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Cretaceous Sinistral Strike Slip Along
Nacimiento Fault in Coastal California’
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ABSTRACT

The San Andreas and Nacimiento faults of coastal Cali-
fornia both separate granitic and metamorphic basement
rocks of the Salinian block from partly coeval but con-
trasting Mesozoic terranes underlain by the Franciscan
subduction complex. By analogy with Neogene dextral
strike slip along the San Andreas fault, Cretaceous sinis-
tral strike slip can be inferred along the Nacimiento fault
in preference to hypotheses for tectonic erosion during
subduction or for dextral strike slip of unspecified
amount. Following restoration of known San Andreas
and inferred proto-San Andreas dextral displacements,
reversal of about 560 km (350 mi) of postulated sinistral
slip on the Nacimiento fault brings four major Mesozoic
lithotectonic belts of California and Baja California into
simple alignment as subparallel terranes related to Meso-
zoic subduction along the continental margin.

Neogene deformation within the San Andreas transform
system involved (a) elongation of the Salinian block by
dextral slip along subsidiary faults that branch from the
San Andreas fault, and (b) dextral rotation of crustal pan-
els within the Transverse Ranges. Latest Cretaceous and/
or earliest Paleogene dextral slip along a proto-San
Andreas fault followed the San Andreas course in central

California, but diverged westward in southern California.”

Nacimiento sinistral displacements occurred in mid-
Cretaceous to early or medial Late Cretaceous time, after
Cretaceous emplacement of plutons now within the Salin-
ian block but prior to deposition of uppermost Cretaceous
sedimentary sequences in central California. Available
data on Mesozoic relative and absolute plate motions in
the Mesoamerican region support the likelihood of Creta-
ceous sinistral strike slip subparallel to the California con-
tinental margin.

Paleotectonic reconstruction of crustal blocks in Cali-
fornia and Baja California to their inferred mid-
Cretaceous relative positions shows the Salinian block
inserted on a bias between the flanking Mojave and Penin-
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sular Ranges blocks. Salinian granitic rocks thus formeqd
an interior part of the Mesozoic batholith belt, and thejr
initial strontium isotopic ratios are compatible with the
gradients displayed by values from the adjoining blocks.

The similar Mesozoic terranes that now lie east and west of %
the Salinian block were then adjacent to one another wes(
of the Sierra Nevada block. Available paleomagnetic data
neither support nor preclude the reconstruction, but addi.
tional work together with future detailed lithotectonic
comparisons potentially can confirm or refute the hypoth-
esis it represents. A correct interpretation of the Nacimi-
ento fault is important for understanding the overall
tectonic framework of petroliferous basins both onshore
and offshore in coastal California.

o 4

INTRODUCTION

o LR

Of all the puzzling structural discontinuities in coastal
California, none is more difficult to interpret than the
Nacimiento fault. At present, there is no consensus on the
dominant sense of slip along the fault, on the timing of the
principal displacements, or on its significance as a struc-
tural feature in the tectonic evolution of the continental "
margin. This paper develops the hypothesis that the Naci-
miento fault had its origin in the Cretaceous as a sinistral
or left-lateral strike-slip fault. The argument is based fun-
damentally on the observed geometric pattern of coastal
terranes in California and Baja California. Consequently,
the core of this paper is a series of tectonic and paleotec-
tonic maps. Descriptions of the rock masses involved are
confined to salient aspects that directly influence the argu-
ments presented. ‘

The central terrane of the California Coast Ranges is the
Salinian block (Fig. 1), whose basement is composed of
Cretaceous granitic plutons intrusive into metamorphic
rocks of generally amphibolite facies. This basement is
similar to the bedrock of the Sierra Nevada block farther
east. To either side of the Salinian block, the basement is
the Franciscan assemblage, a subduction complex of oce-
anic and related facies of late Mesozoic and early Ceno-
Zoic age.

The eastern side of the Salinian block is the San Andreas
fault. The western side is generally termed the Nacimiento
fault, although there is wide recognition that various seg-
ments of the contact have different characters that reflect
tectonic overprints of several kinds.

Radiometric dates showing that the granitic plutons of 3
the Salinian block are Cretaceous in age (Curtis et al, 1958)
strengthened the hypothesis that hundreds of kilometers 3
of dextralor right-lateral strike slip occurred along the San
Andreas fault during the Cenozoic (Hill and Dibblee,




sts Bulleyjy,
45 12 F g,

—

formeq
nd thejr
vith the
blocks,
[ west of
her west
'tic datg
ut add;.
tectonic
hypoth-
Nacimij-
overall
onshore

| coastal
‘han the
15 on the
1g of the
a struc-
1tinental
he Naci-
sinistral
sed fun-
[ coastal
:quently,
valeotec-
ved are
he argu-

zes is the
»osed of
morphic
>ment is
. farther
ement 1s
< of oce-
y Ceno-

Andreas
;imiento
ous seg-
it reflect

utons of
al, 1958)
.ometers
s the San
Dibblee,

William R. Dickinson

625
NN\
Do /r, =V NS BASEMENT TERRANES OF CENTRAL CALIFORNIA
-\\\\|//\ T T
7NN Loke NARSEAN
1, ’/’ Tohoe OCEANIC FRANCISCAN GRANITIC
N A ALY CRUST SUBDUCTION AND
IR Y& COMPLEX METAMORPHIC
: ~ /U‘/\ \\ [N
/1 \_I (‘\/\/l\%)‘e"q
N 4 A\ -
D - Y CENOZOIC STRIKE-SLIP FAULTS
\/\ R ll\\ \T/X"Z* o
1) ivy /] 17 N\ ~==— DEXTRAL
LININNT 78 -
AR N 17 ~==— SINISTRAL
~
. PMF
G
€s
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Ranges.

1953). Large lateral displacement is required to explain the
occurrence of Cretaceous plutons in contact with Francis-
can rocks to the east along the whole length of the Salinian
block. Coeval and older strata of the Franciscan assem-
blage show no hint of the thermal effects that would be
expected from intrusive emplacement of the granitic plu-
tons in their present positions.

It probably has occurred to almost every California geol-
ogist that the same line of reasoning could be used to argue
for a comparable amount of sinistral strike slip along the
Nacimiento fault (e.g., Gastil, 1968). However, as Crowell
(1962) wrote, the idea that two subparallel faults as close
together as the San Andreas and Nacimiento could have
experienced such great strike slips in opposing senses was
“so startling that it is ar present unacceptable” (italics
added). Twenty years later, we are not so startled by cases
of astounding crustal mobility.

It is still inconceivable that the two great faults could
have moved simultaneously in opposing senses. Instead,
the sinistral displacements along the Nacimiento fault are
inferred here to have occurred during the Cretaceous,
prior to the dextral displacements that occurred along the
San Andreas fault and its subsidiary strands within the
San Andreas transform system of Neogene age (Atwater,
1970). Alternative explanations for the juxtaposition of
disparate terranes across the Nacimiento fault contact
involve some combination of () tectonic erosion during
pre-Oligocene subduction, and (b) dextral strike slip of
such magnitude that offset counterparts of the California
terranes cannot yet be identified with certainty anywhere
along the Cordilleran margin (Page, 1981, 1982). These
alternatives are here considered less attractive than the
concept of Cretaceous sinistral slip (Dickinson, 1981a).
Several lines of thought suggest that important sinistral
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truncations of the California continental margin occurred
during the Mesozoic prior to the better known dextral off-
sets during the Cenozoic (Burchfiel and Davis, 1981).

Restoration of inferred sinistral slip along the Nacimi-
ento fault permits a more satisfactory reconstruction of
basement terranes in coastal California than existing ideas
have allowed. The hypothesis presented here thus leads to
an improved tectonic model whose specific predictions
can be tested by future work. Better understanding of the
tectonic evolution of California is important to improve
knowledge of the structural framework of petroliferous
basins both onshore and offshore in coastal California
(Blake et al, 1978).

MESOZOIC LITHOTECTONIC BELTS

The regional setting of the Salinian block can be under-
stood best in relation to four key lithotectonic belts of
Mesozoic rocks in California and Baja California (Fig. 2).
The present geographic pattern of the four belts is com-
plex in the coastal region occupied by the Salinian block,
and also in the region immediately south of the Salinian
block. This complex region in southern California
includes the Transverse Ranges (Fig. 1) onshore and the
offshore California continental borderland. However, in
central California east of the Salinian block and in Baja
California south of the Transverse Ranges, the configura-
tion of the four subparallel belts is basically simple. The
kinds of terranes that form the belts are described brief ly
here as they occur from east to west (Fig. 2). Together, the
four belts can be interpreted as the geologic record of a
Mesozoic arc-trench system along the Cordilleran margin
of North America (Hamilton, 1969).

Batholith Belt

The easternmost belt is composed dominantly of granitic
plutons, although pendants and septa of metamorphic
wall rocks are also extensive in some areas. The batholiths
of the Sierra Nevada and the Peninsular Ranges (Fig. 2)
belong to this belt, as does all the exposed portion of the
Salinian block. The plutons are inferred to represent the
roots of a Mesozoic magmatic are, although remnants of
the volcanic phase of arc magmatism have survived ero-
sion only sparingly in isolated areas. Most of the granitic
rocks yield Cretaceous radiometric ages, but Jurassic
intrusives are also widespread in lesser volume (Evernden
and Kistler, 1970; Armstrong and Suppe, 1973; Krum-
menacher et al, 1975; Silver et al, 1979; Miller and Norton,
1980).

Within the main batholith belt, there is a crude but per-
sistent zonation from east to west in the nature of the dom-
inant granitic rocks and in the character of the
metamorphic country rock (Gastil, 1968, 1975). On the
east, mainly felsic plutons are intrusive into chiefly Paleo-
zoic metasedimentary rocks of generally miogeoclinal
affinity, and are emplaced locally into Precambrian base-
ment that represents a westward projection of the craton
in the southern California region. Scattered plutons occur
far east of the edge of the main batholith belt in some
-areas. On the west, more mafic plutons were intruded into

so-called eugeosynclinal strata that include large Propoy
tions of metavolcanic rocks and represent oceanjc terrane;
accreted to the continental block during the Mesozojc
(Coney et al, 1980). The zone of eugeosynclina] country
rocks expands in width northward in the northerp Sierr:
Nevada and adjacent regions as the contact with Miogeg.
clinal rocks curves eastward into central Nevada. T,
boundary between the batholith belt and the foothills pey,
(Fig. 2) is gradational, and many individual plutons occur
within the latter.

Foothills Belt

In the Sierra Nevada foothills and along the westerp
flank of the Peninsular Ranges lies a structurally compl;.
cated metamorphic belt of varied lithology. Metavolcanic
and metavolcaniclastic rocks, tectonic slices of ophiolitic
successions, and intensely deformed successions of slate
and metachert are perhaps most characteristic, Tectonite
fabrics and melange-like structures of the sort whose or;.
gin is now commonly attributed to processes of subduc-
tion are widespread (e.g., Duffield and Sharp, 1975:
Criscione et al, 1978). Rare fossils indicate that the meta-
morphosed terranes of the foothills belt are partly late
Paleozoic, but are largely Triassic to Jurassic in age. Tec.
tonostratigraphic correlations along the length of the foor.
hills belt from California into Baja California are still
uncertain in detail.

The foothills belt evidently represents a collage of exotjc
island arcs, associated oceanic crust, and overlying sed.
mentary sequences that were assembled and accre(ed
along the continental margin by subduction and obduc-
tion during the middle part of the Mesozoic. The climax of
deformation probably came at the time when the crustal
blocks of major island-arc terranes collided with the conti-
nental margin. This episode occurred in the Late Jurassic
in central California (Schweickert and Cowan, 1975;
Hietanen, 1981), but may have been as late as the Early
Cretaceous in Baja California (Rangin, 1978; Gastil et al,
1978). The position of the foothills belt can be regarded as
the location of an early to middle Mesozoic subduction
zone that was operative along the continental margin prior
to the evolution of the Franciscan subduction complex in
late Mesozoic and early Cenozoic time farther west.

Great Valley Belt

The Great Valley sequence of central California was
deposited in a major fore-arc basin of latest Jurassic and
Cretaceous age (Ingersoll, 1978a; 1979). Similar fore-arc
sedimentation continued into the Paleogene (Dickinson et
al, 1979). Where thickest, the strata are dominantly turbi-
dites (Ingersoll, 1978c) and lie depositionally upon an

ophiolite sequence now commonly termed the Coast /

Range ophiolite (Bailey et al, 1970). Eastward, the flank
of the Great Valley basin onlaps the foothills belt where
shelf deposits occur above the angular unconformity. The
clastic detritus in the Great Valley sequence was derived
mainly from granitic plutons of the batholith belt and
from erosion of arc volcanics that once capped the batho-
lith belt (Dickinson and Rich, 1972; Ingersoll, 1978b,
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FIG. 2—Regionat distribution of principal Mesozoic lithotectonic belts in California and Baja California (see inset for location).
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1983; Mansfield, 1979). Detrital contributions from the
metamorphic terranes of the foothills belt and the batho-
lithic wall rocks are also present. Although affected by
burial metamorphism, the Great Valley sequence is not as
strongly deformed as the rocks in the lithotectonic belts to
the east and west.

Late Cretaceous analogs of the Great Valley strata are
present south of the Transverse Ranges along the coast of
southern California and in the adjacent borderland off-
shore (Nilsen and Abbott, 1981). These analogs extend
southward into Baja California at least as far as the region
of Sebastian Vizcaino Bay (Jones et al, 1976), where Late
Jurassic strata are also present (Boles, 1978). The Great
Valley sequence is also present within the Transverse
Ranges (MacKinnon, 1978) and west of the Salinian block
(Gilbert and Dickinson, 1970). Occurrences in those two
areas are discussed further in a later section, as are partly
coeval strata that lie unconformably on the basement
rocks of the Salinian block.

Franciscan Belt

The westernmost belt is composed of intricately
deformed graywacke, argillite, chert, greenstone, serpen-
tinite, and rare limestone of the Franciscan assemblage
(Bailey et al, 1964). The terrane represents an incremen-
tally accreted subduction complex that developed in asso-
ciation with a trench which existed along the continental
margin in late Mesozoic and early Cenozoic times (Ernst,
1970; Travers, 1972). Melanges and multiple thrust panels
are characteristic of the structural style, and blueschist
metamorphism of variable grade is widespread (Ernst,
1975). On the east, the Franciscan terrane is thrust beneath
the Coast Range ophiolite and the Great Valley sequence
along the Coast Range thrust (Bailey et al, 1970), which
was active during subduction. On the west, the contact
with undeformed oceanic crust is inferred to be a dormant

~ trench, now buried beneath Neogene cover and possibly

modified by Neogene faulting (Page et al, 1978; Ross and
McCulloch, 1979).

Although much of the Franciscan terrane in central Cali-
fornia is latest Jurassic to Cretaceous in age, the coastal
belt in northern California is composed largely of Ceno-
zoic rocks (Bachman, 1978). Most of the Cenozoic Fran-
ciscan rocks are Paleogene (Evitt and Pierce, 1975), but
some components are locally as young as Miocene (Beut-
ner et al, 1980; McLaughlin et al, 1982). Age data from

. south of the Transverse Ranges are sparse, but lithologic

correlations suggest that part of the Franciscan assem-
blage offshore from southern California is also of Ceno-
zoic age (Crouch, 1981). Figure 2 does not reflect
differences in age because the position of the contact
between Mesozoic and Cenozoic components of the Fran-
ciscan assemblage is still poorly known in many areas.

Salinian Block Restoration

Restoration of the Salinian block to its pre-fault position
in relation to other tectonic elements depends partly on the
interpretation of structural details within the Transverse
Ranges. Nevertheless, it is clear that any restoration that

involves the reversal of inferred sinistral slip on the Nagj
miento fault, as well as reversal of dextral slip on the S, X
Andreas fault, must achieve one key result. By those [wn
paired reversals of fault movement, the Salinian block \vil(:
be inserted on a bias between the Mojave block and the
Peninsular Ranges (Fig. 2). This is an attractive recon.
struction, because the granitic terrane of the Saliniay,
block is well known to have more affinities With the inge.
rior parts of the batholith belt than with its margin (Gagjj
1968, 1975). In this respect, the configuration thus
achieved is bound to be superior, regardless of details, o
those reconstructions by which the Salinian block is placed
in an initial position along the western edge of the bathg.
lith belt (e.g., Suppe, 1970, Fig. 1; Howell, 1975, Fig. 3.
Ernst, 1980, Fig. 6). !
' Unslipping both a dextral San Andreas fault and 3 sinjs.
tral Nacimiento fault will also produce another salieng
result of key importance. Regardless of the detailed opera.
tions involved in such a reconstruction, the belts with
Franciscan basement that now lie on either side of the cep.
tral Salinian block will remain close together after restora.-
tion is complete. In the next section, the Mesozoic geology
of those two belts is compared as a gross test of the viabj].
ity of the hypothesis for sinistral strike slip on the Nacim;.
ento fault. A subsequent section discusses details of the
structural geometry of the Salinian block and the Trans.
verse Ranges. These details and other information are
then used to restore the Mesozoic lithotectonic belts of
California and Baja California to their inferred mig.
Cretaceous configurations.

CENTRAL CALIFORNIA TERRANES

Although large areas of the central Salinian block are
masked by Cenozoic cover, its entire width is exposed on
land (Fig. 3). Contrasts between the Mesozoic substratum
within the block and on either side are thus well displayed
on the outcrop. Beyond the steeply dipping San Andreas
fault along the northeast edge of the Salinian block lies the
Diablo Range. Franciscan and Great Valley rocks are
extensively exposed there in the dissected cores of en eche-
lon anticlines. The folds formed during Neogene wrench
deformation that accompanied San Andreas displace-
ments (Harding, 1976). The Coast Range thrust contact
between the Franciscan assemblage and the Great Valley
sequence was strongly folded and dislocated by steep
faults during the Neogene deformation.

Nacimiento Fault Contact

The fundamental geometry of the Nacimiento fault
along the southwest side of the Salinian block is difficult
to interpret, partly because of modification during Neo-
gene deformation (Page, 1970a). Beyond it lies a second
terrane of Franciscan and Great Valley rocks, here termed
the Obispo belt. Where-the Nacimiento fault is not masked
by Neogene cover, it trends mostly through rugged for-
ested country as a relatively obscure contact between Cre-
taceous sandstones, which nearby lie unconformably on
basement rocks of the Salinian block, and Mesozoic gray-
wackes of the Franciscan assemblage in the Obispo belt.
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FIG. 3—Distribution of pre-Cenozoic geologic units in central Salinian block and within flanking terranes underlain by Franciscan
basement: Diablo Range northeast of San Andreas fault, and Obispo belt southwest of Nacimiento fault. Thrust symbol denotes .
Coast Range thrust of late Mesozoic age, orLequivalent lithologic contact as modified by local Cenozoic faulting associated with Coast
Range folding during the Neogene. Key cities and towns: Co, Coalinga; M, Monterey; KC, King City, PR, Paso Robles; Sa, Salinas:

si. Simmiler; SLO, San Luis Obispo; SMA, Santa Maria.

This contact is steeply dipping for most if not all of its
course. More gently dipping fault contacts between similar
Cretaceous sandstones and Franciscan graywackes farther
to the southeast are interpreted here as folded imbricate
splays of the Coast Range thrust between units that are
both part of the Obispo belt. Strata above this folded
thrust system locally pass downward into the Coast Range
ophiolite at the base of the Great Valley sequence (Page,
1972).

The time at which the Salinian block and the Obispo belt
were first brought into contact along the Nacimiento fault
has long been in dispute (Page, 1970b). Recent evidence
indicates that little or no displacement occurred between

‘the two terranes after upper Oligocene to lower Miocene

beds of peculiar and regionally unique barnacle limestone
were deposited in nearby areas on both sides of the fault
contact (Graham, 1978). This relationship seemingly pre-
cludes speculation that the Nacimiento fault might be an
early strand of the Neogene San Andreas transform sys-
tem.

Strong circumstantial evidence indicates that the Salin-

jan block and the Obispo belt were brought into close jux-
taposition before the end of the Late Cretaceous (Vedder
and Brown, 1968; Vedder et al, 1977). Adjacent to the Rin-
conada fault (Fig. 1), Upper Cretaceous red beds of prob-
able Campanian age (about 75 m.y.B.P) lie along the
eastern margin of the Obispo belt, but contain coarse clas-
tic detritus of apparently Salinian provenance. However,
the juxtaposition could not have occurred before emplace-
ment of the offset granitic plutons in the Salinian block.
Complicated cooling histories make the interpretation of
radiometric dates a difficult exercise, but the best current
estimate for the time span of emplacement based on U-Pb
and Rb-Sr isotopic measurements is about 105 to 115
m.y.B.P. (Mattinson, 1978). This age is late Early Creta-
ceous (Aptian-Albian). Thus, the indicated time window
for possible sinistral offset of terranes along the Nacimi-
ento fault is roughly mid-Cretaceous to early Late Creta-
ceous time. Recent indications (Mattinson, 1982) that
some of the plutons in the eastern part of the Salinian
block may be as young as about 85 m.y. imply a much nar-
rower time window for offset, which thus might have been
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and Dickinson (1970), Hart (1976), MacKinnon (1978), Mans-
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confined to some medial part of Late Cretaceous time.
Comparison of Terranes

The Mesozoic terranes of the Diablo Range and the
Obispo belt are more similar to one another than to any
other Mesozoic terranes now known from the Cordilleran
region. This remarkable similarity is compatible with tec-
tonic reconstructions involving restoration of major sinis-
tral displacements along the Nacimiento fault, as noted in
the previous section. Clear-cut differences between the
two terranes exist only for latest Cretaceous strata that
were deposited after the time of postulated sinistral move-
ments along the Nacimiento fault. Similarities in the Fran-
ciscan assemblage, Coast Range ophiolite, and Great
Valley sequence of the two areas are reviewed briefly here
(Fig. 4).

Except for latest Cretaceous, hence post-Nacimiento,
slope-basin deposits along the coast, the Franciscan ter-
ranes of the southern Diablo Range and the northern
Obispo belt (Fig. 3) are virtually indistinguishable. Both
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FIG. 5—Mean detrital modes of 31 Mesozoic sandstone Suites
from central California calculated from 465 point counts of indi.
vidual samples. Diamonds are uppermost Cretaceous
(Campanian-Maestrichtian) suites from borderland basins on
the Salinian block (Fig. 3). Other open symbols are Great Valle,
sequence suites from adjoining Obispo belt, whereas solid sym-
bols are Great Valley sequence suites from Diablo Range east of
San Andreas fault; circles are Upper Jurassic to Lower Creta-
ceous suites, triangles are pre-Campanian Upper Cretaceous
suites, and squares are uppermost Cretaceous (Campanian-
Maestrichtian) suites. Asterisks are uppermost Cretaceous
(Campanian-Maestrichtian) slope-basin suites from the Francis.
can assemblage of the Obispo belt (Fig. 3). Older Jurassic.
Cretaceous suites from the Franciscan Complex include
examples from the Diablo Range (crosses) east of the Sap
Andreas fault, and from the Obispo belt (X’s) west of the Naci-
miento fault. Data from compilations by Lee-Wong and Howell
(1977), Jacobson (1978), and Dickinson et al (1982).

include especially well-developed melange belts with
megablocks of graywacke, chert, greenstone, and blue-
schist set in a matrix of pervasively dislocated argillite and
graywacke (Dickinson, 1966; Hsu, 1968). Metamorphic
mineral parageneses and zonations are essentially the same
(Ernst, 1965, 1980). Detrital modes of Franciscan gray-
wackes from the two terranes are closely comparable (Fig.
5). In both areas, the Franciscan rocks are overlain struc-
turally along the Coast Range thrust by the Coast Range
ophiolite, which yields essentially the same age range of
radiometric dates from both areas (Hopson et al, 1981).

The Great Valley sequence, which lies depositionally
upon the Coast Range ophiolite or structurally upon the
underthrust Franciscan assemblage, displays both petro-
logic and stratigraphic congruence between the two belts.
Stratigraphic variations in mean sandstone composition
define essentially the same overall trend for both areas
(Fig. 5). Moreover, the plots of detrital modes of rocks
from different stratigraphic zones within the two areas
show that coeval Great Valley sandstones have approxi-
mately the same compositions in the two belts.

Also striking is the probable existence of a mid-Lower

Cretaceous hiatus or period of apparently slow deposition -
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. inthe Great Valley sequence of both areas. It has long been

gnown that dated post-Valanginian, pre-Albian strata are
gbsent from the Great Valley sequence of the Diablo
Range (Bailey et al, 1964). The same interval is evidently
quite thin in the Obispo belt (Hall and Corbato, 1967; Gil-
pert and Dickinson, 1970; MacKinnon, 1978). By con-
qrast, Great Valley strata occupying the same stratigraphic
interval north of San Francisco Bay in the northern Coast
Ranges aggregate to a thickness of perhaps 4,000 m
(13,000 ft) (Dickinson and Rich, 1972).

Uppermost Cretaceous Strata

Uppermost Cretaceous (Campanian-Maestrichtian)
sandstones in the Diablo Range, Salinian block, and
obispo belt all display similar detrital modes (Fig. 5). They
represent a regional petrofacies of arkosic sandstones
whose appearance in the column recorded final unroofing
of the large Cretaceous plutons in the batholith belt. Youn-
ger Paleogene sandstones in the region have generally sim-
jlar compositions.

The uppermost Cretaceous strata of the Salinian block
lie unconformably on the granitic and metamorphic base-
ment rocks. No older Mesozoic strata are present. The
salinian Cretaceous sequence was deposited in a region of
complex bathymetry having the character of a faulted bor-
derland (Howell et al, 1977; Howell and Vedder, 1978). It
is inferred here that the borderland had been created by
Cretaceous slip on the Nacimiento fault. No such irregular
bathymetry is suggested by stratigraphic relations within
the main Great Valley basin that now lies to the east of the
Salinian block (Ingersoll, 1978a, ¢, 1979). Within the bor-
derland basins, a complex facies suite accumulated. Non-
marine fluvial sediments, shelf deposits, and turbidite
successions are all represented.

Uppermost Cretaceous strata of the Great Valley
sequence in the Obispo belt are mainly turbidites, but are
markedly sandier than underlying parts of the Great Valley
sequence. The basal contact is rarely exposed and incom-
pletely studied, but has been described tentatively as an
unconformity, a paraconformity, and an abrupt lithologic
transition in different places (Hall and Corbato, 1967; Gil-
bert and Dickinson, 1970; MacKinnon, 1978). It is
inferred here that the flood of arkosic sand carried into the
Obispo belt near the end of the Cretaceous was triggered
by tectonic emplacement of the adjacent Salinian block
along the Nacimiento fault. Stratigraphic relationships
between the resulting sand-rich arkosic sequence and
underlying strata may well be varied, because of different
degrees of deformation within the offshore borderland
during the faulting. Local thrust contacts between the
uppermost Cretaceous strata and older parts of the Great
Valley sequence in the Obispo belt imply that subduction
continued or was resumed after deposition of the younger
strata (Page, 1970a).

Uppermost Cretaceous strata of the Franciscan assem-
blage in the Obispo belt have no known counterparts in the
Diablo Range. They are interpreted to be slope-basin tur-
bidites (Fig. 3), rather than trench-fill or open-ocean turbi-
dites (Howell et al, 1977; Underwood, 1977; Smith et al,
1979). They are markedly less deformed than other parts
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of the local Franciscan terrane, and form nearly intact
slabs within the subduction complex. These slabs are
thought to lie depositionally upon a Franciscan sub-
stratum, although the basal contacts are everywhere tec-
tonically disturbed. It is here inferred that the Franciscan
slope-basin deposits are so distinct from the older
Franciscan-rocks because the mid-Cretaceous to Late Cre-
taceous episode of sinistral slip along the Nacimiento fault
caused major changes in the configuration of the subduc-
tion complex. Deposition of locally exposed Upper Creta-
ceous sedimentary breccias composed of melange debris
(Cowan and Page, 1975) may have been triggered by the
fault movements. Continuation or resumption of subduc-
tion later faulted the slope-basin deposits into the underly-
ing subduction complex.

The borderland basins along the flank of the Salinian
block and the slope basins farther west are thus interpreted
here as the products of Cretaceous sinistral slip along the
Nacimiento fault. Both seem to be unique lithotectonic
elements in coastal California. If the hypothesis is correct,
however, related fault-generated latest Cretaceous basins
may also have developed elsewhere along the Nacimiento
fault. This would have been in the northern end of the
Peninsular Ranges near their juncture with the Transverse
Ranges at the southern end of the Salinian block (Fig. 2).
Subduction that continued during Nacimiento slip, or
resumed later, allowed the offshore development of Ceno-
zoic parts of the Franciscan subduction complex along a
continental margin modified by the Nacimiento displace-
ments.

SALINIAN BLOCK GEOMETRY

The present Salinian block is an elongate terrane that
extends for about 650 km (404 mi) from just north of
Point Arena southward to the Transverse Ranges, yet is
only 35 to 65 km (22 to 40 mi) wide (Fig. 1). Neogene dex-
tral movements on subsidiary strands of the San Andreas
transform system enhanced the elongation of the Salinian
block by shuffling slivers of the terrane in a consistent
sense. The most significant effect was produced by slip
along the San Gregorio-Hosgri fault zone, which offsets
the Nacimiento fault (Graham, 1978). The nature of the
continuation of the San Gregorio-Hosgri fault zone into
the Transverse Ranges has remained in doubt. Clarifica-
tion of this point is required here to allow correct restora-
tion of the Salinian block and the Nacimiento fault to their
pre-Neogene configurations in relation to other tectonic
elements of coastal California.

San Gregorio-Hosgri Fault

The San Gregorio-Hosgri fault zone (Fig. 6) consists of
several segments whose linkage to form a single unified
fault trend was not established until recently (Silver, 1978).
Most of the fault zone lies offshore, and each of the seg-
ments on land was originally given a separate name. Prior
to the advent of marine surveys, the continuity of the fault
could not be documented.

Graham and Dickinson (1978a, b) showed that the San
Gregorio fault of the San Francisco Peninsula extends (a)
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FIG. 6—Tectonic relations of San Gregorio-Hosgri fault zone
along central California coast. Salinian block (patterned) is ter-
rane underlain by granitic and metamorphic rocks; flanking ter-
ranes are underlain by Franciscan subduction complex. Fault
pattern in vicinity of Santa Maria basin (stippled) modified after
Hall (1981). Offshore geology west of San Gregorio-Hosgri fault
zone not shown.

northward to join the San Andreas fault just beyond the
Golden Gate, and (b) southward across the mouth of
Monterey Bay (Greene et al, 1973) to appear onshore g
intervals as the Sur fault and then the San Simeon faul
Farther south, the connection between the San Simeo,;
fault and the offshore Hosgri fault was first proposed by
Hall (1975), and later confirmed by Leslie (1981).

Using apparent offsets of varied geologic features across
the San Gregorio~Hosgri fault in central California, Gra.
ham and Dickinson (1978a, b) estimated a net dextral dis.
placement of about 115 km (71 mi) along the Tault trace.
Based on more refined measurements, this best estimate j;
here revised downward to 110 km (68 mi). For the south-
ernmost or Hosgri segment of the fault, Hall (1981)
reported a best estimate of only 95 km (59 mj) of dextra]
slip. However, the apparent offset of strikingly similar
mid-Tertiary nonmarine deposits from Piedras Blancas to
Point Sal (Anderson, 1980) is compatible with the higher
figure of 110 km (68 mi) used here (Fig. 6). Restoration of
that amount of San Gregorio-Hosgri dextral slip would
align the onshore and offshore segments of the Nacimj.
ento fault (Fig. 1), and reduce the pre-Neogene length of
the Salinian block by 110 km (68 mi). Recent dredge hauls
of serpentinite and altered basalt of Franciscan type from
a submarine canyon that incises the continental shelf
northwest of Monterey Bay seemingly provide direct con-
firmation of the offset of the Nacimiento fault contact by
the San Gregorio-Hosgri fault (Mullins and Nagel, 198} )
An independent estimate (Nagel and Mullins, 1983) of the
amount of offset implied by the offshore data is about 105
km (65 mi).

The distribution of San Gregorio-Hosgri fault move-
ments through Neogene time is still not well constrained
(Hall, 1981). The ages of stratigraphic sequences correl-
ated across the fault as presumed offset pairs imply that
the inception of dextral slip was no earlier than middle
Miocene time, and that faulting probably began during
the late Miocene (Hall, 1975; Graham and Dickinson,
1978a, b). There is little direct evidence on the partitioning
of motion between Miocene and Pliocene times. Offsets of
Pleistocene and Holocene surfaces and sediments by local
fault traces associated with both onshore and offshore seg-
ments of the fault show that some activity has continued to
the present (Hall, 1975; Coppersmith and Griggs, 1978;
Leslie, 1981).

Regional considerations suggest that much of the move-
ment along the San Gregorio-Hosgri fault occurred dur-
ing the Miocene prior to the opening of the modern Gulf
of California beginning about 5 m.y.B.P. (Graham, 1978).
Since then, the San Andreas fault proper has been the
main strand of the regional San Andreas transform.
Hence, only subordinate movements can be inferred along
subsidiary faults since the end of the Miocene. Prior to
that time, however, appreciable transform motion calcu-
lated from global plate reconstructions was apparently
taken up along fault strands lying seaward of the present
San Andreas fault. The San Gregorio-Hosgri fault zone is
an attractive locus for a significant fraction of that older
dextral slip.

About 45 km (28 mi) of Neogene dextral slip is also
inferred by Graham (1978) for the Rinconada fault (Dib-
blee, 1976), which apparently intersects and modifies the
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FIG. 7—Combined outcrop and sub-Neogene subcrop map of western Transverse Ranges showing distribution and tectonic relations
of pre-Neogene rock units, and pattern of major faults known or suspected (o have undergone strike slip, either dextral or sinistral.
Dashed traces of inferred faults within and flanking Santa Maria basin adapted after Hall (1981) and Sylvester and Darrow (1979).
Paleomagnetic vectors denote observed declination of tectonically rotated remanent magnetization in overlying Neogene volcanics
corrected for local fold tilts after Greenhaus and Cox (1979), Kamerling and Luyendyk (1979), and Luyendyk et al (1980). Paleogene
strata include Oligocene red beds. “Great Valley” sequence includes Upper Jurassic and Cretaceous sedimentary strata lying either
concordantly on the Coast Range ophiolite or unconformably on the “basement” terrane. Rocks of the Franciscan complex and the
structurally overlying Coast Range ophiolite are not differentiated because lithologic similarity makes distinctions unreliable in iso-
lated outcrops and subsurface occurrences. “Basement” terrane includes granitic and metamorphic rocks of the Salinian block and
the Transverse Ranges. Apparent offsets are discussed in text. Fault abbreviations: BPF, Big Pine; EHF, East Huasna; PMF, Pine
Mountain; SGF, San Gabriel; SJF, San Juan-Chimeneas; SYF, Santa Ynez; WHF, West Huasna. Islands abbreviations: ANI, Ana-
capa; SCI, Santa Cruz; SMI, San Miguel; SRI, Santa Rosa. Key cities and towns: Cu, Cuyama; L, Lompoc; 0J, Ojai; Si, Simmler;
SB, Santa Barbara; SF, San Fernando; SLO, San Luis Obispo; SMA, Santa Maria; SMO, Santa Monica; V, Ventura.

older Nacimiento fault on land (Figs. 1, 2, 6). Much, if not
all, of the Rinconada displacement was absorbed north-
ward by splay faults and related structures within the
Salinian block (Graham, 1978). Southward, the Rincon-
ada trend evidently merges with and follows the basement
discontinuity represented by the Nacimiento fault along
the western side of the Salinian block. Additional early
transform movements may have occurred along or near
the continental slope (Atwater, 1970), but any movements
that took place there would not have affected the internal
geometry of the Salinian block.

Western Transverse Ranges

The location of the southern extension of the San
Gregorio-Hosgri fault in the region of the Transverse

Ranges (Fig. 7) has been problematical. Marine surveys
completed to date do not allow the offshore trace to be
mapped with confidence beyond the vicinity of Purisima
Point (Payne et al, 1978). Speculation that the fault might
continue southward offshore is precluded by observations
that curving structural trends detected by marine surveys
(Yerkes et al, 1981) arc smoothly, without offset or disrup-
tion, around the projection of land that terminates in
Point Arguello and Point Conception (Fig. 6).

Branching splays of the San Gregorio-Hosgri fault evi-
dently pass inland (Figs. 6, 7) into the Santa Maria basin
(Hall, 1981). Major strike slip on subparallel fault strands
within the Santa Maria basin was first suggested by Red-
wine (1963) on the basis of marked stratigraphic contrasts
across buried faults in the subsurface. Because much of
the fundamental structure in the area is concealed beneath
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young basin fill, the underlying fault pattern is depicted
variously in detail by different workers. However, none of
the faults cross the Santa Ynez Mountains south of the
basin (Fig. 7).

Interpretation of the complex fault pattern farther east
in the western Transverse Ranges has long been uncertain.
In rugged interior mountains, details of the fault geometry
are still unclear, but the dominant trends are well estab-
lished. A tortuous knot of intersecting fault traces is
formed by the interference of two sets of strike-slip faults
with northwesterly and east-west trends (Fig. 7). Dip-slip
thrust and reverse faults are also common.

Faults with northwesterly trends lie subparallel to the
San Andreas fault and strike into the western Transverse
Ranges from the Coast Ranges to the northwest. These
faults can be regarded as subordinate or abandoned
strands of the San Andreas transform system. However,
the amount of horizontal displacement along subsidiary
strands such as the East and West Huasna faults (Fig. 7)is
not well controlled. Moreover, these and other faults of
the northwesterly trending set have probably undergone
some vertical motions as well.

Faults with east-west trends lie subparallel to the sinistral
Garlock fault and are among the structures that define the
anomalous trend of the Transverse Ranges at an angle to
the dominant structural grain of California. Other local
structures having east-west trends include major fold axes
and several related thrust faults that are dominantly south-
vergent. The best known fault of the east-west set is the Big
Pine fault (Hill and Dibblee, 1953), along which about 16
km (10 mi) of net sinistral displacement is documented by
several offset geologic features. Among the offset features
is the Rinconada fault, whose offset continuation is the
Pine Mountain fault (Vedder and Brown, 1968). Promi-
nent wrench folds beside the Santa Ynez fault indicate that
it is also sinistral (Dibblee, 1950, 1966), but the amount of
displacement is still in dispute. At the southern edge of the
Transverse Ranges, the Santa Cruz Island fault in the
Channel Islands and the Malibu Coast fault form a trend
whose connection is speculative (Fig. 7). Onshore along
the base of the Santa Monica Mountains, about 60 km (37
mi) of net sinistral slip is inferred (Sage, 1973; Truex,
1976).

Dickinson (1979) inferred that the branching splays of

" the San Gregorio-Hosgri fault zone turning into the Santa

Maria basin (Figs. 6, 7) represent curvature of a through-
going dextral fault trend. In concept, such bending of the
San Gregorio - Hosgri fault, a subsidiary strand of the
San Andreas transform, was envisioned as analogous to
the so-called “big bend” of the master San Andreas fault
near its juncture with the Garlock fault (Fig. 7). The bent
San Gregorio-Hosgri fault was thus seen as (a) merging
locally with the east-west structural grain of the Trans-
verse Ranges, (b) being overprinted by sinistral faults and
complex folds of the Transverse Ranges, and (c) emerging
somehow to the south of the Transverse Ranges in the

" vicinity of the Los Angeles basin (Fig. 7). This point of

view was supported erroneously on the basis of inferred
displacements of Paleogene depositional systems, whose
apparent offsets in the western Transverse Ranges are
actually contradictory in a way that negates the argument.

Paleogene Depositional Systems

Paleogene strata of the western Transverse Rap e
occupy two main belts that merge to the east (Fig. 7). @) S
northern belt trends northwesterly as €Xposures op tha
northeast side of the Rinconada fault, and extends in [hc
subsurface to the northeast as far as the San Andreas fauﬁ
(Chipping, 1972); (b) a southern belt trends east-weg; as
exposures along the south side of the Santa Ynez fayj
and extends in the subsurface to the south beneath (he
Santa Barbara Channel and the Ventura basin (Stauffer
1967; Van de Kamp et al, 1974; Link, 1975). The pajey
gene sequences in both belts are dominantly clastic succes.
sions that are locally more than 5 km (16,360 ft) thick
Intertonguing facies represent varied environments assoc;.
ated with nonmarine fluvial, deltaic or coastal, shelf, ang
turbidite depositional systems. Major formationa) Unis
can be traced from one belt to the other around the plung.
ing anticlinorial nose at the southeast end of the Sap,
Rafael Mountains (Page et al, 1951; Vedder, 1972; Vedder
et al, 1973; Givens, 1974).

In parts of the western Transverse Ranges, the Pajeo.
gene succession lies concordantly on uppermost Creta.
ceous strata (Fig. 7) of the Great Valley sequence or related
units. This substratum represents a southern continuation
of the borderland-basin deposits that developed within the
fore-arc region during latest Cretaceous time along the
flank of the Salinian block and within the adjacent Obispo
belt. Deposition of the Paleogene sequence thus buried the
contact between these two terranes along the Nacimienio
fault, whose exact location in the subsurface can only be
inferred.

To the northeast, Paleogene strata onlap granitic and
metamorphic basement rocks at the southern end of the
Salinian block, and with the latter are truncated at the San
Andreas fault. The dominant paleocurrent trends to the
south and west imply that sediment sources for the domi-
nantly arkosic sandstones lay mainly within the basement
terrane, partly beyond the site of the present San Andreas
fault. To the southeast, the substratum beneath Paleogene
and Cretaceous strata in the Santa Monica Mountains is
the offset northern end of the Peninsular Ranges (Truex,
1976).

Westward, Paleogene strata overlap the underlying Cre-
taceous section with marked angular unconformity to lie
unconformably upon the Franciscan subduction complex
of the Obispo belt in the San Rafael Mountains (Plate 3 of
Dibblee, 1966). The basal beds are banklike carbonate
deposits of the Sierra Blanca Limestone, which probably ;
accumulated atop a submerged offshore sill. By Oligocene i
time, however, parts of the Franciscan terrane were §

|
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strongly emergent, and derivative detritus is widespread in
fluvial conglomerates of the Sespe and Lospe Formations
near the top of the Paleogene succession (McCracken,
1972; Anderson, 1980).

Along the south side of the Santa Maria basin, thereis an
apparent dextral offset of the overlap of basal Paleogene
strata upon the Franciscan by about 70 km (43 mi; Fig. 7).
This apparent offset seemingly could be attributed to dex-
tral displacement along a bent southern continuation of
the San Gregorio-Hosgri fault through the Transverse
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ranges. The reduced amount of apparent offset, from 110
10 70 km (68 to 43 mi) for the San Gregorio-Hosgri fault,
might be attributed to the overprint of later sinistral slip
aglong the Santa Ynez fault.

Farther east, there is an apparent sinistral offset of
sources of Sespe clasts by the required 40 km (25 mi;
McCracken, 1972). Sespe conglomerates with paleocur-
rent indicators of southerly flow contain prominent Fran-
ciscan detritus as far east as Ojai. However, the nearest
Franciscan sources that are not covered by pre-Sespe
strata, and thus could have been exposed north of Qjai
during Sespe deposition, now lie in the region north of

. Santa Barbara on the other side of the Santa Ynez fault

Fig. 7).

( Nevertheless, summation of the 70 km (43 mi) of appar-
ent dextral offset and 40 km (25 mi) of presumably youn-
ger sinistral offset to achieve the nominal 110 km (68 mi)
of displacement along the San Gregorio-Hosgri fault is a
spurious solution to the problem of the western Trans-
verse Ranges. Restoration of a direct pre-Neogene connec-
tion of the Paleogene overlap relationships in the western
Santa Ynez Mountains and the San Rafael Mountains
would require sliding the Santa Ynez Mountains relatively
eastward. However, this reconstruction would also carry
the Sespe conglomerates bearing Franciscan clasts far
eastward to some initial location south of the San Gabriel
Mountains. In that position, no Franciscan sources would
be present on the north. Moreover, the operation would
also separate by far too much ground the closely compara-
ble Paleogene sandstone units that lie on opposite sides of
the Santa Ynez fault near Santa Barbara (Link, 1975).

Paleomagnetic Rotation Indicators

A satisfactory solution to the paradox of the western
Transverse Ranges was proposed by Luyendyk et al
(1980), based upon paleomagnetic evidence for crustal
rotations (Kamerling and Luyendyk, 1979). Remanent
paleomagnetic vectors determined from latest Oligocene
1o middle Miocene volcanics in the region show variable
amounts of clockwise rotation from the expected pole
(Fig. 7). In extreme cases, the indicated north pole lies
nearly due east. Their model suggests that the sinistral
faults of the western Transverse Ranges bound east-west
crustal panels that were initially oriented nearly north-
south. During middle to late Miocene time, these panels
are envisioned as rotating clockwise into their present
positions about a pivot lying off to the east. Sinistral slip
on the faults that now lie east-west would occur as the
crustal panels rotated into place. Meanwhile, dextral slip
would occur along the San Gregorio-Hosgri fault and
subparallel faults lying east of it in order to accommodate
the swing of the rotating panels. The cumulative displace-
ment of all the various fault-bounded panels thus rotating
or sliding within the deforming region would increase
away from the interior of the continental block. The rota-
tion of sites within the San Gabriel Mountains and near
San Luis Obispo (Fig. 7) can be attributed to similar
behavior of closely spaced faults not shown here for rea-
sons of scale.

This ingenious view of the nature of crustal displace-
ments within a transform zone of finite width accounts for
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several otherwise puzzling features: (a) the southward ter-
mination of the various splays of the San Gregorio-Hosgri
and Huasna faults, whose displacements are not required
to extend past the north edge of the region of rotating pan-
els; (b) the apparent failure of the Santa Ynez and Pine
Mountain faults to continue into the basement toward the
pivot, where little or no displacement would be required;
and (c) the presence of northerly and northwesterly paleo-
current trends in Paleogene strata of the Channel Islands
and the Santa Monica Mountains (Yeats et al, 1974). In
their present orientation, these anomalous paleocurrent
trends imply an unlikely source within the California con-
tinental borderland (Fig. 2), but prior to rotation would
indicate a source within the Peninsular Ranges (Crouch,
1979). Finally, the intra-panel deformation required near
the pivot region of the rotating panels may explain the
occurrence of tightly appressed east-plunging folds in Cre-
taceous and Paleogene strata between the Santa Ynez and
Big Pine faults (Fig. 7).

The attractive Luyendyk et al (1980) model for a semi-
continuum of internal deformation within the western
Transverse Ranges affords the missing key needed to
reconstruct the former course of the four main Mesozoic
lithotectonic belts from central California south into Baja
California. In effect, the torsional shear indicated by the
rotation of crustal panels within the edge of the continen-
tal block represented an early stage in the evolution of the
San Andreas transform prior to the breakthrough of the
master San Andreas fault into the head of the present Gulf
of California. Terres and Sylvester (1981) have shown that
the Luyendyk et al regional model is kinematically plausi-
ble by analogy with the observed rotation of slabs of soil
broken into geometrically similar panels by incipient sur-
face rupture along an active fault trace during a modern
earthquake in the Imperial Valiey of California.

SAN ANDREAS RESTORATION

Before the tectonic effects of Cretaceous sinistral slip on
the Nacimiento fault can be discerned, the Cenozoic slip
on faults of the San Andreas system must be reversed. Fig-
ure 8 is a mid-Tertiary reconstruction of the Mesozoic
lithotectonic belts prior to Neogene displacements associ-
ated with evolution of the San Andreas transform between
the Pacific and American plates. The reconstruction was
derived from Figure 2 by performing the following opera-
tions.

Subsidiary Faults

East of the San Andreas fault, the Garlock fault was
reversed to restore 60 km (37 mi) of sinistral slip (Davis
and Burchfiel, 1973). Most of this net displacement on the
Garlock fault is inferred to have occurred during the Neo-
gene because it is thought to have been associated with
Neogene extension in that part of the Basin and Range
province lying north of the Garlock fault (Wright, 1976).
Simultaneously, the western edge of the Mojave block was
allowed to deform in the manner described by Garfunkel
(1974) to straighten the San Andreas fault by eliminating
the “big bend” (Bohannon and Howell, 1982). The recon-
struction also accommodates 16 km (10 mi) of sinistral dis-
placement (Crowell and Ramirez, 1979) on the Pinto
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Mountain fault (Fig. 2). However, lesser suggested djs
placements of 5 and 10 km (3 and 6 mi) on the Blye Cul.
and Chiriaco faults farther south (Crowell and Ramire,

1979) were not required to straighten the San Andrea,

fault, but perhaps only because of the scale adopted for
plotting.

West of the San Andreas fault, the San Gregorio—Hosgri
fault was reversed to restore 110 km (68 mi) of dextral ofy.
set of the northwest end of the Salintan block. Simultane.
ously, a block including the Santa Ynez Mountains, Santa
Monica Mountains, and Channel Islands of the westery,
Transverse Ranges was rotated about a pivot at its eastern
end from its present east-west position to a north-south
position. The bulge in the contact between the Franciscay,
and Great Valley belts in the continental borderlang as
thus restored here would be further reduced if the rotation
of those terranes were somewhat greater (Hornafius et al
1981). The rotation applied swings the Santa Monicz;
Mountains back against the flank of the Peninsular
Ranges. This result was anticipated by Jones and Irwip
(1975), and allows the Los Angeles Basin (Fig. 7) to be
viewed as a Neogene basin of pull-apart origin (Campbel]|
and Yerkes, 1976; Turcotte and McAddo, 1979).

To make room offshore for the rotation of the Traps.
verse Ranges terranes, major dextral slip of about 225 km
(140 mi) was restored on the fault in the central part of the
California continental borderland (Fig. 2) to close the oce-
anic southern part of the borderland in the general manner
suggested by Crouch (1979, 1981). This restoration
accounts for the displacement of Paleogene strata contain-
ing so-called Poway clasts (Abbott and Smith, 1978) from
the San Diego area to the Channel Islands (Howell and
Link, 1979). The existence of such a fault was postulated
by Howell et al (1974).

In the reconstruction (Fig. 8), Franciscan rocks now
exposed in the vicinity of Santa Catalina Island (Fig. 2) are
not shown. This omission was made on the premise that
this part of the Franciscan terrane was concealed beneath
the overthrust Great Valley belt until exposed by Neogene
uplift and erosion. A local Franciscan source for detrital
sediment first became prominent in medial Miocene time
during deposition of the San Onofre Breccia and related
deposits adjacent to the Newport-Inglewood fault trend
(Fig. 2) and other Neogene faults in the borderland (Stu-
art, 1979a, b). )

Also west of the San Andreas fault in southern Califor-
nia, the following amounts of Neogene dextral slip were
reversed on faults subparallel to the San Andreas in the
Peninsular Ranges (Fig. 2): San Jacinto fault, 24 km (15
mi) (Sharp, 1967, 1975) and Elsinore fault, 40 km (25 mi)
(Sage, 1973). Farther north, Neogene dextral displace-
ments of 14 km (9 mi) on the San Juan-Chimeneas fault
(Bartow, 1978) and 65 km (40 mi) on the San Gabriel fault
(Bohannon, 1975; Crowell, 1975) can be regarded as
branching components of the net slip on the San Andreas
fault (Figs. 2, 8).

San Andreas Fault
In central California, about 310 km (192 mi) of total

Neogene displacement on the San Andreas fault is given
by the offset of the Pinacles Volcanics.on the east edge of
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the Salinian block from the correlative Neenach Volcanics
on the west edge of the Mojave block (Matthews, 1976).
The volcanics are part of the same disrupted local volcanic
field erupted near the Oligocene-Miocene time boundary.
Reversal of 310 km (192 mi) of Neogene slip on the San
Andreas fault (Fig. 8) also brings the correlative Butano
and Point of Rocks Formations of Paleogene age and an
carliest Miocene shoreline assemblage into approximate
juxtaposition (Clarke and Nilsen, 1973).

In southern California, total Neogene displacement of
310 km (192 mi) was partitioned into about 65 km (40 mi)
on the San Gabriel fault and 245 km (152 mi) on the San
Andreas fault proper (Crowell, 1975; Ehlig et al, 1975).
Restoration of these amounts of combined slip (Fig. 8)
brings three presently isolated belts of Pelona-Orocopia
Schist into alignment. The three occurrences now lie in the
San Emigdio Mountains at the south end of the Salinian
block (Fig. 7), in the central San Gabriel Mountains
petween the San Gabriel and San Andreas faults, and in
the Orocopia Mountains east of the Salton Sea. The resto-
ration also places marine Paleogene strata of the Manio-
bra Formation (Crowell and Suzuki, 1959), now exposed
east of the Salton Sea, into a position adjacent to the trun-
cated edge of the Paleogene basin in the western Trans-
verse Ranges (Chipping, 1972).

Movement on the modern San Andreas fault is coupled
1o plate separation in the Gulf of California. As the width
of young oceanic crust in the mouth of the gulf is roughly
245 km (152 mi), that amount of net San Andreas slip evi-
dently occurred in Pliocene and Quaternary times. Hence,
the slip on the San Gabriel fault probably occurred earlier,
during the Miocene. A comparable amount of intra-
Miocene slip occurred along the San Andreas fault farther
north in central California (Huffman, 1972), where
wrench faulting within the Salinian block began in middle
Miocene time (Graham, 1978). This early phase of San

. Andreas movement may have accompanied or immedi-

ately followed the rotation of fault-bounded crustal panels

{ inthe western Transverse Ranges.

PROTO-SAN ANDREAS FAULT

Reversal of known Neogene displacement within the San
Andreas system leaves a residual mismatch of about 195
km (121 mi) between the northwestern end of the Salinian
block and comparable terranes at the southern end of the
Sierra Nevada block just north of the Garlock fault (Fig.
8). The short segment of the foothills lithotectonic belt
shown beneath the offshore end of the Salinian block
(Figs. 2, 8) is inferred from the occurrence of pre-
Cretaceous metasedimentary rocks in the subsurface
(Hoskins and Griffiths, 1971). The amount of the mis-
match shown is probably a maximum value, for no short-
ening of the Salinian block was made in the reconstruction
except for reversal of slip on the San Gregorio-Hosgri and
San Juan-Chimeneas faults. However, the mismatch was
unlikely to have been less than about 150 km (93 mi)
(Dickinson et al, 1979). This minimum value is controlled
by a residual apparent offset of 150 to 160 km (93 t0 99 mi)
between (a) outcrops of uppermost Cretaceous
(Campanian—Maestrichtian) gabbro-bearing conglomer-
ates exposed at Gualala near the northwestern end of the

, i . ,
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Salinian block (Wentworth, 1968), and (b) suitable gab-
broic source rocks exposed at Eagle Rest Peak across the
San Andreas fault near the southern end of the Sierra
Nevada block (Ross, 1970).

The additional pre-Neogene slip implied by the mis-
match is attributed here to dextral displacements along a
proto-San Andreas fault after the terminology of Suppe
(1970). Proto-San Andreas movement must have pre-
ceded the deposition of Eocene strata in the Butano and
Point of Rocks formations which are offset along the San
Andreas fault by the same amount as Neogene rocks
(Nilsen, 1978). However, Paleogene strata in central Cali-
fornia were deposited in local basins having complex
bathymetry within a continental borderland {Nilsen and
Clark, 1975). The configuration of this Paleogene border-
land in central California may have been formed by defor-
mation associated with the proto-San Andreas fault, just
as the configuration of the modern continental border-
land off southern California is related to deformation
within the Neogene San Andreas system.

The most likely time window for proto-San Andreas
motion is latest Cretaceous and/or earliest Tertiary time.
The proto-San Andreas fault was probably an arc-parallel
transform induced by oblique subduction during the shal-
low plate descent that triggered classic Laramide deforma-
tion at about the same time farther inland (Dickinson et al,
1979). The latest Cretaceous conglomerates and associ-
ated strata near Gualala may have been deposited in a lin-
ear trough that developed along the proto-San Andreas
zone. Unconformities within the Paleocene section of the
Salinian block may reflect the end of proto-San Andreas
dislocations.

The course of the proto-San Andreas fault southward
into southern California is unclear. Where the San
Andreas and San Gabriel faults diverge near the present
juncture with the Garlock fault- (Fig. 2), the proto-San
Andreas fault could not have followed either modern fault
line. Reversal of Neogene displacements along the subpar-
allel San Gabriel and San Andreas faults fully achieves
alignment of key bodies of Pelona-Orocopia Schist and
associated rock masses, hence precludes additional move-
ments. Smith (1977) noted that the San Juan-Chimeneas
fault farther west (Figs. 2, 8) has probably been the locus
of significant dextral slip perhaps amounting to more than
175 km (109 mi). Ross (1972) reported that the greatest
contrast in basement type observed within the Salinian
block occurs across the San Juan-Chimeneas fault. In
effect, that fault marks the present contact between base-
ment types characteristic of the Salinian block and the
Transverse Ranges, respectively.

Accordingly, restoration of proto-San Andreas dis-
placement (Fig. 9) is achieved here by reversal of 195 km
(121 mi) of dextral slip on the San Juan-Chimeneas fault,
which merges to the north and south with the San Andreas
fault (Figs. 8, 9). The inferred course of the proto-San
Andreas fault southward into Sonora is speculative (Fig.
9).

NACIMIENTO SINISTRAL SLIP

Reversal of combined San Andreas and proto-San
Andreas dextral slip thus reveals about 550 to 575 km (340
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FIG. 9—Late Cretaceous regional distribution of principal
Mesozoic lithotectonic belts in California and Baja California.
Latest Cretaceous and/or Paleocene dextral strike slip on
inferred proto-San Andreas fault restored as discussed in text.
See Figure 2 for symbols and abbreviations, and Figure 8 for
Paleogene configuration after proto-San Andreas displacement.

" Position of Mojave-Sonora megashear after Dickinson (1981b).
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Strontium Isotopic Ratios

Figure 11 shows the Sierra Nevada, Mojave, Salinjan
and Peninsular Ranges blocks juxtaposed in the conf igu-‘
ration implied by the Cretaceous reconstruction (Fig. 10)
Dextral slip was reversed on the following faults as dis.
cussed earlier: Elsinore, 40 km (25 mi); San Jacinto, 24 km
(15 mi); San Gregorio-Hosgri, 110 km (68 mi); San Juap-
Chimeneas, 195 km (121 mi); San Gabriel, 65 km (40 mi):
San Andreas (and proto-San Andreas), 505 km 314 m;i
north of the San Juan-Chimeneas junction, 245 km (152
mi) south of the San Gabriel junction, and 310 km (192 mi)
between those two junctions. To preserve the present
geometry of the Mojave block, internal deformation and
dextral slip of 60 km (37 mi) on the adjacent Garlock faul
were not restored. To do so would change slightly the or;.
entation of the terranes west of the San Andreas fault, bu
would not affect their mutual relationships. About 560 km
(c. 350 mi) of sinistral slip on the Nacimiento fault were
also reversed to make the reconstruction.

The points plotted on Figure 11 represent initial ratios of
radiogenic strontium for Mesozoic granitic rocks within
the blocks involved. Such strontium isotopic ratios are
widely held to reflect the fundamental nature of the under-
lying crust (Kistler and Peterman, 1978). In general,
higher ratios reflect more continentality and lower ratios
reflect more oceanic affinities. In their restored positions,
the plotted points form a coherent array through which
isoratio lines of simple geometry can be drawn. Values of
the ratio increase monotonically from west to east with
few reversals. The plot thus constitutes a satisfactory solu-
tion for the initial configuration of the complex mosaic of
crustal blocks that are now dispersed widely along the con-
tinental margin. The cluster of anomalously low ratios
near the Garlock fault lies within or near the region where
allochthonous eugeosynclinal Paleozoic rocks are exposed
in the El Paso Mountains (Dibblee, 1967). The reason for
the anomalously high ratios in one area within the Sierra
Nevada batholith is unknown, but does not affect analysis
of the transported terranes.

Salinian Correlation Problems

Ross (1977, 1978) has discussed the difficulty of correlat-
ing specific terranes within the Salinian block with possi-
ble offset counterparts in the Mojave region despite the
gross similarities that exist (Wiebe, 1970). One problem is
the dissimilarity of granitic and metamorphic rocks just
north of the Garlock fault at the southwestern extremity
of the Sierra Nevada block to any part of the observed
Salinian basement. In Cretaceous restorations (Figs. 9 to
11), however, these rocks lie adjacent to the presently sub-
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HG. 10—Early Cretaceous regional distribution of principal
Mesozoic lithotectonic belts in California and Baja California.
Mid-Cretaceous to early Late Cretaceous, or medial Late Creta-
ceous, sinistral strike slip on Nacimiento fault restored as dis-
cussed in text. See Figure 2 for symbols and abbreviations, and
Figure 9 for Late Cretaceous configuration after Nacimiento dis-
placement.

merged northwestern tip of the Salinian block where the
nature of the basement offshore is poorly known.

A second problem is the lack of clear-cut evidence for
equivalents of the Cordilleran miogeoclinal belt within the
Salinian block, even though metamorphosed representa-
tives of those strata locally extend as far as the San
Andreas fault in the southernmost Mojave block (Stewart
and Poole, 1975). These rocks are exposed in the San
Bernardino Mountains, which lie along the San Andreas
fault just west of its junction with the Pinto Mountain
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fault (Fig. 11). However, the metamorphic rocks of the
northwestern Mojave block, which lies adjacent to part of
the Salinian block in the Cretaceous reconstructions (Figs.
9 to 11), are composed of little studied assemblages that
are distinctly different from the rocks of the miogeoclinal
belt (Miller, 1981). Moreover, Precambrian strata that
form the lower part of the miogeoclinal succession in the
San Bernardino Mountains are unlike familiar facies
equivalents farther east, and may have offset counterparts
in the Transverse Ranges and the Salinian block
(Cameron, 1980). These stratigraphic complexities within
the Mojave block suggest that failure to find typical mio-
geoclinal rocks within the Salinian block does not preclude
the restorations of Figures9to 11.

Possible correlations between the southwest side of the
Salinian block and the northeast flank of the Peninsular
Ranges have not been considered previously. The meta-
morphic rocks appear generally comparable (Sharp,
1967), but no detailed correlations have been established.
Most of the granitic rocks of the Peninsular Ranges were
emplaced 90 to 120 m.y.B.P. (Silver et al, 1979), a time
span that includes the most likely time of emplacement for
many of the plutons now part of the Salinian block.

Mesozoic Plate Motions

Prior to episodes of dextral slip on the San Andreas and
proto-San Andreas faults, the trend of the Nacimiento
fault was roughly on line with the trend of the Mojave-
Sonora megashear (Fig. 9), a Mesozoic sinistral fault in
Mexico (Silver and Anderson, 1974). It is tempting to sup-
pose that the Nacimiento fault was the northwestern end
of the Mojave-Sonora megashear. However, the mega-
shear was a transform related to the Jurassic opening of
the Gulf of Mexico (Dickinson and Coney, 1980), which
had formed before the end of Late Jurassic time (Dickin-
son, 1981b). By contrast, Nacimierito fault displacement
presumably occurred in mid-Cretaceous or Late Creta-
ceous time, not earlier than latest Early Cretaceous
(Aptian-Albian) or early Late Cretaceous time and not
later than medial Late Cretaceous time (see previous dis-
cussion). Thus, the Nacimiento fault and the Mojave-
Sonora megashear apparently could not have formed the
same continuous slip surface.

Nevertheless, displacements on the Nacimiento fault and
the Mojave-Sonora megashear were related in a kinematic
sense (Fig. 12). It is conceivable that Nacimiento sinistral
slip occurred because a transform plate boundary in
Mesoamerica stepped westward after Yucatan rifted away
from Texas to form the Gulf of Mexico. The tectonic his-
tory of central and southern Mexico is not yet known well
enough to test such an hypothesis.

Current concepts of mid-Cretaceous plate motions in the
Cordilleran region are tentatively compatible with the
notion of mid-Cretaceous sinistral slip on the Nacimiento
fault (Fig. 12). The absolute motion of the interior of the
North American plate toward the Cordilleran arc-trench
system was roughly parallel with the trend of the Nacimi-
ento fault. The fault thus had a suitable orientation to be
viewed as a tear along the flank of the overriding North
American plate as that plate advanced against the sub-



AR e TR e

5T s

Nacimiento Fault, Coastal California

NG
ATk
SIERRA NN
NEVADA “An8 N a
BATHOLITH APRIANY
/, /}l\ /3
\/\ 'A l/\ /‘
Sr87/ 58 \///\<\ ‘\l gy
(Initial) Xz
O .709-.710
W .708-.709
.708
A .707-.708
A .706-.707
O .705-.706
.705
@ .704-.705
¥ .703-.704

SOUTHERN
CALIFORNIA
COAST LINE

PENINSULAR
RANGES
BATHOLITH

Scole
™ l\_,
OVV . 100 KM
<N\, oo M
N
Garlock o VO
Foult '9¢\v
Offset
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ducted slab of the arc-trench system.

Alternatively, the relative motion of the offshore Faral-
lon plate with respect to the North American plate was for
a time in the mid-Cretaceous oriented in the correct sense
to produce sinistral transform motion along the Nacimi-
ento fault (Engebretson et al, 1981). The inferred rate of
movement was sufficient to achieve the requisite 550 to
575 km (340 to 355 mi) of net displacement along the fault
within 10 m.y. or less. Relative motion of this style would
predict temporary cessation of subduction along the Cor-
dilleran arc-trench system while the Nacimiento fault was
active.

Available Paleomagnetic Data

Paleomagnetic data have been cited recently as evidence
that the Salinian block and the adjoining Obispo belt were
transported northward together for about 2,500 km (1,550
mi) since the Cretaceous (Champion et al, 1980; Howell et
al, 1980). If .this inference is correct, the reconstructions
proposed in this paper are invalid. The most critical paleo-
magnetic data were obtained on uppermost Cretaceous
(Campanian-Maestrichtian) sedimentary rocks at Pigeon
Point west of the San Gregorio fault (Fig. 6). The infer-
ence of dramatic northward transport is based upon the
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interpretation that the inclination between observed
eomagnetic vectors and present bedding attitudes is a
faithful record of the paleolatitude at the point of origin.
However, the strata are strongly deformed and have
undergone diagenetic alteration. The magnetic remanence
is clearly postdepositional, for its orientation is continu-
ous through slump folds (Champion et al, 1981). Anoma-
lously low inclinations that would be interpreted
1 erroneously as indicative of low paleolatitudes might arise
% from (a) sediment compaction that could reorient rema-
nent vectors, or (b) acquisition of diagenetic remanence
after regional tilting, but before local folding. Preliminary
3 paleomagnetic data on less deformed and less compacted
4 sedimentary strata of the same age near San Diego appear
4 10 show no evidence of dramatic northward transport
4 (Marshall and McNaboe, 1979). Onthe other hand, recent
paleomagnetic measurements on basalts and turbidite sed-
iments of the Coast Range ophiolite and the Great Valley
sequence in the Obispo belt (McWilliams and Howell,
1982) reveal low apparent paleolatitudes far from the
inferred paleolatitude of California during the Mesozoic.
Available paleomagnetic data are thus partly contradic-

§ tory and inadequate to test the proposed tectonic recon-
¥ structions. Additional work will doubtless clarify the
48 picture in coming years. Evidence presented here indicates
that terrane restorations which incorporate the hypothesis
of Cretaceous sinistral slip on the Nacimiento fault are the
most appropriate ones to be tested against additional data.

CONCLUSIONS

1. The juxtaposition of Franciscan rocks and granitic
tocks across the Nacimiento fault in coastal California
required major lateral tectonic transport.

2. Sinistral strike slip of about 560 km (350 mi) along the
Nacimiento fault during the Cretaceous is a viable alterna-
tive to existing hypotheses for tectonic erosion during sub-
duction or dextral strike slip of arbitrarily large
magnitude.

3. The hypothesis of Siristral strike slip accounts well
for both the close similarities and the minor differences in
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the Mesozoic terranes of the Diablo Range and the Obispo
belt to the east and west of the Salinian block.

4. The Luyendyk et al (1980) model for Miocene tec-
tonic rotations within the Transverse Ranges provides a
satisfactory explanation for observed structural features
locally, and apparently describes well the style of tectonics
that developed along the continental margin during an
early phase in the evolution of the San Andreas transform
boundary between the Pacific and American plates.

5. Reversal of inferred (a) Cenozoic dextral displace-
ments and rotations within the San Andreas system, (b)
proto-San Andreas movements, and (c) Cretaceous sinis-
tral slip on the Nacimiento fault restores the subparallel
Mesozoic lithotectonic belts of California and Baja Cali-
fornia to a mid-Cretaceous configuration of simple geom-
etry.

6. The resulting mid-Cretaceous reconstruction of
crustal blocks in southern California produces an inter-
nally consistent and theoretically satisfying array of points
representing measurements of initial strontium isotopic
ratios in Mesozoic granitic rocks.

7. Current knowledge of relative and absolute plate
motions in the Mesoamerican region during the Mesozoic
is compatible with a Cretaceous episode of sinistral strike
slip along the Nacimiento fault.

8. Available paleomagnetic data are inadequate to test
the restorations of crustal blocks involved in the recon-
structions presented here, hence additional work is
needed.

9. The reconstructions imply specific correlations
between basement terranes whose possible initial juxtapo-
sitions have not been suspected previously, but can be veri-
fied or denied by appropriate field and laboratory
investigations.
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