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ABSTRACT

We synthesized data from geologic maps, wells, seismic-reflection profiles, potential-field interpretations, and low-temperature thermochro-
nology to refine our understanding of late Cenozoic extension and shortening in the Salinian block of the central California Coast Ranges.
Data from the La Panza Range and southern Salinas Basin document early to middle Miocene extension, followed by Pliocene and younger
shortening after a period of little deformation in the late Miocene. Extension took place on high-angle normal faults that accommodated ~2%
strain at the scale of the ~50-km-wide Salinian block (oriented perpendicular to the San Andreas fault). Shortening was accommodated by
new reverse faults, reactivation of older normal faults, and strike-slip faulting that resulted in a map-view change in the width of the Salinian
block.The overall magnitude of shortening was ~10% strain, roughly 4-5 times greater than the amount of extension.The timing and magni-
tude of deformation in our study area are comparable to that documented in other Salinian block basins, and we suggest that the entire block
deformed in a similar manner over a similar time span. The timing and relative magnitude of extension and shortening may be understood
in the context of central Coast Range tectonic boundary conditions linked to rotation of the western Transverse Ranges at the south end of
the Salinian block. Older models for Coast Range shortening based on balanced fault-bend fold-style cross sections are a poor approxima-
tion of Salinian block deformation, and may lead to mechanically improbable fault geometries that overestimate the amount of shortening.
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INTRODUCTION

The central California Coast Ranges (Fig. 1)
are dominated by faults of the San Andreas
system, which have accommodated over 300
km of right-lateral slip since the early Miocene
(e.g., Powell, 1993). The ranges themselves
were formed by ongoing crustal shortening
in an ~100-km-wide zone stretching from the
San Joaquin Valley to the coast across the San
Andreas fault. Understanding how this compo-
nent of deformation evolved through time is a
key factor in understanding how transpression
and transtension are accommodated within the
San Andreas system, while knowledge of local
fault geometries is important for understanding
natural resources and earthquake hazards within H
the seismically active central Coast Ranges. |-gsoy ™ Cenozoic basin
Although modern rates of shortening within the Salinian basement
Coast Ranges are an order of magnitude less /T I:I Franciscan basement

3e—| Figure 1. Sketch map
of central California
coast, showing major
faults, extent of Salin-
ian block, major Neo-
gene basins, and loca-
tion of the study area
(derived from Jen-
nings et al., 2010).
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than rates of strike slip (e.g., Argus and Gor-
don, 2001), damaging earthquakes also occur —
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on thrust or reverse faults, many of which are
poorly mapped or even unrecognized (e.g.,
the Coalinga [M 6.7, 1983] and San Simeon
[M 6.5, 2003] earthquakes). Cenozoic Coast
Range basins (Fig. 1) also hold important
petroleum resources (e.g., San Ardo, Fig. 1),
and their stratigraphy and structure are directly
related to the way in which deformation is
accommodated off the major strike-slip faults
in the San Andreas system.

Two distinctly different basement provinces
underlie the central Coast Ranges. The Salinian
block consists of Cretaceous granitic and meta-
morphic rocks (and their Cretaceous to Early
Tertiary sedimentary cover) that were part of
the Mesozoic batholith in southern California
prior to northward displacement along the San
Andreas fault (e.g., Page et al., 1979; Dickinson,
1983; Jacobson et al., 2011). Southwest of the
Nacimiento fault (Fig. 1), the Coast Ranges are
underlain by the Franciscan complex and scat-
tered remnants of Jurassic ophiolite. Thick sec-
tions of marine sedimentary rocks were depos-
ited in the Salinas, Cuyama, and Santa Maria
Basins (Fig. 1) during Miocene transtensional
slip on the San Andreas fault (e.g., Graham,
1978), but the magnitude and structural style of
extension are poorly known, as is the timing of
the transition to more recent crustal shortening.

Neogene deposits throughout the central
Coast Ranges were deformed by crustal shorten-
ing that mostly took place after 4 Ma, although
it may have begun in the late Miocene. Docu-
mented shortening perpendicular to the San
Andreas fault is roughly 20%-40% strain (e.g.,
Namson and Davis, 1990; Page et al., 1998), but
those areas underlain by Salinian basement (such
as the Salinas Basin) appear less deformed than
those underlain by Franciscan basement (e.g.,
Graham, 1987; Titus et al., 2011). Shortening is
manifested by folds and thrust faults, but differ-
ent models exist for the nature of these faults at
depth; one set of models emphasizes strike-slip
faults that sole into—or are cut by—low-angle
detachment faults (e.g., Davis et al., 1988; Nam-
son and Davis, 1988a, 1990), while geophysical
data sets point to generally steeply dipping strike-
slip faults that cut through the full thickness of
the brittle crust and at least locally extend even
deeper (e.g., Parsons et al., 2002; Hardebeck,
2010; Shelly, 2010; Fuis et al., 2012). There is
also the question of whether extension/short-
ening in a given area is controlled more by the
overall geometry of the Pacific—-North American
plate margin (e.g., Argus and Gordon, 2001), or
by more localized effects of the major strike-
slip faults, such as the presence of constraining/
releasing bends (e.g., Wakabayashi et al., 2004),
or transitions from creeping to locked behavior
(e.g., Titus et al., 2011).

The overall goal of this study is to clarify the
timing and structural style of Neogene defor-
mation in the Salinian block, which makes up
about two thirds of the area of the central Coast
Ranges west of the San Andreas fault (Fig. 1).
When did the extension begin and end, how
much extension took place, and by what struc-
tures was it accommodated? Is there a distinct,
resolvable transition from extension to shorten-
ing, and if so when did this take place? When
did most shortening take place, by what struc-
tures was it accommodated, and how much
overall shortening occurred? To address these
questions, we chose to study the central part of
the Salinas Basin at the latitude of Paso Robles
(Fig. 1). This area offers good exposure of both
Mesozoic basement and overlying Cenozoic
basin deposits, as well unusually good (for
this region) drill-hole and seismic-reflection
data from the adjacent basin, much of which
has not previously been interpreted in the pub-
lished literature.

STRATIGRAPHY OF THE SOUTHERN
SALINAS BASIN

Salinian basement in the La Panza Range
consists of homogeneous granodiorite and
quartz monzonite (Ross, 1966). We obtained
sensitive  high-resolution ion microprobe
(SHRIMP) U-Pb dates on zircon from two
samples of La Panza granite, one from the SW
side of the La Panza fault (sample LP9) and one
from the NE side (sample LP3) (Fig. 2). They
yielded ages of 79.12 + 0.46 Ma and 79.36 +
0.44 Ma, respectively, similar to ages reported
by Mattinson and James (1985) from other
granites in the southern Salinian block. In the
southern La Panza Range, granitic basement
is overlain by a S- to SW-dipping sequence of
Upper Cretaceous to Paleocene (and possibly
early Eocene) sedimentary rocks, predomi-
nantly marine turbidites (Vedder and Brown,
1968; Chipping, 1972; Grove, 1993 [Fig. 2]).
Vedder and Brown (1968) measured up to 6 km
of these strata in the study area, and we initially
estimated 4 km based on projected dips from
geologic maps. Gravity data indicate a bulk
thickness of 1 km at most, however. The reason
for this discrepancy is unclear, but because it is
peripheral to the focus of this paper, we do not
consider it further here.

Granitic basement and older sedimentary
rocks are locally overlain by up to 200 m of
nonmarine conglomerate and sandstone of the
Oligocene (Zemorrian) Simmler Formation
(Dibblee, 1973a; Bartow, 1978). It consists pre-
dominantly of granitic detritus shed from Cre-
taceous basement and has been interpreted to
record Oligocene slip on normal faults, includ-

Paso Robles Formation (Pliocene to Pleistocene)
Santa Margarita Formation (late Miocene)
- Monterey Formation (Miocene)
Vaqueros Formation (early Miocene)
- Simmler Formation (Oligocene)
Tes | Paleocene-Eocene sedimentary rocks
E Cretaceous sedimentary rocks
Cretaceous (79 Ma) granite (Salinian block basement)
Franciscan Complex and Mesozoic cover

- Great Valley basement and Mesozoic cover

Fault. Dashed where approximate,
dotted where concealed.

A A..... Thrust fault; teeth on upper plate. Dashed
where approximate, dotted where concealed.
S < o000 Seismic line SJ6. Open circles

= - are numbered shot points.
Jso  Stike and dip of bedding
® o, Thermochronology sample locality (this study)

(o] Fission-track sample locality (White, 1992)

- Drillhole

Figure 2 (continued on following page).

ing an early La Panza fault (Ballance et al.,
1983; Ballance, 1984; Yeats et al., 1989). The
Simmler Formation and Cretaceous granite are
overlain unconformably by marine sandstone
and lesser conglomerate of the early Miocene
(Saucesian) Vaqueros Formation (Figs. 2 and 3)
(Dibblee, 1973a; Bartow, 1974). It is ~50-100
m thick on the NE flank of the La Panza Range
(Fig. 2), and thickens in the subsurface from a
few meters in the NE part of Figure 2 to over
500 m in the SE. Addicott et al. (1980) inter-
preted shelfal depths for the Vaqueros Forma-
tion in outcrop on the NE flank of the La Panza
Range and paleontologic data from the subsur-
face in our study area to indicate upper bathyal
Saucesian depths (150-500 m) that increase to
the SW and NW.

The Miocene Monterey and Santa Margarita
Formations together form the thickest and most
extensive Tertiary sequence in the study area.
The Monterey Formation includes siltstone,
siliceous shale, diatomite, and chert (Dibblee,
1973a). It ranges from 150 to 500 m thick and
generally thickens from SE to NW across the
area of Figure 2, ultimately reaching more than
2000 m near the San Ardo oil field, 50 km north
of the study area (Fig. 1) (Graham, 1978). In our
study area, the Monterey Formation is mostly
Relizian and Luisian (17.5-14 Ma) but ranges
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TIME § FORAM [(FORMATION| ENVIRONMENT
Ma) | & STAGE NAME & WATER DEPTH
=L Hallian Undifferentiated
1 {8 [M| wheelerian | __Quaternary Non-marine
2 {a 8
3 A E erttei— Paso Robles Inner neritic
| 8 Repettian
‘g e e i (<50 m), reworked
27 - ancho FCo | Miocene fauna Figure 3. Oligocene and younger
; 1 Delmontian DIYFE stratigraphy of the southern
1 Santa . Sali Basin. F ti
w alinas Basin. Formation names
2 i Ex Margarjta' Inner neritic (<50 m) are discussed in text. Age and
10 1 [~|Y: Mohnian : R _ paleoenvironment assignments
" Inner neritic (<50 M) [ are based on re-interpretation of
2 | L Mohnian [~~~ to upper midbathyal oil company paleontologic data
13 J | ——— -~ (500-1500 m), (lists of species from individual
" 1Zla shallows to north samples) from wells in the area
15 i E‘I) Q|  Luisian Monterey Upper mid-bathyal of Figure 2 (raw data published
. 19|% (500-1500 m), low- | by Brabb, 2011). Benthic foramini-
13 i 3 | Relizian oxygen, to upper fer stage and age framework are
18 1 bathyal (150-500 m) from McDougall (2007). Complete
19 i > data sets for individual wells are
i [is available in the GSA Data Reposi-
20+ 15| saucesian Upper bathyal tory Table DRT'.
o1 | Vaqueros (150-500 m),
20 | deeper to NW & SW
23
512
1wl - @ > .
181 zemorrian | . Simmler. - Non-marine,
19 BN alluvial fans
30 O
13[E
]0

from latest Saucesian to Mohnian (ca. 19-10
Ma). Paleontologic data from outcrops and
wells in the study area indicate that the Mon-
terey Formation was deposited at upper bathyal
(150-500 m) to upper midbathyal (500—1500 m)
depths accompanied by low-oxygen conditions
in the Relizian and Luisian (Fig. 3), followed by
more variable midbathyal to inner neritic condi-
tions in the Lower Mohnian (Fig. 3). A single
occurrence of shelfal (<150 m) macrofossils at
the base of the Monterey Formation was noted
by Addicot (1978), but this is unsupported by
additional outcrop or subsurface data. Fine-
grained siliceous rocks of the Monterey Forma-
tion are overlain in the study area by 400-500 m
of light-colored, massive- to thick-bedded sand-
stone assigned to the Santa Margarita Formation
by Dibblee (1973a). It is predominantly arkosic,
suggesting a source in granitic Salinian base-
ment (Hart, 1976). North of our study area, it
is laterally equivalent to the upper part (Hames
Member) of the Monterey Formation (Durham,
1974; Graham, 1978), but for convenience, we
follow Dibblee (1973a) and show it overlying
the Monterey Formation in Figure 2. The Santa

Margarita Formation is Upper Mohnian and
Delmontian (ca. 13—6 Ma; Fig. 3), and paleonto-
logic data indicate significantly shallower inner
neritic (<50 m) conditions (Fig. 3) than for the
underlying Monterey Formation.

The Santa Margarita Formation is overlain in
the subsurface by 200-500 m of shale, siltstone,
and sandstone corresponding to a distinctive
low-resistivity interval on electric logs (Fig. 4).
We interpret the base of this unit to be the late
Miocene (ca. 6 Ma) regional unconformity
documented by Barron (1986) at the top of the
Monterey Formation (which regionally includes
the Santa Margarita Formation). Paleontologic
data indicate a shallow-marine environment for
this unit (Fig. 3), and the presence of Elphidi-
ella hannai and Elphidium hughesi demonstrate
that it extends into the early Pliocene. Based
on lithology and stratigraphic position alone,
this unit would most likely correlate with the
Pancho Rico Formation, a shallow-marine silt-
stone that overlies the Santa Margarita Forma-
tion over much of the Salinas Basin to the north
of our study area (Durham and Addicot, 1965).
Although Durham and Addicot (1965) initially

'GSA Data Repository Item 2012244, description of foraminifers in selected wells from the southern Salinas
basin, compiled from notes on electric logs with updated taxonomy and age interpretations, is available at
www.geosociety.org/pubs/ft2012.htm, or on request from editing@geosociety.org, Documents Secretary, GSA,

P.0. Box 9140, Boulder, CO 80301-9140, USA.

assigned an early Pliocene age to the Pancho
Rico Formation, it was subsequently revised to
be entirely late Miocene (Addicot, 1978; Addi-
cot, 1978), which would preclude correlation
with the unit in our study area. Either the age
reassignment of the Pancho Rico Formation
to late Miocene is incorrect, or the top of it is
younger in our study area. With this caveat in
mind, we use the name “Pancho Rico Forma-
tion” for this unit in our study area.

Most of the Salinas Basin in the area of Fig-
ure 2 is covered by nonmarine sandstone and
conglomerate of the Paso Robles Formation
(Fig. 2) (Galehouse, 1967; Dibblee, 1973a).
Only an ~100 m section is exposed, but it is very
thick in the subsurface near Shandon in the east-
ern corner of Figure 2—1200 m thick accord-
ing to Dibblee (1973a), ~730 m according to
a recent groundwater study (San Luis Obispo
County Water Resources Division of Public
Works, 2005), and ~1000 m thick according
to this study (Fig. 4). Different interpretations
probably arise from difficulty in picking the gra-
dational basal contact in well logs; we place it at
the top of the low-resistivity interval correlated
with the Pancho Rico Formation (Fig. 4). Gale-
house (1967) argued for a middle to late Plio-
cene Paso Robles Formation based on the early
Pliocene age of the underlying Pancho Rico
Formation, while Dibblee (1973a) contended
that it was mostly Pleistocene because it locally
overlies early Pliocene rocks on an angular
unconformity. A more recent study of the Paso
Robles Formation based on extensive well data
also found the basal contact to be an angular
unconformity developed locally on the Pancho
Rico Formation (San Luis Obispo County Water
Resources Division of Public Works, 2005).
Here, we assume the Paso Robles Formation to
be late Pliocene and Pleistocene (Fig. 3). Gale-
house (1967) noted that the Paso Robles For-
mation contains abundant porcelainite pebbles
reworked from the Monterey Formation, with
the remainder of clasts sourced from granitic
basement and undifferentiated Cretaceous and
Tertiary sandstones.

STRUCTURE OF THE LA PANZA RANGE
AND SOUTHERN SALINAS BASIN

Subsurface basin geometry and major struc-
tures in the study area can be documented using
data from geologic maps, wells, seismic profiles,
and potential-field interpretation. Drill-hole data
are publicly available from the State of California
Division of Oil, Gas, and Geothermal Resources
(DOGGR), and Brabb (2011) published pale-
ontologic data (lists of species with age calls)
from select wells. Seismic-reflection line SJ-6
(Fig. 2) was collected and processed by Western
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Figure 4. (A) SW-NE stratigraphic section across the southern Salinas Basin, approximately coincident with cross section A-A’ and seismic-
reflection line SJ6 (Fig. 2). Note that “La Panza fault” is actually multiple faults in a zone ~2 km wide. (B) Same section flattened on top of Santa
Margarita Formation, showing increase in thickness of lower part of section across La Panza fault. Spontaneous potential (left curve)/resistiv-
ity (right curve) logs are from unpublished records held by the California Division of Oil, Gas, and Geothermal Resources. American Petroleum
Institute (APl) numbers are given beneath well names. Benthic foraminifer stages are as shown in Figure 3.

Geophysical Company in 1981, and the U.S.
Geological Survey acquired the rights in 1983.
Trehu and Wheeler (1987a, 1987b) published an
interpretation of deep crustal structure based on
a version of this record reprocessed to 12 s, but
the shallow subsurface record across the Salinas

Basin has not been interpreted in the published
literature. In this study, a Mylar printout of the
original migrated 6 s record was interpreted
visually, with approximate depth to reflectors
calculated from RMS (root mean square) veloci-
ties specified on the printed record.

Gravity stations are unevenly distributed
throughout the region, with an average spac-
ing of 1 station per 1.6 km? (Fig. 5). Stations
were compiled from various sources includ-
ing McPhee et al. (2011), Burch et al. (1971),
Campion et al. (1983), and the former Defense
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Mapping Agency. Observed gravity values were
referenced to the International Gravity Stan-
dardization Net 1971 gravity datum (Morelli,
1974). Details of gravity data processing can be
found in McPhee et al. (2011). Average densi-
ties used here for gravity modeling are: 2300
kg/m? for Oligocene and younger sedimentary
basin fill, 2560 kg/m? for Cretaceous to Paleo-
cene sedimentary rocks, and 2670 kg/m® for
Mesozoic basement (Fig. 6). These values are
based on density measurements of relevant units
throughout the California Coast Ranges (V.E.
Langenheim, 2011, personal commun.) and
published velocity and density logs from the
Neogene sedimentary basins (Brocher, 2005).

San Andreas, Rinconada, and Nacimiento
Faults

The Salinian block at the latitude of the
study area is bounded on the northeast by the
San Andreas fault (Figs. 1 and 2). Earthquakes
and deep seismic tremors collocated with the
surface trace of the San Andreas fault in the area
of Figure 2 demonstrate that it cuts the crust
vertically to a depth of ~25 km—essentially
to the Moho (e.g., Thurber et al., 2006; Shelly,
2010). This strand of the San Andreas fault has
an estimated 300-320 km of right-lateral off-
set since the beginning of the Miocene, which
would restore the study area to southern Cali-
fornia at the end of the Oligocene (e.g., Graham,
1989; Powell, 1993). The San Andreas fault is
currently slipping ~20-30 mm/yr in the area of
Figure 2 (Toké et al., 2011). Because it is such
a large (600-km-long), rapidly moving struc-
ture that vertically cuts the entire thickness of
the crust, we judge that the San Andreas fault
is not—and has not been—cut and displaced by
gently dipping thrust or detachment faults (e.g.,
Namson and Davis, 1988a, 1988b, 1990).

The Salinian block is bounded on the south-
west by the Nacimiento fault (Figs. 1 and 2),
which separates it from Franciscan basement
(e.g., Page, 1970). There is controversy over
the timing (Cretaceous vs. Tertiary, or both)
and nature of slip (thrust vs. strike slip) on the
Nacimiento fault, but it is clearly pre-Miocene
(Dickinson, 1983; Vedder et al., 1991; Ducea
et al., 2009; Jacobson et al., 2011). In the area
of Figure 2, the Nacimiento fault is offset or
reactivated by the right-lateral Rinconada fault
(Dibblee, 1976; Page et al., 1979), which now
forms the principal boundary between Salin-
ian and Franciscan basement in our study area.
Estimates of post-Oligocene right-lateral slip
on the Rinconada fault range from 60 km (Dib-
blee, 1976) to ~45 km (Graham, 1978; Grove,
1993). There is evidence for Quaternary slip,
but no Holocene offset has been documented

(Rosenberg and Clark, 2009). Hardebeck (2012)
interpreted earthquakes in the Paso Robles area
to reflect right-lateral strike slip on a steeply SW-
dipping Rinconada fault, while recent modeling
(V.E. Langenheim, 2011, personal comm.) found
that a steeply (~78°) NE-dipping Rinconada fault
was required to model the aeromagnetic anomaly
over the fault. In either case the Rinconada fault
is steeply-dipping in the upper crust.

San Juan and Red Hills Faults

Dibblee (1976) mapped the San Juan fault
(Fig. 2) as a steeply dipping right-lateral strike-
slip fault subparallel to the San Andreas fault.
Where it bounds the southwest side of the Red
Hills (Fig. 2), this fault is the same as Ross’
(1966) “Red Hills fault.” Subsequent workers
have used both names; we use the name “San
Juan fault” to refer to the high-angle strike-slip
fault southwest of the San Andreas fault in the
area of Figure 2. The San Juan fault likely inter-
sects the San Andreas at the eastern end of sec-
tion A-A’, but this intersection has not actually
been mapped (Dibblee, 1976). Bartow (1974)
estimated 13-15 km of post-Oligocene right-
lateral offset on the San Juan fault, and Dibblee
(1976) suggested 13 km of right-lateral offset
since the early Pliocene.

‘We propose that the name “Red Hills fault”
be reserved for a NE-dipping, SW-vergent thrust
fault ~8 km southwest of the San Andreas fault
(Figs. 2 and 6). This fault is only apparent in seis-
mic and gravity data and to our knowledge has
not been documented in the published literature.
Figure 7 shows a seismic-reflection image of
the Red Hills fault, which is clearly visible as a
moderately dipping thrust fault that has uplifted
Oligocene rocks exposed in the Red Hills and in
the “Iversen 1 drill hole (Figs. 2 and 6). A drill
hole 1 km SW of the Red Hills fault (Twissel-
man “White” 1; Figs. 2 and 4) encountered the
top of the Santa Margarita Formation at ~1550
m. Based on electric logs (Fig. 4) and interval
velocities specified for that portion of the seis-
mic record, we assign this contact to a promi-
nent reflector at ~1.1 s or roughly 1500 m (Fig.
7). Tracing this reflector to its intersection with
the fault plane yields a fault dip of ~37°, and
repeating this exercise for the inferred base of
the Paso Robles Formation yields a fault dip of
~30°. The best-fit model of the gravity data over
the Red Hills fault yielded a 31° dip for the fault.
The closest drill hole to the Red Hills fault that
hit basement in its footwall (“Clarke” 84-25;
Fig. 2) encountered ~690 m of Miocene and
Oligocene strata; if we assume a similar thick-
ness beneath the Pliocene in “White 1,” we geta
depth to basement of 2240 m. Gravity modeling
(Fig. 6A) indicates a comparable depth to base-

ment of ~2400 m in the footwall of the Red Hills
fault, and ~800 m in the hanging wall, which
gives ~2800 m of NW-SE shortening (assuming
a 35° dip) on the Red Hills fault on section A-A”
(Fig. 6A).

Along C-C” and D-D’ (Fig. 6), there is no
significant gravity gradient across the San Juan
fault, consistent with very limited vertical base-
ment offset. The prominent basement gravity
high in the hanging wall of the Red Hills fault
strikes south to intersect the map trace of the
San Juan fault at the north end of the Red Hills
(Fig. 5). Along B-B’, the gravity gradient across
this intersection is much too steep to model with
a 30°-35° dipping thrust (Fig. 6B). A vertical
fault is required, with a modeled ~2 km of up-
to-the-N'W basement offset (Fig. 6B). Given the
lack of vertical basement offset on the San Juan
fault elsewhere, we surmise that the Red Hills
fault displaced basement up to the NW prior
to being cut obliquely by the vertical San Juan
fault. A younger San Juan fault is consistent
with mapped deformation in the Paso Robles
Formation, which is tilted 20°-30° at the sur-
face near the San Juan fault, but which is unde-
formed over the surface trace of the Red Hills
fault (Fig. 2). If the displaced southern segment
of the Red Hills fault follows the edge of the
basement gravity high between the San Andreas
and San Juan faults (Fig. 5), it would be offset
~5-10 km along the San Juan fault (Fig. 2).

La Panza Fault

The La Panza fault is a NE-dipping, NW-
striking thrust fault that divides the La Panza
Range into eastern and western halves (Fig. 2)
(Dibblee, 1976), which we refer to as the “east-
ern” and “western” La Panza Range in this paper.
The La Panza fault cuts the Paso Robles Forma-
tion and was interpreted by Dibblee (1976) to
have Pleistocene slip. Ballance (1984) and Yeats
et al. (1989) argued for Oligocene normal slip
on the La Panza fault during deposition of the
Simmler Formation. There are no published
estimates of the amount of dip-slip offset on
the La Panza fault. Durham (1974) argued for
7-8 km of right-lateral slip, and Balance et al.
(1983) proposed up to 50 km of right-lateral slip
based on apparent offset of the Simmler Forma-
tion. Continuity of the E-trending Cretaceous
unconformity across the La Panza fault (Fig. 2)
rules out more than ~1 km of right-lateral slip,
however (Dibblee, 1976).

The La Panza fault is a blind thrust in the
subsurface along A-A” (Fig. 6A). The fault
itself is not visible in seismic data, but an
overlying SW-vergent fold involving Pliocene
and Pleistocene rocks is clearly evident (Fig.
8). About 2 km to the NE, another unnamed
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thrust fault is clearly visible in the seismic data
(Fig. 8), over which the Paso Robles Forma-
tion is folded at the surface (Fig. 2). Together,
this fault and the La Panza fault—which we
consider part of the same fault system—off-
set the top of the Monterey Formation ~700
m (up to the NE) between the “Hulzinger 17
and “O’Donovan 1” drill holes (Figs. 2, 4, and
8), with the majority of offset on the unnamed
NE fault. Despite a clear up-to-the-NE sense of
slip on the La Panza fault, the gravity gradient
across the fault clearly indicates basement off-
set down to the NE (Figs. 5 and 6), consistent
with a thicker Miocene section in its hanging
wall deposited during earlier, down-to-the-
NE normal slip. A normal-sense growth fault
within the lower part of the Santa Margarita
Formation is clearly visible in seismic data in
Figure 8, ~3 km NE of the La Panza fault.

Along and near B-B’ (Fig. 2), the La Panza
fault places Oligocene and Miocene sedimen-
tary rocks over Pliocene to Pleistocene Paso
Robles Formation. As along A-A’, the strong
gravity gradient over the fault (Fig. 6B) indi-
cates down-to-the-NE basement offset. This
is supported by field relationships mapped by
Dibblee (2004) in the Wilson Corner 7.5” quad-
rangle where section B-B’ crosses the La Panza
fault (Figs. 2 and 6). Here, folded Oligocene to
Miocene strata are ~1200 m thick in the hang-
ing wall of the La Panza fault but absent in its
footwall, where a thin (~100 m) layer of Paso
Robles Formation is deposited directly on gra-
nitic basement. A second thrust fault ~2 km NE
of the La Panza fault dies out up section into
the core of a W-vergent fold (Figs. 2 and 6).
The Vaqueros Formation and lower part of the
Monterey Formation (Saucesian to Relizian) are

171

663

Figure 7. Seismic-reflection line
SJ6 across the Red Hills fault (shot
point 1120-1200). Heavy dotted
lines are stratigraphic contacts;
heavy black dashed line is Red Hills
fault. Depths are calculated from
root mean square (RMS) velocities
west of the Red Hills fault.

1020
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(w) yidep "xoudy
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Figure 8. Seismic-reflection line
SJ6 across the La Panza fault (shot
point 820-940). Heavy black dot-
ted line is top of Monterey shale;
heavy white dotted line is top of
Santa Margarita Formation; heavy
black dashed lines are faults.
Depths are calculated from root
mean square (RMS) velocities east
of the La Panza fault.

(w) yidep "xoiddy

~280 m thick in footwall of this fault and ~530
m in the hanging wall, consistent with early to
middle Miocene normal slip prior to reactiva-
tion as a blind thrust fault.

FISSION-TRACK AND U-Th/He
THERMOCHRONOLOGY

Overview and Previous Work

We obtained apatite fission-track and
(U-Th)/He data from granitic basement in the La
Panza Range in order to investigate differential
Miocene burial and exhumation on both sides
of the La Panza fault. Fission-track dating is
based on the spontaneous fission-decay of **U,
which forms linear damage trails in the host
crystal that are progressively erased (annealed)
at elevated temperatures (e.g., Tagami and
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O’Sullivan, 2005). In apatite, fission tracks
are annealed instantaneously (at geologic time
scales) above 110-135 °C, partially annealed
between ~120 °C and 60 °C (the “partial anneal-
ing zone” or PAZ), and retained over geological
time scales below ~60 °C (e.g., Gleadow et al.,
1986; Green et al., 1989). Apatite fission-track
ages do not correspond to unique time-tempera-
ture (-7) paths, but the distribution of confined
track lengths within the sample can be inverse-
modeled to derive the #-T path associated with
the measured age (e.g., Green et al., 1989; Ket-
cham, 2005).

The (U-Th)/He system is based on the
o-decay of U and Th, which produces ‘He that
is lost by thermal diffusion at elevated tempera-
tures (Zeitler et al., 1987; Farley, 2002). In apa-
tite, “He is completely lost above ~80 °C, partly
retained over geologic time scales between 80
and 40 °C (the “partial retention zone” or PRZ),
and effectively completely retained below ~40
°C (e.g., Wolf et al., 1996, 1998; Farley, 2000).
Time-temperature paths cannot be recovered
from individual apatite (U-Th)/He ages, but they
provide a very useful constraint on the lower-
temperature (<60 °C) part of the -7 path when
combined with apatite fission-track data from
the same sample (e.g., Ketcham, 2005).

White (1992) obtained apatite fission-track
ages from 11 samples in the southern La Panza

Range (Fig. 2; Table 1). Most were from detrital
apatite from the Cretaceous and Lower Tertiary
sedimentary rocks, but several were from Cre-
taceous granite in the southeastern La Panza
Range (Fig. 2). Most ages are 50-60 Ma (Table
1), i.e., close to the interpreted depositional age
of the Cretaceous to Paleocene sedimentary
rocks. White (1992) reported no age trends in
these data, either E-W across the La Panza fault
or vertically through the Cretaceous—Paleocene
section. She interpreted track-length data from
her samples to record reheating to 50-80 °C
between 42 and 3 Ma (White, 1992). Spotila
et al. (2007) reported three apatite (U-Th)/He
ages from Cretaceous granite northeast of the
La Panza fault that range from 8 to 12 Ma (in
the vicinity of our samples LP1 and LP2, Fig.
2), consistent with late Miocene temperatures
>60 °C. No (U-Th)/He ages have been reported
from the study area between the La Panza and
Rinconada faults.

Apatite Fission-Track and (U-Th)/He Data

We collected 11 samples of granite from the
La Panza Range for apatite fission-track and
(U-Th)/He analysis, six from the west side of the
La Panza fault and five from the east side (Fig.
2; Table 1). We sampled the granite because it
yields higher-quality apatite than the Cretaceous

strata and was buried more deeply than the
overlying sedimentary rocks and thus was more
likely to preserve a young cooling signal. The
goals of this analysis were to refine estimates of
Tertiary burial depth of granitic basement and
the timing and magnitude of subsequent exhu-
mation, with emphasis on unroofing due to slip
on the La Panza fault.

Nine of the 11 La Panza granite samples
yielded abundant, high-quality apatite suit-
able for analysis—euhedral, clear, intact grains
largely free of obvious inclusions or other
defects (LP8 and LP10 did not). From these
samples, we obtained fission-track age and con-
fined track-length data, together with multiple
single-grain (U-Th)/He ages (Table 1; Appen-
dixes B and C). Fission-track ages are notice-
ably older on the west side of the La Panza
fault, ranging from 66 to 74 Ma as opposed to
41-68 Ma (mostly around 55 Ma) on the east
side (Table 1). The disparity in (U-Th)/He ages
is even more pronounced, with ca. 10 Ma ages
from east of the La Panza fault versus 35-55 Ma
ages from the west side of it (Table 1).

To understand this differential resetting of
(U-Th)/He ages, we used the HeFTy algorithm
of Ketcham (2005) to model the peak temper-
ature of each sample at the time it was most
deeply buried by Miocene sedimentary rocks.
All samples were modeled using the same

TABLE 1. LA PANZA RANGE THERMOCHRONOLOGY, SAMPLE LOCALITY, AND AGE DATA

Sample Unit Latitude* Longitude*® Apatite FT age’ Mean track length Apatite (U-Th)/He®  Data source
number (Fig. 2) (°N) (°W) (Ma, +10) (um, £10) (no. of tracks) age (Ma, +10)

Samples southwest of La Panza fault

JC10-LP11 Kgr 35.4122 120.5619 73.6 £3.7 13.03 + 0.10 (n = 60) 345+1.5 This study
JC10-LP9 Kagr 35.4560 120.5524 70.1+3.6 12.71 £ 0.16 (n = 85) 55.3+1.9 This study
JC10-LP6 Kgr 35.3804 120.4459 65.7 +3.3 12.96 + 0.19 (n=63) 378+1.3 This study
JC10-LP7 Kgr 35.4502 120.4789 743+4.8 13.01 £0.12 (n1=92) 375+13 This study
TOR2-87 Tes 35.2737 120.4038 63.0 £8.2 12.41 + 0.44 (n=48) - White (1992)
TOR3-87 Tes 35.2828 120.3994 62.6 + 14.2 13.09 £ 0.29 (n=89) - White (1992)
TOR4-87 Tes 35.2914 120.3902 48.7 +6.9 13.10 £ 0.29 (n = 82) - White (1992)
TOR5-87 Tes 35.2984 120.4089 71.0+£7.2 13.05 + 0.21 (n=148) - White (1992)
TOR6-87 Tes 35.3111 120.4061 52.7+5.5 13.30 + 0.29 (n=98) - White (1992)
TOR13-87 Ks 35.3361 120.4082 499+6.5 13.44 + 0.37 (n = 60) - White (1992)
TOR9-87 Ks 35.3463 120.3929 534 +8.5 13.51 +0.99 (n=5) - White (1992)
TOR12-87 Kgr 35.3633 120.3944 62.2+7.7 13.59 + 0.29 (n = 90) - White (1992)
Samples northeast of La Panza fault

JC10-LP5 Kgr 35.3574 120.3455 54.3 + 3.1 9.94 +0.21 (n=62) 9.4+04 This study
BM1-90 Kgr 35.3587 120.3435 46.0 £ 4.8 12.23 + 0.46 (n=100) - White (1992)
JC10-LP4 Kgr 35.3799 120.3430 52.2+3.2 10.27 + 0.18 (n = 76) 104 £ 0.4 This study
JC10-LP2 Kgr 35.3674 120.3234 41.0+25 9.21 + 0.42 (n=48) 11.2+04 This study
JC10-LP3 Kgr 35.3940 120.3585 58.3+2.9 11.58 + 0.11 (n=76) 12.7+0.3 This study
BM3-90 Kgr 35.3944 120.3587 58.2+6.0 13.11 £ 0.46 (n=100) - White (1992)
JC10-LP1 Kgr 35.3777 120.2850 67.4+3.1 11.94 + 0.19 (n=47) 9.6+0.4 This study
BM4-90 Kgr 35.4226 120.3412 53.1 +10.0 12.45 +1.00 (n=14) - White (1992)

Note: FT—fission-track.

*North American Datum of 1927.

Data from this study are given in Table B1.

SMean of multiple single-grain analyses; data are given in Table C1.
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geologic constraints (black boxes in Fig. 9)
based on stratigraphic relationships described
in the text. For example, the presence of Oli-
gocene strata resting unconformably on granitic
basement means that basement was close to the
surface at that time (box 4, Fig. 9). The one
“open” constraint was the magnitude of middle
to late Miocene reheating (box 5, Fig. 9), which
was allowed to vary over more than the full sen-
sitivity range of the combined fission-track and
(U-Th)/He systems in apatite (Fig. 9).

Thermal Model Results and Interpretation

Modeled ¢-T paths for samples LP6 and LP4
(west and east of the La Panza fault, respec-
tively) are shown in Figure 9 as representative
model results. For both samples, rapid cooling
and exhumation of ca. 79 Ma granitic base-
ment prior to deposition of Late Cretaceous
strata (boxes 1-2, Fig. 9) would result in initial
fission-track and (U-Th)/He ages older than 70
Ma. For sample LP6, the ca. 65 Ma fission-track
age still records this initial cooling, although
the model prefers to modify it slightly dur-
ing burial beneath the Late Cretaceous strata.
The 38 Ma (U-Th)/He age is partially reset but
precludes reheating to >60 °C during the Mio-
cene. In contrast, the 9 Ma (U-Th)/He age from
sample LP4 requires that it be reheated to >80
°C in the Miocene (which also partially resets
the fission-track age to ca. 54 Ma) prior to rapid
cooling around 9-10 Ma. Although plots like
Figure 9 make it easy to see the full +-T path
of a sample, the path density obscures the spe-
cific points at which each path passes through
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Figure 9. Modeled time-temperature paths for La Panza Range samples JC10-LP6 and JC10-LP4.
Model constraints (black boxes) based on geologic data discussed in text are the same for all other
samples: (1) crystallization of pluton at 79 Ma; (2) near surface in Late Cretaceous (70 Ma); (3) burial
beneath Cretaceous—Early Tertiary sedimentary rocks; (4) near surface in Oligocene (unconformity
at base of Simmler Formation); (5) burial beneath variable thickness of Miocene sedimentary rocks
ca. 14-8 Ma; and (6) at surface today. Light-gray paths fit model at 95% confidence; dark-gray paths

fit at 50% confidence.

the constraint boxes. Figure 10 shows only
the “nodes” through which the model requires
the #-T path to pass during Miocene reheating.
From these nodes, we calculated the mean peak
Miocene temperature for each sample (Fig. 10),
which clearly shows that basement east of the
La Panza fault was ~50 °C hotter than it was
west of the fault by ca. 10 Ma.

Converting estimated temperatures in Fig-
ure 10 to estimated depths in the Miocene crust
requires knowledge of the geothermal gradient.

Midbathyal to shelfal middle to late Miocene
water depths over what would become the La
Panza Range correspond to a “surface” tem-
perature of ~5-10 °C. Sample LP1 is the clos-
est to the base of the Miocene section (Fig. 2);
assuming it was buried to ~2 km depth (Fig.
6), the modeled reheating temperature of 68
°C = 8 °C (Fig. 10) indicates a geothermal
gradient on the order of 30 + 5 °C/km. This
is comparable to the modern geothermal gradi-
ent of 35 °C/km measured in the San Andreas
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Fault Observatory at Depth (SAFOD) borehole
near Parkfield (Fig. 1) (Williams et al., 2005).
An elevated middle-late Miocene geothermal
gradient is consistent with passage of the Men-
docino triple junction slab window beneath the
central Salinian block sometime in the early
Miocene (e.g., Dickinson, 1997).

Assuming a surface temperature of ~5-10
°C, and geothermal gradient on the order of 30
°C/km, we estimated the position of the late
Miocene land surface over each sample (open
symbols with error bars in Fig. 6). Higher tem-
peratures equate to slightly deeper burial depths
for the part of the eastern La Panza Range clos-
est to the La Panza fault (>90 °C vs. ~70 °C;
Fig. 10). This may be due either to exhumation
from greater depth in the Mesozoic basement, or
to the Tertiary section being thicker there, owing
to the presence of growth strata deposited dur-
ing early normal slip as observed in subsurface
data to the north (Fig. 4). The data may hint at
slightly higher temperatures (and thus deeper
burial depths) for the side of the western La
Panza Range closest to the Rinconda fault, but
40-50 °C is at the limit of what is measurable
using these methods and cannot confidently be
assigned any geologic significance.

TIMING AND MAGNITUDE OF
EXTENSION AND SHORTENING

Following a period of mid-Tertiary tectonic
quiescence, extension in the study area began
with rapid deepening of the Salinas marine basin
in late Saucesian to Luisian time. The Vaqueros,
Monterey, and Santa Margarita Formations all
thicken across the La Panza fault (Fig. 4), and
the Saucesian-Relizian boundary at the top of
the Vaqueros Formation (Fig. 4) records a shift
to deeper-water, more anoxic conditions in the
basin. We interpret normal slip on the La Panza
fault and other normal faults to have begun in the
late Saucesian, around 19 Ma or so. The lower
part of the Santa Margarita Formation is cut by
a syndepositional normal fault (Fig. 8), and the
formation is overall thicker NE of the La Panza
fault (Fig. 4), consistent with deposition of at
least the lower part of it during faulting. Nor-
mal slip on the La Panza and related faults thus
continued into the late Miocene, until sometime
between 10 and 6 Ma. Whether extension was
continuous from 19 Ma to 10-6 Ma or episodic
within that interval is unclear, as is the timing of
the transition from extension to shortening.

Vertical, normal-sense offset on the La Panza
fault measured from stratigraphic, structural,
and thermochronologic data is on the order of
1.4 km (Fig. 6), equivalent to roughly 600-900
m (1 km at most) of extension for an ~60° La
Panza fault (Fig. 6). Another normal fault just

west of the San Juan fault on section D-D” (Fig.
6D) has ~900 m vertical normal-sense offset, or
about ~400 m extension for the modeled fault
dip. Overall, we estimate that total extension
across the study area (perpendicular to the San
Andreas fault) is on the order of 1 km, or ~2%
strain at the scale of the ~50-km-wide Salinian
block.

Both the La Panza (as a reverse fault) and
Red Hills faults cut the Pleistocene Paso Robles
Formation, which contains abundant clasts
of recycled Monterey Formation (Galehouse,
1967) consistent with deposition during uplift
and erosion of older rocks. Shortening was thus
well under way by 3-4 Ma, consistent with the
interpretations of Namson and Davis (1990) and
Page et al. (1998). The Pliocene interval tenta-
tively correlated with the Pancho Rico Forma-
tion in wells (Fig. 4) also contains reworked
middle Miocene fauna (this study). It and the
Paso Robles Formation together thicken NE
to from <100 m to 2300 m in footwall of the
Red Hills fault (Fig. 6A) and are thin or absent
in its hanging wall. Similarly, both formations
thicken NE from <100 m to ~700 m in the foot-
wall of the La Panza fault and are thin to absent
in its hanging wall (Figs. 4 and 6B). These rela-
tionships indicate that shortening perpendicular
to the San Andreas fault probably began in the
latest Miocene or earliest Pliocene (5-6) Ma. If
(U-Th)/He ages of ca. 9 Ma from the eastern La
Panza Range directly record the very earliest
exhumation due to thrust slip on the La Panza
fault, shortening may have begun as early as the
late Miocene, although stratigraphic evidence
for this is equivocal.

Vertical thrust-sense offset on the La Panza
fault (and nearby faults) measured from strati-
graphic, structural, and thermochronologic data
is on the order of 1 to >2 km (Fig. 6), equiva-
lent to 600-1400 m of shortening on a 60° La
Panza fault. Seismic and gravity data indicate
2200-2800 m of shortening on the Red Hills
fault (Figs. 6 and 7). Right-lateral slip on the
San Juan fault at an oblique angle to the San
Andreas fault may have resulted in another 500—
1000 m of shortening by moving material out
of the plane of the cross sections. Overall, we
estimate that total shortening across the study
area (perpendicular to the San Andreas fault) is
on the order of 4 km, or ~10% strain at the scale
of the ~50-km-wide Salinian block.

DISCUSSION

Kinematic Constraints on Extension and
Shortening in the Central Coast Ranges

Data from our study area document mid-
Tertiary tectonic quiescence, early to middle

Miocene extension, and Pliocene and younger
shortening. The transition from extension to
shortening is poorly constrained between 10 and
5 Ma, and the overall magnitude of shortening
is roughly 4-5 times greater than the amount
of extension. These findings are broadly con-
sistent with previous work from other Salin-
ian block basins. Early to middle Miocene
extension accommodated by high-angle faults
has been documented in the northern Salinas
Basin (Fig. 1) (Graham, 1978) and the Cuyama
Basin (Fig. 1) (Lagoe, 1984; Davis et al., 1988;
Yeats et al., 1989). The end of extension is
indistinct, but crustal shortening was ongoing
by ca. 4 Ma (e.g., Namson and Davis, 1990;
Page et al., 1998). Compton (1966) estimated
~12% strain across the northern Salinian block,
and Davis et al. (1988) found up to 50% strain
(our estimate from their cross section) across
the Cuyama Basin (although we question their
structural assumptions; see next section). We
suggest that these patterns of deformation in
the central Coast Ranges are best understood
in the context of their unusual overall tectonic
boundary conditions, rather than as more local
effects of transtension or transpression along
the San Andreas fault.

The Salinian block is part of a triangular
region bounded to the east by the San Andreas
fault, to the west by the San Gregorio—Hos-
gri fault system, and to the south by the west-
ern Transverse Ranges (Fig. 11). The western
Transverse Ranges block has rotated ~90° since
15 Ma, or up to 110° since 17 Ma (e.g., Hor-
nafius et al., 1986; Luyendyk, 1991). Provided
that the rotating block was effectively rigid (spe-
cifically, that its long axis did not change length)
(e.g., Hornafius et al., 1986), and that the San
Gregorio—Hosgri fault system was relatively
close to its present trace in the middle Miocene
(e.g., Dickinson et al., 2005), the width of the
triangular region north of the rotating block
would change over time in a predictable man-
ner as the end of the rotating block moved way
from, then toward, the San Andreas fault (Fig.
11). Assuming that the western Transverse
Ranges rotated at a constant rate (Luyendyk,
1991), these boundary conditions predict rapid
middle Miocene extension, a period of little to
no deformation from 10 to 5 Ma, and shortening
that increased from ca. 5 Ma to the present.

Strain compatibility with the western Trans-
verse Ranges may explain why the transition
from extension to shortening is difficult to
resolve, even with detailed subsurface data—it
took place gradually over a 5 m.y. interval in
which very minor changes in slip or rotation
rates could produce minor extension or short-
ening. The biggest problem is that the model
predicts extension equal to or greater than the
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Figure 11. Sketch map showing tectonic
elements of the central California Coast
Ranges, based on Dickinson et al. (2005) and
drawn from Jennings et al. (2010). P—Pin-
nacles volcanic field, N—Neenach volcanic
field, PA—Point Arguello, PR—Point Reyes.

amount of shortening (Fig. 11), in contrast to the
observation of much greater shortening. This
discrepancy can be resolved by considering ~60
km of post—17 Ma left-lateral slip on the Gar-
lock fault (Smith, 1962; Monastero et al., 1997),
which resulted in westward motion of the Sierra
Nevada—-Great Valley block and development
of the “big bend” in the San Andreas fault (Fig.
11). At 17 Ma, the Salinian block was mostly
south of the Garlock fault, but it is now north of
it due to slip on the San Andreas fault (Fig. 11).
To first order, ~60 km of westward motion of
the Sierra Nevada—Great Valley block over this
interval nearly balance the amount of extension
predicted by rotation of the western Transverse
Ranges, although the way in which they com-
pare at specific time intervals requires more

detailed knowledge of time-varying slip rates on
major faults.

Mechanics of Deformation within the
Salinian Block

Namson and Davis (1988a, 1988b, 1990)
and Davis et al. (1988) published interpreta-
tions of crustal shortening in the Coast Ranges
based on the fault-bend fold principles of Suppe
(1983), in which fault geometry at depth can
be inferred from the geometry of folded (in
this case Tertiary) sedimentary rocks at the sur-
face. In their interpretation, both Salinian and
Franciscan basement are deformed by mod-
erately to gently dipping thrust faults that sole
into subhorizontal brittle thrusts at depth; these
thrust faults either cut and offset major strike-
slip faults at depth—including the San Andreas
fault—or are the major strike-slip faults (e.g.,
the Rinconada and San Gregorio—Hosgri faults).
This style of deformation is characteristic of
fold-and-thrust belts developed in layered sedi-
mentary rocks, where elevated pore-fluid pres-
sure allows thrust sheets to travel long distances
along subhorizontal detachments parallel to
bedding planes (e.g., Davis et al., 1983). It is
not characteristic of homogeneous, nearly iso-
tropic granitic basement like the Salinian block,
which—Ilacking bedding planes and significant
pore fluids—would be expected to deform more
by the simple Mohr-Coulomb failure criteria
first articulated by Anderson (1951), with high-
angle (~60°) normal faults, lower-angle (~30°)
reverse faults, and vertical strike-slip faults.

Geologic and geophysical data presented
in this study demonstrate that the Salinian
block in the study area deforms by simple
“Andersonian”-style faulting, as close as any
natural analogue might be expected to do. Mio-
cene extension took place on high-angle nor-
mal faults, and Pliocene and younger shorten-
ing produced the ~30°-dipping Red Hills fault,
while reactivating the existing La Panza fault.
Strike-slip faults dip steeply in the brittle crust,
and the San Andreas fault cuts the entire crust
vertically to the Moho; normal and thrust faults
are not observed to cut strike-slip faults. In our
judgment, strict application of fault-bend fold
models to the Salinian block should be critically
reexamined, particularly in light of modern geo-
physical data sets that show strike-slip faults
generally cutting the brittle crust at steep angles.
Such models result in mechanically improbable
fault geometries that may give an incorrect pic-
ture of the locations of potentially active faults
in the subsurface. They may also overestimate
the amount of shortening. For example, Davis et
al.’s (1988) cross sections of the Cuyama Basin
imply much greater shortening (~50%) than

has been documented elsewhere in the Salinian
block, and the calculation by Argus and Gordon
(2001) of long-term Coast Range shortening
rates found only half as much shortening as sug-
gested by Namson and Davis (1988b).

CONCLUSIONS

The central Salinian block was deformed by
early to middle Miocene extension, followed
by Pliocene and younger shortening after a
period of little to no deformation in the late
Miocene. Extension was accommodated by
high-angle normal faults, and shortening was
accommodated by both new reverse faults and
reactivation of older normal faults. The over-
all magnitude of shortening was roughly 4-5
times greater than the amount of extension.
These findings are broadly consistent with pre-
vious work from other Salinian block basins,
and we suggest that the entire block deformed
in a similar manner over a similar time span.
The timing and relative magnitude of exten-
sion and shortening can be understood in the
context of local Coast Range boundary condi-
tions linked to rotation of the western Trans-
verse Ranges at the south end of the Salinian
block. Older models for Coast Range shorten-
ing based on area-balanced fault-bend fold-
style cross sections are a poor approximation
of Salinian block deformation, and may lead to
mechanically improbable fault geometries that
overestimate the amount of shortening.
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APPENDICES

Appendix A: U-Pb SHRIMP Analytical
Methods

Zircon concentrates were handpicked under
a binocular microscope, and selected grains were
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mounted in epoxy with the laboratory standard R33
(419 Ma) (Black et al., 2004) and polished with
diamond compound to expose the midsections of
the crystals. Polished grain mounts were imaged
in reflected light with an optical microscope, gold-
coated, and imaged in cathodoluminescence (CL)
mode with a JEOL 5600 scanning electron micro-
scope.

The SHRIMP ion microprobe at the Stanford—
USGS Micro-Analytical Center (SUMAC) was oper-
ated with an O,” primary ion beam at ~6 nA, which
produced a spot with a diameter of ~20-30 um and
a depth of 1-2 um on the target zircons. Twenty-one
peaks (plus background) were measured sequen-
tially five times each (mass in parentheses): Y(89),
La(139), Ce(140), Nd(146), Sm(147), Eu(153),
Gd(155), DyO(179), ErO(182), YbO(188), Zr,0(196),
HfO(196), *Pb(204), **Pb(206), **"Pb(207),
28Pb(208), #2Th(232), 2*U(238), ThO(248), UO(254),
and UO,(270). Data (Table Al; Fig. Al) were reduced
following the methods described by Ireland and Wil-
liams (2003), using the SQUID and Isoplot programs
of Ludwig (2001, 2003).

Appendix B: Apatite Fission-Track Analytical
Methods

Apatite grains were mounted in epoxy on glass
slides and ground and polished by hand. Polished
grain mounts were etched for 20 s in 5 N nitric acid
at 22 °C and affixed to muscovite external detectors.
Samples and external detectors were stacked single-
file in plastic reactor cans and irradiated in the ther-
mal column facility at the Oregon State University
TRIGA reactor. CN5 dosimetry glasses with mus-
covite external detectors were used as neutron flux
monitors (three per can). After irradiation, external
detectors were etched in 48% HF.

Tracks were counted with a Zeiss Axioskop
microscope with a 100x air objective, 1.25x tube tac-
tor, 10x eyepieces, and transmitted light with supple-
mentary reflected light as needed. External detector
prints were located with a Kinetek automated scan-
ning stage (Dumitru, 1993). Only grains with ¢ axes
subparallel to the slide plane were dated. Ages were
calculated using a zeta calibration factor of 367.6 +
5.0 (e.g., Hurford and Green, 1983). Ages reported
are the fission-track central age of Galbraith and
Laslett (1993). Confined track lengths were mea-
sured only in apatite grains with ¢ axes subparallel

TABLE A1. ZIRCON U-Pb ANALYTICAL DATA
Spot Common u Th 22Th/8y  206Pp/238 age*  Total 28U/2%Pb  Total 2’Pb/2%Pb
name 208Ph (%) (ppm)  (ppm) (Ma, +10) (%, £10) (%, £10)
JC10-LP9, Western La Panza Range
LP9-1.1 0.12 869 363 0.43 78.9+0.7 81.2+0.9 0.0485 + 3.4
LP9-2.1 -0.11 1161 634 0.56 80.0 + 0.6 80.1+0.8 0.0467 + 3
LP9-3.1 -0.07 745 345 0.48 76.5+0.8 83.8+1.0 0.047 + 3.8
LP9-4.1 —-0.09 1026 299 0.30 80.0 £ 0.7 80.2+0.8 0.0469 + 3.1
LP9-5.1 0.26 290 79 0.28 78.4+1.3 81.5+1.6 0.0496 + 5.9
LP9-6.1 0.13 1683 793 0.49 80.5 + 0.5 79.5+0.6 0.0486 + 2.4
LP9-7.1 -0.24 991 350 0.36 79.1 £0.7 81.1+0.8 0.0457 + 3.2
LP9-8.1 0.12 801 263 0.34 78.6 + 0.8 81.5+0.9 0.0485 + 3.5
LP9-9.1 0.10 544 353 0.67 78.2+0.9 81.9+1.1 0.0484 + 4.3
LP9-10.1 -0.15 1351 399 0.30 77.9 +0.6 82.4+0.7 0.0464 + 2.7
LP9-11.1 -0.19 1163 611 0.54 80.0 £ 0.6 80.2+0.8 0.0461 £ 2.9
LP9-12.1 —-0.05 471 95 0.21 76.5 +0.9 83.8+1.2 0.0471 £ 4.5
LP9-13.1 0.03 889 408 0.47 75.8 0.7 84.5+0.9 0.0478 + 3.4
LP9-14.1 -0.29 283 60 0.21 742 +11 86.7+1.5 0.0452 + 5.8
JC10-LP3, Eastern La Panza Range
LP3-1.1 -0.21 548 368 0.69 80.3 0.9 799+1.0 0.0459 + 3.9
LP3-2.1 0.05 921 441 0.49 79.6 £ 0.7 80.4 +0.8 0.0480 + 3.1
LP3-3.1 -0.24 368 187 0.52 79.2+1.1 81.1+1.3 0.0457 £ 6.9
LP3-4.1 -1.50 84 28 0.34 78.6 £2.2 82.8+28 0.0357 +11.9
LP3-5.1 0.18 542 175 0.33 77.4+0.9 82.6 +1.1 0.0490 + 4.0
LP3-6.1 0.31 314 77 0.25 775+1.2 82415 0.0500 + 5.3
LP3-7.1 0.31 882 176 0.21 80.1 £ 0.7 79.7 £ 0.9 0.0501 + 3.1
LP3-8.1 -0.23 593 131 0.23 79.2+1.1 81.0+1.3 0.0457 £ 4.3
LP3-9.1 0.16 1645 675 0.42 79.2+0.5 80.8+0.7 0.0489 + 2.4
LP3-10.1 —-0.03 1687 2263 1.00 78.3+0.5 81.8+0.7 0.0473 £ 2.6
LP3-11.1 —-0.02 1322 766 0.60 79.7 £ 0.6 80.4 +0.7 0.0474 + 3.8
LP3-12.1 -0.11 792 208 0.27 78.9+0.8 81.3+1.0 0.0467 + 3.6
LP3-13.1 —-0.08 1128 417 0.38 76.8 + 0.6 83.5+0.7 0.0469 + 2.8
LP3-14.1 0.19 989 340 0.36 76.9 + 0.6 83.2+0.8 0.0490 + 3.0

*Corrected for 27Pb.

to slide plane; only horizontal tracks were measured
(within £5°-10°), following protocols of Laslett et
al. (1982). Lengths were measured with computer
digitizing tablet and drawing tube, calibrated against
a stage micrometer (Dumitru, 1993). Confined track
lengths were measured along with angles of tracks
to the grains’ ¢ axes, following the protocols of Ket-
cham et al. (1999). Confined tracks hosted by surface
tracks and by cleavage surfaces were both measured.

Counting data are reported in Table B1, and track-
length data are shown in Figure B1.

Appendix C: Apatite (U-Th)/He Analytical
Methods

Apatite (U-Th)/He analyses were performed
at the University of California—Santa Cruz. Dated

Figure A1. Concordia diagrams
for U-Pb SHRIMP analyses. Open
error ellipses omitted from age
calculation, filled ellipses (gray)
included. Black filled ellipse is
the “Concordia age” calculated
by Isoplot (Ludwig, 2001, 2003).
MSWD —mean square of weighted
deviates.
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Table B1. Apatite Fission-track Counting Data After He extraction, individual packets were placed

in polypropylene vials, spiked with ~25 mg of ~10 ppb

Sample Irradiation  No. Spontaneous Induced P(c2) Dosimeter Age 20T 333 P - . . b
number number  xls (%) (Ma, +10) Th/ U spllge., and dissolved in concentrated nitric
Rho-S NS Rho-I NI Rho-D  ND acid at ~100 °C for 3 h following protocols outlined
JCI0-LP1  SUO78-01 28 04849 922 18186 3458 221 13800 4189 67.4+31 Ly Keiners and Nicolescu (2006). After cooling, solu-
tions were diluted with 2.5 mL of distilled water and
JC10-LP2  SU078-02 23 0.3344 420 2.0725 2603 18.5 1.3775 4189 41.0+25 analyzed within 24 h on an Element X-series 11 quad-
JC10-LP3  SU078-03 19 0.4386 585 1.9382 2585 77.2 14076 4189 58.3+29 rapole inductively couple plasma—mass spectrometer
JC10-LP4  SU078-04 21 0.4106 479 2.0197 2356 28.6 14076 4189 522+ 3.2 (ICP-MS). Single-grain ages reported in Table C1 are
JC10-LP5  SUO78-05 18 03930 435 19080 2107 435 14377 4189 543:81  hacicction corrected fo account for diffusion-
JC10-LP6  SUO78-06 19 04734 589 18935 2356 862 14377 4189 65733  domain-dependent loss of ‘He (Farley et al., 1996; Far-
JC10-LP7 ~ SU078-07 14 08149 526 29993 1936 8.8 14978 4189 743:48 ey 2002). Five replicate analyses of Durango apatite
JC10-LP9  SU078-09 18 0.5153 571 19915 2207 90.2 14828 4189 70.1+3.6 with an assumed age of 31.44 = 0.18 Ma (McDowell et
JC10-LP11 SU078-011 22 0.4838 602 1.7994 2239 90.9 14978 4189 73.6 £ 3.7 al., 2005) analyzed during the course of these analyses

Note: No. xls—number of individual crystals (grains) dated; Rho-S—spontaneous track density (x10° tracks yielded a weighted-mean age of 30.11 + 0.78 Ma (20).

per cm?); NS—number of spontaneous tracks counted; Rho-l—induced track density in external detector
(muscovite) (x108 tracks per cm?); NI—number of induced tracks counted; P(y?)— x? probability (Galbraith,
1981; Green, 1981); Rho-D—induced track density in external detector adjacent to dosimetry glass (x10° tracks
per cm?); ND—number of tracks counted in determining Rho-D; Age—“central age” (Galbraith and Laslett,
1993), calculated using zeta calibration (Hurford and Green, 1983) with zeta factor of 367.6 + 5.0.

Appendix D:Thermal Model Parameters

Thermal models (time-temperature paths) were
generated using the HeFTy (v. 1.5.6) algorithm of
Ketcham (2005). The following parameters were used
for the fission-track model: Annealing model: “Ket-
cham et al. (2007a)”; C-axis projection: “Ketcham et

-
o
w
o

JC10-LP1 JC10-LP2 JC10-LP3 al., 2007b”; Model c-axis-projected lengths: “Yes™;
_ |674x3.1Ma __9141:25Ma _30{583+29Ma Default initial mean track length: “From Dpar™;
£ 20111.94 £0.19 um & 81921 042 um & | 158 £0.11um Length reduction in standard: “0.893” (default);
Py n=47 9 7] n=48 0w 254n=76 . . « '
4 4 3 Kinetic parameter: “Dpar.” Each sample was modeled
g1 g6 £2 using a single kinetic parameter (Dpar).
© %5 S 15 The following parameters were used for the
10 g4 £ (U-Th)/He model: Calibration: “Shuster et al. (2006)
§_ §- 3 §_10 D /a® apatite”; Model precision: “Good”; Radius:
xS & 2 &5 Average radius of grains used to calculate a weighted-
1 mean age for the sample (Table C1); Alpha calcula-
0 0 0 tion: “Static ejection”; Anneal traps?: “He loss™;
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 M d ( ted): Defined h that the
Track length (um) Track length (um) Track length (um) casure age; unc_orrec ed): Delined suc at the
25 20 25 corrected age is equivalent to the mean (U-Th)/He age
JC10-LP4 JC10-LP5 JC10-LP6 - i T
522432 Ma 181543 +3.1 Ma 657 +3.3 Ma for the sample (Table C1); Age to report: “Corrected”;
$220{10.27 +0.18 um 1649.94 +0.21 [im 20{12.96 +0.19 um Alpha correction: “Ketcham et al. (in prep)”; Compo-
P n=76 2 14{n= 62 P n=63 sition: Average U and Th of grains used to calculate
815 312 815 the weighted-mean age of the sample (Table C1).
5 510 5 Inverse-modeling parameters for the combined
510 58 510 fission-track and (U-Th)/He models were as follows:
§_ §. 6 é Search Method: Monte Carlo; Subsegment spacing:
S 5 S 4 < “Random”; Ending condition: Either “Paths tried =
o o 2 & 5000” or “Good Paths = 50,” whichever came first;
Merit values: Good fit = 0.5, acceptable fit = 0.05.
0 0 P
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 All segments are “monotonic consistent.”” Random-
a5 Track length (um) % Track length (um) 5 Track length (um) izer style is “Episodic.” Number of path subdivisions
JC10-LP7 JC10-LP9 JC10-LP11 (“halves”) varied from model to model as appropriate.
30{743+48Ma 70.1 3.6 Ma 30/736+3.7Ma
27 11301 £0.12um ©25112.71 £0.16 um 27 113.03£0.10 um
9 =92 o =85 Y =60
gn 220{" g =" REFERENCES CITED
20 £ £20
o 15 2 15 o 15 Addicott, W.0., 1978, Revision of the age of the Pancho Rico
£ £ 10 £ Formation, central Coast Ranges, California: U.S. Geo-
810 8 810 logical Survey Bulletin 1457-A, p. A88-A89.
E ) <] Addicott, W.0., Poore, R.Z., Barron, J.A., McDougall, K.,
5 a5 a5 . K .
and Gower, H.D., 1980, Miocene biostratigraphy of
0 0 0 the Indian Creek-Shell Creek area, northern La Panza
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 Range, San Luis Obispo County, California, in Blake,

Track length (um)

Track length (um)

Track length (um)

Figure B1. Fission-track length histograms. Data in upper left corner of each plot is (from top to
bottom): Sample number, apparent fission-track age (+1c), mean track length (¥15), number of
track-lengths measured.

apatite grains were handpicked from prepared
mineral concentrates with a high-power (160x)
stereo-zoom microscope with cross-polarization for
screening inclusions. Individual crystals selected
for analysis were digitally photographed and mea-
sured in at least two different orientations. Crystals

were packaged in Nb foil tubes, which were loaded
into a copper planchet and heated with a laser to
~1000 = 25 °C for ~3 min to liberate He. Empty
Nb packets (blanks) and fragments of the Durango
apatite reference standard were analyzed using the
same procedure.
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TABLE C1. APATITE (U-Th)/He ANALYTICAL DATA

Sample Grain  Radius  Mass U Th Th/U He Ft Age zlo
number number  (um) (ug) (ppm) (ppm) (mol x107'%) (Ma) (Ma)
JC10-LP1 LP1a 84 14.0 9.1 5.0 0.56 0.53 0.82 83 0.2
LP1b 110 27.8 11.3 8.1 0.72 1.55 0.86 9.1 02
LP1c 80 1.7 8.6 5.9 0.69 0.58 0.81 14 03
91 10 6 9.6 0.3
JC10-LP2 LP2a 77 138 176 252 44 323 681 225 o4
LP2b 103 28.5 28.6 20.4 0.71 4.00 0.86 9.1 02
LP2c 100 24.6 217 21.3 0.98 4.05 0.85 134 02
101 25 21 1.2 04
JC10-LP3 LP3a 83 18.3 14.4 20.8 1.45 2.37 0.83 149 03
LP3b 12 26.6 25.3 15.4 0.61 4.79 0.86 134 0.2
LP3c 68 8.3 20.6 16.5 0.8 0.86 0.79 99 0.2
87 20 18 127 03
JC10-LP4 LP4a 95 223 15.6 19.6 1.25 1.87 0.84 9.1 04
LP4b 103 19.8 21.9 23.1 1.06 2.64 0.84 107 03
LP4c 74 9.9 22.4 243 1.09 1.37 0.80 114 56
91 20 22 104 04
JC10-LP5 LP5a 74 14.4 8.1 10.7 1.32 0.67 0.81 10.0 04
LP5b 85 15.6 18.2 21.7 1.20 1.44 0.82 89 03
LP5c 53 5.9 125 25.0 2.00 0.41 0.74 94 04
70 13 19 94 04
JC10-LP6 LP6a 77 1.4 14.6 20.8 1.42 3.94 0.81 404 1.3
LP6b 79 13.9 10.4 15.8 1.51 3.07 0.81 353 1.1
LP6c  grain was lost during analysis
78 13 18 378 1.3
JC10-LP7 LP7a 77 13.4 24.4 17.4 0.71 6.48 0.85 382 1.3
LP7b 102 13.4 21.0 29.4 1.40 6.48 0.81 39.1 1.2
LP7c 75 7.9 26.9 228 0.85 3.86 0.80 352 11
84 24 23 375 1.3
JC10-LP9 LP9a 104 28.1 11.9 12.7 1.06 11.40 0.81 583 1.8
LP9b 80 12.8 13.7 16.7 1.22 5.60 0.81 56.0 1.9
LP9c 72 10.4 13.3 141 1.06 3.88 0.79 515 1.7
85 171 13 15 55.3 1.9
JC10-LP11  LP11a 55 55 16.0 245 1.53 1.84 0.75 379 15
LP11b 59 8.5 13.2 19.9 1.50 1.83 0.77 286 1.1
LP11c 75 1.7 14.6 18.4 1.26 3.58 0.80 369 1.3
63 15 21 345 15
Standard DURT1 - - - - 18.4 14.10 - 316 09
(Durango)  DUR2 - - - - 18.7 4.09 - 304 06
DUR3 - - - - 18.7 4.10 - 29.7 05
DUR4 - - - - 17.8 6.15 - 30.1 0.6
DUR5 - - - - 19.5 17.20 - 294 0.8
30.1 0.8

Note: Ft is the alpha-ejection correction of Farley (2002).Strike-through indicates grain omitted from mean

age calculation.
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