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During the Cenozoic, tectonics in the Cuyama basin of the southeastern
Salinian block changed from extension to strike-slip faulting to compression and
rotation. During the Oligocene-early Miocene, the Cuyama basin was adjacent
to the southern Mojave region and part of that extensional tectonic regime.
Many present-day reverse faults have an extensional history.

At ~23 Ma, strike-slip faulting began, and the Cuyama basin was part of a
zone of distributed shear between the North American and Pacific plates. The
Russell fault, which is the oldest documented right-lateral fault in the region,
began movement at ~23 Ma which continued until 4 Ma. Tracing its 29 km of
slip south of the Big Pine fault is problematic. It may connect with the Blue
Rock fault below the Cuyama Badlands, and then correlate with the Clemens
Well-Fenner-San Francisquito fault segments, another early strand of the San

- Andreas fault system to the south. An associated left-lateral fault is proposed to
underlie the southeast Caliente Range. The Cox normal fault, which was active
during deposition of the Saltos Shale member of the Monterey Formation, is
another structure associated with the early right-lateral shear.

Compressional tectonics have occurred more recently. The Caliente
Range is moving south on the Whiterock and Morales thrusts; the Sierra Madre
is moving north on the South Cuyama and Ozena faults. A blind thrust that
may be a southern extension of the Morales thrust is postulated to underlie the
folds of the Cuyama Badlands. The Plio-Pleistocene Mo;‘alcs Formation was



deposited during the onset of folding and thrust faulting. Magnetostratigraphy
was used on the Morales Formation to date uplift of the Caliente Range, which
began between 3.0 and 2.5 Ma. Recent uplift of the Frazier Mountain-Mt. Pinos
highlands began between 2.6 and 0.78 Ma.

Paleomagnetism also revealed 23° of post-Morales Formation clockwise
rotation. The rotation may be due to the movement of material west of the San

Andreas fault around the Big Bend of the San Andreas fault.
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Changing Tectonic Regimes in the Southern Salinian Block: Extension, Strike-
Slip Faulting, Compression and Rotation in the Cuyama Valley, California

Chapter 1:
Subsurface Cross-Section of the Southeastern Cuyama Basin, Southern California

Barbara J. Ellis
Department of Geosciences

Oregon State University
Corvallis, OR 97331-5506

and

Herbert M. Spitz
621 Lantana #20
Camarillo, California 93010

ABSTRACT

Subsurface data shows the middle to late Cenozoic transition from
predominantly marine strata in the southeastern Cuyama basin to nonmarine
strata in the Cuyama Badlands. The marine Saltos Shale, Branch Canyon
Sandstone and Santa Margarita Formation all grade eastward into the nonmarine
Caliente Formation. Only the late Oligocene-early Miocene Vaqueros Formation
is continuous throughout the area.

East of the South Cuyama oil field, the eastern edge of the Cox trough is
a half-graben which is bordered by a hinge line, not a fault, on its eastern side.
Subsidence of the Cox trough occurred during the early Miocene deposition of
the Saltos Shale, which thickens significantly across the hinge line. Strata above
and below the Saltos Shale maintain a relatively uniform thickness.

At the end of the Miocene, the area east of the Cox trough, the Cuyama
syncline, subsided to receive a thick sequence of the Pliocene Quatal and Plio-
Pleistocene Morales Formations. The formation of the syncline is coincident
with the deposition of the Morales Formation and is truncated by younger north-

directed thrust faults.



A postulated pre-Pliocene fault in the subsurface of the Cuyama Badlands
explains contrasts in the pre-Vaqueros geology. The Vaqueros Formation rests
on the Simmler Formation and crystalline basement in the Badlands and on

Paleogene sedimentary rocks in the Cuyama basin.



INTRODUCTION

Seismic and well data from the southeastern Cuyama basin were
evaluated to map the eastern boundary of the Cox trough and to trace the
transition from the marine to nonmarine Miocene strata.

The Cuyama basin contains a sequence of middle to late Cenozoic marine
and nonmarine strata that unconformably overlie early Tertiary sedimentary
rocks (Hill et al., 1958). The marine strata are dominant in the western part of
the basin (Schwing, 1984; Spitz, 1985), and interfinger with nonmarine rocks to
the east in the Cuyama Badlands (James, 1963; Dibblee, 1982; Davis, 1983).

The Cuyama Valley is transitional between the Transverse Ranges and the
Coast Ranges (Figs. 1-1 and 1-2). The present-day valley has an east-southeast
trend, almost parallel to that of the Transverse Ranges. Older structures in the
Cuyama basin, such as the Russell fault and Cuyama syncline, trend northwest,
almost parallel to the Coast Ranges. The valley is bounded by east-west trending
thrust faults, the Morales and Whiterock faults to the north and the South
Cuyama and Ozena faults to the south Late Cenozoic movement along these

faults has given the Cuyama Valley its present-day trend (Spitz, 1985).
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Figure 1-1. Tectonic map of the Cuyama basin and adjacent areas.
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METHODS

A cross-section based on well data (Fig. 1-3) was drawn to parallel the
seismic line as closely as possible. Data from Spitz (1985) were correlated to
wells near the western part of the line; surface exposure in the Cuyama Badlands
was used to support the correlation of rock units in wells to the east.
Paleontological data provided by Texaco gave age constraints on the Shell-
Chambers well.

The migrated seismic line (Fig. 1-4) in this study used Vibrosis as the
energy source, with a frequency spectrum of 10-48 hertz. The sample rate is 4
milliseconds. Both the geophone group interval and the Vibroseis point interval
are 330 feet (100.6 meters). The common depth point stack is 24-fold.

The interpretation of the seismic line was based on well-top correlation
and depth-to-time conversions. Depths in time to key stratigraphic horizons in
the Shell-Chambers well are based on a synthetic seimsic trace produced from the
sonic-log data. Interpretations of the line were validated by checking intersecting

seismic lines.



STRATIGRAPHY

The subsurface stratigraphic sequence in the southeastern Cuyama basin
changes from predominantly marine strata in the west to mainly nonmarine
strata in the east. This change is similar to that exposed in the northern side of
the Caliente Range and described by Clifton (1973). The subsurface facies
change can be seen in an east-west cross section based on well data (Fig. 1-3).
The non-marine Oligocene-early Miocene Simmler Formation is exposed in the
Cuyama Badlands; however, it is not present in the Shell-Chambers well or in
the South Cuyama oil field farther west (Schwing, 1984; Spitz, 1985). The early
Miocene marine Saltos Shale member of the Monterey Formation is over 5000
feet (1524 m) thick in the Cox trough (Spitz, 1985), less than 100 feet (30 m)
thick in the Shell Chambers well, and absent in the Cuyama Badlands. During
the middle to late Miocene, the fluvial Caliente Formation was deposited in the
Cuyama Badlands at the same time the marine Branch Canyon Sandstone and
Santa Margarita Formation were being deposited to the west. Between the
Caliente Range (Vedder, 1970) and the southeastern Cuyama Basin, the Branch
Canyon Sandstone-Caliente Formation facies change trends approximately
N50°W, giving an orientation on the paleo-shoreline at this time. The overlying
Pliocene Quatal Formation pinches out to the west between the Chevron
Sulpetro-Wylie and Mohawk-Lundstrom wells.
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THE COX TROUGH

~ The northeast-trending Cox trough is a prominent structural feature in this
area, and 1s easily recognized by the abrupt thickening of the early Miocene
Saltos Shale. The Saltos Shale, less than 100 feet (30 m) thick in the Shell-
Chambers well, rapidly increases to over 5000 feet (1524 m) within the Cox
trough to the east (Spitz, 1985). Close to the southern edge of the (S'ama basin,
the Cox trough is bound by faults on both the eastern and western sides (Lagoe,
1981; Spitz, 1985), and the western boundary fault can be traced northeast into
the center of the basin. However, the seismic line located in the center of the
basin shows no evidence of faulting on the eastern side of the Cox trough.
Instead, the Cox trough there appears to be a half-graben with the Saltos Shale
thickening across a fault zone to the west (Spitz, 1985) and a hinge line on the
east.

The Cox trough was not active during the deposition of the late
Oligocene-early Miocene Vaqueros Formation, which maintains approximately
the same thickness both within and outside of the Cox trough. Localized
subsidence of the Cox trough was limited to the time of deposition of the early
Miocene Saltos Shale, as can be seen by its rapid thickening across the Cox
trough. Subsidence had almost ceased by the time the middle Miocene Branch
Canyon Sandstone was deposited. However, one of the faults on the western
side of the Cox trough continued to be active through the deposition of the
Branch Canoyn Sandstone. The Branch Canyon Sandstone is approxiamtely 400
feet (122 m) thicker on the downthrown (eastern) side of the fault (Spitz, 1985).
The branch Canyon Sandstone thins from 900 feet (274 m in the Mohawk-
Lunstrom well to 400 feet (122 m) in the Shell Chambers well. Onlap on the
eastern edge of the Cox trough across the hinge line may be responsible for the

Branch Canyon Sandstone thinning in that direction.
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. THE CUYAMA SYNCLINE

At the end of the Miocene, the area east of the Cox trough subsided, and
the Cox trough underwent relative uplift, with a subsequent shift of the
depocenter to the east into the Cuyama syncline. The axis of the Cuyama
syncline, as mapped and named by Frakes (1959), trends approximately N50°W,
plunges 13°N'W, and is on line with the Shell-Chambers well.

There are three possibilities for the time of uplift of the Cox trough: 1) It
occurred after the Santa Margarita Sandstone was deposited, thus forming a high
which limited the extend of deposition of the Quatal Formation, 2) it occurred
after the deposition of the Quatal, with subsequent erosion of the Quatal and part
of the Santa Margarita Sandstone from the resulting uplift, or 3) the Quatal
Formation changed facies to sandstone to the west, thus not requiring post-Santa
Margarita, pre-Morales Formation uplift. Because the Quatal Formation is not
found in outcrop in the northern Sierra Madre farther west than the Cox trough
(Vedder, 1968; Fritsche, 1969; Vedder and Repenning, 1975), the first hypothesis
is preferred. Frakes (1959) also believed it is a pre-Pliocene feature because of
the unconformity at the base of the Morales Formation. The Cuyama syncline
remained the site of sediment accumulation during the deposition of the Morales
Formation, as can be seen by the greater thickness of the Morales in the vicinity
of the Shell-Chambers well (Figs 1-3 and 1-4).
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FAULTING IN THE CUYAMA BADLANDS

A subsurface fault is postulated between the Clayton 144 and the Blue
Diamond wells. Precambrian(?) (Kistler, et al., 1973) crystalline basement, with
the composition of quartz diorite (Ross, 1974), occurs at 5989 feet (1764 m) well
depth in the Blue Diamond well, but is absent in the Clayton 144 well. The
Clayton 14-4 well is not deep enough to completely support or rule out the
presence of a fault; basement may be located just below the bottom of the hole.
This fault would explain two discrepancies between the wells: 1) The Vaqueros
Formation rests on Paleogene sedimentary rocks in the Shell-Chambers well, and
in wells farther to the west, but it overlies crystalline basement and Oligocene
Simmler Formation in the Blue Diamond well. 2) There is a shart contrast in
dips between the wells. This could be explained by either a fault or a tight fold.
A fault seems the better choice because it avoids mapping folded basement
between the wells, although granitic rocks appear in the core of an anticline in
Quatal Canyon (Dibblee, 1971a). Also the basement rock in the Blue Diamond
well is extensively sheared, chloritized and slickensided (Ross, 1974), which
supports the presence of a fault nearby.

The overlying Qualtal Formation appears undisturbed, suggesting that the

postulated fault is pre-Pliocene in age.
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CONCLUSIONS

1. Tertiary marine strata, predominant in the western part of the area,
grade into predominaltly nonmarine strata in the Cuyama Badlands to the east.
The facies changes are comparable to those on the north side of the Caliente
Range (Vedder, 1970; Clifton, 1973), thus giving a N50°W orientation on the
paleoshoreline, assuming no late Tertiary strike-slip on the Morales fault.

2. In the center of the Cuyama Valley, the Cox trough is a half-graben
with a fault only on its western flank.

3. The Cox trough subsided only during the deposition of the early
Miocene Saltos Shale.

4. The Cuyama syncline remained a depocenter during the deposition of
the Pliocene-Pleistocene Morales Formation, therefore it is a relatively young
feature. The superposition of east-west trending structures, such as the South
Cuyama fault and the present trend of the Cuyama Valley is still younger,
probably Quaternary in age.

5. A fault is postulated between the Clayton 144 and Blue Diamond
wells to explain the contrast in pre-Vaqueros geology. Quartz diorite and
Simmler Formation are present in the Blue Diamond well, whereas Paleogene

marine strata occurs in the Shell-Chambers well and wells farther west.
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ABSTRACT

The Cuyama basin in the southern Coast Ranges of California underwent
a transition from strike-slip to compressional faulting, synchronous with the
deposition of the Pliocene-Pleistocene Morales Formation. Paleomagnetic
stratigraphy was used to date the Morales Formation and, by inference, the
beginning of compressional tectonics. Sections sampled below the Morales and
Whiterock thrusts in the western Cuyama basin were predominantly normal and
are correlated with the Gauss chron (3.57-2.60 Ma). An abrupt appearance of
clasts derived from the overlying thrust sheet in the section below the Whiterock
thrust suggests uplift of the Caliente Range during the middle to late Gauss
chron. Seismic reflection data indicate that the eastern sections were deposited
earlier. In conjunction with fossil evidence, the eastern sections are correlated to
a time between the late Gilbert through early Matuyama chrons. The presence of
a crystalline boulder bed midway in an eastern Cuyama basin section indicates
uplift of the Mount Pinos-Frazier Mountain highlands during the Matuyama
chron between 2.60 and 0.78 Ma.

Paleomagnetic directions of the Morales Formation document 23° of

clockwise rotation of the Morales Formation.



17

INTRODUCTION

The Cuyama basin, located northwest of the western Big Bend of the San
Andreas Fault (Fig. 2-1 and 2-2), is an area of transition between the strike-slip
tectonics of the Coast Ranges to the northwest and the compressional tectonics of
the Transverse Ranges to the south. The Cuyama basin is part of the Salinian
block, which is bounded by right-lateral strike-slip faults. It is north of the Big
Pine fault, the northern boundary of the compressional Transverse Ranges. In
the Cuyama basin, the change in tectonic styles from strike-slip to compression
mvolves the Pliocene-Pleistocene fluvial Morales Formation.

During the Pleistocene, structural deformation of the Cuyama Valley
changed from strike-slip faulting to predominantly folding and thrust faulting.
The Russell strike-slip fault, known only from the subsurface of the Cuyama
Valley, may be an older, inactive strand of the San Andreas fault (Yeats et al,
1989). On the basis of decreasing offset of progressively younger beds, Yeats et
al. (1989) inferred that the Russell fault was active throughout most of the
Miocene but not later. The Russell fault does not involve the Morales
Formation, which is cut by the Whiterock, Morales and South Cuyama thrusts
and is folded in the South Cuyama and Wells Ranch synclines (Fig. 2-2). The
Caliente Range is advancing southward over the Cuyama Valley on the
Whiterock and Morales thrust faults, and the Sierra Madre is advancing
northward on the South Cuyama and Ozena faults.

In the absence of datable ash beds and an age-diagnostic fossil record, the
magnetostratigraphy of the Morales Formation was studied to help constrain the
timing of the transition from strike-slip to compressional tectonics.
Paleomagnetic studies resulted in age estimates of the Morales Formation and
the onset of compressional tectonics. In addition, there is evidence for post-

Morales clockwise rotation of 21°-23° in the Cuyama basin.
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METHODOLOGY

Six sections were chosen for paleomagnetic sampling of the Morales
Formation (Fig. 2-2). They are: 1) Quatal Canyon (QC) section in the Cuyama
Badlands, which crosses the Cuyama syncline fold axis and is our longest
exposed section, 2) Ballinger Canyon (B) section in the Cuyama Badlands, 3)
the Wells Ranch syncline (W) section on the north side of the Caliente Range,
4) Santa Barbara Canyon (S) section on the north side of the Sierra Madre, 5)
the Whiterock (WF) section in the Morales Canyon oilfield below the Whiterock
fault, and 6) the Morales (MF) section in the Russell Ranch oilfield below the
Morales fault.

Sample sites were spaced as closely as possible, while trying to sample the
finest grained beds available, preferably siltstones and mudstones. Samples were
also taken from sandstone beds; however, their remanent magnetism was usually
unstable. At each site, at least 3 hand samples were oriented by Brunton
compass. In the lab, hand samples were reoriented in plaster of Paris, and at
least 2 oriented cores were drilled from each hand sample. The majority of
samples were thermally demagnetized progressively to 650° Centigrade in 30°-50°
steps. Samples were cooled in a shielded magnetic environment with residual
fields less than 10 nT. To reduce the likelihood of systematic laboratory errors,
samples from each site were demagnetized in several heating batches. Some sites
were also demagnetized in alternating fields (AF) to 70 mT at 5-10 mT
increments. A comparison of the two demagnetization methods is shown in
Figure 2-3.

The overprint by the normal, present-day field was usually removed in the
first two or three demagnetization steps (Fig. 2-4). Characteristic magnetic
directions for each specimen were obtained from best-line fits through
consecutive points on vector projection diagrams, after omitting the lower
blocking temperature/coercivity points. Highly scattered low-intensity data near

the origin were also occasionally excluded from the analyses. The



21

demagnetization interval used for calculating characteristic directions varied
between samples.

Site mean directions and associated quality estimates, k (precision
parameter) and o5 (95% circle of confidence) (Fisher, 1953), are listed in Table 1.
Only sites with o< 25° were used to calculate the average paleomagnetic
direction for each section. Table 2 compares the in situ vectors for each section
with the bedding corrected results. For five of the six sampled sections, k and 0t
improved after the sites were structurally corrected (Fig. 2-5). The only
exception is the section below the Morales fault, where only three sites were
available for obtaining the average paleomagnetic direction.

A classic fold test was not possible, as most of the sections were
homoclines and did not cross fold axes. The QC section crosses the Cuyama
syncline, most of the sites are located on the eastern limb. Improvements in k
and o, after structural correction imply the magnetization predates folding.
Ratios of the precision parameters, k, before and after structural corrections are
used to examine the statistical significance of structural corrections on the
dispersion of the paleomagnetic directions (McElhinny, 1963). At the Quatal
Canyon section, the smaller dispersion after unfolding is significant at the 95%
level, at the Ballinger Canyon and Wells Ranch syncline sections they are
significant at the 99% level. The results are shown in Table 2.
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the same hand sample. Results are for in situ orientation.
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TABLE 1

CUYAMA VALLEY SUMMARY OF PALEOMAGNETIC RESULTS

24

Site No. N/n DR(°) IR(°) k ag5(°) Bedding
Strike/Dip
QUATAL CANYON
Caliente Formation
QCH1 5/5 224.5 -33.5 168.0 5.9 300° /90°
Qc2 5/6 184.7 -56.6 168.6 5.9 155 °/18°W
QC3 6/6 200.3 -32.9 11.2 6.4 145 °/ 9° W
Quatal Formation
Qc4 8/9 33.7 50.5 23.8 11.6 130°/32°W
Qcs* 3/6 262.9 67.2 17.5 30.4 130°/34°W
Morales Formation
QCe 6/6 239.1 -54.2 20.0 15.4 125°/34°W
Qc7 5/6 2247 -35.8 54.6 10.4 117°/31°W
QC8 717 194.8 -40.1 37.4 10.0 143°/34°W
Qco 4/6 171.5 -56.4 116.0 8.6 122°/27°W
QC10* 5/6 probably reversed 155°/25°W
QcC11 4/86 12.5 45.3 48.5 13.3 155°/25°W
Qc12 5/6 26.6 46.3 56.2 10.3 143°/33°W
QC13 717 203.1 -49.8 51.8 8.5 133°/20°W
QCc14 6/6 197.4 -47.7 70.5 8.0 133°/20°W
QcC15 6/8 213.8 -33.0 54.1 9.2 155°/16°W
QC16 7/8 221.6 -32.7 18.9 14.3 160°/15°W
QC17 6/7 212.0 -16.9 45.0 10.1 154°/43°W
Qc18 5/6 207.8 -34.0 62.6 9.7 300°/22°E
QC19* weak site 340°/15°E
QcC20 5/6 188.7 -29.7 41.5 12.0 140°/30°W
Qc21 6/9 177.3 -24.8 109.3 6.4 355°/26°E



TABLE 1 (CONTINUED)

CUYAMA VALLEY SUMMARY OF PALEOMAGNETIC RESULTS

Site No. N/n DR(®) IR(°) k ag5(°) Bedding
Strike/Dip

BALLINGER CANYON

Morales Formation

B3* 4/6 reversed 137°/48°W

B4*  4/6 reversed 156°/47°W

B5* 4/6 reversed

B6 6/6 204.0 -37.0 84.0 7.0 156°/40°W

B7 5/6 202.0 -43.0 54.0 10.0 153°/43°W

B9 6/8 213.0 -49.0 52.0 9.0 147°/46°N.

B10 6/6 207.0 -45.0 128.0 8.0

QOA 4/5 33.6 47.6 1287.4 2.6 2109/7°W

SANTA BARBARA CANYON

Quatal Formation

S1 4/9 192.8 -62.9 33.1 16.2 288°/58°N

s2~ weak site, indeterminate 298°/58°N

Morales Formation

S3 6/6 252.1 -50.9 38.4 10.9 312°/59°N

S4 3/5 340.5 40.9 141.2 10.4 298°/58°N

S5 6/6 174.3 -49.3 506.5 3.0 342°/60°N

WELLS RANCH SYNCLINE

Quatal Formation

Wi~ weak site, indeterminate 290°/52°N

Morales Formation

w2 4/7 200.5 -50.2 1561.9 7.5 285°/54°N

w3 4/4 198.2 -48.1 649.6 3.6 282°/51°N

w4~ 3/6 194.4 -34.8 18.8 29.3 255°/64°N

ws* weak site, reversed? 315°/28°N

W6 5/7 176.6 -60.9 170.5 5.9 130°/60°S



TABLE 1 (CONTINUED)
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CUYAMA VALLEY SUMMARY OF PALEOMAGNETIC RESULTS

Site No. N/n DR(°) IR(°) k ag5(°) Bedding
Strike/Dip
BELOW WHITEROCK THRUST
Morales Formation
WF1 6/10 37.0 52.0 38.6 10.9 6°/24°E
WF2 7/10 13.5 54.6 141.9 5.1 310°/14°E
WF3* reversed 6°/18°E
WF4 5/9 50.5 73.3 44 .4 11.6 53°/30°E
WF5* weak site, inderminate 330°/37°E
WF6 6/8 23.3 451 12.9 19.4 315°/57°E
BELOW MORALES THRUST FAULT
Morales Formation
MF1 6/10 20.4 50.5 35.1 11.5 335°/22°N
MF2* 5/9 14.7 28.2 54 - 36.2 341°/35°N
MF3 6/6 156.6 -40.0 34.0 11.7 340°/18°N
MF4 6/8 62.1 57.0 9.3 23.2 350°/61°N
MF5* 3/6 45.5 10.9 22.5 26.6 321°/26°N
MF6* weak site, indeterminate 235°/46°NW

N/n, number of specimens used in calculations/number of specimens measured.

DR, IR, structurally corrected declination (D) and inclination (l); rotated to horizontal

using measured bedding attitude (strike/dip).

k, best estimate of precision parameter of Fisher distribution.

a95, radius in degrees of the 95 percent cone of confidence about the mean direction.

* Site eliminated from calculations for average vectors due to lack of data or A95>25.



TABLE 2

CUYAMAVALLEY , AVERAGE DIRECTIONS BY SECTION
COMPARING IN SITU AND BEDDING CORRECTED DATA
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Section N D(°) 1(°) k ags5(®) SIG
Quatal Canyon, IS 18 207.0 -28.1 7.2 13.9 95%
Quatal Canyon, BC 18 204.5 -40.3 14.5 9.5
Ballinger Canyon, IS 5 218.2 -14.3 19.4 17.8 99%
Ballinger Canyon, BC 5 207.7 -44 .4 183.2 5.7
Santa Barbara Canyon, IS 4 69.0 -75.2 55 432 <80%
Santa Barbara Canyon, BC 4 190.9 -56.6 9.7 311
Wells Ranch Syncline, IS* 217.9 -73.3 24 --- 99%
Wells Ranch Syncline, BC 3 193.2 -53.5 64.4 15.5
Below Whiterock Fault, IS 4 344.4 65.5 20.3 209 <80%
Below Whiterock Fault, BC 28.1 56.8 32.0 16.5
Below Morales Fault, IS 3 335.1 60.6 10.8 39.5
Below Morales Fault, BC 3 14.4 54.5 85 451 --e-

IS, in situ

BC, bedding corrected

N, number of specimens used in calculations’
D, I, declination (D) and inclination (I);

k, best estimate of precision parameter of Fisher distribution.
ag5, radius in degrees of the 95 percent cone of confidence about the mean direction.

* k less than 3, no A95



28

IN SITU BEDDING
CORRECTED

BALLINGER AND
QUATAL CANYONS

SANTA BARBARA CANYON
AND WELLS RANCH SYNCLINE

BELOW WHITEROCK
AND MORALES FAULTS

Figure 2-5. Equal-area stereonets showing site data before and :«}fter beddi{xg
corrections. The directions are more tightly clustered after bedding corrections.
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THE MORALES FORMATION

The Morales Formation is a Pliocene-Pleistocene fluvial deposit at least
1500 meters thick unconformably overlying middle and late Miocene strata. It
was first designated a separate formation by Hill et al. (1958). Dibblee (1971a,
1973) included all young, deformed, non-marine sediments of the Cuyama area
in the Morales Formation. Vedder (1968) and Vedder and Repenning (1975),
described the upper part of Dibblee's Morales Formation as "older Quaternary

alluvium".

Wells Ranch Syncline |

In the Wells Ranch Syncligle, the Morales Formation is approximately 600
m thick, and the top of the formation is eroded. The Morales Formation was
deposited conformably on the nonmarine Quatal Formation, which is entirely
composed of clay and resembles the Quatal Formation at its type locality in
Quatal Canyon. The Morales Formation is coarse grained at the bottom of the
section, consisting of sandstone and siltstone. In the western part of the syncline
on the south limb, thick beds of coarse-grained, granular to pebbly sandstone and
conglomerate are present. The coarse-grained strata grade upward and to the
east mnto interbedded siltstone and claystone. Thick bedded, blue-grey claystone
is present in the axis of the syncline at the top of the section.

All sites from the Morales Formation in the Wells Ranch syncline have
reversed magnetic polarity (Fig. 2-6). One site from the Quatal Formation gave
no useful results. Vedder (1970; pers. comm., 1990) found a Blancan fossil
locality in the Morales Formation approximately midway up the section. The
Blancan fossil stage lasted from about 4.4 to 1.8 Ma (Lundelius et al., 1987).
This time interval spans the late Gilbert through the early Matuyama polarity
chrons (McDougall et al., 1992).
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Figure 2-6. Magnetostratigraphic correlation of sections from the eastern Cuyama
basin. Reversed sites are denoted by open circles, normal sites by solid circles,
and ideterminate sites by crosses. Diagonal line pattern indicates unknown
polarity due to lack of sites.
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Quatal and Ballinger Canyons

The Quatal Canyon section in the Cuyama Badlands is the easternmost
section studied (Fig. 2-2) It is approximately 1500 m thick, the longest exposed
section of the Morales Formation, and it crosses the axis of the South Cuyama
syncline. On the northeast limb, interbedded claystone and siltstone beds have
an average dip of 27° and lie conformably on the Quatal Formation. In Quatal
canyon, the Quatal Formation is a lacustrine deposit of bentonitic clay (Vedder,
1968) which interfingers with the Morales Formation. The Quatal Formation is
separated from the underlying late Miocene Caliente Formation by an angular
unconformity.

The Morales Formation becomes sandier and coarser-grained upsection.
There is a distinctive boulder bed 885 m above the Quatal-Morales boundary.
Some boulders are over a meter in diameter. Boulder lithologies include a pink
feldspar augen gneiss, Pelona Schist, granitic gneiss, a marble boulder almost 2 m
in diameter, a white granitic fine-grained gneiss with gamets, and a greenschist
with amphibole and garnets. Boulder lithologies correlate with crystalline
basement lithologies in the Mt. Pinos-Frazier Mountain highlands east of the
Cuyama Badlands. Above the boulder bed, the Morales Formation is coarser
grained, and beds sufficiently fine-grained for paleomagnetic studies are rare.

Three paleomagnetism sites were sampled from the Caliente Formation.
These sites occur on both sides of an anticlinal axis and all sites were reversed.
Two sites were sampled in the Quatal Formation, which is very fine-grained and
fractures easily, making it difficult to obtain samples. One site gave a reliable
normal polarity, the other site is questionably normal (Table 1, Fig. 2-6). The
Morales Formation is reversed except for two normally magnetized sites
approximately one third of the distance up the stratigraphic section. The boulder
bed from the Mt. Pinos-Frazier Mountain highlands is about 384 meters above
the upper normal site.

In Ballinger Canyon, the stratigraphy is almost identical to Quatal
Canyon. Younger fluvial sediments, the "Qoa" on Dibblee (1973) and Vedder's
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(1968) maps, overlie the Morales with a 20° angular unconformity. The seven
sites from the lower part of the Morales Formation were reversed and the single

"Qoa" site has normal polarity.

Santa Barbara Canyon

In Santa Barbara Canyon, just west of the Cuyama Badlands, the Morales
Formation is exposed in the steep south limb of a syncline on the north flank of
the Sierra Madre. It lies conformably on the Quatal Formation. In the Santa
Barbara Canyon section, the Morales Formation is only approximately 200 m
thick, and it may be a condensed version of the Quatal Canyon section. Here,
the Morales Formation is coarser grained than in other areas, which made
sampling for paleomagnetism difficult. The Quatal Formation consists of poorly
sorted sandstone interbedded with stringers of brown claystone. The claystone
resembles the clay that forms the entire Quatal Formation in Quatal Canyon. A
boulder-cobble bed 96 m above the Morales-Quatal contact is composed almost
entirely of sandstone shed from the Sierra Madre. Above this boulder-cobble
bed, rare stringers of siltstone and claystone are found.

Two sites were sampled in the Quatal Formation, one above and the
other below the interfingered claystone beds. The lower site is reversed;the upper
one has indeterminate polarity (Fig. 2-6). The three sites sampled in the Morales
Formation were chosen to bracket the boulder-cobble bed. The middle site
directly below the boulder bed has normal polarity. The other two sites have

reversed magnetization.

Whiterock and Morales sections

The westernmost sections are below the Whiterock and Morales thrusts of
the Caliente Range where the Morales Fonhation is approximately 1030 m and
1100 m thick, respectively (Fig. 2-7). In these two sections, the Morales
Formation rests unconformably on the late Miocene Santa Margarita Sandstone

which interfingers with the Caliente Formation to the east. In both sections, the
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Morales Formation becomes coarser grained upsection. Half-way up the section
below the Whiterock thrust, the clast content abruptly changes from mostly
crystalline pebbles below to more than 90% angular shale chips above. The
closest shale source is the Saltos Shale in the hanging wall of the Whiterock
thrust. Also present are some sandstone clasts with Turritella fossils from the
Painted Rock member of the Vaqueros Sandstone, which is also found in the
hanging wall of the Whiterock thrust. The abrupt transition in clast lithology is
interpreted as a change from fluvial deposition with a more distant crystalline
source to localized alluvial fan sedimentation in front of the rising and eroding

hanging wall of the Whiterock thrust.
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Figure 2-7. Magnetostratigraphic sections from the western Cuyama basin
showing the Morales Formation only. Reversed sites are denoted by open
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AGE CORRELATION OF THE SECTIONS

The Wells Ranch syncline section contains a Blancan horse fossil near the
middle of the section. The Blancan fossil age lasted from about 4.4 to 1.8 Ma
(Lundalius, et al., 1987), which spans the late Gilbert through early Matuyama
chron. The magnetic polarity stratigraphy alone does not permit a unique age
assignment for this section. However, because only reversed polarity sites were
found, two correlations are most likely: 1) the late Gilbert Chron or 2) the early
Matuyama Chron. This would suggest minimum sedimentation rates of 1.5
mm/yr for the Gilbert chron, and 0.85 mm/yr for the early Matuyama chron.

In Quatal Canyon, an angular unconformity separates the Caliente
Formation from the overlying Quatal Formation. A Clarendonian horse fossil
found in the upper part of the Caliente Formation (Kelley and Lander, 1988)
dates the upper Caliente Formation as upper Miocene. Therefore, the Quatal
Formation must be younger. The Quatal Formation has a similar lithology in
both the Wells Ranch syncline and the Cuyama Badlands, and can be used as a
stratigraphic marker. The Quatal Canyon section is predominantly revefsed,
with two normal sites near the middle. No vertebrate fossils have been found in
the Cuyama Badlands Morales Formation. There are possible correlations for
the Quatal Canyon section, and the likeliest two interpretations are 1) deposition
during the late Gilbert through the Matuyama chron (4.3-0.8 Ma), with the
normal sites (QC11 and QC12) representing the Gauss chron, or 2) deposition
entirely during the Matuyama chron, with the normal sites representing the
Olduvai subchron. Minimum sedimentation rates would be 0.5 and 0.8 mm/yr
for the first and second correlations, respectively. The Quatal Formation can be
used to tie the Wells Ranch and Quatal Canyon sections together. Because of
the discontinuous nature of continental sedimentation, gaps could exist in the
stratigraphic record, and some shorter polarity subchrons, such as the Reunion,
might be missing.

If the Santa Barbara Canyon section were deposited at the edge of the

Morales basin, sedimentation rates could have been much lower, and the Santa
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Barbara canyon section could be an attenuated version of the Cuyama Badlands.
The Santa Barbara Canyon section also rests on the Quatal Formation.

The age of the Morales and Whiterock sections is more ambiguous
because the Quatal Formation is missing, and there are no fossils or ash beds
present. However, they must be equivalent to, or younger than, the sections in
the eastern Cuyama basin. An east-west seismic line (Fig. 2-8) (Ellis and Spitz,
1987) in the eastern Cuyama basin shows that the Morales Formation onlaps the
Quatal Formation and lower Miocene rocks westward in the subsurface. The
Quatal Formation pinches out between Santa Barbara Canyon and the Morales
and Whiterock sections. Because of the onlap, the Morales beds in the western
part of the basin must be younger than the lower Morales beds to the east.

The Morales fault and Whiterock fault sections are of predominantly
normal polarity, and there is a reversed site near the middle of each section (Fig.
2-6). Both sections rest unconformably on upper Miocene sandstone; they are
associated with imbricate thrusts faults, and both have a similar magnetic
stratigraphy. If they are correlative, one section can be used to fill in gaps in the
other, giving a more complete, composite section.

The Morales and Whiterock sections are not likely represent the Bruhnes
because of the reversed site in the middle of each section. Neither are they likely
to correlate with the normal subchrons of the predominantly reversed Matuyama,
which are more likely to go unrecorded in an area of discontinuous continental
sedimentation.

By analogy with the eastern sections, the two western sections were
probably deposited in a time interval between the Gilbert and Matuyama chrons.
However, because the two sections are predominantly normal, we believe that it
is unlikely that they were deposited during the Matuyama or Gilbert chrons.
Correlating the western sections with the two youngest normal subchrons in the
Gilbert cannot be totally excluded, but this interpretation would suggest usually
high minimum sedimentation rates of about 2.5 mm/yr. Deposition during the

Gauss Chron is the most plausible interpretation of the predominantly normal
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western sections, and this would translate to minimum sedimentation rates of
about 1 mm/yr for the western sections during the Gauss.

If only the eastern, reversed sections are considered, deposition of the
Morales Formation during either the Gilbert or the Matuyama chrons is equally
likely. However, in combination with the western, predominantly normal
sections, and evidence from the east-west seismic line, deposition of the Morales
Formation in the Cuyama basin probably began during the late Gilbert and
continued into the Matuyama Chron.
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TIMING OF TECTONIC EVENTS

The eastern, predominantly reversed sections are interpreted to correlate
with the late Gilbert through early Matuyama chron, and the western sections
are correlated with the Gauss chron. In this interpretation, the appearance of the
boulder bed just above the normal site in Quatal Canyon (Fig. 2-6) represents the
mception of uplift and erosion from the Mt Pinos-Frazier Mountain highlands in
the Matuyama between 2.60 and 0.78 Ma (McDougall et al., 1992). If the Santa
Barbara Canyon section is correlative to the Quatal Canyon section, a similar
boulder bed may represent uplift of the Sierra Madre at about the same time.

The Wells Ranch syncline section probably predates the Gauss chron,
which began at 3.57 Ma. The Gauss may be missing due to erosion of the top of
the section. Alternatively, the sediment source may have been blocked by the
beginning of uplift of the Caliente Range, and the area became a quiet backwater
where the thick clay beds could accumulate.

The uplift and erosion of the hanging wall of the Whiterock thrust are
well-defined in the stratigraphic record, based on the sudden appearance of
angular shale chips just above the reversed site in the Whiterock thrust section
(Fig. 7). The interpretation that the Whiterock and Morales sections represent the
Gauss Chron from 3.57 to 2.60 Ma might suggest uplift of the Caliente Range
began during the Gauss chron after the termination of the Mammoth subchron at
3.21 Ma (McDougall et al., 1992).
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TECTONIC ROTATION OF THE CUYAMA BASIN

All sections sampled in the Cuyama basin show some clockwise rotation
(Tables 2 and 3), ranging from 11° for the Santa Barbara Canyon section to 28°
for the section below the Whiterock fault. The regional average was calculated
two ways: 1) by combining averages of all site samples, which gave an average
declination/rotation of 23.3, 0,45=65°, n=37, and 2) by combining the average
rotation of each section, which gave a regional average rotation of 20.3°,
04s=7.0°, n=6. The Quatal Canyon section, the longest continuous exposure, has
an average rotation of 24.5°, 0s=17.1° (Table 2). There is no discernable
pattern of progressive rotation through time, suggesting that rotation in the
Cuyama Badlands occurred after Morales deposition.

Previous studies of rotation in the western Transverse Ranges have
concentrated on areas south of the Big Pine fault, the northernmost west-trending
left-lateral fault (Luyendyk et al., 1980; Hornafius et al., 1986) Luyendyk (1991)
uses McKenzie and Jackson's (1986) model to explain the rotation of the western
Transverse Ranges. In their model, crustal blocks first undergo east-west
extension, then north-south contraction as they rotated clockwise due to right-
lateral shear between the Pacific and North American plates. Jackson and
Molnar (1990) cite evidence from very long baseline interferometry (VLBI) for 5
years (Sauber, 1989) and the east-west orientation of crustal blocks in the western
Transverse Ranges to infer that rotation in the western Transverse Ranges is
continuing at a rate of 6.3° + 3.4°/Ma. They suggest this rate is consistent with
estimates of rotation rates for the past 10 Ma, which would imply about 12°
degrees of clockwise rotation of the Cuyama basin since Morales deposition
ended about 2 Ma. However, the Cuyama basin is rotated 20°-23°, almost twice
the predicted value.
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COMPARISON OF AVERAGE PALEOMAGNETIC RESULTS
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Sections or Combination of Sites N

D(°)

1)

k

ag95(°)

Eastern Sections (Ballinger, Quatal, Santa Barbara Canyons and Wells Ranch Syncline)

By site 30

By section 4

202.7
200.0

-45.1
-48.9

Western Sections (Below Whiterock Fauit and Morales Fault)

By site 7
By section 2
Reversed Sites 26
Normal Sites 11
Regional Average by Site 37
Regional Average by Section 6

N, number of sections or sites used in calculations

22.2
21.0

202.0
24.3

203.3
200.3

D, I, declination (D) and inclination (l);

k, best estimate of precision parameter of Fisher distribution.

56.1
55.8

-44.7
52.9

-49.0
-51.2

21.9
75.5

17.5

202.8

18.9
27.2

13.9
92.0

5.7
10.6

14.9

17.6

6.7
8.9

6.5
7.0

ag5, radius in degrees of the 95 percent cone of confidence about the mean direction.
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CONCLUSIONS

The transition from strike-slip to compressional tectonics occurred since
approximately 4 Ma, the older age estimate of the Morales Formation involved
in folding and thrusting, and overlying the inactive strike-slip Russell fault.

Uplift of the Mt. Pinos-Frazier Mountain crystalline highlands probably began in
the Matuyama chron between 2.60 and 0.78 Ma, based on the presence of
crystalline boulders above the upper of two normal polarity sites in the Cuyama
Badlands. The beginning of uplift of the Caliente Range may have cut off the
supply of coarse sediments to the Wells Ranch Syncline, causing the Morales
Formation to become finer-grained upsection. If this is so, the Caliente Range
began to rise late in the Gilbert chron prior to 3.57 Ma. As uplift continued, the
hanging wall of the Whiterock thrust began to shed sediments into the Morales
Formation. The unroofing and erosion of the Whiterock hanging wall probably
occurred during the Gauss after a normal subchron, between 3.21 and 2.60 Ma.
Compressional tectonics is continuing; the formation of the Cuyama syncline
post-dates the end of Morales deposition, and borehole-breakout data and space-
geodetic (VLBI) data show the current direction of maximum stress is nearly
perpendicular to the San Andreas Fault.

Paleomagnetic data from the Morales Formation shows the Cuyama basin
has undergone an average of 23° of post-Morales clockwise rotation, nearly twice

the value predicted by present models.
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Chapter 3:
Tectonic History of the Southeastern Cuyama Basin and Cuyama Badlands,
Southern California

Barbara J. Ellis
Department of Geosciences

Oregon State University
Corvallis, OR 97331-5506

ABSTRACT

During the Cenozoic, the tectonics of the Cuyama basin changed from
extension to strike-slip faulting, and most recently, to compression and rotation.
The Cuyama basin was adjacent to the Mojave region 320 km to the south
during the Oligocene. Many of the present-day reverse faults of the Cuyama
basin have an earlier extensional history. At ~23 Ma, extensional tectonics
changed to strike-slip faulting, and the Cuyama basin became part of a
distributed shear zone between the North American and Pacific plates. Right-
and left-lateral strike-slip faults, normal faults (e.g., the Cox fault) and en echelon
folds were part of this shear zone. The Russell fault is the oldest documented
dextral fault in the Cuyama basin. It began to move at 23 Ma and has ~29 km of
slip. Tracing the Russell fault south of the Big Pine fault has been problematic.
I propose that the Russell fault joins with the Blue Rock fault under the Cuyama
Badlands, which then correlates with the Clemens Well-Fenner-San Francisquito
fault to the south. A left-lateral fault that was also active during the early phase
of strike-slip faulting is postulated to underlie the southeast Caliente Range.

More recently, east-west trending compressional structures overrode and
deformed earlier structures. The Caliente Range is moving south on the
Whiterock and Morales thrusts, and the Sierra Madre is moving north on the
South Cuyama and Ozena faults. The beginning of uplift of the Caliente Range
is dated at ~3.0-2.5 Ma, based on the magnetostratigraphy of the Morales
Formation, which is cut by the thrusts.
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Paleomagnetic data also revealed ~23° of clockwise rotation in the Cuyama
basin. A plan-view model, similar to the cross-section model for the formation of
a fault-bend fold above a thrust fault ramp (Suppe, 1983), is proposed to explain
the rotation. Material west of the San Andreas fault rotates as it moves around

the Big Bend of the San Andreas fault, which has a 27° change in strike.
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INTRODUCTION

The Cuyama basin is in the southern Coast Ranges, north of the western
Transverse Ranges, and immediately west of the Big Bend of the San Andreas
fault (Fig. 3-1). It is part of the Salinian block, which is characterized by granitic
basement. The Salinian block is separated from the Franciscan Formation,
Jurassic ophiolites and Mesozoic forearc basin deposits by the San Andreas fault
to the northeast, and the Sur-Nacimiento (Rinconada) faults to the southwest
(Fig. 3-1). The Cuyama basin is separated from the western Transverse Ranges
to the south by the Big Pine fault (Yeats et al., 1988, 1989) (Fig. 3-2).

The Cenozoic tectonic history of the Cuyama basin is complex and has
changed from extension to strike-slip faulting to compression and rotation.
During the early Tertiary, the Cuyama basin was 320 km southeast of its present
position and adjacent to the Mojave extensional terrane on the other side of the
San Andreas fault. Many of the modern reverse faults in the Cuyama basin were
normal faults at that time. Crouch and Suppe (1993) suggest that the Cuyama
basin was part of an extensional terrane in the hanging wall of a low-angle
normal fault. The initial break-away zone for the low-angle normal fault was the
Nacimiento (Rinconada) fault zone. Extensional faulting in the Cuyama basin
ended in the upper Oligocene at approximately 24 Ma (Bohannon, 1975, 1976).

The oldest documented strike-slip movement in the Cuyama basin
involved the Russell fault, which began at 23 Ma (Yeats, et al. 1989). Powell
(1993, p. 32, his Figure 8) suggests that the San Andreas fault north of the
Western Transverse Ranges may have been active as early as 22 Ma. Sims
(1989) dates the beginning of the San Andreas fault in central California as 22-18
Ma. During the early phase of strike-slip faulting, the Cuyama basin may have
been part of a diffuse shear zone as described by Atwater (1970). Dextral shear
was distributed across two or more strike-slip faults, and a complex of structures,
including normal and left-lateral faults, were formed. As the dextral shear zone
evolved, it became narrower with one dominant fault, the San Andreas fault
(Weldon et al., 1993).
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Yeats et al. (1988, 1989) documented 26-29 km of right-lateral slip on the
Russell fault in the northwest part of the Cuyama Valley (Fig. 3-2). To continue
the right-lateral movement to the south, they connected the Russell fault with the
Ozena fault. But as Powell (1993, p. 51) points out, it is not possible to continue
29 km of dextral slip directly south of the Big Pine fault. It seems unlikely that
29 km of slip abruptly ends in the Cuyama Valley; thus, tracing the fault
southeast of the Cuyama Valley is a major problem.

More recently, compressional tectonics have been superimposed over
earlier structures created by extension and strike-slip faulting. The Caliente
Range is being thrust south over the Cuyama Valley on the Morales and
Whiterock thrusts, and the Sierra Madre is moving north on the South Cuyama
and Ozena faults. The Russell fault is overlain unconformably by the Morales
Formation. In turn, the Morales Formation is cut by the Morales and Whiterock
thrusts. Based on the magnetostratigraphy of the Morales Formation, uplift of
the Caliente Range began between 3.0 and 2.6 Ma, the middle to late Gauss
chron. Recent uplift of the Mt. Pinos-Frazier Mountain crystalline highlands east
of the Cuyama Badlands began between 2.6 and 0.78 Ma (Ellis et al, 1993).
Twenty-three degrees of clockwise rotation occurred after the Morales Formation
was deposited. A section sampled in Quatal Canyon in the Cuyama Badlands
(Fig. 3-2) ranged from the upper Miocene upper Caliente Formation to the
"older Quaternary alluvium" on the edge of the Cuyama Valley. No progressive
rotation through time was found, implying all rotation occurred after deposition
of the Morales Formation (Ellis et al., 1993). Previous rotation models for
southern California have not predicted that rotation would occur north of the Big
Pine fault (e.g. Luyendyk et al., 1980; Luyendyk, 1991). The rate of rotation in
the Cuyama basin appears to be twice as fast as that south of the Big Pine fault
(Jackson and Molnar, 1990; Luyendyk, 1991). To explain the clockwise rotation
of the Cuyama basin, I propose that the rotation is due to the movement of the

Cuyama basin around the Big Bend of the San Andreas fault.
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New data in the form of a paleomagnetic study of the Plio-Pleistocene
Morales Formation, and a previously unpublished grid of seismic lines has been
used to refine the current understanding of the Cuyama basin's geologic
evolution. Other data that were used in this study includes numerous oil well
logs and new interpretations of existing geologic maps. Some of the wells have
synthetic seismograms, which were used to correlate the wells to the seismic
lines.

Problems addressed include the continuation of the Russell fault southeast
of the Cuyama basin, and the timing of transitions from extension to strike-slip
faulting, and most recently, to compression.

In a regional context, the Cuyama basin records the development of part
of a diffuse shear zone along the western North American continental margin.
More recently, the paleomagnetic data from the Morales Formation allow a
refinement in dating the onset of compressional tectonics, and show that
clockwise rotation is not confined to the western Transverse Ranges south of the

Big Pine fault.
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STRATIGRAPHY

Basement

The Salinian block is underlain by crystalline rocks that include the gneiss
of Barrett Ridge (Howell et al., 1977; Vedder, 1967), quartz monzonite of the La
Panza Range (Ross, 1972, 1978) and Mesozoic granite, Precambrian gneiss and
Pelona Schist of Mt. Pinos and Frazier Mountain (Dibblee, 1987). Davis (1983)
found the northernmost known exposure of Pelona Schist in an outcrop
northwest of the Cuyama Badlands and just south of the San Andreas fault (Fig.
3-3). ’

The Frazier Mountain-Mt. Pinos crystalline highlands have been
correlated to the eastern Orocopia Mountains in the Mojave region (Crowell,
1975; Powell, 1993, p. 9) (Fig. 3-1). Both areas have Proterozoic igneous and
metamorphic rocks that have been intruded by Mesozoic granite. The
Proterozoic rocks consist of metasedimentary rocks, amphibolite, granitic
orthogneiss and augen gneiss. Mesozoic igneous rocks include hornblende
gabbro, diorite, granodiorite, and distinctive Jurassic and/or Cretaceous units of
very coarse grained granite, granite with muscovite + biotite + garnet and a fine
grained granitoid rock with a distinctive "polka-dot" texture. The "polka dots"
consist of 0.54.0 cm long dark grey quartz-biotite-muscovite + garnet spherules
with light grey quartz feldspathic rims (Pelka, 1971; Smith 1977; Joseph et al.,
1982). These granitic units are distinctive and are the primary evidence that links
the Frazier Mountain-Mt. Pinos area to the Orocopia Mountains. In both areas,
the basement is unconformably overlain by Eocene through upper Oligocene

sedimentary strata.

Upper Cretaceous-Eocene Marine Strata

In the western part of the Cuyama basin, the crystalline basement is
overlain by upper Cretaceous-Eocene marine strata (Chipping, 1972; Howell et
al., 1977). Regionally, this sequence dips to the southwest. In the La Panza
(Fig. 3-1) and Santa Lucia Ranges, it is over 30,000 feet (9230 m) thick. In the
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Cuyama basin, the pre-Oligocene strata were identified as Cretaceous in age by
Hill et al. (1958), based on microfaunal evidence. Cretaceous strata are exposed
in the La Panza Range, where the base rests on crystalline basement. Later
work by Gower et al. (1966) and Vedder et al. (1967) has shown that these rocks
range in age from late Cretaceous through middle Eocene in age. In the Sierra
Madre, the base of this sequence is not exposed. The thick marine sequence in
the Sierra Madre was dated as early-middle Eocene by Chipping (1972).

In the Caliente Range, well data show that pre-Oligocene strata overlie
the crystalline rocks and dip south (Yeats et al., 1988, 1989). These strata are
similar to the upper Cretaceous-Eocene strata at Barrett Ridge and the La Panza
Range (Yeats et al., 1988, 1989).

The Paleocene Pattiway Formation crops out in the southeastern Caliente
Range and northern Cuyama Badlands (Dibblee 1971a and c; Vedder and
Repenning, 1965, 1975; Vedder, 1970). The relationship of the Pattiway
Formation to the Cretaceous-Eocene rocks of the Sierra Madre and Cuyama

Valley is unclear.

Oligocene Continental Strata

A major unconformity separates the continental Oligocene-early Miocene
Simmler Formation from the underlying marine strata and crystalline basement
of the Salinian block. The Simmler consists of non-marine redbeds and rare
interbedded basalts (Bartow, 1974). The Simmler Formation was deposited in
local basins bounded by normal faults, and commonly has a coarse
conglomeratic facies adjacent to, and on the downthrown side of, these normal
faults (Fig. 34a and b). Normal faults that were active in the Cuyama basin
during Simmler deposition include the La Panza, the Nacimiento (Ballance et al.,
1983; Vedder, 1968), Ozena (Blake, 1981, 1982), and Blue Rock (Bohannon,
1975; Dibblee, 1982) faults.
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Figure 3-4a. Map showing the relationship of the Simmler Formation to faults
with an early Tertiary extentional history. Faults are shown in their present
location. The map is modified from Bartow (1978). Areas adjacent to the Blue
Rock and Big Pine faults are based on Bohannon (1976). The area adjacent to
the Ozena fault is based on Blake (1981).
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Mid-Tertiary Transgressive-Regressive Sedimentary Cycles

Following the deposition of the Simmler Formation, two transgressive-
regressive cycles occurred (Fritsche, 1988). The first transgression began with the
deposition of the shallow-water Quail Canyon Sandstone Member of the
Vaqueros Formation, and marks the beginning of the Tertiary Cuyama
depositional basin (Fritsche, 1988; Yeats et al., 1988, 1989). The middle member
of the Vaqueros Formation is the deep-water Soda Lake Shale (Lagoe, 1988),
followed by the regressive shallow-water Painted Rock Sandstone Member,
which marks the end of the first cycle. The Vaqueros Formation grades eastward
into the non-marine Caliente Formation that was deposited on the eastern
margin of the basin (Clifton, 1981).

The second transgressive cycle started with an abrupt deepening of the
Cuyama basin and the deposition of the Saltos Shale Member of the Monterey
Formation. The Saltos Shale was followed by the regressive Whiterock Bluff
Shale Member. To the east, the Monterey Formation interfingers with the
Branch Canyon Sandstone, a near-shore, shallow marine sandstone which
prograded from east to west (Perri and Fritsche, 1988). The Branch Canyon
Formation, in turn, grades eastward into the non-marine Caliente Formation.

The shallow-marine Santa Margarita Sandstone overlies both the Branch
Canyon and Monterey Formations. Both the Branch Canyon and Santa
Margarita Formations are shallow-water sandstones, and they may be hard to
distinguish, especially in the subsurface. In general, the Branch Canyon is
dominantly a resistant sandstone with abundant echinoid fossils, whereas the
Santa Margarita has alternating sandstone and shale layers with oyster and
scallop fossils (Nevins, 1983). These two formations mark the end of marine

deposition in the Cuyama basin.

Pliocene-Pleistocene Continental Deposition
In the eastern part of the Cuyama basin, the Caliente and Branch Canyon

Formations are overlain by the Quatal Formation. Locally in the Cuyama
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Badlands, the Quatal Formation overlies the Caliente with a 20° angular
unconformity. In the Badlands, the Quatal Formation is composed primarily of
a bentonitic clay (Dibblee, 1987). A massive gypsum bed as thick as 9 m is
found at the base of the Quatal Formation. On the northern flank of the Sierra
Madre, the clay interfingers with sandstone. On the north side of the Caliente
Range, the Quatal Formation is composed primarily of clay.

The overlying Morales Formation is a fluvial deposit that is found
throughout the Cuyama basin. Fossils are rare, although Vedder (1970; pers.
comm., 1990) found a Blancan age fossil in the middle of the Morales Formation
on the north side of the Caliente Range. Based on magnetostratigraphy, Ellis et
al. (1993) dated the Morales Formation as possibly as old as the late Gilbert
paleomagnetic chron (~3.8 Ma), and it may be as young as the late Matuyama
chron (~0.7 Ma).

Dibblee (1971a) mapped the nearly horizontal alluvial gravels that overlie
the older folded formations in the northern Cuyama Badlands as part of the Paso
Robles Formation. The gravels, composed of clasts of hornblende gabbro,
hornfels, marble and Miocene grey-black shale, are derived almost entirely from
the San Emigdio Mountains on the other side of the San Andreas fault. The
gravels have been moved approximately 32 km (20 miles) from their source. The
Paso Robles Formation overlies all of the older strata, including the Morales
Formation, with an angular unconformity (Dibblee, 1987).

A formation identified as "older Quaternary alluvium" (Qoa) by Dibblee
(1971a, 1971b, 1971c), Vedder (1970) and Vedder and Repenning (1975) occurs
around the edges of the Cuyama Valley. On the western edge of the Cuyama
Badlands, it is distinguishable from the underlying Morales Formation because it
overlies the Morales Formation with a 10° -20° unconformity. On the south side
of the Caliente Range, it has been uplifted as a terrace deposit above the Morales
fault scarp.
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MIDDLE TERTIARY EXTENSIONAL PHASE

An early phase of extensional faulting in the southern Basin and Range
Province took place during the Oligocene through early Miocene. This
extensional faulting also involved areas west of the San Andreas fault (Tennyson,
1989), including the Cuyama basin. Several faults within the Cuyama basin
show evidence of normal faulting, including the Nacimiento/Rinconada and La
Panza (Ballance et al, 1983; Bartow, 1974, 1978, Vedder, 1968), Blue Rock
(Dibblee, 1982; Bohannon, 1975), Ozena (Blake, 1981; 1982), Big Pine
(Bohannon, 1975), and a possible normal fault below the Caliente Range (Davis
et al., 1988). These faults have a present-day west to northwest trend and
separate crystalline basement and Eocene sedimentary rocks on the southwest
from Simmler Formation breccias and conglomerates on their northeastern,

downthrown side (Fig. 3-4a and b).

Nacimiento and La Panza Faults

In the western part of the Cuyama Basin, the Simmler Formation was
deposited in half grabens north of the La Panza and Nacimiento faults (Fig. 34).
In both areas, the Simmler has northeast-flowing paleocurrent indicators, and
pebble size becomes smaller to the northeast. The faults are both downthrown to
the northeast. The Simmler is over 1200 m thick adjacent to the Nacimiento
fault, and was derived from Cretaceous-Eocene strata southwest of the fault. Dip
slip on the Nacimiento fault is assumed to be at least 1200 m, the thickness of
the syndepositional Simmler Formation on the downthrown side. The La Panza
fault is downthrown a few hundred meters to the northeast, based on the same
criteria (Ballance, et al., 1983). Well data show that the Simmler Formation
conglomerate facies is present east of the Chimineas fault. This area is also east
of the Russell fault. If 26-29 km of right-lateral slip is removed from the Russell
fault (Yeats et al., 1988, 1989), these conglomerates would have been deposited
east of the Russell, South Cuyama and Ozena faults. The Ozena normal fault

scarp is a likely source for these conglomerates.
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Big Pine Fault

The Plush Ranch Formation, which correlates to the Simmler Formation
(Bohannon, 1976), was deposited along the northern edge of the Big Pine fault
south of Mt. Pinos (Fig. 3-4). Bohannon (1976) mapped a breccia member that
occurs in a long, narrow band adjacent to the fault. Clasts are largest near the
fault, and breccia beds decrease in thickness and pinch out to the north.
Paleocurrent indicators adjacent to the Big Pine fault show transport direction to
the north. Sediment was also shed from the Mt. Pinos granitic area into the
Plush Ranch basin. Bohannon (1976) concluded that the breccia member of the
Plush Ranch Formation is a steep alluvial fan that was deposited in a rapidly
subsiding basin adjacent to an active fault scarp.

The breccia member contains clasts of augen gneiss and quartz monzonite
similar to outcrops on Frazier Mountain, and is offset ~14 km in a left-lateral
sense from this source (Crowell, 1968; Bohannon 1976). The large size of clasts
and abrupt northward fining suggest the breccia was deposited closer to its
source, probably no more than 2 km away (Bohannon, 1976). Crowell (1968)
and Bohannon (1976), among others, have suggested the Big Pine fault has a
two-stage history: normal movement during deposition of the Plush Ranch
Formation, followed by left-lateral slip after deposition of the Plush Ranch

Formation.

Ozena Normal Fault

Simmler Formation cdnglomerates were deposited along the north edge of
the Ozena fault. Paleocurrent directions based on linear features (flute casts, etc)
show a northwest direction of transport (Fig. 3-4a). The conglomerate clast
composition changes from dominantly crystalline rocks to dominantly
sedimentary rocks from southeast to northwest along the Ozena fault (Blake,
1981). If 14 km of left-lateral slip along the Big Pine fault is removed (Crowell,
1968; Bohannon, 1976), the area along the southeastern part of the Ozena fault

may have been adjacent to the crystalline rocks on the south side of the Big Pine
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fault (Blake, 1981). This reconstruction would have placed the Simmler
Formation along the Ozena fault directly across from the crystalline rocks on the
other side of the Big Pine fault, and provide a source terrane for the crystalline
clasts east of the Ozena fault. It would also restore the crystalline basement in
the southeast corner of the Cuyama basin with the crystalline basement south of

the Big Pine fault (Fig. 3-5).

Blue Rock Fault

The Blue Rock fault is inferred to be in the subsurface of the Cuyama
Badlands (Dibblee, 1982; Bohannon, 1975). South of upper Quatal Canyon (Fig.
3-2) east of the Vaqueros Formation outcrops, the Miocene Caliente Formation
rests directly on granitic basement rocks. North of the canyon, Caliente
Formation rests on the Vaqueros Formation, which itself rests on Oligocene
Simmler strata (Dibblee, 1982) (Figs. 3-3b, 3-6). Scattered outcrops of granitic
and gneissic basement are located in an east-west trending zone in Quatal
Canyon. Wells in the Cuyama Badlands also reach the basement (Fig. 3-7). The
Blue Rock fault is inferred to be just north of these outcrops and wells.

Based on well data, the trace of the Blue Rock fault is interpreted to
extend from the Cuyama Badlands across the Cuyama Valley to the Caliente
Range (Fig. 3-7). Both the Drake Federal Well and the Arco Caliente Unit
(CU) Well encountered granite directly below the Vaqueros Formation in the
lower plate of the Morales thrust. To the east of these wells, the Richfield
Russell well encountered granitic conglomerate below the Vaqueros Formation,
and the Natural Gas Corporation Koch-Russell well encountered conglomerate of
unknown clast composition. These conglomerates are interpreted be derived
from the granitic basement and Eocene sedimentary strata on the southwestern,
upthrown side of the Blue Rock fault. The Blue Rock fault trace is interpreted to
continue from the Badlands between the wells encountering granitic basement to

the west and those encountering conglomerate to the east.

-
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Figure 3-5. Restoration of a minimum of 11 km of left-slip along the Big Pine
fault, The Eocene sediments-granitic basement contact is used as a piercing
point along the Big Pine fault. Eleven kilometers is a minimum slip because the
location of the Eocene sediments-granite boundary south of the fault is
approximate, and the Ozena fault, which has had more recent compression, is
used as the current Eocene sediments-granite boundary north of the fault.
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Figure 3-6. Detailed geologic map of the Cuyama Badlands fold belt. Modified
from Dibblee (1971a) and Barker (1972). Lines A-A' and B-B' mark the location
of cross-sections shown on Figure 3-15.

Numbered well locations:

Shell Chambers Federal, total depth = 15,293 feet

Humble K.E. Norris

Mobil Ballinger, total depth = 11,981 feet

Bolsa Chica Hickey #1, total depth = 6819 feet

Texaco Blue Diamond, total depth 5675 feet

N



- sy
#-- Anticline Axis of fold showing
“%~4-- Syncline direction of plunge
~~— Fault
“~—— Contact
| 2 3 4 5
N T .
miles
O 1 2 3 4 5
T
KEY kilometers [}
5 N
8 Afluvium ‘
[=3
T 21 Qoo | Older Alluvium o _
Q
(=
@l QTp Paso Robles Fm
2 2
o A : \
o QTm | Morales Fm :
o o e
g Quatal Fm N y
g|LTc_| caliente Fm basalt
R
%5 Vaqueros Fm 4
o
E" Simmler Fm Simmler fcnnglomgr\cn/'re
© g s~~~ unconformity s Ao~ B
3 .
T Pattiway Fm
2 y
@ "~ UNCONTOT Mty A
EE Granite and gneiss
.=
@ T
a2 Pelona Schist
Figure 3-6.

89



69

Figure 3-7. Subcrop map below the Vaqueros Formation. The Blue Rock fault
is projected from the Badlands northwest to the Cox fault, based on well data.
The Blue Rock fault is assumed to separate granite and Cretaceous-early Tertiary
marine sediments to the south from conglomerates to the north. The Russell
fault is assumed to connect with the Blue Rock fault. See text for explanation.
All outcrops north of the Blue Rock fault are in the hanging wall of the Morales
thrust, all well control points are in the footwall block. To restore the
paleogeography, dip slip on the Morales thrust must be removed. Dip slip on
the Morales thrust has been estimated to be as much as 14 km (Davis et al.,
1988; and more commonly to be under 10 km (e.g. Nevins, 1983). Because of
the uncertainty regarding the amount of slip on the Morales thrust, outcrops in
the hanging wall of the Morales thrust were shown in their present position.

Numbered wells:

Arco Federal Caliente Units (CU), total depth = 11,962 feet.
Arco Drake Federal, total depth = 17,193 feet

Richfield Russell, total depth = 12,981 feet.

Natural Gas Corporation Koch-Russell, total depth = 12,764 feet.
P.G. & E. Koch-Russell, total depth = 12,970 feet.

Shell Chambers Federal, total depth = 15,293 feet.

Mobil Ballinger, total depth = 11,981 feet.

Texaco Blue Diamond, total depth = 5675 feet.

Bolsa-Chica Hickey #1, total depth = 6819 feet.
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In the Cuyama Badlands, the overlying Caliente Formation is not cut by
the Blue Rock fault. Based on vertebrate fossils, the Caliente Formation is dated
as middle Hemingfordian to Clarendonian (20 Ma to 10-8 Ma) (Kelley and
Lander, 1988; T.S. Kelley, pers. comm., 1988). Therefore, the Blue Rock fault

was active prior to the late early Miocene.

Normal fault below the Caliente Range

Davis et al. (1988) suggest that a normal fault underlies the Caliente
Range, based on seismic evidence. Reflectors below the Morales thrust fault
abruptly terminate against crystalline basement that was encountered in the Arco
Drake Federal Well (Davis et al., 1988, their Figure 8). According to their
interpretation of the seismic line, the fault has Simmler on the northern,
downthrown side, and was active during deposition of the lower part of the
Vaqueros Formation. The upper surface of the Vaqueros Formation is not cut by
the fault, implying the fault had ceased movement before the end of Vaqueros
deposition. This fault may be the continuation of the Blue Rock fault (Fig. 3-7),

as described above.

Discussion of Extensional Faulting in Coyama Basin

During the early Miocene, the Cuyama area was part of the extensional
terrain of southeastern California and Arizona. Several lines of evidence suggest
the Cuyama area was adjacent to the Orocopia Mountains that are
approximately 320 km southeast of the Cuyama basin on the eastern side of the
San Andreas fault. |

The Simmler Formation shares several characteristics with the \]\Diligencia
Formation in the Orocopia Mountains. Both formations are nonmarine
sedimentary rocks interbedded with basalt. The basalt flows in the Simmler
Formation have a K/Ar date of 22.9 + 0.7 Ma and 23.4 + 0.8 Ma (Ballance et
al., 1983), which is similar to the K/Ar dates of 19.1 + 1.9 Ma (Spittler 1974a
and b) to.22.9 + 2.9 Ma (Crowell, 1973) for the basalts in the Diligencia
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Formation. (Both dates for the Diligencia basalts have been corrected for new
constants defined by Dalrymple (1979), in Squires and Advocate, (1982)).

Both the Simmler and Diligencia Formations were deposited directly on
both Eocene marine strata and crystalline basement (Bohannon, 1975; Spittler
and Arthur, 1982), and both have conglomerates deposited in alluvial fans near
the base of the formations. The Diligencia Formation was deposited in an east-
trending basin that was bounded by normal faults to the north and south (Spittler
and Arthur, 1982).

Crowell (1975) correlated the Diligencia Formation to the Vasquez
Formation in the Soledad basin. Bohannon (1975) agreed with Crowell's
correlation and continued it across the San Gabriel fault to the Cuyama valley.
He correlated the Pelona Schist of Abel Mountain (Fig. 3-1) to the Pelona Schust
of the Sierra Pelona Ridge in the San Gabriel block, then to the Orocopia Schist
in the Orocopia Mountains. Sierra Pelona Ridge is located just south of and
adjacent to the San Francisquito fault (Fig. 3-1). The Pelona anticline is matched
with the Orocopia anticline. The Blue Rock fault is correlated with the San
Francisquito fault in the San Gabriel block, which is linked to the Clemens Well
fault in the Orocopia Mountains. The Simmler Formation that was deposited
north of the Blue Rock fault is correlated with the Vasquez Formation in Charlie
Canyon north of the San Francisquito fault.

Powell (1993, p. 9) correlates the Frazier Mountain-Mt. Pinos crystalline
highlands with the Orocopia Mountains east of the San Andreas fault in the
southeast California desert. Nearby in southern Arizona, extension began after
25 Ma, peaked between 22 and 19 Ma, and decreased between 19 and 15 Ma
(Reynolds et al., 1986; Davis et al., 1987, Howard and John, 1987: Sherrod et
al., 1987, Davis and Lister, 1988; Dokka et al., 1988). The Simmler Formation
is late Oligocene (30-24 Ma), and locally possibly early Miocene (24-16 Ma)
(Bartow, 1974), so the extensional faulting in the Cuyama basin is of similar age

to that in the rest of the southern Basin and Range province.
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Crouch and Suppe (1993) suggest an extensional model for the Santa
Maria-Cuyama area that is similar the model for the core complexes of the Basin
and Range province. In their model, the Cuyama area was a graben, or series of
grabens in the hanging wall of an east-dipping detachment fault. The break-away
zone for the detachment fault is identified as the Sur-Nacimiento fault zone. In
fact, the area was a series of half-grabens, or fault blocks tilted to the southwest
and downthrown to the northeast (present-day orientation), with the
conglomerate facies of the Simmler Formation deposited on the downthrown side
(Fig. 34a and b). A series of tilted blocks implies that the dip of the master
detachment fault decreases with depth.
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STRIKE-SLIP PHASE

The San Andreas system has evolved from a complex and varied set of
structures to a more simplified, through-going fault trace (Weldon et al., 1993).
Right and left-lateral fault strands and extensional and compressional features
would have been active in what Atwater (1970) termed a "soft shear zone"
between the Pacific and North American plates.

The early phase of strike-slip faulting south of the western Transverse
Ranges overlaps in time and space with extension. Powell (1993, p. 77) suggests
that an early belt of dextral shear, along with oblique extension, occurred before
a through-going strike-slip fault was established. This early dextral shear and
accompanying extension were distributed in a northwest-trending belt of normal
fault basins filled with syndepositional sedimentary deposits and volcanics.
Coeval extension and strike-slip faulting does not preclude the possibility that
extension in the Cuyama basin was taking place along a detachment fault as
Crouch and Suppe (1993) suggest. Most of the volcanics are dated at 26-25 to
23-22 Ma, with some ages in the range of 32-26 Ma and 26-22 Ma. In the
Cuyama basin, extensional faulting may have overlapped in time with strike-slip
faulting as it did south of the Transverse Ranges, if the Simmler Formation is as
young as early Miocene (24-16 Ma) in some areas, as Bartow (1974) suggests.
This belt of dextral shear became the location of the future Clemens Well-
Fenner-San Francisquito fault. The Clemens Well-Fenner-San Francisquito fault
was active by 17 Ma, and possibly as early as 22 Ma (Powell, 1993, p. 32, his
Figure 8).

Powell (1993, p. 33) infers that an early strand of the San Andreas fault
was active north of Tejon Pass and connected with the Clemens Well-Fenner-San
Francisquito fault. This fault was the active strand of the San Andreas in
southern California during the late early and early middle Miocene. The San
Andreas fault system may have become active in the vicinity of the Cuyama
basin as early as 22 Ma according to Powell (1993, p. 32, his Figure 8). The

Cuyama basin was cut off from a distinctive volcanic clast source in southern
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California between 16 and 12 Ma (Ehlert, 1982), implying that the San Andreas
fault was active at that time near the Cuyama basin (Fig 3-8).

The Russell Fault

The oldest documented right-lateral fault in the Cuyama Valley is the
Russell fault. It is overlain by the Pliocene-Pleistocene Morales Formation and
Quaternary alluvium of the Cuyama Valley, and is being overridden by the
Whiterock thrust to the north. The Russell fault was studied in detail by Nevins
(1983), Schwing (1982, 1984) and Calhoun (1985, 1988), and its history was
synthesized by Yeats et al. (1989). The Russell fault was active from 23 to 4 Ma,
with the majority of movement occurring during the deposition of the Vaqueros
Formation, approximately 23-19 Ma. There are three lines of evidence for right-
lateral motion on the Russell fault: 1) offset contacts between formations below
the Vaqueros Formation, 2) offset isopach lines of the Vaqueros Formation, and
3) offset of the facies boundary between the Monterey and Branch Canyon
Formations. The pre-Vaqueros strata are offset 26-29 km, while the Vaqueros
1sopachs are only offset 3.7 km. The Russell fault is thought to be an early
strand of the San Andreas fault system.

What happens to the Russell fault and its 26-29 km of right-lateral strike-
slip south of the Big Pine fault is unclear. Yeats et al., (1988, 1989) suggested
that the Ozena normal fault may have been reactivated as a strike-slip fault to
become a continuation of the Russell fault to the south. However, Powell
(1993, p. 51) was unable to trace the 26-29 km of displacement south of the Big
Pine fault, and therefore he questioned whether strike-slip movement took place
on the Ozena fault. Crouch and Suppe (1993) accept the Ozena as a
continuation of the Russell fault, and they suggest that it might have continued
to the south of the western Transverse Ranges as the East Santa Cruz Basin
fault, which is south of Catalina Island. However, the chance to correlate these
two faults directly has since been obliterated by the Neogene clockwise rotation

of the western Transverse Ranges.
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Figure 3-8. Stratigraphy of the Cuyama basin and timing of tectonic events. See
text for stratigraphy references. Other references include: timing of the
Nacimiento and other normal faults based on Bartow (1978), Bohannon (1975),
and Blake (1981); timing of the Cox fault based on Spitz (1985), timing of the
Russell fault based on Yeats et al. (1988, 1989), timing of the San Andreas fault
north of the Transverse Ranges based on Powell (1993); timing of the Garlock
fault based on Burbank and Whistler (1987).
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A possible path to continue the 29 km of dextral slip south of the Cuyama
Valley might be to link the Russell fault to the Blue Rock fault (Fig. 3-7, Fig. 3-
9). Smith (1977) also suggested the Blue Rock fault might have some right-
lateral slip; however, he correlated the San Juan-Chimineas fault to the Blue
Rock via hypothetical right-slip on the Morales fault. In Powell's (1993, p. 28)
reconstruction of fault paths, he states that in tracing the Clemens Well-Fenner-
San Francisquito fault to the north of the Big Pine fault, it must lie between the
modern trace of the San Andreas on the east and the Red Hills-San Juan-
Chimeneas-Russell fault zone to the west, or within one of those fault zones.
However, he argues against correlating the Blue Rock fault to the Clemens Well-
Fenner-San Francisquito fault. The crystalline clasts in the Simmler Formation
on the north side of the Blue Rock fault, which are similar to the lithology in the
Mt. Pinos area, suggests the Blue Rock fault has insufficient lateral displacement.
He prefers to correlate the Clemens Well-Fenner-San Francisquito fault to the
modern trace of the San Andreas fault. However, the crystalline clasts in the
Simmler conglomerate do not preclude lateral displacement. If Powell's
reconstruction is correct, the Mt. Pinos crystalline basement was adjacent to the
Orocopia Mountains area at 20 Ma (Powell, 1993, his figure 8, p. 14) which has
simular lithologies. The Simmler Formation of the Cuyama Badlands would
align with the Diligencia Formation. The Simmler Formation of the Badlands
would have been closer to the Frazier Mountain area which is composed
predominantly of augen gneiss and granitic orthogneiss. Moving the area north
of the Blue Rock fault east by 30 km would place the Simmler conglomerates
across the Blue Rock-Fenner-San Francisquito fault from the Frazier Mountain
area.

The greatest uncertainty lies in tracing the Russell fault from the western
part of the Cuyama basin where it was mapped in detail in the subsurface (Spitz,
1985) into the Cuyama Badlands where it could join with the Blue Rock fault.
The trace of the Russell fault in the western Cuyama basin that has been mapped
to the south toward the Ozena fault could be a splay that dies out to the south,
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while another splay of the Russell turns toward the east. This eastern splay
would have to be south of the subsurface folds in the Vaqueros Formation
mapped by Spitz (1985) and Nevins (1983), and would probably be south of the
Cox fault, which has good well control constraining its location (Fig. 3-7). Also,
the grid of seismic lines in the Cuyama Valley shows no definitive evidence of a
strike-slip fault going through the area they cover.

The Soda Lake Shale, the deep-water facies of the Vaqueros Formation,
provides evidence for right-lateral slip along a proposed Russell-Blue Rock fault
strand (Fig. 3-9). In the northern Cuyama Badlands, surface sections of the Soda
Lake Shale are 50 m (163 feet) thick at Santiago Canyon and 40 m (130 feet)
thick at Cerro Noroeste (Fig 3-8). In the western part of Ballinger Canyon, the
Soda Lake Shale is 118 m (384 feet) thick and gradually thins and disappears to
the east in upper Ballinger Canyon (Freitag, 1989). In the central part of the
valley, north of the hypothesized Russell fault trace, the Soda Lake Shale is
approximately 215 m (700 feet) thick. In the southern Cuyama Valley,
subsurface thicknesses of the Soda Lake Shale were measured from well logs
(Spitz, 1985). North of the proposed Russell-Blue Rock fault trace, the Soda
Lake Shale is ~12 m (40 feet) thick in the Shell-Chambers well. To the west and
north of the fault trace, it is ~215 m (700 feet) thick. South of the Rusell-Blue
rock fault trace, the Soda Lake Shale is not present in the 4 eastern wells, and
thickens to the west. Right-lateral displacement between the zero isopach of the
Soda Lake Shale in the southern Cuyama Valley and Ballinger Canyon is
approximately 10 km. There may be right-stepping en echelon folds south of the
Rusell-Blue Rock fault trace, based on the alternating thicker and thinner sections
of the Soda Lake Shale. Another right-lateral fault strand may separate the thin
section of Soda Lake Shale in Ballinger Canyon from the thick section of Soda
Lake Shale in Santiago Canyon. Minimum offset would be 10 km. Together,
these two fault strand would account for 20-22 km of the 29 km of slip Yeats et
al. (1989) documented for the Russell fault. The Soda Lake Shale offset wouid

probably not record all of the slip on the Russell fault, as much of the movement



80

Figure 3-9. Thickness of the Soda Lake Shale offset across the hypothesized
Russell-Blue Rock fault strand. Thickness measurements north of the Blue Rock
fault from measured outcrop sections (Freitag, 1989). Thickness measures south
of the Blue Rock fault from well data (Spitz, 1985).
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on the Russell fault may have occurred by the end of Soda Lake shale
deposition. Thus, the Russell-Blue Rock fault could have the full 28-29 km of
strike-slip recorded to the west by Yeats et al. (1988, 1989), but there are no
piercing points older than the Soda Lake shale that would show it.

In spite of the problem with tracing the Russell fault to the south, 26-29
km of right lateral movement is well documented in the northern part of the
Cuyama Valley and could not die out abruptly. A strand of the early Russell
fault may follow the Ozena fault, as Yeats et al. (1989) suggested, but there is no
direct evidence for this along the Ozena fault itself.

Possible Lefl-Lateral Fault below the Caliente Range

A left-lateral fault may have existed in the vicinity of the southern edge of
the Caliente Range as a conjugate to the right-lateral Russell fault. It may also
have been a conjugate to an early San Andreas fault, if Powell (1993, p. 32, his
figure 8) and Sims (1989) are correct about the age of the beginning of the San
Andreas in this area. The left-lateral fault zone would trend approximately east-
west and would be located north of the Drake Federal well in the footwall block
of the younger Morales fault (Fig. 3-7).

Evidence for a left-lateral fault includes the following:

1. A set of left-stepping, en echelon folds exist in the southeast part of the
Caliente Range (Fig. 3-10). Strata from the Paleocene Pattiway Formation
through the Miocene Monterey Formation are folded; however, the overlying
Caliente Formation and Triple Basalts of Eaton (1939) are not involved in the en
echelon folds. Turner (1970) dated the lower basalt layer at 16.5 Ma + 1.3 Ma
and the upper layer at 14.7 + 0.7 Ma using K/Ar methods. The fold axes have
a trend of approximately N45°W, implying left-lateral movement on a west-
trending fault.
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modified from Dibblee (1971c) and Vedder and Repenning (1975).
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2. A series of faults with a predominant trend of N30-40°W cut the folds, but do
not displace the Triple Basalts. Some of these faults have right-lateral map
separation, and may be antithetic strike-slip faults (R' shears).

3. Isopach maps of the Vaqueros Formation, based on seismic lines and well
data, show an unusually thick deposit of the Vaqueros Formation in the
northeastern part of the Cuyama Valley (Figs. 3-11 and 3-12). The Vaqueros is
more than 4000 feet (1230 m) thick here, as opposed to a range of 600-1800 feet
(185-554 m) in the rest of the valley. In the Caliente Range, the Arco Drake
Federal well encountered 4090 feet (1260 m) of Vaqueros Formation above the
Morales thrust fault, but only 1130 feet (348 m) of Vaqueros Formation below
the thrust. If these two areas of similar thicknesses of Vaqueros were
adjacent,they are now separated by approximately 8 km of apparent left-lateral

displacement.

4. The facies boundary between the marine Branch Canyon Formation and the
non-marine Caliente Formation was first identified in the Caliente Range by
Clifton (1981). Lagoe (1984, 1985) found the same facies boundary in the
subsurface of the Cuyama Valley. The facies boundary in the Caliente Range is
offset by approximately 9 km in a left-lateral sense from the valley.

Davis et al. (1988) suggest the 9 km of separation of the Branch Canyon-
Caliente facies boundary can be explained by 13.7 km of reverse dip slip along a
NI10°E vector. Part of the 9 km of separation could be due to left-lateral slip on
an older fault zone. Pure dip slip does not explain the presence of the older,
left-stepping en echelon folds below the Triple Basalts. Also, Davis et al. (1988)
claim that the N10°E direction of slip is perpendicular to the regional strike of
bedding, fold axes and the surface trace of the Morales thrust. However, to the
west where the Morales and Whiterock thrusts are exposed in the Caliente
Range, the dip slip direction perpendicular to the fault traces and related folds
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Figure 3-12. North-south seismic line (line 7) showing the northward increase in
thickness of the Vaqueros Formation. A blind thrust appears to be propagating
south into the Cuyama Valley in front of the Caliente Range. this blind thrust is
on strike with the ridges of older Quaternary alluvium (Qoa) in the Cuyama
Valley. a) uninterpreted line. b) interpreted line.
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would be N70°E. This direction is also more in keeping with borehole breakout
data that records the current direction of maximum stress (Zoback et al., 1987;
Mount and Suppe, 1992) as approximately perpendicular to the San Andreas
fault.

The Cox Fault

The Cox fault zone is known only from subsurface data in the Cuyama
Valley. It differs from the other normal faults in the Cuyama area in two ways:
1) its present trend is north to northeast, rather than east-west, and 2) it is
younger than the faults associated with late Oligocene-early Miocene extension.
The Cox fault zone is a normal fault that was active during the deposition of the
Saltos Shale (Spitz, 1985, 1988). Lagoe (1981) dates the Saltos Shale as latest
Saucesian to Relizian. Berggren (1972) dates the Relizian as early Miocene,
approximately 17-15 Ma. The Saltos Shale is 3-5 times thicker on the eastern,
downthrown side of the fault (Fig. 3-13). The underlying Vaqueros Formation
does not change thickness across the fault, implying the Cox fault was not active
until the end of Vaqueros deposition (Spitz, 1985, 1988).

Seismic lines show there is no major, west-dipping normal fault to the east
(Fig. 3-14). Instead, the Saltos Shale was deposited in a half-graben, and it
becomes progressively thinner to the east where it grades into the non-marine
Caliente Formation (Ellis and Spitz, 1987).

There is no correlative fault to the Cox fault in the Caliente Range that
has a dramatic thickening of the Saltos Shale across. Thus, the Cox fault
probably terminates against the proposed left-lateral fault, as it does to the south
against the right-lateral Russell fault. As the Cox fault is younger than the Blue
Rock fault, the Blue Rock may be offset across it, as shown diagrammatically in

Figure 3-7, although the amount of displacement is unknown.



Figure 3-13. Isopach map of the Saltos Shale Member of the Monterey
Formation. The Saltos Shale Member is 3 to 5 times thicker on the eastern,

downthrown side of the Cox fault. The area west of the Cox fault is based on
Spitz (1985). Seismic data were used to modify Spitz' (1985) interpretation
between the Cox fault and the seismic lines. Seismic lines are numbered.
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Strain and Stress Patferns

The orientation of the left-stepping en echelon folds in the Caliente Range,
the right-stepping folds along the Russell fault, the Cox normal fault, and the
right- and left-lateral strike-slip faults fit into an overall dextral strike-slip stress
pattern (Fig. 3-15). Axes of the en echelon folds involving the Vaqueros
Formation along the Russell fault and the en echelon folds in the Caliente Range
are parallel, implying the maximum principal stress directions for both strike-slip
faults are the same, and both formed under the same stress regime.

In experimental studies, a variety of structures form along a shear zone.
The sequence of the formation of different structures depends upon materials
and conditions. (Wilcox et al, 1973; Bartlett et al., 1981). In homogeneous clay
models (Wilcox et al., 1973) folds and Riedel (R) shears form first, P shears form
second and finally, a narrow, through-going fault zone appears, which they term
the Y shear. Folds form at an oblique 55° angle to the main fault zone, and
extensional faults are at a 90° angle to the fold axes. Another experimental
study (Bartlett et al., 1981) used a veneer of limestone over sandstone. The order
in which structures formed differed from the clay models. As would be
expected with more rigid materials, no folds formed. Instead, R and P shears
formed concurrently, followed by the lengthening of the existing R shears,
formation of new R shears and X and R' shears. Finally, the principal
displacement zone (Y shear) is formed.

To compare the Cuyama area to these strain models, the whole area could
be considered part of a right-lateral strain pattern during the mid-Tertiary. The
Russell fault would be the through-going Y shear, where the maximum amount
of displacement occurs. The left-lateral fault zone beneath the Caliente Range
would be analogous to the X shear, which forms later and has less displacement
because of its orientation. At a smaller scale, the left-lateral fault has a similar,
though reversed, orientation of structures. The left-lateral fault zone would be
analogous to the R, P and Y shears, with the en echelon folds of the Caliente

range at the expected oblique orientation. The en echelon fold axes that are
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Figure 3-15. Evidence for left-lateral slip in the vicinity of the southeastern
Caliente Range and the relationship of tectonic features to idealized strain
patterns. Evidence for left-lateral slip includes the en echelon folds, the offset
thick Vaqueros Formation between the seismic grid in the Cuyama Valley and
the Drake Federal well in the Caliente Range, and the offset Branch Canyon-
Caliente Formation facies boundary. The subsurface right-stepping, en echelon
folds along the Russell fault are parallel to the left-stepping en echelon folds in
the Caliente Range, implying that both sets of folds and related faults formed
under the same stress regime. The Caliente Range front appears to have left-
stepping straight segments that are parallel to the fold axes in the Caliente
Range. These straight segments may be an expression of "P" shears that formed
under the left-lateral shear regime and have been utilized by subsequent
thrusting. The left- and right-lateral strain ellipses show an idealized model for
the orientation of structures formed under strike-slip stress regimes, based on
Bartlett et al. (1981) and Harding (1974).
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related to the dextral Russell fault and to the sinistral fault in the Caliente Range
area are parallel, and both are at the right orientation for strike-slip shear on their
related faults. The Cox fault is at right angles to the fold axes, and its
orientation also fits into the overall right-lateral strain pattern, with the maximum
stress direction (G;) oriented N25°E to N35°E. The parallel, en echelon folds are
the main evidence for a unified stress field.

The left-lateral fault zone may not have been a single, through-going fault,
but rather may have formed as a series of en echelon "P" shears, following the
terminology of Tchalenko and Ambraseys (1970) and Bartlett et al. (1981). The
frontal escarpment of the Caliente Range appears to be offset in a stepped
manner that is parallel to the en echelon folds (Fig. 3-15). The trace of the
younger Morales thrust, which controls the uplift of the Caliente Range, may be
taking advantage of these older, en echelon faults, giving the frontal escarpment
of the Caliente Range its left-stepped appearance.

A comparison of the Russell/left-lateral fault relationship to idealized,
experimental models is not perfect. Both the clay model and the limestone
model assume a more or less homogenous medium with no pre-existing
structures as a starting point. If an earlier, normal fault existed below the
Caliente Range, as Davis et al. (1988) suggest, the left-lateral slip could have
taken advantage of this plane of weakness. Also, the original orientation of these

structures may have been obscured by subsequent compression and rotation.

Timing of Events Related to the Stuke-Slip Regime

In order to show a relationship between structures in a unified stress
pattern, those structures must be related temporally as well as spatially. The
sequence of events that formed the Russell fault and the left-lateral fault system
would have been as follows (Fig. 3-8). The Russell fault was most active from
23-19 Ma during the deposition of the Vaqueros Formation. Syndepositional
folds within the Vaqueros formed and were offset in a right-lateral sense along

the Russell fault. Movement on the Russell slowed down dramatically at 19 Ma,
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and the Cox fault zone became active during deposition of the Saltos Shale. At
the same time, right-lateral slip may have begun to jump east to the modern San
Andreas fault strand. Powell (1993, p. 32, his Figure 8) shows that the San
Andreas fault north of the Big Pine fault was active by 17 Ma, and it may have
been active as early as 23 Ma. Normal movement on the Cox fault continued
mto the early stages of deposition of the Branch Canyon Formation which
began at approximately 16 Ma. Most of the movement on the Cox fault zone
occurred during Saltos Shale deposition. It is not clear when left-lateral
movement started on the ancestral Morales fault, however the en echelon folds
had to form prior to the emplacement of the Triple Basalts which started at 16.5
+ 1.3 Ma (Turner, 1970) and are not involved in the en echelon folds. Left-
lateral motion on this fault zone had to occur after the beginning of deposition
of the facies boundary between the Branch Canyon and Caliente Formations,
which began during the Saucesian (Davis, et al., 1988). The facies boundary is
offset the same amount as the thick Vaqueros between the Cuyama Valley
subsurface and the Drake Federal well. The en echelon folds appear to have
formed first, followed by left-lateral movement on the fault zone.

This zone of left-lateral movement may not have had enough
displacement to develop into a through-going, continuous fault. Instead, it may
have only developed into a set of left-stepping P shears and en echelon folds.
The left-lateral fault zone could only have been active a short time. the lowest
basalt layer, which is not involved in the en echelon folds provides an upper age
limit of 16.5 Ma for left-lateral movmenet. The offset thick Vaqueros Formation
provides a lower age limit of 18-19 Ma. The 8 km of left-lateral separation of the
thick Vaqueros Formation and Branch Canyon-Caliente Formation facies
boundary provides a maximum slip distance, although some of the apparent
separation is probably due to later dip-slip on the Morales thrust fault. A
possible maximum slip rate of 2.3-5.3 mm/yr can be calculated for the left-lateral
fault zone, based on the 8 km of lefi-lateral separation and the 18-19 to 16.5 Ma

period of activity. Of course, if the total slip on this fault zone is less, the slip
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rate would be lower. For comparison, the slip rate on the Russell fault at this
time was ~0.25 mm/yr. This left-lateral fault zone was probably active at the time
right-slip was being transferred from the Russell fault to the modern trace of the
San Andreas fault.
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COMPRESSION AND ROTATION

The most recent strain regime in the area is compressional. The Caliente
Range is moving southwest towards the Cuyama Valley on the Morales and
Whiterock thrust faults, and the Sierra Madre is moving north on the South
Cuyama and Ozena faults. All of these thrusts override the Pliocene-Pleistocene
Morales Formation with the exception of the Ozena fault, which is not in contact
with the Morales formation (Figs. 3-2 and 3-3).

Paleomagnetic stratigraphy was used to date the Morales Formation, and
by inference, the beginning of uplift of the Caliente Range and the Frazier
Mountain-Mt Pinos crystalline highlands (Ellis et al., 1993) (Fig 3-16). In the
Caliente Range, the Morales Formation was sampled in the footwall of both the
Whiterock and Morales thrusts, and in the Wells Ranch syncline on the north
side of the range. It was also sampled in Quatal Canyon in the Cuyama
Badlands and in Santa Barbara Canyon. In the Wells Ranch syncline section, in
contrast to the other sections, the Morales Formation becomes finer-grained
toward to the top, where thick clay beds accumulated. The Wells Ranch
syncline section probably predates the Gauss chron (Ellis et al., 1993), which
began at 3.57 Ma (McDougall et al., 1992). The fine-grained clay beds in the
Wells Ranch syncline section suggest that the coarse-grained sediment source
from an ancestral Cuyama River was cut off by the rising Caliente Range. The
uplift and erosion of the hanging wall of the Whiterock thrust are well defined in
the stratigraphic record. Approximately half way up the Morales Formation in
the section below the Whiterock fault, angular shale chips suddenly appear and
dominate the clast composition. Below this appearance, the clasts are almost
entirely well-rounded crystalline pebbles. The shale chips were most likely shed
from the Monterey Formation in the rising hanging-wall block of the Whiterock
thrust. The paleomagnetic sections below the Whiterock and Morales thrusts are
correlated to the Gauss chron (3.57-2.60 Ma). Uplift of the Caliente Range

began during the middle to upper Gauss chron.
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Stratigraphic evidence for the recent uplift of the Mt. Pinos-Frazier
Mountain crystalline highlands is recorded by the presence of a boulder bed in
the Morales Formation in Quatal Canyon. These boulders have the same
lithology as the crystalline highlands to the east; some boulders are more than a
meter in diameter. Based on the stratigraphic position of the boulder bed within
the Morales Formation, and the paleomagnetic dating of the Morales Formation,
uplift of the crystalline highlands began at 2.6 and 0.78 Ma (Ellis et al., 1993).
Dibblee (1971b) mapped the Morales fault trace near and south of the base of the
older Quaternary alluvium terraces along the southern front of the Caliente
Range. Crystalline pebbles on the surface of the terraces are similar to those on
the valley floor. The fault scarps of these "older Quaternary alluvium" terraces
appear to be arranged in an en echelon pattern parallel to the axes of the older,
left-stepping en echelon folds. The Morales thrust system may be taking
advantage of an older system of left-stepping en echelon P shears related to
earlier left-lateral faulting (Fig. 3-15). Others (e.g. Davis et al., 1988) have
interpreted the fault to underlie ridges of "older Quaternary alluvium" in the
Cuyama Valley south of the Caliente Range front. Both interpretations may be
correct, 1n that the fault is splaying and has stepped forward to form a blind
thrust below the ridges. This splay probably dies out east of the ridges of older
alluvium. The north-south seismic line (Fig. 3-12) also suggests a splay of the
Morales thrust may be present under the Cuyama Valley and in front of the
Caliente Range.

The relationship of the eastern end of the Morales thrust to the San
Andreas fault is unclear. Dibblee (1971a and b) suggests that it continues to the
east, possibly ending at the San Andreas fault. An alternative idea is that it turns
to become a blind thrust beneath the Cuyama Badlands (Fig. 3-1 and 3-2) This
hypothesis is explored in more detail below.

The Cuyama Badlands fold belt is interpreted to continue to the northwest
under the alluvium of the Cuyama Valley, based on a grid of seismic lines in the

eastern Cuyama Valley. The southwestern portion of the grid has well-defined,
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gently dipping to horizontal reflectors. The northeast portion of the grid has
poor quality data. A fairly distinct boundary separates the good from the poor
quality data. This difference is interpreted to be due to the presence of more
steeply dipping beds associated with the continuation of the Badlands fold belt
beneath the Cuyama Valley.

In the Cuyama Badlands fold belt, an angular unconformity of 25° exists
between the Caliente Formation and the Quatal Formation in Quatal Canyon,
suggesting that folding began prior to deposition of the Quatal Formation. The
Pleistocene(?) Paso Robles Formation, as mapped by Dibblee (1971a) overlies the
Morales and older formations. In many areas, the Paso Robles is almost
horizontal and overlies an erosion surface on tightly-folded older formations. In
the northwest part of the Badlands near the southwestern extent of the Paso
Robles and northeast of well #3 on cross-section A-A', however, the Paso Robles
is folded, with dips as steep as 75° (Dibblee, 1971a) (Fig. 3-5).

The folds in the Caliente Formation and older rocks are tight and
overturned and have a southwest vergence in the central part of the Cuyama
Badlands fold belt. (Figs. 3-5 and 3-17). Folds in the same formations closer to
the San Andreas fault verge toward the northeast. This pattern of folding in the
Caliente Formation and older rocks is interpreted to result from a blind thrust
that dips to the northeast under the central part of the fold belt. The tight,
overturned folds suggest a fault propagation fold, although it is not clear if the
adjacent syncline is a backlimb of this fold. To the east and on strike with these
tight folds, Dibblee (1971a) mapped a thrust fault that places older Caliente
Formation over younger Caliente, and dips 52° north. The folds on the
southwest edge of the overlying Paso Robles Formation have the opposite sense
of vergence from the folds in the older rocks below the Paso Robles. The folds
in the Paso Robles Formation are interpreted to be due to flexural slip faulting in
the underlying folds, shown diagrammatically in cross-section A-A', Figure 3-17.
These flexural slip faults offset the base of the Paso Robles by one to two meters,

and they are responsible for the northeast sense of vergence in the Paso Robles
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folds. Both the flexural slip faults that cut the base of the Paso Robles and the
tight folds in the Paso Robles itself suggest that folding and compression is still
active.

The Morales thrust may diverge from the Caliente Range front and
become a blind thrust under the tight folds in the Badlands, based on the
following evidence: 1) The stratigraphy between the southeastern Caliente Range
and the northwestern part of the Badlands is similar, suggesting there is no major
fault separating these two areas. In both areas, there are outcrops of Pattiway,
Simmler, Vaqueros and Caliente Formations. 2) The tight, southwest verging
folds in the Badlands suggest that they may be underlain by a blind thrust. 3)
Seismic evidence from the Cuyama Valley suggests the Badlands fold bend
continues to the northeast under the valley. Most of the young folds and thrust
faults in the Cuyama area are subparallel to the San Andreas, and follow the
curvature of the Big Bend. If the Morales thrust continued under the Badlands,
it would fit this pattern.

Alternatively, the Morales thrust may continue along the southeastern
Caliente Range front toward the San Andreas fault. The fold belt and blind
thrust in the Cuyama Badlands may continue to the northwest to be overridden
by the Caliente Range as it moves south on the Morales thrust. This pattern
would be similar to the map pattern of the Big Spring thrust at the northern end
of the Morales thrust in the central Caliente Range (Bartow, 1988; Davis et al.,
1988) (See Fig. 3-1).

Evidence for continuing compression includes the uplifted terrace of older
Quaternary alluvium (Qoa) on the south side of the Caliente Range and the
linear ridges of Qoa approximately 2 km south of the Caliente Range front. The
ridges of Qoa on the valley floor are linear and may mark the location of a blind
thrust propagating out in front of the Caliente Range. The uplifted terrace is a
linear feature high with a minimum of topographic dissection. Crystalline
gravels, similar to those on the valley floor, are present on the surface of the

terrace.
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ROTATION OF THE CUYAMA BASIN

Paleomagnetic studies of the Pliocene-Pleistocene Morales Formation
revealed that the Cuyama basin has undergone approximately 23° of clockwise
rotation since deposition of the Morales Formation ended at approximately 2 Ma
(Ellis et al., 1993). Previous studies of rotation have concentrated on areas
south of the Big Pine fault, the northernmost west-trending left-lateral fault of thé
western Transverse Ranges (e.g. Luyendyk et al., 1980; Luyendyk et al., 1985;
Terres, 1984; Terres and Luyendyk, 1985; Hornafius et al., 1986; Liddicoat,
1990). Rotation rates in the western Transverse Ranges are estimated at 5-6°/Ma
(Jackson and Molnar, 1990; Luyendyk, 1991). In the Cuyama basin, however,
23° of clockwise rotation has occurred since 2 Ma, which is twice as fast as the
predicted rate for areas south of the Big Pine fault.

Although simple shear due to right-lateral motion between the North
American and Pacific plates may account for much of the rotation in southern
California, it may not be the only mechanism, especially in the area adjacent to
the Big Bend. A possible explanation is similar to Suppe's (1983) model of a
fault-bend fold that develops above a ramp in a thrust fault. In this case,
however, the map view of the western Big Bend of the San Andreas fault is the
plane which 1s usually seen in a cross-sectional view of a thrust fault ramp. As
right-lateral motion on the San Andreas fault takes place, crustal material to the

south moves north and west around the bend, rotating as it passes the Big Bend.

Swinging around the Bend: The fault bend fold analogy model

Any model for rotation of the Cuyama Valley must take into account the
following: 1) the rate of rotation is twice the predicted value for the area directly
to the south; 2) fold axes are sub-parallel to the San Andreas fault, and 3) the
direction of maximum stress remains nearly perpendicular to the San Andreas

fault around the Big Bend. These points are discussed in detail below.
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1. The rate of rotation: Jackson and Molnar (1990) cite evidence from very long
baseline interferometry (VLBI) for 5 years (Sauber, 1989) and the east-west
orientation of crustal blocks in the western Transverse Ranges to infer that
rotation in the western Transverse Ranges is continuing at a rate of 6.3° +
3.4°/Ma. They suggest that this rate is consistent with estimates of rotation rates
for the past 10 my. Luyendyk (1991) shows that theoretical models favor a lower
rate of rotation when motion between tectonic plates is transtensional and a
higher rotation rate when motion is transpressional. However, data on rotation
rates in the western Transverse Ranges (Hornafius et al., 1986; Luyendyk, 1991)
do not confirm this, and Luyendyk suggests rotation has occurred at an average
rate of 5-6°/Ma since the middle Miocene in the western Transverse Ranges,
based on data from the Santa Ynez Range. Using either Jackson and Molnar's
(1990) or Luyendyk's (1991) estimates of rotation rates, the Cuyama basin

should have rotated 10-12° clockwise since deposition of the Morales Formation
ended at approximately 2 Ma. However, the Cuyama basin shows
approximately 23° of post-Morales Formation clockwise rotation, almost twice

the predicted value.

2. Orientation of fold axes: In models of strike-slip strain patterns (e.g. Wilcox
et al., 1973; Harding, 1974), compressional folds and faults should be oblique to
the San Andreas fault. However, many of the young folds and faults in central
California are parallel to the main fault (Crouch et al., 1984; Zoback et al, 1987).
Also, many of the young fold axes in the Cuyama area are parallel to the San
Andreas fault around the curve of the Big Bend, such as the South Cuyama
syncline in the Cuyama Badlands and the Wells Ranch syncline, both of which
mvolve the Morales Formation (Fig 3-2).

3. Zoback et al. (1987) and Mount and Suppe (1992) demonstrated that the
maximum horizontal stress direction, as measured by borehole elongations in

wells and fault-plane focal mechanisms, is nearly perpendicular to the San
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Andreas fault. Also, the direction of maximum horizontal stress remains close to
perpendicular around the Big Bend (Fig. 3-18).

The change in strike of the San Andreas fault at the Big Bend is 27°,
similar to the average rotation of 23° of the Cuyama valley. The Big Pine fault
1s also bent 25° (Fig. 3-1).

A possible explanation for the Cuyama basin's rotation involves a map
model resembling Suppe's (1983) cross-sectional model of a fault-bend fold that
develops above a ramp in a thrust fault (Fig. 3-19). In this model, the Big Bend
of the San Andreas fault is analogous to a thrust ramp lying on its side. As
right-lateral motion progresses, crustal material southeast of the Big Bend rotates
as it moves northwestward around the bend. As in Suppe's (1983) model of a
thrust ramp, there should be a hinge line associated with the Big Bend. Crustal
material on the west side of the San Andreas would rotate as it passes the hinge.
Sediments deposited to the south and east of the hinge line (in the area
analogous to a thrust ramp) that have not moved past the bend should not be
rotated. Sediments that were deposited south of the hinge and have moved
northwest of the Big Bend's hinge should be rotated. Also, young sediments
that are deposited north of the bend should not be rotated. These statements
could be tested by further paleomagnetic sampling on the Morales Formation
equivalents on both sides of the Big Bend.

Luyendyk et al. (1985) sampled the Plush Ranch Formation of Lockwood
Valley just north of the Big Pine fault. Results indicate 6.4 + 12.5 of
counterclockwise rotation. Luyendyk et al. (1985) give three possible
explanations: 1) the Plush Ranch formation is not rotated, 2) it has rotated
counterclockwise as it moved north into the left bend of the San Andreas fault,
or 3) structural corrections are incorrect. Although they consider the data to be
ambiguous, results from this locality suggest the area south of the Big Bend has
not yet rotated.

If the Morales Formation rotated due to "swinging around the bend", it

would have to have been deposited south and east of the hinge, analogous to
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Figure 3-18. Orientation of o; (maximum stress direction) in relation to the San
Andreas fault. The arrows show the direction of 6, , based on borehole breakout
data from wells (Zoback et al., 1987; Mount and Suppe, 1992).



Location of Cuyama basin Present Location
at the end of Morales Fm
deposition below Morales
and Whiterock faults,
. circa 2.5 Ma

B"g Pine Fault

Morales Fm

0 10 20 30 km k Smeaca?sr:osfrongrophnc
L S |

Figure 3-19. Model of rotation around the Big Bend of the San Andreas fault.

a) Map view of the location of the Cuyama basin at 2.5 Ma and at present. The
arrows show the paleomagnetic vector with the 95% confidence level.

b) Cross-section view of a fault-bend fold above a thrust ramp (Suppe, 1993).

The map view of the San Andreas fault is compared to the cross-section of
the thrust fault. As the Cuyama basin moves around the Big Bend, it rotates

through the hinge zone in a similar fashion to the formation of a fault bend fold
above the hinge between the ramp and flat in a thrust fault.
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deposition occurring along the ramps of a thrust. If 33 mm/yr is used as the rate
of movement along the San Andreas fault in the vicinity of the Big Bend (Sieh
and Jahns, 1984; Sims, 1989) and 1.8 Ma (the beginning of the Olduvai
subchron) is assumed to be the latest possible limit of deposition in the Cuyama
Badlands, this section moved at least 60 km since deposition. It is now in the
vicinity of the hinge of the Big Bend. If 2.5 Ma is the latest time limit on
deposition of the Morales Formation in the Whiterock and Morales thrust
sections of the Caliente Range, these sections moved 82.5 km in the last 2.5 m.y.,
and are now 40 km northwest of the hinge line of the Big Bend.

Back-rotating geologic features of the Cuyama Valley counter-clockwise by
23° gives them a trend similar to those in the western Transverse Ranges. This
suggests that they formed parallel to the San Andreas fault southeast of the Big
Bend, in keeping with the stress field described by Zoback et al. (1987). If 23° of
clockwise rotation and 82.5 km of slip along the San Andreas fault are removed
from the traces of the Morales and Whiterock faults, these thrusts would be
parallel to the San Andreas fault south of the Big Bend. This implies that the
faults formed parallel to the San Andreas fault and have rotated around the bend
to remain parallel to the San Andreas fault.

This model implies that the Big Bend was present during the rotation of
the Cuyama basin. Garfunkel (1974) and Bohannon and Howell (1982)
~ suggested that the Big Bend formed due to extension of the Basin and Range
Province north of the Garlock fault. Burbank and Whistler (1987) have
suggested that motion on the Garlock fault began at approximately 10 Ma, based
on paleomagnetic evidence for rotation of adjacent strata. Therefore, the Big
Bend appears to have been present at the time of deposition of the Morales
Formation.

The fault-bend fold analogy for the Cuyama basin rotation is meant to be
a kinematic, rather than a mechanistic model. It is only intended to show how
movement of the Cuyama basin around the San Andreas fault's Big Bend may

account for rotation is this area.
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CONCLUSIONS

The Cuyama basin has a complex tectonic history, involving extension,
strike-slip, compressional faulting, and rotation. Extensional faulting in the
Cuyama basin is recorded by the Simmler Formation, a continental sequence that
was deposited in fault-bounded basins. The Simmler is Oligocene to early
Miocene in age (30-24 Ma). Restoring the Cuyama basin to its location along
the San Andreas fault during the Oligocene puts it adjacent to the Orocopia
Mountains of southeastern California. Tennyson (1989) and Crouch and Suppe
(1993) suggest the Cuyama basin and adjacent areas were part of the Basin and
Range extensional terrain. Crouch and Suppe (1993) further suggest that the
Cuyama basin was a graben (or several grabens) in the hanging wall of a major
detachment fault, and the break-away zone was the Sur-Nacimiento fault.

The transitional time between extension and strike-slip faulting may have
been a period of transtension. Powell (1993, p. 32, his Figure 8) dates the
beginning of right-lateral movement on the Clemens Well-Fenner-San
Francisquito fault at 17 Ma, and possibly as early as 23 Ma, a time that overlaps
with deposition of the Simmler and Diligencia Formations. He also suggests that
early right-lateral movement took place along a zone of right stepping, en
echelon normal fault basins and antiforms.

As strike-slip faulting continued, the Cuyama basin acted as a part of a
diffuse shear zone with complex interactions between right- and left-lateral faults,
en echelon folds and normal faults. The earliest well-documented right-lateral
movement in the Cuyama Basin took place along the Russell fault at 23 Ma.

The Russell fault was active from 23 to 4 Ma, and slowed down at 19 Ma.

A perplexing problem concerning the Russell fault is determining its path
to the south of the western Cuyama Valley. Powell (1993, p. 51) disagrees with
the connecting the Russell fault to the Ozena fault (Yeats et al., 1988, 1989)
because the 29 km of right-lateral slip cannot be traced south of the Big Pine
fault. An alternative path to continue the 29 km of slip to the south connects the

Russell fault with the Clemens Well-Fenner-San Francisquito fault via the Blue
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Rock fault. The Clemens Well-Fenner-San Francisquito fault was active by 17
Ma, and possibly as early as 23 Ma. Powell (1993, p. 31) found this fault had
moved approximately 110 km and suggests it joins with the modern San Andreas
fault north of the Big Pine fault. Perhaps 30 km of its movement was taken up
by the Blue Rock-Russell fault north of the Big Pine fault. Thus, the Cuyama
basin may have had two parallel right-lateral faults active at the same time, and
the majority of right-lateral movement may have been transferred from the
Russell to the modern trace of the San Andreas fault at approximately 19 to 17
Ma.

As part of this "soft shear zone", I propose that a left-lateral strike-slip fault
zone existed in the vicinity of the southern Caliente Range that acted as a
conjugate fault to the Russell fault. Evidence for the existence of such a fault

includes the following:

1. A set of left-stepping, en echelon folds in the southeastern Caliente Range
that formed prior to the eruption of the lowest basalt layer at ~16.5 Ma.

2. A series of faults with a N30-40W trend cut the folds, but do not disrupt the
basalt layers, although one of the faults is filled with a basalt dike.

3. Areas of similar thicknesses in the Vaqueros Formation in the Cuyama Valley

and the Caliente Range are separated in an apparently left-lateral sense.

4. The Branch Canyon-Caliente Formation facies boundary is displaced in an
apparent left-lateral sense between the Caliente Range and the Cuyama Valley,
the same amount as the displacement of the Vaqueros Formation. This indicates
that left slip began after 18(?) Ma, and was completed by 16.5 + 1.3 Ma.

The overall pattern of right- and left-lateral faults, en echelon folds and the

normal Cox fault fit a pattern of right-lateral strain.



115

The transition from dominantly strike-slip to compressional tectonics
occurred during the deposition of the fluvial Morales Formation. The Morales
Formation overlies the Russell fault without being displaced by that fault. It is
folded and cut by thrust faults, and it contains sediments that were shed from the
rising Caliente Range and Mt. Pinos-Frazier Mountain highlands. Based on a
paleomagnetic study of the Morales Formation, the uplift of the Caliente Range
along the Whiterock and Morales thrusts occurred since 3.57 Ma, the beginning
of the Gauss chron. Uplift of the Mt. Pinos-Frazier Mountain crystalline
highlands began after 2.6 Ma. Compressional tectonics in the Cuyama basin
may have been initiated by the northward movement of this area into the
restraining bend (Big Bend) of the San Andreas fault. As the Caliente Range is
north of the Mt. Pinos-Frazier Mountain highlands, it would have encountered
the restraining bend earlier, and therefore, the recent episode of uplift of the
Caliente Range is older.

Dibblee (1971) and Vedder and Repenning (1975) have suggested that the
trace of the Morales thrust is parallel to the southern front of the Caliente Range,
and it possibly ends at the San Andreas fault. I propose that the Morales thrust
diverges from the Caliente Range front to become a blind thrust below the
Cuyama Badlands. Evidence for the existence of such a fault includes the

following:

1. The stratigraphy in the southeastern Caliente Range and the northwestern
Cuyama Badlands is similar and does not appear to be displaced by a fault

between these two areas.

2. The folds beneath the Paso Robles Formation, which lies horizontally over
the older rocks of the Cuyama Badlands for much of its extent, are tightly folded
with a vertical to overturned southern limb. This fold geometry suggests it may
be a fault propagation fold.
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3. Seismic evidence suggests the Cuyama Badlands fold belt continues

undemeath the Cuyama Valley.

The paleomagnetic study of the Morales Formation also revealed that
approximately 23° of clockwise rotation has occurred since the Morales
Formation was deposited. No progressive rotation through time was found. A
mechanism to explain the very young clockwise rotation is proposed that is a
map analogue to Suppe's (1983) cross-sectional fault bend fold model for thrust
faults. In this model, crustal material west of the San Andreas fault rotates as it
moves northward and around the Big Bend. The 27° angle of the Big Bend is
similar to the average amount of rotation, 23°, recorded in the Morales
Formation.

Current maximum stress patterns, based on borehole breakout data, show
that the maximum stress direction is oriented perpendicular to the San Andreas
fault and remains perpendicular around the Big Bend. Other geologic features,
most notably young fold axes, are parallel to, and bent around, the Big Bend.
Again, this suggests that the crustal material is rotating around the Bend.

In this synthesis of the tectonic history of the Cuyama basin, five new

ideas have been presented:

1. The Simmler Formation was deposited in half-grabens bound on the
southwest by normal faults, and were coeval in part with initiation of strike-slip

faulting in the San Andreas fault system.

2. The 28-29 km of right lateral slip on the Russell fault continues to the
southeast via the Blue Rock fault, which may be a continuation of the San

Francisquito-Fenner-Clemens Well fault.

3. A left-lateral fault that acted as a conjugate fault to the Russell, and possibly
the San Andreas fault, existed in the vicinity of the southern Caliente Range
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prior to emplacement of the lowest basalt layer at ~16.5 Ma. This fault may have
been active only during the time strike-slip movement shifted from the Russell

fault eastward to the San Andreas fault.

4. The Morales thrust fault diverges from the Caliente Range to become a blind
thrust below the Cuyama Badlands.

5. The recent, post-Morales Formation clockwise rotation of the Cuyama basin
can be explained by the movement of crustal material around the Big Bend of the
San Andreas fault.
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