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March 22, 1984
PGandE Letter No.: DCL-84-110

Chairman Nunzio J. Palladino

U. S. Nuclear Regulatory Commission
1717 H Street, N.W.

Washington, D.C. 20555

Commissioner James K. Asselstine
Commissioner Frederick M. Bernthal
Commissioner Victor Gilinsky
Cormissioner Thomas M. Roberts

Re: Docket No. 50-275, OL-DPR-76
Diablo Canyon Unit 1

Dear Mr. Chairman and Commissioners:

Enclosed is a copy of a preprint of a paper entitled "Post-Miocene
Compressional Tectonics Along the Central California Margin,” by Messrs. James
K. Crouch, Steven B. Bachman, and John T. Shay. This paper is scheiuled for
presentation in April at the American Association of Petroleum Geologists
meeting in San Diego.

We and our consultants are currently reviewzn? this paper. The paper is based
upon common depth point seismic reflection information recently collected in
an area at the southern part of the Hosgri fault in the offshore Santa Maria
Basin, down through point Conception and then southerly to the northern Santa
Barbara Channel. Based on their interpretation of these records, the authors
conclude that published geologic interpretations of this area may have to be
revised to show a higher contribution from compressional tectonics and less
strike-slip contribution than previously thought. The authors indicate that
offshore faults in this area such as the Hosgri fault, which have been
considered primarily strike-slip faults with a thrust component, should be
considered as predominantly compressional structures. They further indicate
that they see little or no movement on these faults in recent geologic times.

We understand that this hypothesis has, until now, been discussed only by a
few individuals within the oil industry; however, we expect that it will be
more widely discussed once the paper is presented.
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We remain confident that the seismic design of Dizblo Canyon is conservative
and appropriate for the seismic conditions of the area. We and sur
consultants will continue to monitor and evaluate this and any other
developments as they occur. Nevertheless, in light of the past controversy
involving the role of the Hosgri fault in the seismic design of Diablo Canyon,
we deem it prudent to bring this information to your prompt attention.

Kindly acknowledge receipt of this material on the enclosed copy of this
Tetter and return it in the enclosed addressed envelope.

Sincerely,

& Ul

Enclosure

cc: D. G. Eisenhut
G. W. Knighton
H. E. Schierling
Service List
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ENCLOSURE

POST-MIOCENE COMPRESSIONAL TECTONICS ALONG THE
CENTRAL CALIFORNIA MARGIN

James K. Crouch, Steven 8. Bachman, and John T, Shay

Nekton, Inc.
11578 Sorrento Yalley Road
San Diego, California 92121

ABSTRACT

Nigh-resolution, 36-fold seismic reflection
data from offshore Senta Maria Basin, northern Santa
Barbara Channel, and off Pt, Conception reveal major
pott-Miocene thrust faulting fin offshore central
California. These thrusts can be recognized on
1ines both normal and parallel to the regional
structural grain. Oa Tines normal to the grain they
are cosmonly fimbricate and curve asysptotically
downward to a basal sole thrust, On lines parallel
to the grain they appear as 2 band of nearly
horizontal reflectors that truncate tightiy-folded
strata above the thrust.

The northern Santa Bardbars Channel and Pt,
Conception ares are part of the Transverse R
where reverse and thryust faulits are comson.
of fshore Santa Maria Basin, however, s generally
regarded as a4 wrenchestyle Basin. The Hosgri and
other major northwest-trending faults within the
basin, however, appear to be predominately thrusts
rather than strike-slip faults. Oetailed mapping of
the offshore basin indicates that the overall
structural pattern 1s unlike typical wrench-style
tectonics. Folds, for example, have & preferred
asymmetry and their axes closely parallel faults
rather than being en echeion to them. We conclude
that whereas some strike-sii; i35 protedle, the folds
and faults, as well as the present morphclogy of the
of fshore Santa Maria BSasin, chiefly reflect post-
Miocene northesst-southwest-directed compression.
Simtilar conclusions can bDe drawn from the onshore
Santa Maria Basin on the basis of field relations
and well data.

Compressional structures also occur omshore
throughout the Coast Ranges and are such sore Common
and perhaps more important thea sodern |iterature on
this area portrays. This is not surprising Decause
sany of the thrusts recognizable in the offshore
stespen abruptly and Decome high-angle reverse
faults nmar the surfaca. Oashore Tauits say have 2
siwilar charscter but flattaming of these fauits at
depth 13 not easily deterwmined om the Desis of
surfacs exposures.

Compressional festures along the cantral
California margin are comsistent with present-day
plate motion studies which require that Pacifice
North Aserican relative plats motion inciude (aside
from strike-slip) a large component of compression
that 1s normal to the san Andreas fault system.
Vector resolution of these plate motions suggest
that ia central and northern California, 300 km of

post-Miocene slip related to opening of the modern
Gu!f of California tan de resolved to about: 200 km
of right-slip on the San Andreas fault proper; &0 km
of right-slip on northwest-trending faults east and
west of the San Andreas; and 40 ka of northeast-
southwest shortening normal to the San Andreas.

INTROOUCT 10N

Published oeologic wmapping from offshore
seismic reflection surveys along the California
sargin has relied heavily upon axtrapolation of
knowledge from onshore geologic studies.
Traditionally, structural and stratigraphic trends
have been extended from onshore (where they are
considered to de well known) to offshore, where
single~channe! safsmic reflection profiles and
scattered well information former!y permitted only
tenuous continuations of these trends. In general,
the converse has not been true -- that is, offshore
studies of the Californis margin have provided
little !n'lvu into the geologic complexities
enshore. echnological advances In  Ddoth the
collection and processing of wmarine seismic
reflection profiles, however, have greatly improved
the quality of tnese data in recent years. Many of
these "state-of-the-art” profiles reveal subsurface
structures that previously “cowld only bde dimiy
perceived both offshore and onshore.

The purpose of this paper is to 11lustrate and
discuss structural finterpretations of COP sefsmic
reflection data recently collected by Nekton Inc.
in the offshore Santa Marie Basin, off Pt,
Conception, and along the northern Santa Bardar:
Channel (Fig. 1) and to show how cthese offshore
data may provide insight into the onshore post-
Miocene structural development of the central
California margin., Within these offshore aress we
Mave coacentrated om structures that are pertinent
to two wall-tnown but somewhat controversial fault
systems: the northwest-trending Mosgri fault which
extends from San Simeon to south of P, Sal off the
central California coast, and the east-west North
Channel Slope fault which extends along the shelf
mﬂ from off Santa Barbars to Pt. Conception (Fig.

The safsmic reflection data collected along
these structures anc used in this report consist of
high-resolution, deep-penetration (2.5 to 3.0 sec),
36-fold, 400 cu~in, dual-water gun profiles. The
water gun source, which generates an acoustic signal
by means of isplosion rather than explosion, {s
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Figure 1. Track-line map of Nekton Inc. surveys across the central California margin. MWeavy track

Iines are profiles illustrates in Figures 3-9.

especially effective in complex shallow shelf
regions because 1) 1t does not produce 2 bubble
pulse and 2) 1t produces higher frequencies than an
air gun yet has an output power comparable to an air
gun systeo.

Based on our interpretstion of these reflection
profiles, we believe that compressional tectonics in
the form of reverse and thrust faults and associated
asymmetric folds are important elements of the post-
Miocene tectonic history of the central California
sargin.  This appears to be the case not only for
the east-west-trending Transverse Ranges but also

for many of the major northwest-trending structures
within the Southern Coast Ranges. Both the timing
and the origin of these compressional structures can
be related to North American-Pacific plate mo:ions
and the post-Miocene offset history of the San
Andress fault. In addition, we conclude that
suggested late Cenorofc right-slip offsets on
northwest-trending faults fn onshore avd offshore
central California n{ be overstated and that late
Cenozoic basin morphology fn central California may
be due larsely to compressisn rather than exclu-
sively to wrench-style tectonics.



SEISMIC REFLECTION DATA

$ix interpretive drawings of seismic reflection
profiles $B-1, PC-1, SM-1, SM-2, SM-3, and SH-4
reveal structures representative of the central
Californis offshore (Figs. 3-8). Where noted on the
sections, the near-top Miocene is based on neardy
well ties. The profiles are approaimately true
scale, however the upper part of the profile has a
slight (1:1.1) wertical exaggeration because of
lower velocities {a the shallower sediment.

Many of the lires findicated on Figure 1 show
structures similar to those we have chosen to
1llustrate. Most of the {llustrations and dis-
cussion are concentrated in the offshore Santa Maria
Basin Decause the structures we recognize in the
northern Santa Barbara Channel and Pt. Conception
areas have, in part, already been noted by previous
workers (e.g., Yerkes and others, 1980). MHowever,
very little seismic data has been available to
support these earlier interpretations and, thus, the
profiles we fllystrate sarve as strong corroborative
evigence for their conclusions.

Profiles SB-1 and PL-l

Lines SB-1 and PC-1 (Figs. 3, 4) Ve within the
western Transverse Ranges geomorphic province (Reed,
1933) -« a region where distinctive east-west-
trencing compressiona! structures have bdeen well-
documented onshore (e.g., Didblee, 1966; Yerkes
ana Lee, 1979; Savage and others, 1981; Yeats 1981,
1983). Line SB-1 extends northward across the north
Santa Bardara Channel area, about 13 km west of
Santa Bardara (Figs. 1, 3). Line PC-1 extends
northeastward across the shelf between Pt. Arguello
ang Pt. Conception (Figs. 1, 4). Offshore well
ties indicate that the:s profiles include refiectors
from Oligocene and younger strata.

On both prafiles, a series of major north-to-
northeast-dipping, high-angle reverse or thrust
faults cut the Qligocene and younger section. The
most prominent fauit along the north side of the
Santa Bardara Chennel (Fault A on Fig. 3) coincides
closely with the shelf break. South of this fault,
well ties from the Mondo offshore field indicate
that the top of the Monterey Formation 1s at a depih
of adout 2700 to 3000 e. North of the fault,
numerous well tics from within state lease tracts
place the top of the Monterey between 1200 and
1800 m. This fault trends east-west and appears to
be continuous from off Santa Bardbara (where It
coincides closely with the Pitas Point faulit), to
s far west as Point Conception. Similar inter-
pretations, based chiefly on well datz and fauilt
plane solutions, were presented by the U.S.
Geological Survey (1974) and by Yerkes and others
(1980). The origin of the north channe! slope has
been attridbutec to post-Pliocene uplift along this
fault (Yerkes and others, 1980).

It s ncteworthy that numerous thrust and
reverse Taults, similar to those in the channel,
occur between Pt. Arguello and Pt. Conception (Hr.
1, 4). Here faults and folds trend roughly Ni5%
(e.g., McCulloch and others, 1980; Yerkes and
others, 1980). Mence, they are obligque to the
east-west trends in the Santa Bardbara Channel. Most

Figure 2. Map of central California showing
geographic locations and major faults.

of the fault-plane solutions within the channel
indicate either reverse or combinations of reverse
and left-lateral strike-slip faulting (e.g., Yerkes
and others, 1980). In the Pt. Conception - Pt.
Arguello area, seismograph networks have been tco
sparse to give well-constrained locations and
fault-plane solutions (Gawthrop, 1975, Yerkes and
others, 198C). However, bDecause of the consistent
northwest trend of faults and folds off Pt. Concep-
tion, we suspect that the left-lateral component in
the channel produces northeast-southwest-directed
compression in the Pt. Conception to Pt. Arguello
ares.

Many of the low-angle reverse and thrust faults
along the north side of the channel and off Pt.
Conception steepen 3bruptly toward the surface and
appear to die out in the younger part of the
section, Kowever, earthquake seismicity da.a
(Yerkes and Lee, 1979; Yertes and others, 1980),
high uplift rates of coastal marine terraces (Lajofe
and others, 1979), and geodetic data (Buchanan-Banks
7vd others, 1978) suggest that movement along many
of the east-west faults in the channel is still
occurring. Perhaps the offshore faults are active,
and the younger more, ductile sediments are being
folded ana flexed as the deeper sediments sre being
faulted. Many of the onshore thrust faults are
similar in style (e.g. Yeats, 1982). Interestingly,
fn the offshore most of the faults that reach the
seafloor are wminor, steeply-dipping normal and
reverse faults that appear to be caused by uplift
and subsequent instability of the overthrust block.
Thus, 1t s not surprising that investigations that
have concentrated on the younger, shallower part of
the section either do not support the existence of
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Figure 3. Interpretive line drawing of seismic reflection profile SB-1 across northern Santa Barbara

Channel. For locatfon of profile see Figure 1.

Fault ladbeled "A" coincides with North Channel Slope

fault of Yerkes and others (1980). Vertical exaggeration negligidble.
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Figure 4. Interpretive line drawing of seismic reflectfon profile PC-1 across Point Conception -
Point Arguello shelf. For location of profile see Figure 1. Vertical exaggeration megligible.

continuous easi-wesi-trending thrust or reverse
faults cl::g the north channe! slope (Fischer and
Simila, 1983) or show a numder of steeply dipping
near-surface faults above the zome of thrusting
(e.g. Luyendyk and others, 1983).

Profiles SM-1, SM-2, SM-3, and SM-4

Lines SM-1 throw M-4  (Figs., 5-8) were
selected in order to {llustrate structural features
along the Hosgri fault zone that bouncs the
northeastern margin of the offshore Santa Maria
Basin (Meskins and Griffiths, 1971; Wagner, 1974).
It s now bdelieved that the Hosgri and the San
G rio fault to the north (Fig. 2) forms a major
(g'n-hag) late Cenozoic right-slip fault zone

(Stlver, 1978). HWall (1975) postulated B0 km of
right slip since the late Miocene or early Pliocene
on the Wosgri segment; Graham and Dickinson (1978)
suggested that the Hosgri fs continuous with the San
Gregorio and that the entire zone has undergone
about 115 km of “probable post-early Miocene right
slip®. Hamilton and Willingham (1977, 1979) argue
that geclogical and geophysical data limit the
amount of offset along the fault zone to less than
20 km since the Miocene.

Lines SM-1, SM-2, and SM-4 extend northeast
aCross the northwest-trending Hosgri fault, whereas
line Vine SM-3 subparallels the Hosgri on the east
(Fig. 1; see also Fig. 10). Soth the top Sisquoc
and near-top Miocene horizons are based on ties to
the neardy Oceanc well. Vertical offsets of these



horizons are based on line ties, reflector cor-
relations, end recognizable unconformities within
the section. As noted by Wagner (1974) and as seen
on our profiles, the Hosgri faylt is a zone of
deformation roughly 3 to 5 km wide. The most
commonly mapped main trace of the fault in many
instences corresponds to a linear zone of disturbed,
gas-charged sediment which may be faulted close to
the seafloor along some segments of the fault. We
have ladeled this main trace the “Hosgri Fault® on
Tines SM-1, SM-2, and SM-4 (Fig. 5, 6 and 8).

A series of tmdbricate, northeast-dipping thrust
#nd reverse faults make up the 3- to S-km-wide zone
slong this segment of the Mosgri fault (Figs. 5, 6
and B). On a number of these faults, the low-angle
fault surfaces are detected directly as a zone of
shallow, northeast-dipping reflectors which cross
cut the stratigraphic section (e.g., above and below
the surface of the seaward-most fault on line SM-2,
Fig. 6). Similar, anomalously oriented reflectors
are also evident on strike Jines, such as SM-3 (Fig.
7), that subparallel the east side of the Hoigri
fault. Note that bdoth the upper and lower thryst
surfaces depicted on line SM-2 (Fig. &) match the
upper and lower fault surfaces (circled areas) where
they cross iine SM-3 (Fig. 7). The continuity of
reflectors beneath the shallower portions of the
thrusts (e.g., at 3-5 km on line SM-2, Fig. 6)
fnaicate that none of the faults that meke up this
segment of the Mosgri fault zone fs vertical at
depth as might be expected along a wrench fault.

Folds are often developed above the thrusts.
Some are markedly asymmetric and are thrust over
relatively flat underlying strata (e.g., ot 5-6 im
on line SM-1, Figs. 5, 9). The genetic relationship
of folds to faulting and strong evidence for the
compressive nature of the faults are exemplified by
the parallelism of these structures (Fig. 10).
Moreover, we have mapped structures throughout the
of fshore Santa Maria Basin and find that virtually
all of the major faults and folds west of the main
trace of the Hosgri Fault are parallel or sudb-
paraliel to one another (<ee maps by Hoskias and
Griffiths, 1971, ans McCulloch and others, 1980, for
similar interpretations). Major en echelon
structures that might be expected from simple shear
modeling of wrench faults (e.g., Wilcox and others,
1973) are not present within the offshore Santa
Maria Basin west of the main Hosgri fault trace.

Thrust faulting occurs not only along the
Hosgri fault 2one but throughout the offshore Santa
Maria Basin. Payne and others (1979) classified the
offshore Lompoc fault as an  “easiward-dipping
reverse fault which parallels the western flank of ‘a2
large anticline®. On the basis of our seismic data
(which has negligidle wvertical exaggeration), we
interpret the offshcre Lompoc fault to de a thrust.
Other, well-defined northwest-trending thrust faults
occur beneath asymmetric folds along the seaward
edges of the basin == as such as 28 km west of the
Hosgri trend. Farther west, the Santa Lucia Bank,
which bounds the western flank of the Santa Maria
Basin, {s cut by a number of faults that are detween
40 and 60 km west of and roughly parallel to the
Wosgri fault zone (McCulioch and others, 1980).
Nearly pure thrust motion solutions were determined
from two mainshocks of a 1969 series of earthquakes
located along the Santa Lucia Bank (Gawthrop 1977,
1978). Page and others (1979) noted eastward-
dipping low-angle faulting in strata as young as
Quaternary within the abandoned trench at the base
of the continental slope. This paleotrench lles

parallel to and 100 km west of the Mosgri fault
zone.

Age of Faulting

Initial, mild deformation along the segment of
the Hosgri fault zone we have mapped occurred at
ebout the near-top Miocene horizon indicated on
Figures 5 and 8. On the basis of ties to the P-060
*Oceanc”® well (Fig. 10) and paleontsliogically datea
bottom samples along seismic reflection profiles,
this horfzon 1s {interpreted to occur within the
lower part of the Sisquoc Formation. In terms of
age, 1t closely corresponds to the Miocene-P)iocene
boundary of the international time scale. It marks
8 slignt angular discordance that can be mapped
throughout the offshore Santa Maria Basin, This
estimate s in agreement with Hall's (1978, 1981)
estimate of initial deformation (post-5 m.y.) along
the Hosgri.

Obispo and Tranquillion Volcanics shore
(Turner, 1970) may signal earlier extemsional or
wrench-faulting along the Hosgri fault zone.
However, faulting along the zone cannot have been
continuous since emplacement of these volcanics
because from the base of the Monterey wp to and
including the lower part of the Sisquoc (near-top
Miocene horizon) the strata are remarkably conform-
able and show no signs of major deformation during
deposition.

Determining the younge:t movement along the
tone is prodblematic. A number of studies have cited
evidence for Quaternary movement aiong the zone
(e.g9., Wagner, 1974; Payne and others, 1979) and
sefsmicity studies (e.g., Gawthrop, 1978) suggest
that the zone 1s still active. On our profiles
(Figs. S < B), however, most of the faulting and
folaing appear to have ceased near the top of the
Sisquoc (or by the mid to late Pliocens). Minor
faulting may be continuing and may offset the
seafloor along the main trace of the zone (“Nosgri
Fault® noted on Figs. 5, 6 and B) bdut on our pro-
files we can detect only a disturbed gas zone in
the sediment that unconformably overlie the top of
the Sisquoc. This gas zone, which at the seafloor
forms a narrow band along most of the fault, could
easily be interpreted to indicate faulting on
shailow-penetration seismic reflection profiles.

COMPRESSIONAL ASPECTS OF THE
SAN GREGORIO-HOSGRI FAULT ZONE

We have mapped thrust and reverse faults and
associated subparallel fold trends for more than 40
km along the southern segment of the Hosgri fault
zone (Fig. 10). Similar compressional structures
have been noted off Purisima Pt. at the southern end
of the Mosgri (Mamilton and Willingham, 1979), and
along the San Gregorio fault, south of Pt. Sur
(McCulloch and others, 1980),

As reported by Graham and Dickinson (1978), 85
percent of the 380-km-long San Gregorio - MWosgri
fault lles offshore. The remaining 15 percent ?w
km) of the zone transects the coastline protuber-
ances near Pigeon Pt., Pt. Sur, and San Simeon (Fig.
2). Marted differences in stratigraphic sequences
eccur across the fault zones that cut these onshore
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Figure 5. Interpretive line drawing of seismic reflection profile SM-1 across
northeastern offshore Santa Maria Basin. For location of profile see Figure 1.
“Hosgri Fault™ indicates most commonly depicted trace of HWosgri fault zome. Circie
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Figure 6. Interpretive line drawing of seismic reflection profile SM-2 across
northeastern offshore Santa Maria Basin. For location of profile see Figure 1 and
for explanation see Figure 5.



Northeastern Sonta Maria Basin
(subparaliel to “Hosgri Foult")

SE
5 = 3km time S22 | % Lime suey E>O
d 1 i Il L4 0 (SL)
— — S——— — — ——
e — ——— —_——
. — — —— L]
e o — T et e ——— -
— A — pom—— T ——— - o T— = - =
: = e Lt TR e k= —-"7,-;_.5;.-- ST,
g T s T, cmT T e 2o {b Tt S - == 7T
.—‘».? i “A' e e Towerd '_:‘_;__, fj‘_’-‘.‘-;.‘_—-;. = ‘L0
e S et ==
ey — — — — ——l TN oy, -
Noagri ot 2ewe — il
-2.0
LINE SM-3
3.0sec
Figure 7. Interpretive line drawing of seismic reflection profile SM-3 east of and
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Vertical exaggeration negligible.
Northeastern Santa Maria Basin o
Sw NE
50 . 5 “ weseri fowr 3k 2 | 0
| - 4L L 1 O(SL’

Figure 8.
northeastern Santa Maria Basin,
exaggeration negligible.

Interpretive line drawing of sefsaic reflection profile SM-4 across
For location of profile see Figure 1. Vertical



exaggeration negligidble.

Figure 9. Thirty-six-channel seismic reflection profile showing details of thrust fault and
overlying asymmetric fold interpreted on profile SM-1. See Figures 1 and 5 for location. Vertical

localities and, for the most part, these differences
form the basis for establishing major right-lateral
offsets along the San Gregorio - Hosgri fault zone
(Hall, 1975; Graham and Dickinson, 1978; Clark and
Brabd, 1978; and Clark an~ others, this volume).
However, in view of our finding= and the fact that
stratigraphic contrasts are also common along thrust
and reverse faults, the following lines of evidence
seem worthy of consideration:

1. At Pt, Ano Nuevo (just south of Pigeon Pt. on
Fig. 2) an onshore seacliff exposure of a fault
trace within the San Gregorio fauit zone
exhibits a8 northeast-dipping thrust that jux-
taposes Miocene Monterey strata over Pleisto-
cene marine terrace and fluvial deposits
(see Fig. 2 of Coppersmith and Griggs, 1978).
First-motion solutions for earthquakes near Ano
Nuevo Point are compatible with thrusting
-=gther analyses along the San Gregorio zone
indicate a combination of right shear and
c?rcutoul stress (Coppersmith and Griggs,
1978).

2. Farther south near Pt. Sur, the Sur fault zone
is believed to represent am onshore segment of
the San Gregorio fault, Faults within this
zone, such as the Sur, Sur Will, Serra Wit

Figure 10. Top Sisquoc structure map of
northeastern offshore Santa Maria Basin showing
fault and fold axes trends along and west of the
main trace of the *“Mosgri Fault®.  Barbs (on
upthrown side) findicate reverse or thrust
character.



and McWay, however, have long been recognized
as major thrust or reverse faults (e.g., Trask,
1926, Reiche, 1936; Tallaferro, 1943a; and
Gilbert, 1973). In summarizing the structure
of the Sur fault zone, Trask (1526) points out
the following: six parallel northwest-trending
thrusts a) outcrop over a ten-mi'z spas, b) dip
40° to 70* northeast except the Sur fault which
dips less than 30° along most of its course,
and c) are all Pliocene in zge.

3. Near San Simeon, where the S5un Gregorio and
Wosgri reportedly join, a serfes of onshore
faults that include the San Simeon, Arroyo
Laguna, Oceanic, and Arroyo Del Oso make up the
San Simeon fault zone. The Arroyo Laguna was
interpreted by Taliaferro (19432) to be a
thrust fault and the Arroyo Del Oso is dep'cted
by “all "{1976) as a thrust. Uplifted and
faulted Pleistocene terraces are common along
the zone (Wall, 1975; Weber, 1983). Earthquake
solutions from recent seisamicity in the ares
indicate large thrust components along faults
coincident with the northwest-trending Hosgri
fault zore (Gawthrop, 1978, Lindh and others,
1980; J. Eaton personal communication, 1984).

4. Onshore in the Pt, Sal ares, major thrust
faults such as the Pezzoni, Casmalia, and
Orcutt exhidbit Pliocene or younger activity
(Sylvester and Darrow, 1979). Several
solutions from recent seismicity studies of
earthquakes located approximately along the
Hosgri zone just west of Pt. Sal have well-
constratined pure-thrust focal mechanisms
(Linah and others, 1980).

COMPRESSION IN THE SOUTHERN CCAST RANGES

From San Francisco south to the Transverse
Ranges, the Southern Coast Ranges consist of a
number of northwest-trending ranges (e.g., the Santa
Cruz,  Diablo, Santa Lucia, Gadilan, La Panza,
Caliente, Temdlor, San Rafael, and Sierra Madre
ranges) and intervening or adjacent bdasins (e.g.,
Senta Clara, Salinas, Lockwood, Huasna, Santa Maria,
and Cuyama). For more than half a century, Cali-
fornia geslogists have deen impressed by the amount
and recency of deformation that has formed these
major uplifts and depressions (e.g., Reed, 1933;
Reed and Hollister, 193€; Taliaferro, 1943a;
Christensen, 1965; Page, 1966, 1977, 1981; Dibblee,
1976). Although thefr interpretations concerning
tectonic development ‘ffer broadly, many of the
observations of these and other notable geologists
who have studied the Southern Coast Ranges are
similar. These observations are that: 1) marked
regfonal tectonism that formed these individual
ranges originated in the Pliocene or early Plefsto-
cene and culminated in the Quaternary; 2) the trends
of the ranges and basins, as well as the majority of
fault traces and fold axes, spproximately parallel
(within 10° or less) the strike of the San Andress
fault (see Page, 1966, Fig., 10, 1981, Fig. 13-16;
Dibblee, 1976, Fig. 20); and 3) on a regfonal scale
many of these structures reflect severe compression
and crustal shortening fn a direction normal to
:M:r trends and to the strike of the San Andreas
wit,

There is ral .!no.nt that several major
faults in the thern Coast Ranges have 3 signif.
fcant strike-slip component; we also believe there

is evidence that many of the northwest-trending
faults in the Southern Coast Ranges are reverse or
thrust faults (Fig. 1), Tadle 1). In the following
paragraphs we sumnarize some of the evidence that
has been presented for compression and crustal
shortening along these and other prominent
structures within the Southern Coast Ranges

Region |

The majority of faults in the northern Santa
Lucia Range (Region I, Fig. 11) are post-early
Pliocene, northeast-dipping reverse faults (Trask,
1926; Reiche, 1936; Taliaferro, 1943a;: Compton,
1900; Dibblee, 1976, 1979). Several, such as the
Tularcitos ond Chucagua, ¢ip to the southwest
(Dibblee, 1976) and some, such as the Sur fault, are
shallow-dipping thrust faults (Trask, 1926). In
perhaps the most detailed structural study ever made
in the northern Santa Lucia Range, Compton (1966)
concluded that 1) the numerous, predominately
northeast-dipping reverse faults in the range are a
result of Pliocene-Pleistocene deformation; 2) maxi-
sum compressive stress as well as crustal shortening
of about 12 percent occurred in a direction rouchly
normal to the N4O®W-trend of the ranges; 3) faults
tend to parallel folds, indicating that they are
genetically related; and 4) crustal shortening and
compressive uplift of the range may have bdeen
accomplished by northeast-to-southwest flowage under
the crust.

The nature and history of major faults that
bound the easte~n flank of the ranges (e.g., King
City and Reliz faults) are imprecisely “nown because
they are extensively buried by alluvial fan depo-
sits. Nevertheless, major vertical wuplift along
these faults is clearly evident and may be as great
#s 3000 m or more (Dibblee, 1976). Although Dibblee
(1976) has suggested that the King City and Reliz
faults are part of the Rinconada fault (which ne
interprets to be a major right-lateral system),
others (e.g., Schombel, 1943; Taliaferro, 1943a;
Kilkenny, 1948; and Gridi, 1979) interpret the King
City - Reliz fault to be a southwest-dipping thrus:
or reverse fault. Where it is well exposed on the
west flank of Reliz Canyon and on Lhe north bank of
the Arroyo Seco, the Reliz fault dips 70° southwest
(Dioblee, 1976). As noted dy Gribi (1963, 1979) and
Durnam (1965), the well-known Los Lobos thrust (LL
in Region Il on Fig. 11) may be a more easterly
expression of the northeast-southwest compression
that has occurred within the > *2 Lucias and along
the King City - Reliz fault zone.

Region 11

In the Lockwood Valley, just southeast of the
Junipero Serra uplift studied by Compton (1966),
several local thrusts bound the San Antonio hills
(5A on Fig. 11) and show evidence of late Quater-
nary movement (Dibblee, 1979). Within the valley,
the Jolon fault may be a northeast-dipping thrust
(Dibdlee, 1979), and along the southwestern margin
of the valley, the Bee Rock fault (BR on Fig. 11)
is & well-documented northeast-dipping thrust
(Durham, 1974; Uftolee, 1976). It {is noteworthy
that Durham (1974) argues that these structures have
resulted from right-lateral offset along the Jolon-
Rinconada fault zone, yet he concedes that the
structures Jare oore compatible with northeast-
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Figure 11. Map of Southern Coast Ranges extending
from Monterey south to the Transverse Ranges,
showing major northwest-trending faults west of the
San Andreas fault that have underyone Pliocene and
younger movement (see text). Bards (upthrown side
of faults) indicate reverse or thrust type
faulting. Open bards indicate lower degree of cer-
tainty.

Southwest crustal shortening than with right-lateral
shear. Other Pliocene-Pleistocene thrust or reverse
faults fn the area include the San Marcos segment of
Dibblee's (1976) Rinconada fault zone (R-SM on Fig.
11) ana possidbly the Espinosa fault. Taliaferro
(1943a) referred to the San Marcos fault as a thrust
zone and Dibblee (1976) noted that the fault dips
50° southwest where it {s well exposed along San
Marcos Creek.

West of the Lockwood Vali.: fn the southern
Santa Lucias, the Las Tablas fault is delieved to be
¢ Pliocene-Plefstocene thrust (Taliaferro, 1943a).
Within the same region, a number of faults with
possitle reverse movement (Taliaferro, 1943a) make
up the Nacimiento fault zone. Page (1970) specu-
lated that the Nacimiento fault zone may have under-

e reactivated reverse movement in Pliocene or
lefstocene time,

As previously mentioned, the Arroyo Laguna ard
Arroyo Del Oso faults along the coast near San
Simeon (AL and AD on Fig. 11) are considered to bde
young thrusts,

Region 111

Further south, in Region 111 (Fig. 11), major
northeast- and southwest-dipping thrust fault are
well documented from both surface and subsurface
data. These include the La Panza faults that bounds
the western flank of the La Panza Range (Reec and
Hollister, 1936; Dibblee, 1976), the well-known
Morales, Wniterock, and South Cuyama faults that
Sound the Cuyams Basin (e.g., Reed and Hollister,
1936, Balawin, 1971; Vedder, 1973), and the Ozena
thrust fault that bounds the southeast flank of the
Sterra Madre range (Fritsche, 1972; Dibblee, 1976).
ATl of these faults exhibit substantial post-Miocene
horizontal displacement.

West of the San Rafael Range, the East and West
Huasna faults (EM & WH on Fig. 11) that bound the
respective flanks of the Huasna Basin were consia-
ered by Taliaferro (1943b) to be high-angle reverse
faults developed in the late Pliocene. Hill (1954)
and Hall (1981) favor strike-slip along these
faults, but in a detailed study of the area Johnson
and Page (1976) conclude that the regional stress
that created the Huasna syncline was one of maximum
compression in a2 southwest-northeast cirection and
that this compression was app. >vimately normal to
the traces of the large faults in the area. The
Little Pine fault (LP on Fig, 11), which is on trend
with the Huasna Basin, fis clearly & northeast-
dipping thrust (Dibblee, 1966; Hall, 1981).

Within the onshore Santa Maria Basin, several
Southwest-dipping thrusts, such as the Pezzoni,
Casmalia-Orcutt, and Los 3!.;’ (PE, C<0 and LA on
Fig. 11), are well known (e.9., Woodring and
Bramlette, 1950; Krammes and others, 1959, Sylvester
and Darrow, 1979). It s not widely known, however,
that detailed subsu. face studies within the basin
indicate that northwest-trending thrust faults are
prevalent throughout the basin. WNith the possible
exception of Guadalupe, nearly every field in the
onshore Santa Maria Basin 1s underiain or cut by
thrust faults., Folds, such as those that form
Casmalia, Orcutt, Four Deer, Los Alamos, and Zaca
fields, are al) genetically related to and underlain
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by southwest-dipping thrust faults, wheress thoss
that form the Lompoc, Baranam Ranch, and parts of
Clark Avenue filelas are undeslatin by northeast-
aipping thrusts (J.K. Crouch, wunpudlished data;
Katherman, 1983). In 2 manner somewhat similar to
Sylvester and Darrow (1979), we Interpret the
southwest-dipping thrusts that bound the Casmalia,
Creutt, and Los Alamos fields to bDe one continuous
fault (C-0 and LA on Fig. 11).

Other Evidence

Other lines of avidence also suggest that
northeast-southwest compression zad crustal
shortening are major elements of the post-late
Miocene structural development of the Soutnern Coast
Nanges. Foremost is the predominant N4O*-50°W trend
of Plio-Pleistocene fold axes, dasins, and wplifted
ranges (e.g., Page, 1966, 1981; Burford, 1967; and
Gawthrop, ?970). As Page (1986, 1981) aptly points
out, these trends are In agreement with the
direction of maximum shortening iIndicated by Plio-
cene and younger reverse and thrust faults through-
out the ranges. These trends also aegree with
Burford's (1965, 1967) analyses of present-day
strain across two transects of the Soutnern Coast
Ranges In which he concludes that maximum crystal
shortening in approzimately a NIS®E direction has
dominated the patiern of crustal movement over the
20-year pertod from 1932-1951,

Studies of both historic and modern earthquakes
fn the Southern Coast Ranges commonly {indicate
thrust and reverse type faulting as well as strike
slip (Gawthrop, 1977, 1972; Coppersmith aad Griggs,
1978; Savage and Prescott, 1978; Lindh and sthers,
1980). In fact, Gawthrop (1977, 1978) found that
out of 31 events in tihe central California coastal
region, there were approximately an equal aumber of
strike-slip and thrust events., On the basis of his
studies, he concluded that “focal mechanisms
throughout the regfon suggest that the driving
motion is not paralle!l to the San Andreas fault or
the strike of the faults to the west, but has 2
component normal tc these faults, resulting in some
thryst faulting ano foliding.”

Tectonic Framework and Relative Plate Motions

In the context of modern-day tectonics, several
aspects of the compressional utructures we have
summarized are especially noteworthy. First, with
regard to the plate reconstructions deduced by
Atwater (1970) and Atwater and Moinar (1973), the
compressional features of the Scuthern Coast Ranges
Geveloped after the cessation of subduction of the
Farallon plate and 2fter the northwestward passage
of the Mendocino triple junction, With raspect to
the Southern Coast Ranges, passage of the Mendocino
triple junclion and cessation cf subduc fon occurred
ot approximately 28 m.y, B.P. off Pr. Sai, 2¢ a.y.
8.7, off Point Sur, and 20 m.y. 8.P, off Sen Fran-
cisco (see Granam, 1978, Fig. 1; Dickinson and
Snyder, 1979, Fig. 8). Thus, post-Miocene compres-
sional structures within the Southern Coast Ranges
tould mot have been the result of subduction of
oceanic 1ithosphere beneath the margin,

Secondly, the development of the Southern Coast
Ranges occurred after the opening of the moder> Gulf
of California (now set by Curray ana Moore, this

volume at 5.5 m.y. B.P.), and contemporaneously with
right-lateral motion along the San Ancress fault,
Thus, northeast-southwest-directed cupression with-
fn the Southern Coast Ranges Mhas been occurring
during a transform tectonic regime.

Finally, the trends of many of the reverse and
thrust faults as well as the folds, ranges, and
basing within the Southern Coast Ranges are not in
harwony with the popular notion of & broad transform

fwe (Atweter, 1970). Simple shear mocels (e.g.,
Wilcon and others, 1971) indicate that these com-
pressional structures should lie at an angle of
mmnuul\y J0* to the wrench trend; instead many
are generally parallel to the trend of the San
Andreas fault.

In order to resolve these apparent discrepen-
cles belween expected trends of transform structures
and actual trends of compressional structures, we
comdined plate-motion studies and outcrop geology to
better understand the tectonics responsible for
central California structures. Post-late Miocene
relative motion between the North American and
Pacific plates can de determined from instantaneous
plate moticns over the last few million years and
from the amount of opening of the Gulf of Califor-
nia. The relative NA-PAC plate motions of 56+3
mm/yr in a N35°W+2° direction (Minster and Jordan,
1978; Jordan and Winster, this volume) yfeld a total
rignt-latera! offset of about 308 km in the last 5.5
®.y. This agrees closely with the 300 km est mate
of mn'n, of the Guif of California (Curray and
others, 1%82; Moore and Curray, 1982; Curray and
Moore, this volume). Because this relative plate
motion is not paralliel to the Sen Andreas fault
(Jordan and Minster, this volume) and exceeds the
motion along the Sen Andreas fault, contridbutions
from agditional structures are required in order to
resolve the overall plate motion. These contribu~
tions include opening of the Basin and Range, motion
along faults subparallel to the San Andreas fault,
and convergence along the Caliru nta margin,

The motion along the San Andreas fault has been
calculated from several data bases. Thatcher (1979)
and Hall and Sienh (1977) nave determined post-
Fiocene rates of 33-45 mn/yr and 37+4 mn/yr, respect-
fvely. Huffwman (1972) demonstrated 234+8 rm of dis-
placement of upper Miocene rocks in cenlral Califor-
nta and Dickinson and others (1972) estimated that
lower Pliocene rocks were offset by 160 to 200 kam,
In Figure 12, we have used 37 mm/yr (yielding 204 km
of displacement fin the last 5.5 m.y.) of post-
Miocene siip on the San Andreas as a number compat-
ible to all the measurements. The greatest =ari-
abi'fty 1n  motfon wvectors occurs with the
uncertainty involved in the opening of the Basin and
Range. This motion (Fig. 12) has been estimated to
be 6+4 mm/yr (Thompson and Burke, 1973) with an
azimith of N60°w225* (Zoback and Zoback, 1980).

As shown on Figure 12, the combined motion of
Basin and Range opening and s)ip on the San Andress
fault does not resolve all of the motion between the
Pacific and North American plates; there remains
significant wotion in a morthern or northeastern
direction that needs to be taker into account. We
have split this restdual motion into vectors that
ave parallel to (strike-slip of Fig. 12) and normal
te (convergence of Fig. ll’) the trend of the San
Andrezs fault, We then calculated a range of values
for these vectors required by the variability in
Basin and Range measurements. The amount of post-
Miocene (0-5.5 m.y.) convergence ranges from 28 to



72 km, with companion strike-s)ip motion of 45 to 68
km, Sitgntly larger strike-slip offset can be
calculated by optimizing the choice of vector
solutions in {wun 12.

Determinations of the amourt of apparent
post-Miocene shortening along the central California
sargin provides & rough check on our convergence
calculation, Compton (1966) determined that
basement rocks in  the Sants Lucta Range have
undergone an average shortening of 12 percent in a
direction approximately normal to the range.
Fritsche (1972) calculated an average shortening of
22 percent in Miocene rocks alung the Ozena and
related faults in the Sierra Madre Range. From
preliminary studies we have estimated the amount of
shortening across the offshore Santa Maria Basin to
be roughly 15 to 20 percent. The average of these
three estimates of shortening is about 17 percent in
& N45* F girection, or roughly normal to the trend
of the San Andreas fault. The width of the central
California margin over which we infer shortening is
taking place (from the base of the continental slope
€0 the east side of the Temblor Range) is about 200
km. An estimate of northeast-southwest shortening
is then 200 wm x 173 or 34 km., This estimate should
be considered a wminimum Decause the amount of
shortening s most likely greatest along major
northwest-trending fault zones rather than within
intervening basins and ranges. Note that this
estimate agrees closely with our minimum estimate of
shortening based on residual plate motions (Fig.

TECTONIC [MPLICATIONS

OQur seismic reflection data along the central
California margin reveal a number of major of fshore
faults that change from high-angle reverse faults in
the upper part of the section to low-angle thrust
faults at depih. On the dasis of these data and the
evidence summarized in the previous sections, we
fnfer that many of the post-Miocene high-angle
reverse faults within the Southern C(oast Ranges
(Fig. 11) also flatten at depth and that northeast-
southwest crustal shortening along this part of the
California margin {s far ¢ ~ater than is generally
believed. [f this is true, thea it is plausidle
that the Southern Coast Ranges and the adjacent
offsnore continental margin may rest on a horizontzl
detachment surface or decollement.

Decol lement Model

The detachment surface we envision s
dlagramatically portrayed on Figure 13, In
general, 1t coincides with the focal depth limit of
earthquakes (including those on the San Andreas) and
the top of a high-velocity layer (6.8 km/sec) in the
Coast Ranges, both of which range from adout 12 to
15 ko in depth (H111, 1978, and raferences therein).
We also infer that this zone represents the top of
an intermediate crustal layer of oceanic character
that extends down to the Moho. Depth to the Moho
(23 km) 1s generalized from Mealy (1963) and the
thickness of the oceanic? layer is based on typical
oceanic crustal thickness of 10 km. The top of this
oceanic crustal layer may, in part, be serpentinized
nd would provide o well-suited aseismic glide
surface at the zone of detachment. The mode! we
suggest 1s similar to Yeats' (1981) flake-tectonic
hypothesis for the Transverse Ranges and the mode!

VECTOR RESOLUTION OF NORTH AMERICAN~PACIFIC
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Figure 12. Yector resolution of North
American-Pacific relative plate motions from 5.5
B.y. to present, showing estimates of residual
strike slip and convergence not accounted for by
Basin ana Range min? and s1ip on the San Andreas
favit., Assumptions: ) J08-km opening in the Gulf
of California (5.5 ms.y. @ 56 em/yr); 2) 204-km
right slip on San Andreas (5.5 m.y. @ 37 em/yr).
See text for discussion.

envisfoned by Compton (1966), who argued that the
structural relatfonships in the Samta Lucta Range
Sugyest northesst-to-southwest flowage under the
crust,

Within the framework of this model, northeast-
Southwest crustal shortening 1is taken up by
Southwest- and ncrtheast-dipping reverse and thrust
faults that extend wpwary from the zone of
detachment., Note that on Figure i3 we als50 show the
tone of detachment east of the San Andreas proper.
Ynis fs to account for reverse and thrust faults
that subparallel the San Andreas on the east (Hudson
&nd White, 1941; Wentworth and others, 1983) and the
ruiulny that the detachment zone as well as the
acific-North American plate boundary continues east
of the San Andreas fault (Hadley and Kanamori, 1977,
Yeats, 1981),

Some of the east-west-trending sinistral faults
that cut across the Transverse Ranges may connect
with northwest-trending faults in the Southern Coast
R « For example, the southern end of the Hosgri
foult may join with the sinistrai Santa Ynes River
fault of Sylvester and Darrow (1979). Left-lsteral
offset along this fault would be accommodated by the
thrust faulting and folding we recognize along the
Hosgri fault zone. A similar example 1s the western
end of the Big Pine fsult where 1t becomes ob!ique-
left-slip &ad with the northwest-trending
Hildreth-Camuesa fault system (Yedder and others,
1967). These examples may explain why major
northwest-irending fault zones suck as the Hosgri
and Nacimiento do not cut the east-west trend of the
Transverse Ranges. They also offer an alternative
+t0 the rotational block mode! of Luyendyk and others



Figure 13. Block diagram fllustrating inferred upper crust detachment of the central California
margin due to northeast-southwest compression. Santa Ynez and associated faults are left-lateral and
follow the westerward front edge of the block., The San Andreas fault is interpreted to be wes: of the
Pacific-North American plate boundary. See text for discussion.

(1980) which requires that terminated, northwest- developed a number of subtle petroleve traps above
trending faults such as the Hosgri and Nacimiento and below thrust and reverse faults. A good cxample
undergo major right-slip displacement. 1s the Orcutt field in the onshore Santa Maria

Basin. This field, which {s formed by an asymmetric
anticline developed above the Orcutt thrust fault,

Post -Miocene Basin Development was discovered in the early 1500s. Proguction 1s

» mainly from the Monterey Formation and oil gravities

generally range from 15° to 20* API. In just the

_ It is now genarally believed that the inftia- past few years several new Monterey oil discoveries

tion and continuing development of Neogene basins Rave been made in deeply buriec folds developed

that lie west of the San Andreas fault in California beneath the thrust, 011 gravities from these

are directly related to right-latesal shear (e.3., Subthrust traps are generally at least twice the

Crowe!l, 1974; Didblee, 1976; Blake and others, ravﬂy of ofl normally found in the Senta Maria

1978; Mall, 1978, 1981; Dfckinson, 1981; and many asin. Ve suspect that & siynificant number of

others). While we agree that right-lateral motion other subthrust traos and structurally complicated

has prodadly played an important part in ihe history Overthryust traps still remain to be discovered in
of these Neogene basins, we question whether or not offshore and onshore California.

ft 1s the only mechanism responiible for bastn
development., For example, we finterpret the post-
Miocene development of t;n of fshore Santa Maria CONCLUSIONS
Basin to be largely compressional. 1 ongoing
right-lateral shear has played & dominant role, why

are the pliant strata within this basin nct arranged I, Many of the major faults along the offshore
in a pattern of en echelon folds? The same question central Californfa margin are either thrust
applies to the onshore Santa Maria, Wuasna, and faults or high-angle reverse faults that
southwestern Cuyama Basins and, perhaps, to many of flatten and become thrust faults at depth.
tne other onshore and offshore basins along the Along the northern Santa Barbara Channel these
central California margin. faults generally trend east-west, dip to the

north, and probably have left-lateral as well

- &8 dip-slip motion (e.g., Yerkes and others,

Petroleum Traps Associated with Convergence 1980). Along the Pt, Co.-sotion - Pt. Arguello
shelf, thrust and reverse fe.'ts trend roughly

NS5*W and dip north-northeast. In the offshore
Substarsfal post-Miocene crustal shortening Santa Marta Basin, thrust and reverse faults
slong the central Californfa wmargin may have trend about NIS*W and dip predominately to the



northeast, Right<lateral slip has probably
occurred on some of these faults, however folds
associeted with the faults are usually
asymmetric and their asxes closely parallel the
fault traces fIndicating that compression is
playing @ dominant role in  structural
development .

2. Staflar fault and fold relationships have been
reported 'a adjacent onshore regfons. Within
the western Transverse Ranges compressional
Structures are well known, However, the
forthwest-trending structural festures in the
Southern Coast Ranges are generally regarded as
being related to right-lateral  wrench
tectonics. Because many of the faults in this
region are steeply-aipping, high-angle reverse
faults ot the surface, the role of compres-
sfonal tectunics In the Southern Coast Ranges
®ay not be fully appreciated. We conclude that
wany of these high-angle reverse faults, |ike
those 1In the offshore, flatten and bdecome
thrust faults at depth.

3. Resolution of present-day plate motions coupled
with estimates of the amount of crystal
shortening from of fshore and onshore structural
Studies suggest that In the past 5.5 m.y. at
Teast 30 km and perhaps as wsuch as 70 km of
northeast-southwest  crustal  shortening has
occurred across the central California margin,
These estimates are comparable to estimates for
rignt-slip offsets along northwest-trending
faults west of the San Andreas.

4. In order to accommodate major crustal
shortening in the past 5.5 m.y., we propose
that the upper crust (<12 km depth) along the
central California margin is separated from a
Tower, possidly oceanic crustal layer along an
aseismic zone of detachment or deco!llement.
Thrust faults extending upward from the zone of
detachment are compressed into high-angle
reverse faults ¢* shallow crustal depths.

5. Compressional tectonics may de an important
element of basin development along the centra)
California margin. Prominent dasing, such 4%
the offshore and onshore Santa Maria, Muasna,
and Cuyama Basins, all appear to have undergone
northeast-southwest-directed compression in
post-Miocene time. The predominance of thrust
faults and parallelism of folds within thes
basing suggest that compression rather than
right=slip has dominated the late stages of
basin development,

6. New petroleum field discoveries along the
central California margin may come from subtle
traps associated with compressional foliding and
faulting. Exgloration concepts that have been
vsed to discover petroleum In the Rocky
Mountain Overthrust belt may also awpply
(perhaps on & smaller scale) to major zones of
Crusta:  shortening along the California
sargin,
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