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Table 1. Approximate depth and traveltime to formation tops for selected wells, offshore south-central California. [Accuracy of
data varies. Distance between the reference level and sea surface is subtracted (Kelly Bushing (KB) or derrick floor), converted to
meters, then converted to time using velocity analysis from processing. This method of time conversion was supplemented and
confirmed using check-shot surveys from three wells and using transit times for the COST 164 #1 well. Check-shot surveys are
now publicly available that were not available when these correlations were done. Depths are true vertical depth from the sea
surface. Traveltimes are rounded to the nearest 10 ms. Location of the wells shown on figure 2.]—Continued

Well Two-way
See fig. 2 Horizon Depth, (Travel time Comments
for location in meters| in seconds
Early-late Pliocene unconf.| 907 1.120 Travel times from VELANS USGS-6B.
446 #1 Top Sisquoc Formation 1080 | 1.280 Base sand-conglomerate a few meters
Top of Miocene sediments 1230 | 1410 above top Sisquoc Formation.
Top Monterey Formation 1430 | 1.590
Top lower part
Monterey Formation 1650 | 1770
Top "Lospe" Formation 1670 | 1.780
Serpentine 1940 1.950 From mud log.
Bottom of well 1953 | 1.960
Early-late Pliocene unconf.| 1000 1.210 Near base multicolor sand.
449 #2 Top Sisquoc Formation 1170 1.370 Travel times from VELANS USGS-6B.
Top of Miocene sediments | 1430 1.600 0.1 s added to TWTT for correlation
Top Monterey Formation 1810 1.910 along USGS-Lee-26 to USGS-6B.
Top lower part
Monterey Formation 2070 | 2090 Bottoms in lower part Monterey
Bottom of well 2297 2.210 Formation.
Top Sisquoc Formation 1290 1.390 Travel times from VELANS USGS-3.
450 #2 Top Monterey Formation | 2330 ( 2.180
Bottom of well 2784 | 2.410
Top early Pliocene sediments| 1230 | 1.420 Travel times from VELANS USGS-810.
456 #1 Top Sisquoc Formation 1550 | 1.660 Depths are true vertical depth; well is
Top Miocene sediments 1910 | 1.810 deviated.
Top Monterey Formation 2060 | 2.000
Top lower part 2370 | 2.200 Bottoms in lower part Monterey
Monterey Formation ) Formation; deep travel times not
Bottom of well (TVD) 2841 | 2.420 precise.
Top Sisquoc Formation 1680 | 1.830 Travel times from VELANS USGS-6B.
322 #1 Top Miocene sediments 1810 | 1.870 Added 0.05 s to travel times given
Top Monterey Formation 2010 | 2.060 hqrﬂe; t[(} Sacc}csogx];t for water depth to tie
Top lower part wi -0B.
Monterey Formation 2180 | 2.170
Top Cretaceous sediments 2230 | 2.200
Sandstone 1560 | 1.750 Travel times from VELANS USGS-6B.
320#2 | Top Sisquoc Formation 1784 | 1.900 Subtracted 0.05 s to travel times given
Top Miocene sediments 1910 | 2.030 here to account for water depth to tie
Top lower part 2250 | 223 with USGS-6B.
Monterey Formation ’
Top Sisquoc Formation 1490 1.720 Travel times from VELANS USGS-6B.
324 #1 Top Miocene sediments 1620 | 1.820 Upper part Monterey Formation is
Top Monterey Formation | 1830 | 2.000 thin (part is missing?)
Top lower part
NII)ontereprormation 1900 | 2.050 Mud log shows interbedded sand,
Top of Paleogene sediments | 2160 | 2.250 siltstone, and volcanics below the
Top of Cretaceous sediments| 3650 | 3.070 Monterey Formation.
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Table 1. Approximate depth and traveltime to formation tops for selected wells, offshore south-central California. [Accuracy of
data varies. Distance between the reference level and sea surface is subtracted (Kelly Bushing (KB) or derrick floor), converted to
meters, then converted to time using velocity analysis from processing. This method of time conversion was supplemented and
confirmed using check-shot surveys from three wells and using transit times for the COST 164 #1 well. Check-shot surveys are
now publicly available that were not available when these correlations were done. Depths are true vertical depth from the sea
surface. Traveltimes are rounded to the nearest 10 ms. Location of the wells shown on figure 2.]—Continued

Well Two-way
See fig. 2 Horizon Depth, [Travel time Comments
for location in meters| in seconds
Early-late Pliocene unconf.| 1320 | 1.470 Travel times from VELANS USGS-105.
333 #1 Top Sisquoc Formation 1570 | 1.700 Deviated well; depths are true vertical.
Top of Miocene sediments | 1690 | 1.920
Top Monterey Formation 1920 | 1.960 Same as Hornafius (1991).
Top lower part 2240 | 2200
Monterey Formation
Tranquillon bentonite 2420 Hornafius (1991).
Top Eocene 2540 | 2410 Hornafius (1991).
Early-late Pliocene unconf.| 820 1.040 Travel times from VELANS USGS-105.
338 #1 Top Sisquoc Formation 980 1.220 Deviated well; depths are true vertical.
Top Monterey Formation 1130 | 1.360 Paleogene volcanics (?) on mudlog.
Pre-Monterey Formation 1380 1.560 Bottoms in Paleogene or Cretaceous
early Miocene : sandstone.
Top Paleogene sediments 1410 1.580
Base sand 1340 1.430 Incomplete well logs used.
185 #1 Top Sisquoc Formation 1620 | 1.690 Travel times from VELANS USGS-105.
Top Monterey Formation 1985 2.000 Deviated well; depths are true vertical.
Top lower part
Monterey Formation 2280 | 2150
Top Vaqueros Formation 2647 | 2.320 Sand on mudlog.
Top Paleogene sediments 2768 | 2.370
Slickensides 3600 | 2.770 From mud log.
Base main sand 670 0.810 Incomplete well logs used.
195 #2 Top Sisquoc Formation? | ~1680 | 1.670 Travel times from VELANS USGS-105.
Top Monterey Formation 2150 | 2.020 Deviated well; depths are true vertical.
Top lower part
l\zontereprormation 2540 | 2310
Top Rincon Shale? 2670 | 2.380
Top Vaqueros Formation 2940 | 2.510
Top Paleogene sediments 2963 | 2.530

located off of the crest of older structures in the offshore Santa
Maria basin, a multicolor conglomerate, sandstone, or volca-
nic rocks overlie the mid-Cenozoic unconformity. These rocks
have been correlated to the Tranquillon Volcanics or Obispo
Formation and Lospe Formation; this correlation has some
support from paleontology (Crain and others, 1985; Hornafius,
1991; Clark and others, 1991; McCrory and others, 1995).
The San Onofre Breccia underlies volcanic sediments on the
northern Channel Islands (Avila and Weaver, 1969; McLean
and others, 1976; Stuart, 1976, 1979; Scholl, 1960). The San
Onofre Breccia and part of the (synchronous?) Rincon Shale
contain blue schist clasts, thought to be derived from fault
scarps, which may record tectonic denudation of the Catalina
Schist (Avila and Weaver, 1969; McLean and others, 1976;

Stuart, 1976, 1979; Yeats, 1976; Bohannon and Geist, 1991;
Crouch and Suppe, 1993).

Volcanism was most active between about 18 and 15-13
Ma in the study area (fig. 2 and Santa Cruz and Santa Rosa
Islands (compilation in Weigand and Savage, 1993). Older K-
Ar dates include Oligocene ages on San Miguel Island, while
the intrusions which extend from San Luis Obispo to Morro
Bay are dated at 22.7*0.9 to 27.2#0.8 Ma (Kamerling and
Luyendyk, 1985; Vedder and others, 1991, recalculated from
Turner, 1970). The San Miguel Volcanics mapped on Santa
Rosa and San Miguel Islands are stratigraphically above the
Rincon Shale (Weaver, 1969). The age determination on the
uppermost Rincon Shale is late Saucesian Stage (early Miocene)
on Santa Rosa Island (Bereskin and Edwards, 1969) and
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Saucesian Stage or younger (inferred to be early Saucesian Stage
by Weaver and Doerner, 1969) on San Miguel Island. Therefore,
the Oligocene dates for the overlying volcanic rocks are suspect.

Thus, during late-early to middle Miocene time volcanic
flows, tuffs and breccias were deposited near volcanic cen-
ters, thick sandstone of the Lospe Formation and Point Sal
Formation (Santa Maria basin), or Beechers Bay Formation
(Santa Rosa Island) was deposited near the edges of adjoining
basins, and the biogenic shale of the Monterey Formation was
deposited in more distal parts of deep basins (Dibblee, 1950;
Weaver, 1969; Hornafius, 1991, McCrory and others, 1995;
Stanley and others, 1996). An upward decrease in the terrig-
enous content of the Monterey Formation occurs at 7,400 feet
or 2,256 m in the well COST 164 #1; this change corresponds
to the top of the lower part of the Monterey Formation (top
unit “B” in Isaacs and others, 1989). Because this change is
relatively distinct in well logs and often corresponds to a strong
seismic reflection, a fault map was constructed on this hori-
zon where possible. This level corresponds roughly with the
approximately late-middle Miocene (13 #1 Ma to 10 =1 Ma)
hiatus or condensed phosphatic section found in other wells
and onshore sections, or to the organic shale member of the
Monterey Formation (Isaacs and others, 1983; Hornafius, 1984,
1985, 1991; Arends and Blake, 1986; Barron, 1986; Bohacs,
1990; DePaolo and Finger, 1991; Flower and Kennett, 1993).
This phosphatic interval corresponds to deposition on struc-
turally controlled bathymetric highs, while laterally, diatoms
accumulated in deeper water (R.E. Garrison, oral commun.,
1992; see Hornafius, 1991). Today, the resulting cherts are
present in offshore wells, especially southeast of COST 164
#1, and probably correspond to the strong reflection that we
mapped. Deposition of the cherts and siliceous shale of the
upper Monterey Formation continued through much of late
Miocene time (DePaolo and Finger, 1991; Barron, 1986;
Arends and Blake, 1986; Flower and Kennett, 1993). About 6
Ma, an increased input of fine terrigenous material was added
to the biosiliceous components during deposition of the
Sisquoc Formation (Isaacs, 1981; discussion in Dumont and
Barron, 1995). Finally, Pliocene and Quaternary shale, silt-
stone, and sandstone were deposited.

In the offshore area, identification of the top of Miocene
sediments is difficult. It can be difficult to correlate because stages
based on benthic foraminifera can be time transgressive (D.W.
Weaver, oral commun., 1993) and because the top of Miocene
sediments is not a formation top and need not have
lithostratigraphic significance. Diatom assemblages (and other
planktonic microfossils) allow the top Miocene and top early
Pliocene to be identified (Clark and others, 1991; Blake, 1991).
East of the well COST 164 #1, we place the top of Miocene
sediments just below the top of the Sisquoc Formation; top Mi-
ocene is significantly shallower in the interpretation of Crain
and others (1985; fig. 4; table 1). An early-late Pliocene (top
Repettian-base Venturian stage) sequence boundary was inter-
preted on the reflection profiles by correlation to Clark and oth-
ers (1991) and from age control in a few wells (table 1).

DISCUSSION OF SEISMIC REFLECTION
PROFILES

We reprocessed several multichannel seismic reflection
profiles that traverse the southern offshore Santa Maria basin
and western Santa Barbara Channel. The area south and west
of Santa Maria basin contains a shallow unconformity which
appears as the top of acoustic basement on all reflection pro-
files, including the state-of-the-art RU-10 profile and industry
data. However, our reprocessing allows interpretation of re-
flections originating in the lower and middle crust on both
RU-10 and the lower-fold USGS profiles. Also, clearer im-
ages of the Neogene basin sediments have been produced.

RU-10 Profile

RU-10 is a nearly north-south profile which was shot to
image the deep structure between the rotated western Trans-
verse Ranges and the presumed nonrotated offshore Santa
Maria basin (figs. 1, 2; pl. 1). It traverses proposed terrane
boundaries between crustal blocks containing different strati-
graphic sections (Howell and others, 1987; McCulloch, 1987,
1989a). RU-10 was acquired using a powerful array of airguns
shooting every 50 m and recording 180 channels. The data
were then sorted into 45-fold CMP gathers at 12.5-m inter-
vals. To filter certain types of coherent noise, f-k filters were
applied to the shot gathers, followed by an adjacent trace sum
and sort to 45-fold CMP gathers at 25-m intervals. In a sepa-
rate processing scheme, all traces were retained and f-k filter-
ing was applied only on CMP gathers.

RU-10 is oblique to the axis of the offshore Santa Maria
basin, crossing its southwest margin. Consequently, upper
Miocene and younger sediments onlap or downlap (to the
south) the top of the lower part of the Monterey Formation
along RU-10 (pl. 1). This boundary in turn onlaps a strong
reflection which corresponds to Miocene volcanic rocks ex-
posed at the sea floor at the south end of RU-10 (Vedder, 1990).
This onlap can be explained as deposition onto a paleo-high
located to the south or southwest, with later subsidence or tilt
reversal explaining today’s deepening to the southwest. Alter-
natively, the observed pattern may be downlap related to dis-
tal sedimentation from a sediment source located to the
northeast. Only a thin veneer of Quaternary sediments, and
locally no Quaternary sediments, are present on a gently-slop-
ing surface beneath about a kilometer of water.

We interpret that faults cross RU-10 at both high angles
and low angles and that these faults produce reflections. On
the north third of RU-10 and southern RU-2, the middle crust
(about 2 to 5 s or 2 to 10 km) is dominated by a south-dipping
reflection fabric, the central third of RU-10 has crossing south-
and north-dipping reflections, and the south end of RU-10 has
mostly north-dipping reflections in the middle crust (pl. 1;
Nicholson and others, 1992). The upper Miocene and younger
sediments are little deformed and produce coherent reflections,
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while the middle Miocene and older sediments are disrupted
and therefore poorly imaged, perhaps in part due to moderate
out-of-the-plane-of-the-section dips. A strong reflection from
a sequence boundary caps the deformed section (top lower
part Monterey Formation or older rocks). The relief on this
strong reflection is consistent with our interpretation of the
faults beneath it and can be explained as back-tilting with mi-
nor, younger folding.

Correlation of the stratigraphy in well COST 164 #1 with
seismic reflection profile USGS-3 indicates that thick lower
Monterey Formation or equivalent age sediments and Creta-
ceous sediments extend west to the intersection (tie) with pro-
file RU-10. Interpretation of Paleogene sediment on RU-10 is
speculative because these sediments are not present at COST
164 #1. However, the south end of RU-10 is on trend with the
northern Channel Islands, where a thick Paleogene section is
present (Weaver, 1969). Significant layered section is imaged
below the strong reflection (top lower part Monterey Forma-
tion or older rocks) toward the south end of RU-10 (S.P. 1250;
pl. 1). The faults which separate thick pre-Miocene sediment
from thin pre-Miocene sediments have only minor effect on
upper Miocene sediment.

USGS-3 Profile

USGS-3 profile provides three-dimensional control to
profile RU-10 and passes close to numerous wells within the
Point Arguello oil field to the east (pl. 1). It passes south of
well COST 164 #1 and crosses the transitional subbasin that
separates the offshore Santa Maria basin from the Santa Bar-
bara Channel (figs. 1, 2). Lack of geologic control west of
COST 164 #1 limits stratigraphic interpretation to correlations
based on seismic character or continuity of the shallow
subhorizontal reflections. USGS-3 was recorded to 7.8 s in
1979. Hydrophone group spacing was 100 m along a 2.6-km
streamer producing 24-channel shot gathers at 50-m intervals;
24-fold CMP gathers are also located at 50-m intervals. A deep-
water delay on the western portion of USGS-3 allowed pro-
cessing to 8.8 and 9.8 s. Although the recording geometry for
these lines was much less favorable for multiple reduction than
that for RU-10, a substantial improvement was achieved be-
neath areas with thick (greater than 2 km) sediments and shal-
low (less than 500 m) water.

A broad zone of east-dipping normal-separation faults is
interpreted on east-dipping reflections along the central part
of profile USGS-3 (pl. 1). These faults affected early and
middle Miocene sediments; these sediments are thickest near
and west of the COST well. An escarpment along the Santa
Lucia Bank Fault forms the west margin of offshore Santa
Maria basin, but the bathymetric expression dies well north of
USGS-3 (fig. 1). These faults interpreted between S.P. 1100
and 700 are part of the wider West Basin-Santa Lucia Bank
Fault System (pl. 1, profile USGS-3). A (middle?) Miocene
angular unconformity is observed between S.P. 960 and about

S.P. 840. Although not very clear, the structure below the
unconformity is interpreted to be a series of west-tilted blocks
into east-dipping normal separation faults.

The sea floor along USGS-3 was deformed by long-
wavelength folds after early Pliocene time. The more pro-
nounced fold (near S.P. 1100-1200, pl. 1) forms a steeper (5°)
upper slope bounded by nearly flat platforms. This fold scarp
can be seen on bathymetric maps to be northwest-trending
(U.S. Geological Survey National Ocean Survey, 1989). The
assymmetry of the fold suggests that it is southwest verging.
Faults are interpreted on reflections that dip east beneath this
fold (pl. 1, profile USGS-3). Similar low-angle faults are
found where this northwest-trending slope crosses other mul-
tichannel lines (Bird and others, 1990; PG&E, 1988; McIn-
tosh and others, 1991). We call these faults the Santa Lucia
Slope Fault System.

Upper Miocene and lower Pliocene sediments thicken
dramatically eastward toward the Point Arguello Oil Field
(Crain and others, 1985). The thickest sediments are near the
crest of a broad long-wavelength, low-amplitude fold (east of
S.P. 280, profile USGS-3, pl. 1). We interpret that Miocene
extension was followed by mainly post-early Pliocene con-
traction and basin inversion on a system of northeast-dipping
blind faults. These faults merge with the North Channel Fault
System to the east and therefore can be considered to be its
westward continuation. Along trend in the northern Santa Bar-
bara Channel, a similar interpretation of late Miocene and early
Pliocene transtension has been made for the Hondo field—Santa
Ynez unit (McGroder and others, 1994).

Deep, west-dipping reflections that we interpret to be
primary underlie well COST 164 #1 and the Point Arguello
Oil Field (pl. 1, profile USGS-3). The reflection beneath
this well is near 3.5 s or 5 km; we interpret this reflection
to be the top of Franciscan Complex or Point Sal Ophiolite
basement (pl. 1, profile USGS-3; labelled “basement” on
reflection profiles and depth sections). By definition, a
Franciscan/Espada contact must be a fault unless the fault
was eroded away before Espada deposition. Minor post-
Miocene thrust reactivation of this west-dipping system is
interpreted. A high-amplitude reflection is imaged near 5
s at the east end of USGS-3 (pl. 1). Other data, which we
do not show except for their location in figure 3, image an
important imbricate zone of west-dipping reflections in this
area. A related southwest-dipping fault is also present on
USGS-105, and this system will be further discussed in
the section on USGS-105.

USGS-6B Profile

Northwest-trending USGS-6B profile extends 50 km
along the late Neogene depositional axis from the southern
offshore Santa Maria basin to the western Santa Barbara Chan-
nel, crossing the gradational intervening pre-Miocene strati-
graphic boundary across and southeast of the subbasin near
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ers, 1994; Crouch and Suppe, 1993). Northeast-southwest to
north-northeast—south-southwest shortening continues to the
present (Feigl and others, 1990, 1993, Harris and Segall 1987;
Yerkes and Lee, 1987; PG&E, 1988; Mount and Suppe, 1992;
Shen and Jackson, 1993). However, several recent papers have
suggested late Miocene through Pliocene contraction in the
offshore Santa Maria basin (Meltzer and Levander, 1991,
Miller, 1993) or even middle to late Miocene contraction (Hen-
rys and others, 1993). These latter conclusions are based on
mis-ties to the only two wells used for stratigraphic control in
those studies, the Oceano P-060 #1 and COST 164 #1 wells,
and the assumption that a diagenetic marker represents top of
the Monterey Formation (Meltzer, 1988). The regional corre-
lations of Meltzer and Levander (1991) mis-tie the intersect-
ing published profiles of Clark and others (1991) and PG&E
(1988). The latter interpretations are part of regional strati-
graphic correlation that is controlled by about 50 wells (Clark
and others, 1991).

The timing of shortening is given by the age of sediments
which thin over or onlap onto compressional folds. These re-
lations are clearly imaged on single-channel profiles which
cross the west margin of offshore Santa Maria basin (figs. 7,
8). On profile USGS-3, onlap of upper Pliocene sediments
from east to west supports an initiation of growth of the hang-
ing-wall fold above the Santa Lucia Slope Fault System to-
ward the end of early Pliocene time (fig. 8; pl. 1, profile
USGS-3). Post-Miocene shortening can also be inferred in the
Point Arguello Oil Field and in northwestern Santa Barbara
Channel (pl. 1, profiles USGS-3 and USGS-105; Edwards and
Heck, 1994). In fact, in northwestern Santa Barbara Channel,
transtension may have locally continued through early Pliocene
time (McGroder and others, 1994).

Folding Significance: Transpression, Rotation, and Total Shortening

The location and orientation of post-Miocene folds can
now be related to the deeper structure of the Miocene border
fault system, and fault kinematics can be inferred. North- to
north-northwest-striking basin-bounding faults and northeast-
striking cross faults form the deep framework of the offshore
Santa Maria basin which is now being reactivated by late
Pliocene and Quaternary north-northeast to northeast short-
ening. Regionally, fold axis trends are west-northwest in the
onshore Santa Maria basin and north-northwest to northwest
in the offshore Santa Maria basin (PG&E, 1988). This con-
trast could be explained by contrasting late Pliocene-Quater-
nary stress and strain fields across the Hosgri Fault System, or
by the following alternative hypothesis: The regional stress
field in the onshore and offshore Santa Maria basin is roughly
the same, with north-northeast- to northeast-directed compres-
sion (Mount and Suppe, 1992). Basement ramps associated
with existing normal separation faults serve as buttresses
against which thick hanging-wall sediments are folded (see
Clark and others, 1991). The trend of the fold will be parallel

to the underlying ramp even if slip is oblique. Folds are am-
plified in left bends (northwest- to west-northwest-striking
border-fault segments) and disappear in right bends (north-
northeast-striking border-fault segments). For example, the
Queenie structure (fig. 5), the largest amplitude fold in west-
ern offshore Santa Maria basin, dies out abruptly to the north
as the West Basin Fault curves to a more northerly strike (fig.
6), and the fold at time 00 on profile USGS-Lee-24 dies out
over a short distance to the north and south (fig. 7). This local-
ization of shortening is compatible with north-northeast short-
ening and with distributed right-lateral regional shear on the
north-south border-fault systems.

The bends in the West Basin Fault and Offshore Lompoc
Fault tend to occur near their intersections with the northeast-
striking cross faults. Small block rotation within offshore Santa
Maria basin may contribute to localization of folding and bend-
ing of the border faults. In this model, post-Miocene dextral
slip on border faults is accompanied by sinistral reactivation
of northeast-striking cross faults and clockwise rotation of the
rectangular crustal blocks between. The north and south cor-
ners of these blocks pull away from basin-bounding faults,
while east and west corners overlap them (see Nicholson and
others, 1986).

The average rate of shortening across offshore Santa
Maria basin is related to the timing of shortening and the rate
of dip slip on faults and to the dip of these faults.

One of the largest folds along the southern segment of
the West Basin Fault is imaged on profile USGS-Lee-24 (fig.
7). The fold in the hanging wall of the West Basin Fault ap-
pears impressive because of vertical exaggeration (fig. 74),
but the steepest average dips of the east limb are only about
4°. The early/late Pliocene unconformity has about 240 m of
vertical separation across the fault. These numbers should be
increased by 50 percent to account for erosion across the crest
of the fold; sediment compaction is not corrected. Erosion is
estimated from the thickness of the upper part of the lower
Pliocene sediments on the east flank of the fold, compared
with the corresponding thickness across the crest of the fold,
with the difference being due to erosion during slip on the
fault. This adjusted 360-m separation represents about 510 m
of shortening and 630 m of dip-slip component on a 35°-dip-
ping fault. If this adjusted slip is averaged over 3.5 Ma, the
average rate of dip-slip motion is about 0.2 mm/year. Esti-
mates for post-Miocene shortening on the Queenie structure
(fig. 5), located above another north-northwest-striking seg-
ment of the West Basin Fault, are as high as about 550 m (Clark
and others, 1991).

It is possible to estimate the strike-slip component of slip
on the West Basin Fault from the shortening in its restraining
bends. North-northeast-striking segments of the West Basin
Fault south of the Queenie structure have minimal post-Mi-
ocene dip-slip motion. North-northeast-striking (23°) strike-
slip fault segments therefore link two north-northwest-striking
(336°) oblique-slip segments. The strike-slip motion on the
north-northeast-striking segments is 510 m/(cos 43)=700 m.
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This will be a minimum estimate if the bends in the West Ba-
sin Fault have increased in amplitude during post-early
Pliocene time.

The bed length of a Pliocene reflection was measured on
a 1:1 depth section along the eastern 50 km of profile USGS-
3 (fig. 2; pl. 1) to estimate shortening due to folding (fig. 8).
Shortening in the plane of the section due to folding is less
than 1 percent or between zero and a few hundred meters.

Post-early Pliocene upper crustal shortening across the
offshore Santa Maria basin does not average more than a frac-
tion of a millimeter per year, since folding is both localized
and low amplitude (fig. 7). The Santa Lucia Slope Fault Sys-
tem (fig. 5) may accommodate an additional kilometer of short-
ening due to faulting and folding. This shortening can be
measured from the depth section (pl. 1, line USGS-3) by com-
paring present bed length of the early/late Pliocene
unconformity to the horizontal distance. An estimate of about
0.7 km of shortening can be made by simple balancing of the
cross-sectional area below the interpreted early/late Pliocene
sequence boundary. The excess area is calculated above the
straight line shown on profile USGS-3, plate 1. A depth to
detachment of about 15 km is used. This depth is a little less
than the depth of the top of the subducted oceanic slab inter-
preted from seismic reflection and refraction experiments far-
ther east (Nicholson and others, 1992, K. Bird, C. Sorlien,
and E. McWayne, unpub. interpretation of profile USGS-103)
and about the same as the depth to this high-velocity interface
along strike to the north (Howie and others, 1993). Sediment
compaction and a possible preexisting normal-separation scarp
makes 0.7 km a minimum estimate of shortening.

Fault-Related Folds

Fault-related fold theory has been applied to California
to estimate slip on blind faults from the geometry of folds
(Namson and Davis, 1990; Shaw and Suppe, 1994). Slip is
equal or greater than the width (downdip direction) of the
backlimb for a fault-bend fold (Suppe, 1983). Only part of
this slip is absorbed by faulting and folding along the hang-
ing-wall fold trend; the rest continues on a decollement to-
ward the foreland.

Slip is estimated from the distance between the intersec-
tions of axial surfaces with the fault for a fault propagation
fold. All slip is absorbed in the hanging-wall fold (Suppe and
Medwedeff, 1990; Mitra, 1990). Predictions of both models
include no progressive tilting because dip is acquired instan-
taneously by kinking through active axial surfaces (Suppe and
others, 1992). The uplift rate is constant above fault ramps in
these models (Sorlien and others, 1995).

Wide gently dipping backlimbs of folds are present be-
neath the western Santa Barbara Channel, offshore Santa Maria
basin, and southwestern Santa Lucia basin. Examples are seen
on profile USGS-Lee-24 (~6 km, 3°; fig. 7), profiles USGS-
Lee-25 and USGS-3 (7 to 10 km, 1-2°; fig. 8; pl. 1), and

USGS-105 (9 to 10 km; 6°; pl. 1). Reflections interpreted to
be from the faults responsible for these wide backlimbs are
best imaged along the West Basin Fault and beneath western
Santa Barbara Channel (figs. 7, 9; pl. 1, line USGS-105). Slip
would be 9 to 10 km if the fold in western Santa Barbara Chan-
nel is a fauit-bend fold, and 7 or 8 km if it is a fault-propaga-
tion fold related to the shallow, imaged faults. The entire slip
7 or 8 km of slip predicted from a fault-propagation fold model
would have to be absorbed by shortening along the trend of
the structure; it would be difficult to account for more than a
kilometer or two of this slip. Seeber and Sorlien (unpub. data)
have interpreted the 9- to 10-km-wide backlimb on profile
USGS-105 (fig. 2; pl. 1) to be part of a 20-km-wide fold limb
that becomes apparent farther east.

It is possible to form wide gently dipping backlimbs by
small slip on a listric fault (Sorlien and others, 1995). Curved
faults are common in extended areas (Xiao and Suppe, 1992;
Yin and Dunn, 1992; Wernicke and Axen, 1988), and curved
(listric and antilistric) detachment faults are present in the in-
ner California Continental Borderland (Nicholson and others,
1993). Our interpretation that post-Miocene contraction re-
activates existing Miocene normal faults is consistent with
a listric model for compressional folding (see also Erslev,
1986; Clark and others, 1991; McClay and Buchanan, 1992;
Mitra, 1993). Thrust slip on a listric fault will also cause
progressive rotation of fold backlimbs (Sorlien and oth-
ers, 1995). Older sediments dip more steeply north than
do younger sediments along at least a 100 km length of
southern Santa Barbara Channel (pl. 1, profile USGS-105;
Seeber and Sorlien, unpub. data).

Kinematics and Structural Style

In a region of oblique deformation, the strain often parti-
tions between coexisting thrust and strike-slip faults (Fitch,
1972; Mount and Suppe, 1987, 1992; Lettis and Hanson, 1991;
Molnar, 1992). Evidence for post-Miocene oblique-reverse-
dextral slip at slow rates has been discussed above. Therefore,
it is possible that strike-slip and reverse faults may both be
present in the study area.

Here, we present an argument for post-Miocene strike-
slip motion on the Hosgri Fault. While the wider Hosgri-
Purisima-Lompoc Fault System may have been
oblique-reverse-dextral since the end of Miocene time, the
steeply dipping hanging-wall strands in the top 1 to 2 km are
being discussed here. With northeast-southwest shortening (or
northeast-southwest-oriented maximum principal stress axis),
dextral shear is expected on north-striking faults, and reacti-
vation of older structures will be important in the older strata.
However, in post-Miocene sediments, the Hosgri and Purisima
Faults formed as new faults. As sediments are deposited, ac-
tive faults will extend upward, essentially creating new fault
surface. The sea floor serves as a free surface which cannot
support shear stress, requiring that one of the principal stress
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axes be vertical. For reverse faulting, the minimum principal
stress axis is vertical and the fault should dip about 30° (Ander-
son, 1951). Under a stress field consistent with strike-slip fault-
ing, new faults near the sea floor should be vertical. In this
model, subvertical strands of the Hosgri and Purisima Faults
which cut the hanging-wall of the underlying east-dipping
faults indicate strike-slip motion. We do not mean to imply
what the slip might be at depth, as we cannot interpret whether
the higher angle faults cut across or merge with low-angle
east-dipping faults.

Other evidence exists for strike-slip motion on other
coastal faults aligned with and north of the Hosgri Fault. Evi-
dence for strike-slip motion on the San Simeon Fault (near
Point Piedras Blancas in fig. 1) is compelling, and this slip is
transferred to the offshore Hosgri Fault if displacement is con-
served (PG&E, 1988; Lettis and others, 1990; Hall and oth-
ers, 1994; Hanson and Lettis, 1994). Seismic reflection data
and gravity data do not support cumulative post-Miocene re-
verse slip on the Hosgri Fault south of Point Sal. Gravity
anomalies are consistent with an east-side-up reverse separa-
tion north of the intersection of the Hosgri Fault with the Lion’s
Head Fault (figs. 5, 10), while normal separation of the top of
the Miocene has been proposed south of that intersection
(Willingham and others, 1991; Steritz and Luyendyk, 1994).
Normal separation of (eroded) top Sisquoc Formation also
occurs north of the intersection with the Lion’s Head Fault,
with large reverse separation of top Monterey Formation
(Sorlien and others, 1996). Our mapping indicates that the
Hosgri Fault projects to the coast at Point Arguello.
Subhorizontal striations are present on the last-active surface
of a north-striking fault that cuts the tip of Point Arguello (fig.
11). Other high-angle faults in this area also are strike-slip
faults. For example, the last active surfaces of the Honda Fault
at Point Pedernales (fig. 11) record horizontal striations, in-
terpreted from the striations as left-lateral on two or three fault
surfaces, on several distributed fault strands.

Plate Tectonics
Geologic Evolution and Tectonics

Using marine magnetic anomalies and bathymetry re-
corded in the Pacific Plate oceanic crust, a carefully docu-
mented model has been presented for the evolution of oceanic
crust in the northeast Pacific Ocean (Lonsdale, 1991; Atwater,
1989; Severinghaus and Atwater, 1991). During magnetic
anomaly 10 time (30 Ma), the northern part of the Farallon
Plate broke up, with the formation of the Monterey and
Arguello Microplates (Lonsdale, 1991; Atwater, 1989), which
are separated by the Morro Fracture Zone (fig. 1). First con-
tact of the Pacific and North American Plates occurred north
of the Monterey Microplate, near the Pioneer Fracture Zone;
hence the maximum cumulative Neogene transform motion
must have occurred north of the Monterey Microplate. A rem-

nant of the Monterey Microplate and a fossil Monterey-Pa-
cific spreading center are preserved west of central California
(Lonsdale, 1991; Severinghaus and Atwater, 1991).

The Pacific-Monterey spreading center died about 19 Ma,
while to the south of the Morro Fracture Zone, spreading con-
tinued at least to chron 5D (17.5 Ma), concluding with the
subduction of, or extinction of, the Pacific-Arguello spread-
ing center near the then active trench (fig. 12; Lonsdale, 1991;
Severinghaus and Atwater, 1991). The transform boundary has
lengthened by triple junction migration and microplate cap-
ture through Neogene time (Lonsdale, 1991; Atwater, 1989;
Tennyson, 1989; Nicholson and others, 1994; Bohannon and
Parsons, 1995).

Rifting of Baja away from mainland Mexico and a change
in motion of the Pacific Plate have both been proposed as an
explanation for initiation of crustal shortening in California.
At about 5.5 Ma, initiation of spreading at the mouth of the
Gulf of California occurred, but a significant amount of Pa-
cific-North America Plate motion continued on faults located
to the west of Baja California until at least 4 Ma (Lonsdale,
1989). Although 100 km of displacement occurred prior to 4
Ma in the Gulf of California, it was not until about 3.5 Ma that
the offshore faults became inactive and the full (or nearly full)
plate motion stepped inland to the Gulf of California (Lonsdale,
1989). Slip on the southern San Andreas Fault accelerated at
this time (Crowell, 1979). Motion on the southern San Andreas
Fault initiated the left step or restraining bend in the larger
transform system at the present latitude of the Transverse
Ranges; the amplitude of the restraining bend of the San
Andreas Fault increased with time because of left slip on the
Garlock Fault (see Bohannon and Howell, 1982; Atwater,
1989). The timing of initiation of sea floor spreading in the
Gulf of California corresponds to the initiation of contraction
in offshore Santa Maria basin.

Terranes

“Terranes are fault-bounded geologic entities of regional
extent, each characterized by a geological history that is dif-
ferent from adjacent terranes. Such geologic histories are de-
termined from stratigraphic successions preserved within
terranes ...” (McWilliams and Howell, 1982).

On the basis of structural orientation, stratigraphic se-
quences, and paleomagnetic data, coastal California was pre-
viously divided into several distinct tectonostratigraphic
terranes (Howell and others, 1987; Vedder, 1987; McCulloch,
1987, 1989a). The different pre-Neogene stratigraphic assem-
blages are best understood in terms of subduction-related belts.
From originally inboard to outboard, these belts are (1) Creta-
ceous arc-related plutons intruded into Paleozoic metamor-
phic rocks, (2) late Jurassic through Paleogene forearc
sediments, (3) late Jurassic through Cretaceous accretionary
prism melange structurally below Jurassic ophiolite, and (4)
Paleogene melange. It has previously been inferred that large
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lateral motion on strike-slip faults has rearranged these origi-
nally linear belts (Howell and others, 1987). However, the
present distribution of basement and sedimentary rocks can
be explained by subduction processes, onlap, erosion, tec-
tonic denudation during extension, and filling of extensional
basins. Therefore, the terrane concept must be modified to fit
new information on the geometry and sediment distribution
along terrane boundaries.

Model for Neogene Terranes

The traditional names for tectono-stratigraphic ter-
ranes have been retained in figure 13A. In south-central
California, many of the structural and stratigraphic bound-
aries are transitional; therefore, to place distinct terrane
boundaries at these features is misleading. For that rea-
son, we characterized a number of fault blocks as transi-
tional. Other boundaries that are shown as distinct in figure
13A are actually the result of erosion and are therefore
gradual, or are the result of hanging wall over footwall
relations across broad zones of gently dipping faults (Lee,
1992; Bohannon and others, 1993; Sorlien and others,
1993). Where lateral motion is involved, that motion might
be the motion of sheets of crust detached above
subhorizontal faults (Bohannon and Geist, 1991, in press;
Crouch and Suppe, 1993).

In our reinterpretation, terranes are characterized as foot-
wall or hanging wall (fig. 13A). This geometry is best seen to
the southeast of our study area, where Cretaceous arc rocks
and older country rocks (Santa Ana terrane) are in the hang-
ing-wall of an east-dipping detachment fault above the tec-
tonically denuded accretionary rocks of the Catalina terrane
(Bohannon and Geist, 1991, in press; Nicholson and others,
1993; Crouch and Suppe, 1993). Although the surface trace
of the Catalina—Santa Ana terrane boundary appears to coin-
cide with the Coronado Bank and Newport Inglewood Faults,
the boundary in cross section is actually across a family of
gently east-dipping faults (Crouch and Suppe, 1993; M. Legg
and others, unpub. data). High-angle faults such as the New-
port-Inglewood Fault may have formed above relatively un-
important synthetic and antithetic Miocene faults and are not
themselves important to the basement boundary. Large-scale
extension across gently dipping faults results in backtilted
prerift rocks being laterally distributed downdip. The map
location of a terrane boundary depends on how far downdip
it is placed. For example, the contact between footwall
Catalina Schist and hanging-wall granite might be downdip
of and east of the contact between Catalina Schist and hang-
ing-wall Great Valley Series strata. Downdip distribution of
hanging-wall sediment may also be the case above the Mid-
Basin—Offshore Lompoc Fault. Cretaceous sediments are ex-
pected to be in fault contact with Franciscan Complex rocks
east of (downdip of) the location of Paleogene sediments if
the sediments are backtilted down to the west.

The proposed terrane boundary between the Patton and
San Simeon terrane, previously proposed to be along the Santa
Lucia Bank Fault (McCulloch, 1987, 1989a), is now inter-
preted to be a hanging wall over footwall relation across a
wide fault zone. Significant basement velocity contrasts across
the Santa Lucia Bank Fault are not indicated by published
models derived from wide-angle reflection/refraction data,
and large basement density contrasts are also not required to
explain the observed gravity anomalies (Trehu, 1991; Miller
and others, 1992). The subtle decrease in velocity west of the
Santa Lucia Bank Fault can be explained by lower Miocene,
Paleogene, and/or Cretaceous sediments being present below
top acoustic basement (see Miller and others, 1992, p. 19,968).
Interpretation of both single-channel reflection data and mul-
tichannel profiles shows that “acoustic basement” beneath
Santa Lucia Bank may actually be composed of sediments
which dip too steeply to be imaged. It is likely that the
Franciscan Complex is younger to the west and that the age
contrast should be across pre-Neogene thrust faults (Howie
and others, 1993). However, there are several candidate faults,
including the Offshore Lompoc Fault, the West Basin Fault,
the Santa Lucia Bank Fault, several faults farther west, and
the Santa Lucia Slope Fault System. Changes in basement
age or composition are inherited from subduction and do not
require large northwest-southeast lateral motion.

The North Boundary of the Western Transverse Ranges

A terrane boundary has previously been placed along
the boundary between the western Transverse Ranges and
Santa Maria basin (onshore and offshore) (Howell and oth-
ers, 1987). This boundary was proposed to explain strati-
graphic contrasts across it and has been proposed to be the
edge of rotated crust (Hornafius and others, 1986). Paleogene
sediments are characteristic of the western Transverse Ranges,
and their near absence characterizes the onshore and offshore
Santa Maria basin. This contrast has been attributed to either
faulting (Sylvester and Darrow, 1979; Up de Graff and
Luyendyk, 1989) or to the existence of a paleo-high and onlap
onto that high (Dibblee, 1950, 1982a). In detail, the outcrop
and subcrop pattern of the Great Valley Series is not so simple.
Remnant deep water Eocene sediments are present between
the Offshore Lompoc and Hosgri Faults, and Cretaceous
forearc sediments are present beneath onshore Santa Maria
basin (Vedder and others 1991; McLean, 1991; Crouch and
Suppe, 1993). The distribution of forearc sediments is con-
sistent with Oligocene erosion and/or Miocene tectonic denu-
dation removing a regionally continuous Paleogene section.

For there to be a rotation boundary between onshore and
offshore Santa Maria basin and the western Transverse
Ranges, there must be a fault. Along profile USGS-6B (pl.
1), a notable feature of the post-middle Miocene section (or
even post-Luisian Stage, about 14 Ma) is the lack of major
structures between the western Santa Barbara Channel and
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the offshore Santa Maria basin. The onshore boundary had
been proposed to be along the Santa Ynez River Fault and its
east continuation, the Santa Ynez Fault (fig. 5; Hornafius and
others, 1986). Dibblee (1982a) suggested that there has been
minimal lateral slip on the Santa Ynez Fault and questions
the existence of a post-early Miocene Santa Ynez River Fault.
The rocks exposed on either side of the Santa Ynez River can
be explained without an important fault. The American Asso-
ciation of Petroleum Geologists (1959) cross section shows a
blind south-dipping fault beneath the Santa Ynez River to not
cut the Miocene Monterey Formation. A seismic reflection
profile along the American Association of Petroleum Geolo-
gists (1959) cross section allows only minor vertical separa-
tion of the Monterey Formation across this Santa Ynez River
Fault (unpub. interpretation by C. Sorlien, 1996, of UNOCAL
profile). A south-dipping fault or active axial surface along
the trend of the Santa Ynez River Fault is mapped in the off-
shore on figure 11 at C. Thus, the onshore north boundary of
the western Transverse Ranges is very similar to the stratig-
raphy and structure along the offshore Amberjack High (fig.
5; pl. 1, line USGS-6B), with blind south-dipping faults, ero-
sion of Paleogene sediment, and continuity of Neogene sedi-
ments. Erosion and deposition can adequately explain the
stratigraphic boundary between the onshore and offshore
Santa Maria basin and the western Transverse Ranges, and
large lateral motion between the two provinces is not required.

Rotation Models
Background

Extensive paleomagnetic sampling of the Miocene
Monterey Formation and early to middle Miocene volcanic
flows indicate about 90° of clockwise rotation of the western
Transverse Ranges since about 19 Ma (Kamerling and
Luyendyk, 1979, 1985; Luyendyk and others, 1980, 1985;
Hornafius and others, 1986; Liddicoat, 1990; Luyendyk,
1991). Rotation models incorporate the geologic tie, indicated
by Eocene (Poway) conglomerate clasts, between Santa Rosa-
southwestern Santa Cruz Islands and the San Diego area
(Abbott and Smith, 1978, 1989; Kamerling and Luyendyk,
1985). Models indicate that the western Transverse Ranges
rifted away from the Peninsular Ranges and rotated about 110°
outward about an east hinge (Kamerling and Luyendyk, 1985;
Crouch and Suppe, 1993). The resulting large-scale exten-
sion was accommodated by detachment faults in these mod-
els (Yeats, 1976; Kamerling and Luyendyk, 1985; Legg, 1991;
Crouch and Suppe, 1993).

Certain existing models for rotation of the western Trans-
verse Ranges assume that blocks to the north and south are
nonrotated, and that space problems to the north and south
are accommodated by dextral strike-slip on northwest-strik-
ing faults or by overriding of blocks to the north (Luyendyk
and others, 1980, 1985; Luyendyk and Hornafius, 1987;

Luyendyk, 1991; Crouch and Suppe, 1993). However, we have
shown that blocks north of the western Transverse Ranges
are extended and propose that these blocks have been vari-
ably clockwise rotated. Several other studies have shown that
crustal blocks located north and east of Santa Maria basin
have been clockwise rotated 40° and more (Greenhaus and
Cox, 1979; Hornafius, 1985; Whidden and others, 1993;
Omarzai, 1992). Therefore, we suggest that remagnetization
of rocks before or during Pliocene folding can explain the
nonrotated results at sites within the Santa Maria basin
(Hornafius, 1985; Beebe, 1986).

Mechanics and New Tectonic Rotation Model

The existence of offshore microplates, and their early
Miocene capture, has provided a mechanism for regional ex-
tension and clockwise rotation (Nicholson and others, 1994;
Bohannon and Parsons, 1995). The Pacific Plate captured the
Monterey Microplate and its subducted slab about 19 Ma
(Lonsdale, 1991). Regional extension occurred before and
during this capture (Tennyson, 1989). Material with the high
velocity characteristic of oceanic crust is present in the lower
crust beneath offshore Santa Maria basin (Trehu, 1991;
Meltzer and Levander, 1991; Howie and others, 1993). High-
amplitude reflections have been traced from the top of oce-
anic crust of the Monterey Microplate remnant in the deep
Pacific Ocean basement continuously for 40 km landward of
the fossil trench (Meltzer and Levander, 1991). A discontinu-
ity that disrupts this reflection is aligned with the Morro Frac-
ture Zone in the lower crust beneath Santa Lucia basin and
offshore Santa Maria basin (MclIntosh and others, 1991;
Nicholson and others, 1992). We propose that the subducted
slab of the Monterey Microplate, bounded on the south by
the Morro Fracture Zone (fig. 1), is today located in the lower
crust beneath Santa Lucia basin and offshore Santa Maria
basin. We propose that it has been there since subduction
ceased (see Nicholson and others, 1994).

Rotation of the western Transverse Ranges initiated about
20-17 Ma (Luyendyk, 1991). The 19-Ma reconstruction of
Lonsdale (1991) places the Monterey Microplate directly ad-
jacent to the back-rotated western Transverse Ranges (fig.
12). A direct cause and effect between capture of the Monterey
Microplate and rotation of the western Transverse Ranges is
proposed by the tectonic model of Nicholson and others
(1994). The western Transverse Ranges and Santa Maria ba-
sin are shown as a single block in figure 12, resulting in in an
apparent space problem, with part of the offshore Santa Maria
basin located above the Pacific Plate. Other regional recon-
structions also use very large blocks, making it difficult to
relate predicted motions to individual structures and causing
apparent motions and space problems (Nicholson and others,
1994; Bohannon and Parsons, 1995). In addition, other re-
constructions do not model the Santa Maria basin side of the
rotating block (Legg, 1991), do not backrotate the western
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Transverse Ranges (McCrory and others, 1995), or do not
show the reconstructed map at all (Crouch and Suppe, 1993).
We have used smaller blocks, allowing displacements pre-
dicted by the model to be compared to fault systems. How-
ever, internal deformation within the blocks must still be seen
as a predicted motion at the block boundary.

Our reconstruction (fig. 13B) locates the Monterey Plate
farther north with respect to the western Transverse Ranges
than do those of Sedlock and Hamilton (1991), Legg (1991),
and Bohannon and Parsons (1995). This discrepency is par-
tially the result of existing models using the Neogene slip
estimates of 80 km or more for the Hosgri Fault (Hall, 1975).
The cross-Hosgri Fault correlation of Hall (1975) has been
questioned (V.M. Seiders, unpub. data, 1979; Tennyson and
others, 1990; Sedlock and Hamilton, 1991; R. Stanley, oral
commun., 1991), and estimates of 5 to 20 km of Neogene dis-
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Figure 12. Position of the western Transverse Ranges (WTR),
southern California, with respect to oceanic plates at 19 Ma.
The central California coast and oceanic features are from
Lonsdale (1991), and western Transverse Ranges are positioned
where suggested by Lonsdale (1991). Overlap of rotated block
with the subduction zone is partly due to use of a large single
rotated block.

placement exist (Willingham, 1978; Sedlock and Hamilton,
1991; Underwood and others, 1995).

The Hosgri Fault terminates in northwestern Santa Bar-
bara Channel (fig. 5; Steritz and Luyendyk, 1994). From this
starting point of zero lateral slip, lateral slip can only be as
much as the shortening east of the fault and extension west of
the fault. Geologic maps and cross sections (Dibblee, 1950;
1988, a, b) and our interpretation suggest that north-south
shortening along the coast is less than 10 percent, or less than
10 km, and therefore Neogene lateral slip on the Hosgri Fault
is of this magnitude. We have not identified any piercing points
across the West Basin—Santa Lucia Bank Fault System. How-
ever, many strands of these fault systems are overlapped by
upper Pliocene sediments, and we estimate tens, not hundreds,
of kilometers of oblique right-normal post-19 Ma slip across
these faults.

In figure 13A, the south half of California west of the
San Andreas Fault has been broken up into fault blocks. These
identical fault blocks have been repositioned in the 19 Ma
reconstruction (fig. 13B). This model uses a local reference
frame, with the bounding rectangular frame being fixed to
San Diego (Peninsular Ranges). Unlike previous models,
block shapes and sizes do not change; therefore, the exten-
sion, displacement, and rotation can all be measured from
this reconstruction, and space problems can be identified. The
position of blocks, and thus the inferred cumulative strain on
an individual block boundary, is also influenced by the need
to minimize space problems throughout a model of interre-
lated blocks. A simplifying assumption that went into these
figures is that post-Miocene shortening commonly has reac-
tivated the Miocene extensional faults and that shortening
almost everywhere has been less than earlier extension. Cu-
mulative post-19 Ma extension is seen as overlap between
fault blocks and the hanging-walls are on top of the footwalls
across upper crustal faults in figure 13B.

Our reconstruction requires tens of kilometers of Mi-
ocene extension across the Santa Lucia basin and onshore
and offshore Santa Maria basins. Restoration of the Paleo-
gene and Cretaceous sediments preserved between the Mid-
Basin and Hosgri Faults to Santa Lucia Bank is consistent
with exposure of the Franciscan Complex by tectonic denu-
dation above subhorizontal detachment faults (see Vedder and
others, 1991; Crouch and Suppe, 1993; Hoskins and Griffiths,
1971). The Franciscan Complex basement beneath the cen-
tral subbasin of offshore Santa Maria basin would then be
analogous to the tectonically unroofed Catalina terrane (see
Bohannon and Geist, 1991, in press; Crouch and Suppe, 1993).

The 19-Ma reconstruction (fig. 13B) suggests a mecha-
nism for rotation of south-central California, including the
western Transverse Ranges. Large-scale extension of the Cali-
fornia margin had previously been linked to divergent mo-
tion of the Pacific Plate away from North America
(McCulloch, 1987; Bohannon and others, 1993, Bohannon
and Parsons, 1995; see Stock and Molnar, 1988). Plate mo-
tion was accommodated by spreading between the Pacific
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Structure and Tectonics of the Central Offshore Santa
Maria and Santa Lucia Basins, California: Results from the
PG&E/EDGE Seismic Reflection Survey

By Kate C. Miller" and Anne S. Meltzer?

Abstract

Seismic reflection profiles from the offshore Santa Maria
and Santa Lucia basins of central California provide insight into
both the geologic evolution of the basins themselves and into
tectonic models for present-day deformation along the conti-
nental margin. Seismic sequence analysis of basin strata sug-
gests that the basins began subsiding in early Miocene time,
just as a transform regime was imposed along the west coast of
North America. Late Miocene to Holocene oblique plate mo-
tion has added a component of compression to the dextral slip
at the plate boundary and has resulted in structural inversion of
basin fill. Folding and recent sea-floor offsets suggest that cur-
rent convergence is accommodated across the entire width of
the continental margin. In individual basins, shortening tends
to increase and structures become younger toward the south.
Of the two major, through-going fault zones, the Santa Lucia
Bank and Hosgri Fault Zones, only the Hosgri Fault Zone is
inferred to have accommodated strike—slip motion in the
Neogene. Axes of offshore subsidiary faults and folds gener-
ally strike parallel to the Santa Lucia Bank and Hosgri Fault
Zones, suggesting that oblique convergence within the broader
transform zone is decoupled into transcurrent motion along
weak strike-slip faults and into shortening along fault normal
structures. The data image numerous reverse-separation faults
that offset acoustic basement and the overlying Neogene sedi-
ments but typically lack definitive fault-plane reflections be-
neath acoustic basement.

INTRODUCTION

Investigation of the offshore geology of the California
margin provides insight into the tectonic evolution of the San
Andreas transform system. At the plate tectonic scale, the late
Oligocene to Holocene development of this system is well es-
tablished from analysis of sea-floor magnetic anomalies
(Atwater, 1970, 1989; Atwater and Molnar, 1973; Stock and
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Molnar, 1988). This work shows that the arrival of the Pa-
cific-Farallon ridge-transform system at the North American
continental margin created a new transform plate boundary
between the Pacific and North American Plates. Since the
ridge encountered the trench in late Oligocene time, the trans-
form boundary has grown several hundred kilometers to form
the modern San Andreas Fault System. Examination of off-
shore geologic structure in the vicinity of the offshore Santa
Maria and Santa Lucia basins reveals the consequences of this
family of plate-boundary processes on a local scale.

Early geologic mapping onshore and initial mapping from
reflection seismic data offshore (Hoskins and Griffiths, 1971;
Page and others, 1979, and references therein) showed that
the structural evolution of the transform zone has been com-
plex. In addition to the San Andreas Fault, a number of in-
ferred strike-slip faults including the offshore Hosgri and Santa
Lucia Bank Fault Zones (fig. 1) dissect the margin. An early
Miocene extensional episode associated with the developing
transform regime (McCulloch, 1987) led to basin subsidence
along the margin and the formation of the offshore Santa Maria
basin. Later, a shortening episode that began 5 to 3 Ma, and
persists to the present, resulted in faulting and folding both
offshore in the basin (McCulloch, 1987) and onshore in the
California Coast Ranges (Cox and Engebretson, 1985; Page
and Engebretson, 1984; Page and others, 1979).

In recent years, the role of compression as a mechanism
of deformation within transform regimes with a component
of oblique convergence has become an important area of re-
search. Many folds and thrusts in the central California mar-
gin strike parallel to the San Andreas Fault Zone rather than at
a 30° angle to the fault, as might be expected in a purely strike-
slip regime (for example, see Sylvester, 1988). Mount and
Suppe (1987) and Zoback and others (1987) explain fault-nor-
mal compression as a consequence of oblique convergent plate
motion at a mechanically weak transform boundary. In their
view, deformation adjacent to the San Andreas Fault is
decoupled into a pure strike-slip component and a pure com-
pressional component. The compressional component is ac-
commodated in a wide zone of reverse faults and folds that
strike parallel to the San Andreas Fault Zone. Crouch and oth-
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ers (1984) suggest that the reverse faults near the surface sole
into a subhorizontal detachment at the base of the seismogenic
zone in the offshore Santa Maria basin. The Hosgri Fault Zone
(fig. 1) is among those faults interpreted by Crouch and others as
a high-angle reverse fault that flattens at depth.

We use regional multi-channel] seismic reflection data
acquired during the 1986 PG&E (Pacific Gas and Electric
Co.)/EDGE seismic experiment as a database for investigat-
ing the tectonic evolution of the upper 5 to 7 km of the crust
in offshore central California. These seismic lines cross the pri-
mary structural features of this region: the Hosgri Fault Zone,
the offshore Santa Maria basin, the Santa Lucia Bank Fault Zone,
and the Santa Lucia basin (fig. 1). We are able to place age
constraints on deformational events within the offshore region
by using the techniques of seismic sequence analysis (Vail and
others, 1977) in conjunction with stratigraphic information from
wells in the offshore Santa Maria basin. This approach allows us
to place constraints on the timing of basin subsidence, age, and
type of motion on the Santa Lucia Bank and Hosgri Fault Zones,
and on the nature and timing of compressional deformation across
the continental shelf. We evaluate current models of margin evo-
lution in light of these results.
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REGIONAL GEOLOGY AND TECTONICS
Relative plate motions

Shallow crustal features of Tertiary age in the central Cali-
fornia offshore region record the transition from subduction to
transform motion along the California margin. This process
began 30 to 28 Ma when the Pacific-Farallon spreading ridge
reached the North America Plate (Atwater, 1970; Engebretson
and others, 1985; Stock and Molnar, 1988). This event resulted
in the formation of two triple junctions and the initiation of dex-
tral slip in a developing transform system between them. The
transform system has grown since that time to its present length
of more than 1,100 km. Initial transform motion probably oc-
curred along offshore faults, but the main locus of slip moved
inland to the San Andreas Fault by 10 to 6 Ma (Graham, 1978).
An element of convergence was superimposed on the transform

regime as recently as 3 Ma and possibly as early as 6 to 5 Ma as
aresult of a clockwise change in Pacific—-North America relative
plate motion (Cox and Engebretson, 1985; Harbert and Cox,
1989; Cande and others, 1992). Present-day convergence is oc-
curring at a rate of 2 to 7 mm/yr across the San Andreas Fault,
while motion along the San Andreas and other strike-slip faults
accounts for approximately 40 mm/yr of Pacific—-North America
Plate motion (DeMets and others, 1987; Jordan and Minster,
1988; Argus and Gordon, 1991). The smaller convergence rate
is obtained when the Sierra Nevada microplate is considered
separately from the rest of North America (Argus and Gordon,
1991).

Offshore structural framework

The primary structural elements of the central California
offshore area were first recognized by Hoskins and Griffiths
(1971) and later examined in more detail by McCulloch,
(1987). Two major structural discontinuities, the Hosgri and
Santa Lucia Bank Fault Zones (fig. 1) form the eastern and
western boundaries of the intervening offshore Santa Maria
basin. Discontinuities in the magnetic field at the faults sug-
gest that discrete basement blocks may be juxtaposed across
the faults (McCulloch, 1987; Page and others, 1979). Strike-
slip movement has been documented along the trend of the
Hosgri Fault Zone and its northward extension, the San
Gregorio Fault, but the amount and timing of right-slip
movment is the subject of some controversy. Hall (1975) and
Graham and Dickinson (1978) estimate that 80 to 115 km of
slip has occurred along the Hosgri since early to middle Mi-
ocene time. By contrast, Sedlock and Hamilton (1991) ques-
tion most of this slip and argue that Neogene and Quaternary
slip along the system amounts to less than 5 km. A significant
component of strike-slip movement along the Santa Lucia Bank
Fault Zone is inferred, based on the long linear trace of the
fault and the apparent high angle of the fault in cross section
(McCulloch, 1987). A recent tectonic model proposed by Sedlock
and Hamilton (1991) suggests that the amount of dextral slip
along the Santa Lucia Bank Fault Zone is potentially large. Ina
recent reconstruction of the tectonic evolution of southwestern
California, they have attributed nearly 700 km of right-lateral
slip to the Santa Lucia Bank Fault Zone and other offshore faults
since early Miocene time. However, there are no piercing points
with which to document offshore slip magnitude.

Both the offshore Santa Maria basin and the Santa Lucia
basin are elongate, coast-parallel basins filled with Tertiary
sediments. The east and west boundaries of the Santa Maria
basin are faults where Franciscan Complex(?) basement is in-
ferred to be juxtaposed against early Miocene to Holocene
strata. The Santa Lucia basin lies west of the Santa Lucia
Bank Fault Zone and sits above the Santa Lucia high. Tertiary
basin fill onlaps acoustic basement eastward. In general, the
sediment fill thins to the west and is truncated by erosion at
the basin margins. The following details of the structural evo-
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lution of these basins are based on our interpretation of the
seismic reflection data from the PG&E/EDGE survey.

Regional Stratigraphy
The stratigraphy of the offshore Santa Maria basin is

known primarily from oil exploration well penetrations.
Whereas many of these well data are still proprietary, suffi-

o
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cient data are available in the recent literature to establish the
main elements of the basin stratigraphy. In particular, a re-
cent synthesis of lithologic and biostratigraphic data from more
than 50 wells in the central and southern part of the basin by
Clark and others (1991) has produced a preliminary
chronostratigraphy for the OCS P-406-1 well that can be cor-
related to stratigraphy onshore and to the southern part of the
basin. In addition, log data and lithologic information are
publicly available for the Oceano P-060-1 well (McCulloch,
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Figure 1. Structure of central California
offshore and coastal areas. Shaded
regions indicate (west to east) Santa Lucia
Escarpment, Santa Lucia basin and
offshore Santa Maria basin. Basin outlines
follow McCulloch (1987). Faultand fold
trends (thin lines) follow Pacific Gas and
Electric (1988). Location of seismic
reflection profiles (lines of circles) is
superimposed on geology. Location of the
Oceano P-060-1 well is marked by dry-
hole symbol. Index map shows state
outline, study area, and trend of San
Andreas Fault Zone (SAF).
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1987, and references therein, Ogle and others, 1987) that lies a
few tens of meters east of seismic line PG&E-2 (fig. 1). Here,
we review the basin stratigraphy established so far, so that
established formation names can be assigned to the seismic
stratigraphic sequences we have delineated on the reflection
data. Figure 2 correlates the regional stratigraphy to a syn-
thetic seismogram from the Oceano P-060-1 well and our seis-
mic stratigraphic sequences.

Well data show that the central offshore Santa Maria basin
contains early Miocene to Holocene marine sediments that
unconformably overlie Mesozoic Franciscan basement rocks.

A

Immediately above basement lie early Miocene volcanic rocks
that are correlative with part of the Obispo Formation of the on-
shore Santa Maria basin (Clark and others, 1991). The Oceano
P-060-1 well (fig. 2) penetrates tuff, ash, and intrusive rock of
this formation at a depth of approximately 2,050 m (McCulloch,
1987). In some areas of the central offshore Santa Maria basin,
volcanic rocks are overlain by sediments that can be correlated
with the mudstones and dolostones of the Point Sal Formation
found both onshore and in the southern part of the basin (Clark
and others, 1991). However, in the P-060-1 well, the volcanic
rocks are immediately overlain by 600 m of siliceous shales and

Age Perioc_i/ Epoch/ Central offshore Southern offshore Approx.  Seismic
(Ma) subperiod  subepoch Santa Maria basin Santa Maria basin thickness sequence
uatern
Q any Foxen Mudstone Upper part of Pico Fprmation 860 m A
Pliocene | Late and younger sediments and younger sediments B
5 Early | Sisquoc Formation, upper member | Lower part of Pico Formation ! (o]
Sisquoc Formation, Santa Margarita 440 m
10 "
onterey
M,?m:{%,; Formation 530 m E
Neogene
Miocene
15 —
Obispo Formation 2 g Tranquillon Volc. 340 m
20 - B
a
Ch S
ange
in Scale V e
A 25 - m
Paleoge;e((;?) rocks, Unknown e
ivided
Paleogene undivide
50 - g n
t
Jalama Formation®
Cretaceous(?) rocks,
100 7 Cretaceous undivided
Espada Formation®
150 -
Jurassic Franciscan Complex Franciscan Complex
J

1 Stratigraphic equivalent of upper member of the Sisquoc Formation

2 Stratigraphic equivalent of lower member of the Sisquoc Formation

3 Unit of Dibblee (1950)

Figure 2. Correlation of seismic sequences to regional stratigraphy. A,
Correlation chart. Age and formation names follow Clark and others
(1991). Correlation to southern Santa Maria basin is based on
McCulloch and others (1979), Isaacs and others (1983) and Crain and
others (1985). Thicknesses based on Oceano P-060-1 well stratigraphy
modified from Ogle and others (1987). B, Correlation of reflection
units A through E in synthetic seismogram derived from sonic log in
Oceano P-060-1 well to those in PG&E-2 seismic profile. Franciscan
rocks offshore may be younger than Jurassic (Page, 1981).
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cherts of the Miocene Monterey Formation (McCulloch, 1987
Ogle and others, 1987).

Siltstones, siliceous mudstones, and claystones of the
late Miocene and early Pliocene Sisquoc Formation conform-
ably overlie the Monterey Formation. Within the Sisquoc
Formation is an unconformity at the Miocene/Pliocene bound-
ary (placed at earliest Delmontian, or 5.3 Ma by Clark and
others (1991), hereafter referred to as the Miocene-Pliocene
boundary unconformity), which is used to divide the forma-
tion into upper and lower members (Clark and others, 1991).

A second unconformity in the basin occurs at the boundary
between the Sisquoc Formation and the overlying Foxen
Mudstone (placed at the early-late Pliocene boundary or 3.4
Ma, by Clark and others (1991), hereafter referred to as the
early-late Pliocene boundary unconformity). The Foxen con-
sists of poorly consolidated clays with occasional siltstone,
sandstone, and limestone streaks (Clark and others, 1991).
Pleistocene sediments equivalent to the onshore Paso Robles
Formation are rarely recognized offshore because offshore
wells are drilled on structural highs, where Pleistocene sedi-

Oceano
P-060-1

Time (s)

Structure and Tectonics of the Central Offshore Santa Maria and Santa Lucia Basins, California Z5



ments are thin and sample recovery near the ocean floor is
limited (Clark and others, 1991). Pleistocene sediments are
not recognized in the Oceano P-060-1 well (for example, see
Ogle and others, 1987), but probably occur throughout the
offshore area.

DATA ANALYSIS

We examined basin evolution in the central California
offshore region by using the upper 4 s of seismic reflection
data from the PG&E/EDGE seismic survey. All the data have
been scaled with automatic gain control and migrated with a
45-degree finite-difference time migration algorithm. To con-
strain the timing of deformational events we have identified
seismic sequences within the basins. The presence of two
cross lines (PG&E-2 and RU-2) in the offshore Santa Maria
basin allows us to tie individual sequences between dip lines
to evaluate the development of structures along strike. In this
paper, we combine individual analyses of the PG&E and the
RU lines (see Meltzer and Levander, 1991; Miller, 1993) with
a synthetic seismogram derived from well data in order to
present a complete interpretation of the data set. A more de-
tailed picture of the tectonic evolution of the continental shelf
emerges as a result.

Consistent patterns in north-south structural variation
emerge from the line-by-line examination of the data: 1, Sedi-
ments in both basins are thicker to the south; 2, folding and
faulting are increasingly well developed to the south; and 3,
shortening is observed in progressively younger sediments
southward. The Hosgri Fault Zone dips steeply to near verti-
cally along the length of the basin and appears to break into
multiple strands to the south. The Santa Lucia Bank Fault
Zone dips more moderately. With a few exceptions, reflec-
tions from faults that offset basin sediments and basement
blocks cannot be traced more than a few tenths of a second
below the basement-sediment interface.

Interpretation Methods

We date seismic sequences by matching them to a syn-
thetic seismogram from the Oceano P-060-1 well and the pub-
lished stratigraphic correlations for the well (McCulloch, 1987,
and references therein; Ogle and others, 1987). Since seismic
line PG&E-2 nearly crosses the well location, formations can
be tied to seismic sequences accurately at this point in the
basin. Five sequences (labelled A through E in fig. 2) have
been identified within the offshore Santa Maria basin. In terms
of regional stratigraphic correlations, sequence E corresponds
to the stratigraphic sequence that locally includes the Miocene
Obispo Formation or its stratigraphic equivalent the
Tranquillon Volcanics of Dibblee (1950) and the Monterey
Formation. The synthetic seismogram shows that the Obispo
correlates with the particularly reflective region of the seis-

mic record below 2.1 s but above basement rocks. Sequences
D and C correspond to the marine siltstones and shales of the
upper and lower members of the Sisquoc Formation. Sequence
B probably corresponds to the Pliocene Foxen Mudstone. Fi-
nally, Sequence A may represent Quaternary sediments. Base-
ment rocks below Sequence E are interpreted to be the
Franciscan Complex with local occurrences of overlying Pa-
leogene sedimentary and volcanic rocks. This interpretation
is based on well data and the seismic velocity model of Howie
and others (1993). Thus the D-C sequence boundary represents
the Miocene-Pliocene boundary unconformity and the C-B se-
quence boundary represents the early-late Pliocene boundary
unconformity recognized by Clark and others (1991).

Our recent acquisition of sonic log data from the Oceano
P-060-1 well has resulted in somewhat different correlations
of established formations to seismic sequences than those that
are previously published by Meltzer and Levander (1991) and
Miller (1993). Previously, sequence E had been correlated to
Obispo and Point Sal Formations only. Sequence D had been
correlated to the Monterey Formation and sequences C and B
to the Sisquoc Formation only. We also pick a different top of
the Sisquoc Formation than that published by Ogle and others
(1987). The synthetic seismogram to seismic tie indicates that
the top of the Sisquoc Formation as published by Ogle and
others is the top of the lower member of the Sisquoc Forma-
tion (the D-C sequence boundary). Our interpretation is more
consistent with Clark and others’ (1991) synthesis of central
Santa Maria basin well data.

In this paper we treat migrated seismic reflection data as
if they represent a true geological cross section except for a
time-to-depth conversion using a simplified stacking velocity
field. In the presence of large velocity variation, this can be a
poor assumption, as the seismic image may be distorted rela-
tive to true subsurface geometries. Although we do not present
depth-converted interpretations, we do take lateral heteroge-
neity in the velocity field into account in our discussion. The
abundance of well data, stacking velocity, and seismic refrac-
tion velocity information in this region means that the veloc-
ity field is relatively well known (for example, see Howie and
others, 1993; Willingham and others, unpub. data, 1997°%). The
most significant velocity variations occur where uplifted base-
ment blocks are juxtaposed against basin sediment. However,
within the stratigraphic sequences defined here, stacking ve-
locity estimates indicate little lateral variation in velocities.
Thus estimates of fault dip at uplifted basement blocks are
probably less reliable than observations of thinning and thick-
ening sediments on the seismic record. Interpreted seismic
records with approximately 2:1 vertical exaggeration assum-
ing a velocity of 2,300 m/s are presented in plates 1 and 3.

SWillingham, C.R., Reitman, J.D., Shiller, G.I., Heck, R.G., and
DiSilvestro, L.A., Seismic images of the Hosgri Fault Zone offshore, south-
central California, planned for publication as a chapter in Keller, M.A., ed.,
Evolution of sedimentary basins/onshore oil and gas investigations—Santa
Maria province: U. S. Geological Survey Bulletin 1995.
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This is the approximate velocity of Sisquoc Formation rocks
in the Oceano well’s sonic log. A velocity of 2,300 m/s was
also used for converting travel times to thicknesses in the fol-
lowing sections.

Offshore Santa Maria basin

Six profiles (fig. 1, pls. 1, 2) cross some part of the off-
shore Santa Maria basin. Four (RU-13, PG&E-1, RU-3 and
PG&E-3) cross the basin in the dip direction, and the other
two (RU-2 and PG&E-2) traverse the basin along its strike.
The RU-13 profile (pl. 14) is the northernmost crossing of
the offshore Santa Maria basin. At the northern end of the
offshore Santa Maria basin, the seismic profile shows that the
sedimentary section is relatively thin, averaging ~0.9 km (0.8 s).
The sediments lie above a generally west-dipping basement
that is abruptly offset by the moderately dipping Santa Lucia
Bank Fault Zone. Occasional reverse-separation faults hav-
ing minor displacement appear to offset the basement in the
eastern half of the transect. This profile does not quite reach
the Hosgri Fault Zone, the eastern boundary of the basin.
Thickening of the strata of the E sequence as they approach
the Santa Lucia Bank Fault Zone, suggests that this fault was
the initial site of extension within the basin. Significant sub-
sidence of the eastern part of the basin began with the deposi-
tion of the D sequence, as is evident from the thicker
accumulation of D strata to the east. The D strata thin west-
ward across a basement high and then thicken toward the Santa
Lucia Bank Fault Zone suggesting that the fault continued to
be an important locus of subsidence during this time. Some
apparent reverse motion occurred at the Santa Lucia Bank Fault
Zone during the deposition of sequence D, as both the E and
D sequences are gently folded and thinned within an anticline
at the fault, while strata of sequence C onlap the folded mate-
rial. Sequences B and A are unaffected by folding at the Santa
Lucia Bank Fault.

To the south on the PG&E-1 profile (pl. 1B), an undulat-
ing basement topography, formed by normal-separation fault
offset during extension, can be seen along with a thicker sedi-
mentary section. In addition to basement highs at the east and
west boundaries of the basin, three other highs are readily dis-
tinguished in the basin interior. Sequences D and C thin sig-
nificantly across these highs, while sequence E onlaps and, in
some places, is truncated by the highs. This sediment geom-
etry suggests that early extensional faults, located at basement
block boundaries, controlled the location of early deposition
within the basin. Basin subsidence was greatest near the Hosgri
Fault Zone, where sediment thickness exceeds 2.2 km (2 s).
This observation contrasts with RU-13 where the basin is deep-
est adjacent to the Santa Lucia Bank Fault Zone. A period of
shortening during sequence C deposition affected sediments
along the PG&E-1 transect, which is somewhat later than along
RU-13. Deformation is concentrated at the edges of base-
ment highs, where sediments of the lower three sequences are

gently folded. This geometry suggests structural inversion in
which normal faults initiated during basin formation began to
accommodate shortening through basement block uplift.
Onlapping relations within sequence C, as well as a relatively
undeformed top-of-sequence boundary, suggest that the com-
pressional episode waned during sequence C deposition, al-
though uplift at the basement high immediately west of the
Hosgri Fault Zone continued until somewhat later. Sediments
of sequences B and A are undeformed. At the Santa Lucia
Bank Fault Zone, some evidence exists for recent compres-
sion where a fault scarp offsets the sea floor, truncating se-
quences B and A.

On the RU-3 profile (pl. 1C) 30 km to the south, the thick
sedimentary section seen adjacent to the Hosgri Fault Zone
on PG&E-1 now persists across much of the basin. Just as to
the north, the lower three sequences thin across present-day
basement highs that must also have been high at the time of
deposition. On the northern two profiles, sequences B and A
form a west-dipping blanket of sediments, but on RU-3 their
depositional pattern is also controlled by another inversion
structure, an emergent fold informally referred to as the
Queenie structure (Clark and others, 1991). Onlap of se-
quences B and A onto the structure suggests that it formed
prior to the deposition of sequence C. Faulting and folding
along the transect is largely pre-Pliocene except near the Hosgri
Fault Zone where strata of sequence B have been upturned.
The eastern strand of the fault is nearly vertical, but a strand
immediately to the west dips east and apparently accommo-
dates some apparent reverse motion.

The most southerly E-W profile, PG&E-3 (pl. 1D), re-
veals younger and greater shortening. Folding at the Queenie
structure is more fully developed. A large uplifted basement
block immediately west of the structure acts as a buttress for
the fold. Evidence for younger compression is seen in an an-
ticline immediately west of the Hosgri Fault Zone, where some
sequence B strata are folded above the feature. The Hosgri
Fault Zone consists of numerous strands, some of which dip
east, cutting through the section. By contrast, the Santa Lucia
Bank Fault Zone is primarily a single, moderately east-dip-
ping (45-60°) fault.

Profiles PG&E-2 and RU-2 (pl. 1E, F), along the strike
of the basin, both show that the basin sediments thicken to the
south and that shortening affects progressively younger sedi-
ments. North of its tie to PG&E-1, RU-2 crosses a relatively
thin sedimentary sequence of ~0.9 km (0.8 s). South of this
juncture, the basin deepens considerably to ~2.2 km (2.0 s).
Sediments younger than sequence C are unaffected by minor
reverse faults within the basement rocks to the north, whereas
farther south the lower part of the B sequence eventually is
involved in folding. These general observations also hold for
PG&E-2, except that the observed sedimentary section is con-
siderably thicker due to the profile’s proximity to the Hosgri
Fault Zone.

These data suggest that the Santa Maria basin evolved as
a shelf basin during Miocene time and later underwent struc-
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tural inversion in a late Miocene to Holocene compressional
regime. These events affected the northern and southern parts
of the basin differently, with the greatest subsidence and short-
ening occurring to the south. As observed by earlier workers
(for example McCulloch, 1987), early normal faults offset
basement and controlled deposition within the basin. Later
these same faults were reactivated to accommodate shorten-
ing through structural inversion. Throughout the basin, evi-
dence of the main episode of shortening begins with the D-C
sequence boundary, the late Miocene to early Pliocene
unconformity placed by Clark and others (1991) at the Mi-
ocene-Pliocene boundary or approximately 5.3 Ma. In the
northern part of the basin, this period of shortening caused
only minor folding in basin strata above small-offset high-
angle reverse-separation faults that originate within basement
at the north end of the basin. Here, strata of sequence C and
younger are undeformed, except near the Hosgri Fault Zone.
To the south, increasingly younger sediments are involved in
larger magnitude folds. On the PG&E-3 profile, strata in the
Pliocene-age sequence B are deformed east of the PG&E-2
line tie, and strata of sequence A are gently folded above the
Hosgri Fault Zone. These observations suggest that the north-
ern part of the study area was primarily affected by an intial
compressional pulse associated with a plate motion change at
6-5 Ma, whereas areas to the south and east have experienced
additional deformation since that time. Active shortening con-
tinues today in this region, as attested by both the seismic re-
flection data and two 1969 earthquakes with thrust mechanisms
and local magnitudes of 5.4 (Gawthrop, 1978).

Offshore Santa Lucia basin

The Santa Lucia basin is separated from well control in
the offshore Santa Maria basin by the Santa Lucia Bank, a
basement high. Furthermore, sediment deposition and defor-
mation is significantly more complex within this basin than in
the offshore Santa Maria basin to the east. Because of these
additional uncertainties, we have only attempted to identify
two sequences west of the Santa Lucia Bank Fault Zone. Be-
cause the unconformity between the two sequences in the Santa
Lucia basin and that between sequences C and B in the off-
shore Santa Maria basin both separate more intensely deformed
strata from mildly deformed to undeformed strata, we infer
that both the unconformities and the strata they separate are of
similar age to those seen in the offshore Santa Maria basin.
We interpret the lower sequence as being equivalent to se-
quences E through C, while the upper sequence would cotre-
spond to sequences B and A in the offshore Santa Maria basin.

Four profiles, RU-13, PG&E-1, RU-3 and PG&E-3 cross
the Santa Lucia basin (fig. 1; pls. 3, 4) in the dip direction.
Profile RU-13 (pl. 34) provides the northernmost crossing of
the Santa Lucia basin. There basin strata are relatively thin,
reflecting as much as ~0.8 km (0.75 s) of sediments. On the
eastern edge of the basin the lower sequence currently onlaps

the underlying basement rock while to the west it downlaps
onto the basement rock. At its eastern boundary against the
Santa Lucia Bank, sediments of the lower sequence have been
uplifted and truncated by erosion at the sea floor. Sediments
of the upper sequence downlap against the underlying se-
quence. Gentle folds within the upper sequence are erosion-
ally truncated at the sea floor. Offsets in the basement suggest
that it has been disturbed by at least three small thrust faults
that have deformed some of the overlying sediments as well.
Fault-plane traces cannot be followed into the underlying base-
ment rock; their presence here is only inferred.

On the next profile to the south, PG&E-1 (pl. 3B), the
sedimentary section thickens significantly while folding and
faulting of the strata are more pronounced. Along this transect,
the eastern basin boundary is formed by a series of reverse
separation faults that dip 45° to 60° eastward and ultimately
juxtapose basin sediments against basement rocks of the Santa
Lucia Bank. Sediments at the western edge of the basin have
been uplifted and truncated by erosion at the sea floor. Gener-
ally west-dipping basement topography is broken up by a num-
ber of thrust faults that offset basement rocks and can be traced
upwards into the lowermost seismic sequence. Fault-plane
reflections beneath the basement-sediment interface are diffi-
cult to identify. The lower sequence is deformed by thrust
faults, particularly to the east where faults offset the sea floor.
Folding and faulting intensity diminishes westward. The up-
per sequence is gently folded above underlying folds and faults
in the lower sequence and basement. At the eastern margin of
the basin, sediments of the lower sequence are folded and trun-
cated at the sea floor by erosion.

Along the RU-3 traverse, 30 km farther south (pl. 3C),
folding and faulting intensify. The eastern basin boundary is
a gently west-dipping unconformable contact between base-
ment and the lower seismic sequence. The west-dipping base-
ment topography of the two northern transects is disrupted by
a series of uplifted and downdropped blocks along RU-3.
These blocks show uplift of as much as 1.1 km (1 s) along
steeply dipping (70°-90°) faults. In addition, the basement has
been displaced by a number of small-offset reverse-separa-
tion faults that also deform the overlying sediments. Beyond
the western end of the basin, the presence of layering in the
basement rocks suggests that the basement is internally de-
formed by west-vergent folds and thrust faults. A fault scarp
at the sea floor (A, pl. 3C) suggests Quaternary uplift of the
westernmost block of basin strata. In the central part of the
basin, a thick and internally deformed lower sequence is
abruptly truncated to the east by an uplifted basement block
(B, pl. 3C). Sediments on the east side of this block are simi-
larly truncated. These geometries suggest that the near-verti-
cal boundaries of this basement block are possible sites of
strike-slip motion. Folding of lower sequence strata immedi-
ately above the block boundaries suggests that block-bound-
ary faults may also have accommodated some reverse motion.
Most of the movement at the edges of this block must have
occurred prior to the deposition of the upper sequence, as its
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strata continue across the block. Immediately east of this base-
ment block, strata of the upper sequence onlap those of the
lower sequence. To the west, the upper sequence thickens and
downlaps onto the lower sequence, suggesting that subsidence
in the central part of the basin was significant during the pe-
riod of upper sequence deposition.

The pattern of repeated reverse-separation faulting within
basement and sediments continues 10 km to the south on
transect PG&E-3 (pl. 3D). Basement rock is offset in a num-
ber of places by reverse-separation faults that also fold or off-
set sediments of the lower sequence. Toward the east side of
the basin, the faults approach vertical and then become east
vergent. The one vertical fault (A, pl. 3D) may also accom-
modate some strike-slip motion. Evidence for this is the ver-
tical discontinuity in reflections of the lower sequence that
occurs at the fault. As on RU-3, the eastern basin boundary is
a west-dipping unconformity between basement and strata of
the lower sequence. The upper sequence is more deformed on
PG&E-3 than on any of the profiles to the north. Strata are
folded and faulted near underlying thrust faults. Offsets at the
sea floor indicate that a number of these faults may have been
active in the Quaternary. Despite folding, the original deposi-
tional geometry (as inferred from RU-13) of onlap to the east
and downlap to the west is still preserved in the upper se-
quence. As on RU-3, layering in basement rocks beyond the
west end of the basin shows west-vergent thrusting within the
underlying accretionary wedge.

Interpretation of the seismic reflection data suggests that
the Santa Lucia basin is a smali shelf basin that initially formed
during early Miocene time and was later deformed by two
episodes of shortening. Strata of the lower seismic sequence,
which are interpreted to be of Miocene age, were deposited
on a gently west-dipping basement. Sediment geometry on
line RU-13 closely reflects this initial stage of deposition.
Strike-slip faulting, also of Miocene age, locally disrupts base-
ment rocks and the overlying strata of the lower sequence.
These inferred strike-slip faults are difficult to trace in the
north—south direction because they may have small displace-
ment or they may merge eastward into the Santa Lucia Bank
Fault Zone. Strike-slip motion must have ceased before the
beginning of the Pliocene, because sediments of the upper
sequence are not cut by inferred strike-slip faults.

In the late Miocene and early Pliocene, an episode of
convergence led to displacement of basement along high-angle
reverse-separation faults and to folding and faulting of the
lower sequence. Strata of the upper sequence were deposited
unconformably over the lower sequence as the compressional
episode waned. Fault scarps at the sea floor, along with fold-
ing and faulting of the upper sequence, suggest that a second
episode of compression has affected the south end of the ba-
sin in the Quaternary. Seismicity data and focal mechanism
solutions (Gawthrop, 1978) also are consistent with present-
day thrust faulting in the vicinity of the Santa Lucia basin.

An alternate interpretation for the origin of the Santa
Lucia basin suggests it may be a slope basin of Late Creta-

ceous to Neogene age. On the basis of an analysis of the RU-
3 profile, McIntosh and others (1991) chose this interpreta-
tion over a shelf-basin origin. On profiles RU-3 and PG&E-3
the lower basinal sediments are partially folded into the un-
derlying accretionary wedge complex. In addition, the sedi-
ments at the western edge of the basin have been uplifted and
truncated by erosion. These structural geometries are typical
of slope basins forming at currently active margins (for ex-
ample, see Moore and Karig, 1976). Finally, the proximity of
the basin to the continental slope of a former subduction mar-
gin favors a slope-basin origin.

Examination of the north-south variation in Santa Lucia
basin structure casts some doubt on the slope-basin interpre-
tation. In particular, the nearly undisturbed basin strata on
RU-13 suggest that initial basin subsidence was not accompa-
nied by compressional deformation of the underlying accre-
tionary wedge, as is expected in the slope-basin model. Instead,
folding and faulting would be the result of the compression
that has affected the California margin since the late Miocene
to early Pliocene. Deformation was simply more intense at
the south end of the basin than at the north. Without well data
and an additional north-south seismic transect that ties RU-13
to the other lines, we cannot make the definitive age ties nec-
essary for distinguishing between shelf and slope origins.
Nevertheless, the north-south variation in deformation inten-
sity is at least consistent with that observed in the neighboring
offshore Santa Maria basin.

IMPLICATIONS FOR PRESENT-DAY TECTONICS

The geometry of compressional structures observed in
the upper crustal data from the PG&E/EDGE survey has an
impact on efforts to understand the tectonics and seismic haz-
ards of the California margin. The seismic sequence analysis
shows that initial shortening within the basin correlates with
the most recent change in Pacific~North America Plate mo-
tion and that at least some shortening continues to occur within
the oblique-slip regime that characterizes the present-day San
Andreas transform zone. Below, we examine the implica-
tions that these data have for recent tectonic models of the
margin,

In a strike-slip stress regime, shortening is commonly
accommodated with faults and folds arranged in an en ech-
elon pattern, with axes at an orientation oblique (normally at
approximately 30°) to major through-going strike-slip faults
(for example, see Sylvester, 1988). Shortening is accommo-
dated at constraining bends along the main strand of the strike-
slip fault, whereas extension is accommodated at releasing
bends. This style of faulting may explain extensional struc-
tures in the offshore area (McCulloch, 1987), but it does not
explain the strike of shortening structures observed in the off-
shore basins and in other parts of central California. In the
offshore region, folds and reverse faults strike in a northwest-
erly direction, subparallel to the trends of the Hosgri and San
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Andreas Faults (fig. 1). This differs significantly from the ob-
lique trend expected in a theoretical strike-slip stress regime.

A mechanical model for the state of stress near strike-
slip faults having low shear stress (Mount and Suppe, 1987;
Zoback and others, 1987) may explain the unexpected strike
of folds and thrusts within the offshore Santa Maria and Santa
Lucia basins. This model was first proposed for a region adja-
cent to the San Andreas Fault in central California, where not
only do reverse faults and folds occur, but measurements indi-
cate that the maximum principal stress is normal to the trans-
form (Mount and Suppe, 1987; Zoback and others, 1987).
Mount and Suppe (1987) and Zoback and others (1987) show
that if the transform is weak, then the stress in the near field
rotates so that the maximum principal stress is approximately
normal to the fault and the shear stress along the fault is small.
The fault-parallel strike of offshore structures suggests that
they fit into this kind of stress model. We interpret this as
evidence that the weak portion of the transform regime ex-
tends into the offshore region and perhaps that offshore strike-
slip faults such as the Hosgri Fault may also be weak.

Significant controversy accompanies the question of ex-
actly how this fault-normal shortening is accommodated at
depth. For example, Crouch and others (1984) have suggested
that high-angle reverse faults observed near the surface, both
onshore and offshore, flatten into an aseismic detachment zone
at 12 to 15 km depth. This decollement is thought to coincide
with the top of an oceanic crustal layer that is now known to
underlie the margin. A number of regionally extensive faults,
including the Hosgri are inferred to sole into this detachment.
In this interpretation the Hosgri may once have been a strike-
slip fault but now is predominantly a thrust fault.

Although the PG&E/EDGE seismic data image the
boundary between Franciscan Complex rocks and underplated
oceanic crust (McIntosh and others, 1991; Meltzer and
Levander, 1991; Miller and others, 1992) they lack evidence
that would permit the extension of reverse faults that offset
basin strata to the deeper parts of the crust. Numerous reverse
faults have already been identified on the basis of reflection
terminations at the top of basement rocks and within the Ter-
tiary strata of the offshore Santa Maria and Santa Lucia basins
(pl. 1-4). However, the basement rocks lack the continuity
needed to follow fault planes based on the termination method,
and fault-plane reflections can rarely be followed very far into
the basement. Exceptions to this observation include a pos-
sible subhorizontal fault-plane reflection beneath the Queenie
structure (pl. 1C, D). Without fault-plane reflections to rely
on, there is no direct way to prove or disprove the occurrence
of crustal-scale thrust faults required by the model of Crouch
and others (1984).

The suggestion that a major through-going fault such as
the Hosgri might be a thrust fault has prompted a number of
investigators to reprocess seismic data to improve both steep
dip imaging and imaging in the face of large-velocity con-
trast. A full prestack depth migration of the Hosgri Fault Zone
performed on line RU-3 (Lafond and Levander, 1993) shows

75° of east dip on the Hosgri and suggests that the fault is near
vertical at this location. Through interpretation and depth con-
version of many seismic reflection records across the Hosgri
Fault Zone, Willingham and others (unpub. data, 1997%) find
that the Hosgri is steeply dipping (> 60°) to subvertical and
that, in the southern part of the Santa Maria basin, it is some-
times associated with auxiliary thrusts. None of their data
point to flattening of the Hosgri Fault Zone itself at depth.
These more detailed studies are all in agreement with our ob-
servations on the complete PG&E/EDGE dataset, that the
Hosgri Fault Zone is steeply dipping to subvertical.

CONCLUSIONS

Seismic reflection data from the 1986 PG&E/EDGE ex-
periment cross two basins, the Santa Lucia and offshore Santa
Maria basins of central California. These basins initially
formed in early Miocene time in the transtensional tectonic
regime imposed by the onset of transform motion along the
North American continental margin. Faults inferred to have
accommodated some of this transform motion (and exten-
sion) include the Hosgri and Santa Lucia Bank Fault Zones,
which appear as near-vertical boundaries of the offshore Santa
Maria basin on the seismic data. These data show that the
Santa Lucia Bank Fault Zone commonly has dips ranging from
30° to 60° that make it a poor candidate for accommodation
of large amounts of strike-slip as suggested by Sedlock and
Hamilton (1991). However, the data do support the presence
of at least one other minor strike-slip fault further west, within
the Santa Lucia basin.

A late Miocene to early Pliocene shortening episode has
folded and faulted sediments within both basins. The age of
strata affected by compression decreases southward, while
the amount of shortening within both basins increases to the
south. Since both the northern and southern sectors of the
two basins should have experienced similar stress fields,
the variable amounts of shortening seen in these two sec-
tors suggests a heterogeneous strain field in central Califor-
nia. Shortening not seen in the northern sector of offshore
central California must be accommodated elsewhere along
the margin.

The age of onset of compression coincides with a late
Miocene to early Pliocene change in Pacific—North America
Plate motion that added a component of compression to right-
lateral slip along the plate boundary. Shortening due to ob-
lique plate motion continues today in the offshore. The PG&E/
EDGE data indicate that active folding and reverse faulting
affects much of the southern sector of the Santa Lucia basin
but is limited to minor perturbations of very shallow strata
adjacent to the Hosgri and Santa Lucia Bank Fault Zones in
the offshore Santa Maria basin.

This seismic reflection survey supplies additional data
for evaluating tectonic models for present-day deformation
along the California margin. A model presented by Crouch
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and others (1984) proposes that folding and high-angle re-
verse faulting observed within the sedimentary section is ac-
commodated at depth by flattening of faults into a decollement
located at the base of the seismogenic zone. These workers
cite the Hosgri as a major through-going fault that manifests
this behavior. Whereas there is some seismic evidence for
flattening of a fault plane at a shallow depth beneath the
Queenie structure, these data lack reflections that might be
interpreted as evidence for a flattening of fault planes beneath
other convergent structures including the Hosgri Fault Zone.
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