
east side of the Coast Ranges north of San Francisco
(Blake and others, 1967).

Throughout northern California, the Franciscan as-
semblage is juxtaposed with the coeval Great Valley
sequence, a thick section of marine clastic rocks ranging
in age from Late Jurassic to Late Cretaceous, by a major
low-angle fault, the Coast Range fault, which is locally
interrupted by younger steeply dipping faults. This fault
is believed by many workers to be the position of a former
subduction zone (Hamilton, 1969); these relations were
summarized by Wentworth and others (1984). A belt of
serpentinite and less abundant mafic rocks, the Coast
Range ophiolite, that lies between these two predomi-
nantly sedimentary rock assemblages is believed to be
Jurassic oceanic crust and upper mantle (Bailey and
others, 1970; Lanphere, 1971), commonly in fault contact
but locally in depositional contact beneath the overlying
Great Valley sequence. The parallel association for near-
ly 400 km of the Coast Range ophiolite and Coast Range
fault with the inferred ophiolite beneath the west half of
the Great Valley suggests to some investigators that the
two ophiolites may be correlative (Bailey and others,
1964; Griscom, 1966; Blake and others, 1978). Overlying
all these Mesozoic units in the Coast Ranges are Tertiary
marine sedimentary rocks, as well as Pliocene and
Quaternary continental deposits.

GRAVITY AND MAGNETIC DATA

Gravity data for this study are presented as isostatic-
residual-gravity anomalies (Jachens and Griscom, 1983).
The large components of the Bouguer gravity anomalies,
which are caused by isostatic compensation of the topog-
raphy, both local mountain ranges and the continental
margin, are eliminated from the gravity data; remaining
anomalies are caused principally by intracrustal and
near-surface density inhomogeneities. These data were
part of the set used to compile the isostatic-residual-
gravity map of California (Roberts and others, 1981). The
gravity data are displayed in map form in figure 5.1 and
in profile form in figure 5.2. In the western section of the
profile in the Coast Ranges, gravity values are near 0,
whereas a major low is associated with the western Great
Valley; a major gravity high is located at the east border
of the Great Valley. This general pattern to the isostatic
gravity field extends well to the north and south of the
analyzed profile, and so the assumption of two-dimen-
sionality in the gravity analysis is reasonably well met for
these large features.

Although detailed aeromagnetic contour maps of the
study area are unavailable, a generalized compilation at
a scale of 1:1,000,000 has been published by Blake and
others (1978). In addition, east-west magnetic profiles
flown by helicopter at a height of 120 m above ground and
at a spacing of about 5 km (High Life Helicopters, Inc.,
and QEB, Inc., 1980, 1981) are also available. The
published profile data have been previously corrected by
removal of diurnal variation, by tying to a common
magnetic datum, and by removal of the International
Geomagnetic Reference Field of 1975, updated to the
time of the survey (1979). Magnetic profile 5 from High
Life Helicopters, Inc., and QEB, Inc., (1981), on the west
and approximately colinear profile 4 from High Life
Helicopters, Inc., and QEB, Inc., (1980) on the east were
selected as being closest to seismic-reflection profile
SJ-19. Before analysis, the large magnetic anomalies at
each end of the combined profiles (fig. 5.3) were
smoothed by visual approximation to remove the very
high frequency anomalies caused by exposed mafic and
ultramafic rocks within 120 m of the helicopter. This
smoothing was done only after careful inspection of
profiles from several adjacent flightlines, so that the form
of the broad, more deeply seated anomalies could be
retained. The features removed had maximum wave-
lengths of about 10 km. Examination of adjacent flight-
lines and of the regional magnetic map of Blake and
others (1978) indicates that the general configuration of
the analyzed magnetic profile (fig. 5.3) extends well to
the north and south of the profile; therefore, the assump-
tion of two-dimensionality in the magnetic analysis is
reasonably well met.
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PHYSICAL PROPERTIES

Rock densities used for the gravity model were ob-
tained from various sources. The densities of the Fran-
ciscan assemblage, the Great Valley sequence, and the
basement of the Great Valley were generally derived
from the preliminary seismic-refraction velocity model
(Wentworth and others, 1984; Walter, 1985), using pub-
lished velocity-density relations (J.P. Eaton, in Bateman
and Eaton, 1967, p. 1412; Gardner and others, 1974).
Other density information on Franciscan rocks is from
Irwin (1961) and Stewart and Peselnick (1978). Basement
beneath the west half of the Great Valley has relatively
high compressional-wave velocities (6.3-6.6 km/s) and is
assigned a density of 2.90 g/cm®. The Franciscan assem-
blage in the refraction profile paralleling SJ-19 appears
to display a range of compressional-wave velocities,
increasing downward, from 4.8 to 6.0 km/s, and is
assigned a relatively low density of 2.59 g/em® for the
near-surface material down to the 5-km-deep interface
and of 2.71 g/em® for the material at depths of 5 to 14 km.
The Great Valley sequence is assigned a density of 2.49
to 2.61 g/em® (velocities, 4.0-5.1 km/s); the highest
densities are in the deepest part of the trough. Assigned
densities for the Tertiary strata range from 2.07 to 2.37
glem® (velocities, 1.7-3.4 km/s), following the velocity-
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density curves for sandstone and shale (Gardner and
others, 1974).

1. If the Coast Range ophiolite (serpentinite, mafic
rocks, and partially serpentinized ultramafic rocks) is
present in the subsurface along the cross section as a
layer between the Great Valley sequence and the
Franciscan assemblage, it is not evident in either the
reflection or refraction data (see chaps. 3, 4). Howev-
er, gravity surveys elsewhere across the exposed
Coast Range ophiolite show that in most places it
displays little or no clear gravity expression relative
to the Franciscan assemblage and thus commonly has
approximately the same density. Nevertheless, in the
areas of Coast Range ophiolite known to contain
significant amounts of mafic rocks (which are uncom-
mon), the mafic rocks are denser than the surrounding
rocks and cause a local gravity high. Therefore, the
Coast Range ophiolite, if solely composed of low-
density serpentinite, may have a density as low as 2.5
g/em®, whereas the ophiolite generally has a density of
2.60 to 2.70 g/em® and, if significant amounts of mafic
rocks are present, locally as great as 2.90 g/em®.
Rocks of the Sierra Nevada foothills are subdivided
for the purposes of this chapter into two general
groups, following the density data tabulated by Oliver
and Robbins (1982). (1) The Kings-Kaweah ophiolite

Calculated .

GRAVITY ANOMALY, IN MILLIGALS

EXPLANATION

Stratified rocks (Quaternary and Tertiary)—
Density, 2.07-2.37 g/em’

Great Valley sequence (Cretaceous)—
Density, 2.43-2.61 g/cm’

Franciscan assemblage (Cretaceous and

Jurassic)— Density, 2.59 and 2.71 g/cm’
Granitic and phic rocks (M ic) —

Density, 2.64 and 2.67 g/cm?

Mafic and ultramafic rocks {Mesozoic and
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FIGURE 5.2. —Isostatic-residual-gravity profile and calculated densi-
ty model extending from the San Andreas fault, across the Coalinga
area and Great Valley, to the Sierra Nevada foothills. See figure 5.1
for locations. Circles, observed; X’s, calculated. CR, Coast Ranges;
GV, Great Valley; SAF, San Andreas fault; SNF, Sierra Nevada
foothills. Thin, small masses exposed at the surface on each side of

120 140

the San Andreas fault (SAF) are Tertiary sedimentary basins, with
an assumed density of 2.2 g/em®. Note thin layer of Great Valley
sequence overlying Franciscan assemblage in the Coast Ranges but
continuous with similar strata in the Great Valley. Vertical exag-
geration, X2,
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belt, including later intrusive gabbros of the Sierra
Nevada batholith, contains much serpentinite (as well
as higher density mafic and ultramafic rocks) and is
assigned, somewhat arbitrarily, a density of 2.80
g/cms. (2) Granitic rocks of the Sierra Nevada batho-
lith and small amounts of older metasedimentary and
metavoleanic rocks are assigned a density of 2.64
g/em®, which may appear to be somewhat low but is
supported by measurements on samples collected near
the east end of the profile.

. Magnetic properties assigned to the segments of the
magnetic model have been chosen to match the
amplitudes of the calculated anomalies with the ob-
served anomalies. Because the upper surfaces of the
magnetic model are mostly constrained by other data
and because the model is already rather thick, the
magnetic properties, though large, are essentially
minimum values. Assigned magnetizations range from
3.3 to 5.5 A/m and are aligned in the direction of the
present Earth’s field. These values represent the
vector sum of the induced and remanent magnetiza-
tions, which are both unknown for these rocks.
Because the rocks of the magnetic units beneath the
Great Valley are believed to have average densities of
about 2.90 g/em® as described above, substantial
amounts of highly magnetic mafic and, possibly,
partially serpentinized ultramafic rocks, in addition to

relatively minor associated magnetic serpentinites,
must be present. Lithologic data from a few deep drill
holes penetrating basement in the central Great
Valley (summarized by Thompson and Talwani, 1964)
include gabbro, diabase, serpentinite, and mafic met-
aigneous rocks—all suitable components for the pos-
tulated ophiolite. Magnetic properties, however, have
not been measured for these drill cores. The magnetic
properties of rocks from the Kings-Kaweah ophiolite
belt were measured by Saleeby (1975), who estab-
lished that the younger Cretaceous gabbroic rocks are
by far the most magnetic. The darker gabbros have an
average remanent magnetization of 10 A/m and an
average induced magnetization of about 1.8 A/m; the
equivalent values of Saleeby for the less mafic gabbros
are 5 and 1.8 A/m, respectively. The remanent-
magnetization directions are scattered but lie approx-
imately near that of the present Earth’s field and thus
may be primary—that is, may represent thermorema-
nent magnetization acquired at the time the intrusions
cooled. Therefore, the major component for the highly
magnetic mafic rocks in figure 5.3 may well be
remanent magnetization, although the basement
rocks under the west half of the Great Valley may be
Jurassie and not necessarily similar in their properties
to those of the Cretaceous gabbros. Rocks cropping
out in the Coast Range ophiolite generally are pre-
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FIGURE 5.3. — Aeromagnetic profile and calculated magnetic model extending from the San Andreas
fault, across the Coalinga area and Great Valley, to the Sierra Nevada foothills. Magnetic objects
are labeled with magnetization values in amperes per meter and are mafic or ultramafic rocks.
Stippled area is sedimentary rocks of Great Valley for easy comparison with figure 5.2. See figure
5.1 for locations. Same symbols as in figure 5.2. Vertical exaggeration, x2.
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dominantly serpentinite, for which measured magne-
tizations rarely are as large as the value of 3.3 A/m
shown in figure 5.3 for the concealed magnetic mass at
the west end of the profile. Mafic constituents of the
Coast Range ophiolite have even weaker magnetiza-
tions than the serpentinites, on the basis of ground
magnetic profiles and physical-property measure-
ments by Griscom. Nevertheless, the result in figure
5.3 is plausible, and the magnetic data of Griscom
(1977) for the extensive Trinity ophiolite in northern
California show that enormous volumes of serpenti-
nite there have total magnetizations higher than 8
A/m, although the associated gabbros are only weakly
magnetic.

4. The high-density (2.90 g/em®) rocks underlying ex-
posed crystalline rocks of the Sierra Nevada, and
those of the area west of the San Andreas fault below
depths of 15 km, are believed to differ significantly
from the other magnetic rocks described above: They
are probably nonmagnetic or, at most, very weakly
magnetic because they do not appear to produce
magnetic anomalies. These rocks may be metamor-
phosed mafic and ultramafic rocks, in part former
oceanic crust or island-arc lower crust.

GRAVITY PROFILE

To test the seismic reflection and refraction models, we
constructed an east-west isostatic residual-gravity pro-
file (figs. 5.1, 5.2) approximately along and beyond
seismic-reflection profile SJ-19, extending from the Si-
erra Nevada foothills on the east to the San Andreas fault
on the west. This profile was then projected onto a line
striking N. 60° E., approximately normal to the strike of
the gravity contours and the geologic structure. Thus,
the analysis could be conducted with a computer program
that assumed two-dimensionality, and subsequently the
profile was restored to its original east-west configura-
tion.

The density model was initially constructed from an
interpretation of the seismic-refraction profile paralleling
SJ-19 (Wentworth and others, 1984; see chap. 4). This
model was supplemented in the Sierra Nevada foothills
by the seismic-refraction model of Eaton (1966), a longi-
tudinal seismic cross section through the Sierra Nevada
that indicates a depth of 12 km to the bottom of the
2.64-glem® layer. In addition, the deeper, 3.08-g/em®
layer is derived from the seismic-refraction profile of
A.W. Walter (oral commun., 1985; see chap. 3), which is
located transverse to the cross section and intersects it at
approximately the 8-km point. The configurations of the
various density units in the basement between 50 and 130
km in the profile are from the magnetic interpretation of
figure 5.3.

The density units west of the San Andreas fault are not
exactly based on the available refraction data but are
somewhat arbitrarily set to match the crustal structure
on the east end of the profile, so that there will be no
significant gravity anomaly across the San Andreas fault,
as is the case. The several seismic models, however, are
not in mutual isostatic balance. In general, seismic-
refraction data should be used in a gravity model only
after determining that the total mass of each column of
the seismic model is in balance with all the others,
because gravity calculations are exceedingly sensitive to
slight discrepancies in balance between adjacent seismic
crustal models. (The densities of the various parts of the
gravity model are discussed in the previous section.) We
note that the density units of Tertiary deposits in the
Great Valley follow the seismic-refraction velocity model
and do not necessarily represent stratigraphic units. The
bottom of the model at a depth of 23 km is arbitrary and
represents the depth to which the model must be
extended to explain the gravity features in terms of the
various seismic data. All isostatic effects relating to
topography have already been removed from the data,
and such other factors as variations in crustal thickness
are presumably accounted for by isostasy. The low-
density materials in the sedimentary basin of the Great
Valley are substantially compensated themselves by the
deepest layer of density 3.08 g/em®. This layer is not well
controlled and may partly include the effects of other,
still deeper density distributions. Any additional, deeper
density distributions needed to compensate these low-
density sedimentary deposits will produce broad gravity
anomalies of no more than 5 mGal, which are below the
general precision level of the calculations.

GRAVITY INTERPRETATION

1. The gravity model is entirely consistent with the
seismic-refraction model of Walter (see chap. 3) be-
tween the 0- and 50-km points on the horizontal scale.

2. The gravity model confirms the refraction-model in-
terpretation, in that the top of basement in the Great
Valley appears to extend westward as a relatively
smooth, west-dipping surface from the deepest part of
the basin (25-km point) all the way west to the 0-km
point.

3. The gravity model shows that the steep basement
slope or inflection between 35 and 40 km is the
probable cause of a steep gravity gradient between 35
and 45 km. This gradient is a major feature of the
Great Valley gravity field that extends on strike for
650 km along the length of the valley (Roberts and
others, 1981) and suggests a similar extent for the
causative structural feature. In addition, this feature
occupies a consistent position some 40 to 50 km east of
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the exposed Franciscan-Great Valley contact along its
entire length.

The gravity model predicts a relatively low density
mass (for convenience, 2.64 g/cm?’) at about 5-km
depth below the basement surface and beneath the
postulated Great Valley ophiolite (density, 2.90 g/cm®)
between 35 and 60 km. This interpreted density
inversion should appear as a velocity inversion on the
seismic-refraction data, but cannot be seen in the
refraction model (see chap. 3) because the data do not
extend below the basement surface in this location.
West of the seismic section between -8 and -16 km,
the gravity data require that material with a density
higher than 2.50 g/cm® be very close to the surface,
and the model is satisfied by the chosen density of 2.59
g/em®. This result suggests that the Franciscan as-
semblage may be at very shallow depths here, even
though a stratigraphic section of Great Valley strata
at least 6 km thick is exposed at the surface (see chap.
4). The model in figure 5.2 between -8 and ~16 km
shows a thin (0.5 km thick) layer of Great Valley strata
overlying the Franciscan assemblage; these two rock
units are separated by a horizontal surface that is
presumed to be a flat-lying thrust fault (the Coast
Range fault?) cutting disconformably across the over-
lying Great Valley strata. We note that Franciscan
rocks are, in fact, exposed between the San Andreas
fault and -20 km where gravity values are unexpect-
edly somewhat lower than those between -8 and -16
km. The problem (of lower gravity over exposed
Franciscan rocks to the west) can be partly resolved
by assuming metamorphism of the near-surface Fran-
ciscan rocks between -8 and ~16 km to high-pressure-
mineral assemblages similar to those exposed in the
serpentinite-cored antiform 20 km northwest of this
part of the gravity profile (fig. 5.1), and so the upper
portion of these concealed rocks may be denser than
2.59 g/em®. If the Franciscan assemblage here is
denser, then the Great Valley sequence in the area
could be somewhat thicker than shown in figure 5.2,
but it must still be substantially thinner than the 6 km
of strata exposed at the surface.

The configuration of density units in the basement
between 60 and 130 km follows the magnetic interpre-
tation of figure 5.3, and so the gravity model supports
the magnetic interpretation. Because of the absence of
seismic data, other gravity models and interpretations
are also possible for this area, but the agreement with
the magnetic model adds strength to the interpreta-
tion illustrated here. The exposed mafic and ultrama-
fic rocks of the Kings-Kaweah belt from 105 to 125 km
are modeled to be about 5.5 km thick, somewhat
thinner than the 9-km layer modeled at a higher point
on the anomaly by Saleeby (1975) and Oliver and

Robbins (1982). The gravity and magnetic models both
display a patch of low-density (2.67 g/em®) nonmag-
netic rocks similar to those of the Sierra Nevada
foothills at the basement surface between 65 and 105
km on the profile. We have left slight differences
remaining between the models (figs. 5.2, 5.3) to
emphasize that these details are not necessarily mean-
ingful for either model.

7. The isolated shallow magnetic mass at the west end of
the magnetic profile (fig. 5.3; see next section) is not
evident in the seismic data and fails to cause a gravity
anomaly (fig. 5.2). It is interpreted to be Coast Range
ophiolite, which, as mentioned above, generally fails
to cause a gravity anomaly where exposed because the
ultramafic rocks are serpentinized to lower densities,
comparable to those of the adjacent sedimentary
rocks, and because mafic rocks are scarce.

MAGNETIC PROFILE AND INTERPRETATION

The magnetic data in figure 5.3 were projected onto a
line striking N. 60° E., normal to the strike of the data,
and the model was then calculated from the observed
aeromagnetic profile, using a computer program which
assumes that the data are two dimensional, an approxi-
mately correct assumption here (see magnetic-contour
map of Blake and others, 1978). The final model and data
were then projected back to the original east-west
configuration and illustrated as figure 5.3. Constraints
for this model include: (1) the form of the basement
surface of the Great Valley, as determined from the
seismic and gravity models between the San Andreas
fault (at 28 km) and 50 km; (2) drill-hole data defining the
basement surface of the Great Valley east of 50 km; and
(3) mapped exposures of the Kings-Kaweah ophiolite belt
in the Sierra Nevada foothills at the east edge of the
Great Valley. The magnetic properties of the rocks are
discussed above; the direction of magnetization is as-
sumed to be that of the present Earth’s field. An
additional constraint is available for the isolated body of
magnetic rock in the upper left (west) corner of the
model; the west end of this rock mass is believed to be
terminated by the San Andreas fault on the basis of the
pattern of contours for this anomaly (Blake and others,
1978). These constraints place substantial limitations on
the ordinary ambiguities of any potential-field interpre-
tation.

The anomaly bounded by —28 and 0 km on the magnetic
profile is caused by a relatively shallow magnetic object;
the source of this anomaly, a slab of magnetic material
shown in the upper left (west) corner of the model, is
terminated by the San Andreas fault, and so the caus-
ative object cannot be more than a few kilometers deep
and is relatively tabular, with a convex top. A few local
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magnetic highs caused by exposed serpentinite were
removed from the west half of the anomaly in figure 5.3
by hand-smoothing, as previously mentioned; these small
serpentinite bodies may be surface exposures of the
Coast Range ophiolite. The existence of several small
exposed masses of serpentinite in the Franciscan assem-
blage at the surface above this magnetic object (fig. 5.3)
offers additional evidence that the object is probably at
shallow depth. This magnetic anomaly and its source are
major regional features, extending nearly continuously
for 600 km along strike at the Great Valley-Franciscan
contact (Blake and others, 1978; Griscom, 1983). Over
much of this distance, the anomaly is partly concealed by
a superimposed magnetic anomaly caused by exposed
rocks of the Coast Range ophiolite, but the problem is not
serious here because the serpentinite masses are rela-
tively minor along our profile (fig. 5.1). The western part
of the source generally lies beneath rocks of the Fran-
ciscan assemblage (fig. 5.3), whereas the eastern part is
generally situated at or near the inferred contact be-
tween the Great Valley sequence and the Franciscan
assemblage (fig. 5.3; Griscom, 1983). These observations,
together with the common association of the central part
of the mass vertically beneath the exposed Coast Range
fault and Coast Range ophiolite, strongly suggest that
the rocks causing the concealed magnetic feature are also
themselves Coast Range ophiolite.

The magnetic anomaly between 0 and 50 km on the
profile is the Great Valley magnetic anomaly (Griscom,
1966; Cady, 1975), which extends north-southward along
the entire Great Valley for a distance of 700 km. Here, in
the southern Great Valley, the anomaly is relatively
smooth and wide, with a lower amplitude than farther
north; but it is relatively uniform in both shape and
amplitude (Blake and others, 1978). These observations
suggest that the shape and position of the anomaly are
due predominantly to the geometric form (or structure)
of the causative rock mass. The same observations also
require a great thickness (approx 10 km) of magnetic
material in the model. To generate such an anomaly, this
maximum thickness of the magnetic mass must be under
the approximate center of the anomaly, and so an
east-dipping bottom is necessary between the San An-
dreas fault and 30 km on the profile (the upper surface is
constrained by seismic and drill-hole data). Because heat
flow here decreases eastward from the Coast Ranges
toward the Great Valley (Liachenbruch and Sass, 1980),
this east-dipping boundary may approximately represent
an isothermal surface below which the remanent magne-
tization of the rocks has been destroyed.

The magnetic model additionally supports the refrac-
tion-model interpretation, in that the top of Great Valley
basement appears to extend westward as a relatively
smooth, west-dipping surface from 40 to at least 0 km on

the profile. There is no evidence on the magnetic profile
for any significant vertical offset in this basement sur-
face, such as might be the expected expression of a
possible former subduction zone on the downdip exten-
sion of the inferred east-dipping Coast Range fault
(presumably situated along the Great Valley-Franciscan
contact). The position of the vertical boundary at the east
border (60 km) of the magnetic rock mass causing the
Great Valley magnetic anomaly approximately agrees
with that of the boundary between crystalline rocks of
the Sierra Nevada and ophiolitic rocks shown on a
preliminary basement map of the Great Valley based on
drill-hole data (C.W. Wentworth, written commun.,
1985). The general form of the mass causing the Great
Valley magnetic anomaly is that of a thick west-dipping
slab; this structure was interpreted to represent a slab of
ophiolite obducted from the west onto the continent
during Jurassic time (Griscom, 1982).

Between 60 and 70 km on the profile is a high that
represents an elliptical magnetic anomaly, one member of
a belt of three such anomalies between here and Bakers-
field, 100 km to the southeast (Blake and others, 1978),
which are probably caused by mafic intrusions, possibly
related to the Sierra Nevada batholith (fig. 5.3). The
intrusion according to our model appears to be connected
(by means of magnetic rocks in the basement subsurface)
with the magnetic rocks in the Kings-Kaweah ophiolite
belt (at 105-125 km) and their associated, highly mag-
netic gabbroic intrusions related to the Sierra Nevada
batholith (fig. 5.3). An area of nonmagnetic basement
rocks, about 5 km thick, similar to those of the Sierra
Nevada foothills, lies at the top of Great Valley basement
between 65 and 105 km on the profile.

CONCLUSIONS

1. Our gravity and magnetic models provide strong
support for, and agree well with, the seismic refrac-
tion and reflection models in chapters 3 and 4.

2. The magnetic data identify a concealed subhorizontal,
sheetlike magnetic mass (magnetization, 3.3 A/m;
depth, 2-4 km below the surface), the west end of
which lies beneath the Franciscan assemblage at the
west end of the profile and the east end of which may
lie structurally between Franciscan rocks and overly-
ing Great Valley strata. This magnetic mass, which
probably consists mostly of serpentinite, may be
equivalent to the Coast Range ophiolite. The feature
is of major regional importance, extending nearly
continuously for 600 km along strike at the Great
Valley-Franciscan contact. The feature has no gravity
expression, just as the exposed Coast Range ophiolite
generally has no gravity expression elsewhere, be-
cause its density is similar to that of the adjacent
Franciscan assemblage.



5. TECTONIC IMPLICATIONS OF GRAVITY ALONG SEISMIC PROFILES NEAR COALINGA i

3. The gravity and magnetic models do not identify a
major basement step or discontinuity at the projected
downdip intersection of the east-dipping Coast Range
fault with the basement surface of the Great Valley,
and so they do not support the existence of an
east-dipping fossil subduction zone at this point. We
believe that the Coast Range fault is the expression of
a refaulted former subduction zone from which the
downdip extension has been removed by later thrust
faulting in the opposite direction (west-rooted rather
than east-rooted).

4. The magnetic mass causing the Great Valley magnetic
anomaly is a thick west-dipping slab of ophiolite
obducted from the west onto the continental margin
during Jurassic time, on the basis of correlation with
the Coast Range ophiolite of Jurassiec age. The mag-
netic and gravity models predict a low-velocity zone
beneath the ophiolite between 35 and 60 km in figures
5.2 and 5.3. If the inferred ophiolite underlying the
Great Valley does, indeed, correlate with the exposed
Coast Range ophiolite, then the ultramafic rocks of
the Coast Range ophiolite were metamorphosed to
low-density serpentinite (approx 2.60-2.70 g/cm?®) af-
ter being tectonically separated from the ophiolite of
the Great Valley, because the Great Valley ophiolite
has a relatively high compressional-wave velocity and,
accordingly, a density of about 2.90 g/em?, too high for
a well-serpentinized rock unit.

5. Conclusions 2, 3, and 4 support the idea that the
Franciscan assemblage was here emplaced by tectonic
wedging (Wentworth and others, 1984) and that two
separate wedges of the Franciscan assemblage may be
consistently present on top of each other. These two
wedges are separated by the slab of presumed Coast
Range ophiolite identified on the magnetic model
(conclusion 2). The Coast Range ophiolite may have
been ripped off the ophiolite basement of the Great
Valley by the advancing wedges.

6. The steep gravity gradient between 30 and 45 km on
the gravity profile is caused by an abrupt westward
deepening or downwarping of Great Valley basement
and a consequent rapid westward thickening of the
overlying Mesozoic sedimentary section. This gravity
gradient is a consistent linear feature along the entire
700-km length of the Great Valley, and so its struc-
tural cause is equally consistent. The linear basement
downwarp may have operated as a resistant barrier or
dam to the Franciscan tectonic wedges intruding
eastward along the basement surface of the Jurassic
ophiolite from the west; its presence may explain the
parallel relation of the downwarp to the exposed Great
Valley-Franciscan contact and associated structures.

7. East of the area defined by the seismic results, the
gravity and magnetic models agree closely and indi-

cate that the dense, magnetic gabbro plutons intrud-
ing the Kings-Kaweah ophiolite at the boundary
between the Great Valley and the Sierra Nevada
foothills may be connected by similar rocks at depth
with a belt of inferred mafic intrusions near 65 km on
the profile.
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ABSTRACT

The stratigraphy of the Coalinga region can be divided into tecto-
stratigraphic facies whose boundaries delineate two major tectonic
events—one in the mid-Cenozoic (38-17 Ma) and one in the late
Cenozoic (less than 3 Ma). The succession of these tectostratigraphie
facies, and an integration of geology, subsurface well data, a seismic-
reflection profile, and earthquake seismicity on a retrodeformable eross
section, yield a model for the tectonic evolution of the Coalinga region.
This model suggests that the structural style of both deformational
events is characteristie of fold and thrust belts. Qur model also indicates
that the causative fault of the May 2 earthquake is a ramped thrust. The
results of this study, in combination with regional geologic relations,
suggest that the Coalinga region is part of an active fold and thrust belt

ICurrent affiliation: Davis & Namson, Glendale, CA 91208
2Current affiliation: Department, of Geological Sciences, University of Texas, Austin, TX
78713.

which borders the west and south sides of the San Joaquin Valley. The
potential for future earthquakes due to movement of other “blind”
thrust faults within this belt should be evaluated.

INTRODUCTION

The Coalinga main shock (M=6.7) of May 2, 1983, and
subsequent aftershocks have resulted in new attempts to
understand the origin of structural deformation in the
central California Coast Ranges. Surface geologic maps
(Dibblee, 1971) and subsurface geologic studies (Kaplow,
1945) show that the region consists of northwest-trending
folds which plunge mostly south (fig. 6.1). The causative
structure for the earthquake has remained somewhat of
a mystery because no major faults are recognized on the
surface or in the shallow subsurface, and only minor
tectonic ground breakage was associated with an after-
shock of the May 2 event (see chap. 16; Clark and others,
1983). It is apparent, however, from these observations
and the 7- to 11-km depth of the main-shock hypocenter
(Sherburne and others, 1983) that the causative fault is
active at depth; and tight oil-well control indicates that
this fault does not extend to within 1 to 3 km of the
surface. Any explanatory structural model must accom-
modate these features.

Several structural models have been proposed to
explain the origin of late Cenozoic deformation and
associated seismicity in the Coalinga region (Oakeshott,
1968; Harding, 1976; Stein, 1983). In this study, we use
geologic mapping, subsurface well correlations, the
stratigraphic and biostratigraphic record, seismic-reflec-
tion profiles, and earthquake seismicity data to develop
an internally consistent model that explains the tectonic,
geologic, and structural history of the region. The main
results of this analysis are construction of a kinematically
restorable cross section and a model for the tectonic

9
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FIGURE 6.1.—Geologic map of the Coalinga, California, area (modified from Dibblee, 1971), showing locations of structural cross section A-A’
in figure 6.3 and seismic-reflection profile in figure 6.4.
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history across the Coalinga region. Our structural inter-
pretation also suggests that the main shock was caused
by movement on a low-angle thrust.

This chapter begins with a review of the local stratig-
raphy and the principal structural and stratigraphic
relations of the Coalinga region. Next, we describe the
details of our structural interpretation for the Coalinga
region and the sequence of tectonic events that this
interpretation indicates, as well as alternative structural
models proposed for the region and our reservations
about these models. Finally, we discuss the effects of the
thrust-fold mechanism on surface deformation and the
seismic and tectonic implications of thrust-fold structural
style with respect to the western and southern margins
of the San Joaquin Valley.

STRATIGRAPHY OF THE COALINGA REGION

Stratigraphic relations in the Coalinga region reflect a
complex depositional and tectonic history. We use these
relations to divide the section into tectostratigraphic
facies that bracket the major geologic events and provide
both relative and numerical timing for these events (fig.
6.2). The numerical time scale is derived from a calibra-
tion of various biozonations with the paleomagnetic time
scale and radiometric ages (for example, Keller and
Barron, 1981; Barron, 1986). This time scale is principally
derived by using data from the study area (for example,
Repenning, 1976; Obradovich and others, 1978; Obrado-
vich and Naeser, 1981; J.A. Barron, oral commun., 1984;
S.A. Graham, oral commun., 1984), augmented by some
regional data (for example, Keller and Barron, 1981;
Lindberg, 1984; Barron, 1986).

First, we briefly summarize the relevant characteris-
tics of each tectostratigraphic facies used in reconstruct-
ing the tectonic history of the region.

FRANCISCAN ASSEMBLAGE AND
COAST RANGE OPHIOLITE

The structurally and, probably, stratigraphically low-
est rocks in the Coalinga region belong to the Franciscan
assemblage. These rocks are composed of melange and
coherent units of sandstone, shale, and chert that yield
both Jurassic and Cretaceous fossils (Page, 1981). The
Franciscan assemblage is exposed in the core of the
Diablo Range, where it is tectonically overlain by the
Coast Range ophiolite along the Coast Range thrust
(Page, 1981). The Coast Range ophiolite is generally
composed of ultramafic plutonic rock, basalt, serpen-
tinite, volcanic breccia, and chert. The plutonic rocks
yield radiometric ages of 163+2 to 165*2 Ma (Hopson
and others, 1981).

We note that the Coast Range ophiolite in the core of
the Coalinga anticline consists mostly of serpentinite

(Dibblee, 1971); it was omitted from the regional study by
Hopson and others (1981). This serpentinite body has
generally been considered to be one of many ultramafie
bodies that are common within the Franciscan assem-
blage (Page, 1981). We include the serpentinite body
within the Coast Range ophiolite because it occurs in a
typical structural position, at the top of the Franciscan
assemblage and at the base of the Great Valley sequence
(fig. 6.1). Furthermore, the serpentinite is far larger
than any known ultramafic inclusion within the Fran-
ciscan assemblage (C.A. Hopson, oral commun., 1984),
but similar in size to known exposures of the Coast Range
ophiolite throughout the Coast Ranges.

Under the San Joaquin Valley, the Coast Range
ophiolite and, presumably, the Coast Range thrust dip
gently west (see chap. 4; Wentworth and others, 1983).
Thus, the relative depth of the Coast Range ophiolite in
the deformed Coalinga region versus its depth in the San
Joaquin Valley can be used to determine the total
structural relief between the Coalinga anticline and the
valley.

GREAT VALLEY SEQUENCE

The Great Valley sequence, which depositionally over-
lies the Coast Range ophiolite, consists of as much as 8
km of Cretaceous to Paleocene rocks in the Coalinga area
(J.Q. Anderson, unpub. data, 1941; Payne, 1962). The
sequence is principally composed of marine conglomer-
ate, sandstone, and shale; siliceous shale and diatomite
are common near the top (Payne, 1962; J.C. Ingle, oral
commun., 1984). In many areas along the western and
southern margins of the San Joaquin Valley, part or all of
the Great Valley sequence has been removed by erosion
beneath the basal Paleocene-Eocene facies or basal
Miocene facies. The provenance for the Great Valley
sequence was the Mesozoic Sierra Nevada (Payne, 1962).

PALEOCENE-EOCENE TECTOSTRATIGRAPHIC FACIES

A major regional unconformity (diseonformity or very
low angle unconformity in the Coalinga region) separates
the Great Valley sequence from lower Tertiary marine
strata of the Paleocene-Eocene facies (Nilsen and McKee,
1979). This facies is composed of marine Paleocene to
early Eocene rocks of the Lodo Formation, Domengine
Sandstone, Avenal Sandstone, and Kreyenhagen Forma-
tion (Mallory, 1959; Foss and Blaisdell, 1968; Addicott,
1972). The absence or near-absence of angular discor-
dance between this facies and the Great Valley sequence
on the Coalinga anticline suggests that this part of the
Coast Ranges was not a tectonic high from Late Creta-
ceous through early Tertiary time. Previous work sug-
gests that the dominant sediment source was from the
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east (Graham and Berry, 1979; Nilsen and McKee, 1979).
The time gap between the Great Valley sequence and the
Paleocene-Eocene facies coincides with, and may reflect,
emplacement of the Coast Range thrust. However, the
absence of an angular discordance between these two
tectostratigraphic facies (Dibblee, 1971) suggests that
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the geometry of the thrust must have been a decollement
(parallel to bedding) in the Coalinga region.

MIOCENE TECTOSTRATIGRAPHIC FACIES

The Paleocene-Eocene facies is overlain uneonform-
ably by the Miocene tectostratigraphic facies, which is
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FIGURE 6.2, —Stratigraphy in the Coalinga, California, area. Stratigraphic correlation with the numerical time scale is derived from
intercalibration of biozonations, radiometric ages, and the paleomagnetic time scale. Formations are grouped into tectostratigraphic facies

that bracket major tectonic events in the Coalinga region.
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composed of various units, including the upper part of the
Temblor, Big Blue, Santa Margarita, Monterey (McClure
Shale Member), and Reef Ridge Formations. The basal
unconformity of this facies coincides with a striking
change in the paleogeography of the San Joaquin Basin
from a west-facing continental slope (Nilsen and McKee,
1979) to an asymmetric semiclosed basin.

In the area of the Coalinga anticline (for example, the
Coalinga Nose) the lower part of the Miocene facies
(upper part of the Temblor Formation) is composed of
shallow-marine sandstone and conglomerate, commonly
containing metamorphiec-rock fragments and chert clasts
(Adegoke, 1969). These basal rocks contain “Temblor”-
stage mollusks, indicating an age no older than late
Saucesian or early Relizian (late early Miocene; Adegoke,
1969; Bate, 1985; Coolery, 1985). Serpentinite clasts
become more abundant near the top of the Temblor
Formation, which is overlain by a chaotic sequence of
serpentinite boulders of the Big Blue Formation (Ade-
goke, 1969). The Big Blue Formation, in turn, is overlain
by shallow-marine sandstone and conglomerate of the
Santa Margarita Formation that contain abundant clasts
of Franciscan assemblage. The coarseness and prove-
nance of these deposits probably reflect unroofing of the
Coalinga anticline and exposure of the Coast Range
ophiolite and Franciscan assemblage (Bate, 1984). South
and east of the Coalinga anticline, the Big Blue and Santa
Margarita Formations grade laterally into shale, siliceous
shale, and sandstone of the Monterey Formation and the
Reef Ridge Shale (Woodring and others, 1940; Stewart,
1946; Adegoke, 1969).

The basal unconformity, lithologies, coarse deposits,
and rapid facies changes reflect development of a topo-
graphic high in the Coalinga region (Bate, 1984), in
response to mid-Cenozoic tectonism before and during
deposition of the Miocene tectostratigraphic facies. This
high was situated near the present-day Coalinga anti-
cline. The age of basal Temblor sedimentary deposits
becomes older (as old as Zemorrian; Oligocene), and
deeper marine environments occur both to the east and
southeast of this high (Woodring and others, 1940; Bate,
1984, 1985; Kuespert, 1985). The magnitude of this basal
unconformity was evidently accentuated by the Coalinga
anticline.

In addition, we emphasize that the Miocene basal
unconformity is not restricted to the Coalinga region but
is widespread in the San Joaquin Basin (Bandy and
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