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TESTIMONY OF STEPHAN ALAN GRAHAM
On Behalf Of INTERVENORS*
Regarding
COn(ENTION 1 - GEOLOGY

DIABLO ( /ON NUCLEAR POWER PLANT, UNITS 1 & 2
Pycket Nos. STN 50-275, 50-323

1. My name is Stephan Alan Graham., I am currently employed as
an exploration geologist for Chevron USA Inc. I have been sub-
poened by the Joint Intervenors to present testimony at this

proceeding. My resume is attached to this testimony (Attachment
A).

2. This testimony sets forth my conclusions regarding through-

going continuity of the San Gregorio-Hosgri fault zone.

3. "'y conclusions are as follows:
1) Geologic evidence suggests that the San Gregorio-Hosgri

was continuous fault in the past that was the focus of shear
resulting from the stresses generated by the movement of the North
American and the Pacific plates. This evidence is discussed in
Attachment B.

(b) Although this evidence does not require through-going
continuity in the present, it is suggestive of present through-
going continuity. Further, I know of no geologic data that preclude

such continuity.

* Intervenors are: Scenic Shorelines Preservation Conference, Inc.,

San Luis Obispo Mothers for Peace, Ecology Action
Club, Sandra A. Silver, and John J. Forster
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(c) The focus of shear appears to have moved east to the
San Andreas fault zone.

(d) Factors cited in my study which could be considered in
evaluating the significance of the San Gregorio-Hosgri fault are:

(1) geologic evidence of former through-going
continuity;

(i11) magnitude of the past offset;
(1i1) physical tie to the San Andreas; and

(iv) orientation with respect to the San Andreas.
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APPARENT OFFSETS OF
ON-LAND GEOLOGIC FEATURES

' ATTACHMENT B

ACROSS THE SAN GREGORIO-HOSGRI FAULT TREND

By Stephon A. Greham ' ond Williem R. Dickinson?

Abstract

Component foults of the San Gregorio-Hosgri foult trend, roughly
coincident with the present centrol Celifornia coostline ond part of
the San Andreas foult system, may hove experienced aboui | 15 km
of Meogene right-slip, Evidence for tight-slip consists of possible
poirs of offset geclogic fectures, including: (1) necrly identical
Tectiary sequences ol Point Reyes and in the seuthern Sento Cruz
Mounteins, (2] simi'or Cretaceous and Oligocene-Miocene stials of
the western Sonta Cruz Mountains ond the northern Sonto Lucia
Ronge, (3] the structurel contact between gronitic bosement and
Francizcan comples nerth of 202259 Head ond in the northern Santa
Cruz Mountains, (4] tecianic slabs of potossium {eldspar-bearing
sonditones within the Franciscan complex necr Point Sur and
Combrio, (8) Franciscen-derived Miocene sendstone neor Point Sue

" and potential source terranes 13 the south, and (&) Mesozuic ophio-
" Bite ond overlying Tertiory sections near San Simeon ond Point Sal.
The suggested right-slip s definitely past-early Miocene end proba-
bly post-middie Miocene. Because the Son Gregotio-Hosgri foult
trend intersects the Sen Andress fault offshore south of Bolinas, the
total apparent offset of granitic basement along the San Andreas
foull is sctually the sum of offsets on the San Gregorio-Hosgri end
" the Sen Andreos foults, Comparison of time-displocement curves
© demonstrcates thet these two foults eccount for much of the post-
' QOfigocens displocement befween ihe Pacific and Morth Amarican
plotes. Recogrition of Mecgene San Gregorio-Ha1gri night-slip thus
reduces considercbly the opparent magnitude of rightslip olong on
" eody Tertiory prote-5an Ancieas favlt.

INTRODUCTION

Early peologic mapping of the central Califarnia coast demon-

 strated that stnking stratal discontinuitics exist across the San
. Gregonio fault (figure 1) some 50 km south of San Francisco

(Reanner and others, |
land fault segment runniig from near ths village

south to Ao Nuevo

Poiat, the [ault now peneral

o). Onginally mapped only as an on-

of San Gregono
Iy 18 eansidered

to trend oNshore nzar San Gregono and to re-emerge at Pillar
Point, 20 Lm ta the nonhwest (tipure 1), ax the Seal Cove fault
(e.g., Glen, 1959; Jennings and Humett, 1961; Weber, 1974),
This cenncction has not been venfied ngoreusty, but a senes of
linear shoals extending south from the Seal Cove Mault acroas the
mouth of Hall Moon Hay tow ard the San Orezono fault make
the cannection a virtual ceraunty. Senmie preiling data estabs
Lieh that the Seal Cove sepment of the San Gregono faplt trends
porthward vfahore from San Frandiswo (o gt the San Andrens
fault z00e undeiwater south of the town of Bolnas (Covper,

1973).
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FIGURE 1. Major elementsof the Son Andreas fault system, centiol Califae-
nia.

South of the on-land type segment, the San Gregorio fault bas
been traced by seismic profiling across outer \Monterey Day and
Monterey submanne canyon, and thence up Carmel submanne
canyon (Greene and others, 1973). Greene and othere (1973)
mapped the San Gregono fault returning ashore as the Palo
Colorado fault in the northern Santa Lucia Range hetween Car-
mel and Point Sur (figure 2), and referred 1o the over-all trend
as the Palo Colorad>-Sun Gregono fault zone. This pagsr,
however, advocates an aiiernative to the Palo Colorado connx»
tion. Evidence s offered here to indicate that tiic San Gregono
fault instead is continnous, via a partion of the Sur fault cone.
with the Saa Simeon=tlospn fault zone (Ha'l, 1975) along the
canst 1o the south (figure 1), Precise telationships between all
branching and en evhelon segments of this complex ystem e
nain untesohvad, but the term San Grevorio-1osgn fauli trend
will be used in this paper to dasignate the w. ole array of Linked
traces

o its type acea, the San Greaorio fault consists of & near

vertical strand or multg le strands forming a fault zone hundzeds
of meters wide (Clark, 1¥0, Cummings and othems, 1904, Wed:
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er, 1974). Upper Cretaceous sedimentary rocks crop out extens
sively west of the faultin the San Gregono area but are unknown
east of the fault in the Santa Cruz Mountains: conversely, 8
well-developed Palswene through Oligewene sequencs 13 present
in the Santa Cruz=Moeuntains but is absent west of the fault
(Cumunings aad others, 1962). The occurrence of generally
similar Phocene marine rocks on both sides of the fuult in s type
area lad previcus invatigatons 1o conciude that the San Gregono
fault had eypenenced no significant sinke-shp mosvement
(Cununings and others, 1562). However, the similanties in
eharucter and onentation of the San Gregorio fault und the San
Andreas fault promipted Hhill and Dibblee (1953) (0 sugpest that
the forner might also be a mnor nght-lateral staike=ship fault,
The sulneguent discovery of the comverpence of the two [aults
ofishote northaest of San Franciseo further supports the wdea
that the San Gregono and San Andreas faults wre structueally
telated. We thus tepard the San Gregono=Hosan fault trend as
part of the San Andreas fauitsystem. The impwetance of the Sun
Gireporio-Hoven fultirend is evidenced by its appatent control
of the positicn of the ricddern central Californis coastiine (figure

1).
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FIGURE 2. Relotionship of the Son Gregorio,
PONT SUR ‘ Sur, ond Palo Colorade faults in the Point Sur
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THE SOUTHERN SAN GREGORIO
FAULT ZONE AND RELATIONS
WITH THE HOSGRI FAULT

From the head of Carmel submarine canyon, Greene and
others (1973) projected the San Gregonio fault south into the
Palo Colorado fault onchore (firure 2). Thisconnection requites
an abrupt bend in a fault trace that is otherwise rather straiphit,
Data are rather poor otfshore in the vicinity of the presuined
connection (J. Dohrenwend, 1971, pemonal communation,
1974), however, und the proposed band 1s therefore quened on
the map of Greene and others (1973).

The Palo Colorado fiult was described by Trask (1926) as one
of a family of probsble high=angle reverse fuults that trend
nerthwest=southeast 1n the aocthem Santa Lucia Runge. Faults
of this set lowvally theust Salinan gramitic baseinent ewks over

tawer Tertiary sedimentary rovhs swith dip=alip displacements ol

at least several hundred meters (Trash, 1926, Dichmson, 1465;
Compton, 1966), Most pubbshad geologie maps of the regron
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FICURE 3. (le/t, seocliH exposure of the Pela Calarzdo fault (in gully) seporeting Paleoc=ne (1) turbidites ot right from granitic busement ot left; cenver,
highly sheared granitic basement involved in the Rocy Creek foull 1one; statf is 1.5 meters, right, retaining wall (3 meters high) ot bose of seociff exposuies

of Rocky Creek feull zone.

have shown the Palo Colorado fault terminating to the south
against the east-west Willow Creek fault (figure 2) within the
granitic basement terrain of the Salinian bleek (Reiche, 1937;
Dickinson, 1968, Dibdlee, 1974). A rezent basement geology
map by Ross (1976) alternatively shows the Palo Cotorado fault
as' veering mare southerly to join the Coast Ridge fault zone:
however, this connectien was infzrred solely from the distribu-
tion of charncchitic basement rocks and was not field checked
by Ross, :

The southern course of the Palo Colorado fault is not eritical
to the presant discussion, mare inporiant is the presumed conti-
puity of the San Gregorio and Palo Celerada faulis. Several
ohservations make the correlation uncertain, if not untenable.
The connection betwesn the two faults was inferved in a region
where data are poor, providing an unusual resuitant geometry.
1nits type area, the San Gragono fault bas charactenstics typical
of strike-slip faults, such as a broad, comples. vertical fault zone,
In contrast, sea chiif exposures of the Palo Colorado fauit north
of Point Sur reveal a modest, meter-thick shear zone separating
granitic basenient and upper Cretaceous or Paleocene sedimen-
tary rocks (figure 3), which oceur in normal depositional con-
tact nearby at Carmel. Highi-angle reverse fuults commonly are
associated with stake=slip fault zones, panticularly as splays or
as connecting fault segments (e.g, Dickinson, 1966), but the
Palo Colorado fault has been depicted as the primary evtension
of the San Gregorio fault and not as an auundiary fault (eg.
Green and others, 1973), However, the Palo Colorado fault
resembles neither the San Gregono fault in its type area nor
other well-documented sinte~slip faults hike the San Andreas
fault. Morcover, it is not more than about $0 Loy long, regardiess
of which trace 1s selected as its southern extenyion.

1M the San Gregonio and Palo Colorado favlts were continuous,
the fault system could hav e no sipmificant stube 4lip component
bhecause the Palo Celorado fault, using either interpretation of its
southern course, divs out wittin the Saliman blowk wethout dis-
rupiting the depositional patterns of sedimentary units (Graham,
197¢a). Vurthiennore, the Cherch Creek high-ungle reverse
fault (Fevre D), subnaralic and nearby 1o the tortheast, con.
verpes math the FPaly Colorado Lawlt near the eoaat (Ihabblee,
1974) and is comtratnad to mmmal stnke slip movement by the
croas=foult evcurrenve of a umgque erant e pyntic dasement
eait near s sauthern end (Wickse, 1970, Ross, 1976). These data
and eviddenye for an alternatine southern extension of the San
Giegono Lanly, discussad below, seemengly diallow the Palo

Colorado fault cither as a major strike=slip fault or as the main
southern extension of the San Gregorio fault. This conclusion
does not imply, however, that the San Gregoro fault and the
high-angle reverse faults of the northern Santa Lucia Range ar
unirelated. As will be seen, the San Gregorio fault is likely post=
middle Miocene and is thus approtimately synchronous with the
permissive Plio-Pleistocens age of the Church Cresk, Palo Celo-
rado, and allied faults (Compton, 1666). The whole famiiy of
faults is more readily understandable in the larger contet of the
Salinian block and the San Andreas fault system (Graham,
1976a), which will be considered briefly in the final section of
this discussion. : .

Where the Palo Colorado Cault fails as the southern extension
of the San Gregorio fauli, a seemingly more vizdle alternative
pathway extends the San Gregorio fauit south from the head of
Caimel suomarine canyon into the o-.shore Sur fault 2one nortd
of Point Sur (figure 2). This pathway thén diverges from the Sur
zone as mapp=d when it trencls offshore 2gain southeast of Pleif-
fer Point. and ultimately joins with the San Simeon-Hosgn fault
s, «ain (1all, 1975; Wagner, 1974) along the coast farther souil
(figure 2).

The Sur fault zone long has been recornized as a comples
feature forming the boundary between Saliniun gramue base-
ment on the northeast aud Francisean complex on the soutiis 25t
(e.g., Trask, 1926). Although this key contact1s primanly a relic
of undesthrusting at a Mesozsic convergent continental margin
(Page, 1970), the Sur zene iisell also had a Nevgene history of
activity that likely incluled stnikesslip movement in the Point
Sur area (Gilbert, 1971; Giltert, 1973). The actual connasvtion
of the Sur 20n¢ and the Sas Greporio fault is not yet cefined, but
it may in part utilize an eenaimed shear zone well displayed
clifTs at the mouth of Ro Ly Creek (figure 2). Unlike the coastal
exposures of the Palo Cotorada fault, the Rochy Creek fault is
a shear zone several hundred micioes wide, including numercus
shear surfaces and goure 2onee (fipure 3). The steep ehifls of
sheared matenal tead toward (alure, and a massive concreie
retaining wall has been construaiad at the strand line at the bise
of the chils (ficure 3). The Rowly Creck shear zone separates
granitic intrusives on the northes tfrom a sinall structural biogk
of Salinian sehint hasement on tl2 southwest and trends into the
Sar rone, 6 hin 1o the southicast (Inibblee, 1974).

Two picces of evidance provi! - additional support for the San
Gregono -Sur connection. (1) 7 us Francncan i the vicimity of

8.3 LS TR SRR AR, -
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Point Sur (figure 4) isan unmetamorphowed. albeit structurally
somples, graywacke=mudstone assemblage in which detntal K-
fedspar 1s present (Giibent, 1971). In contrat th= Francissan
comples in the on-land expoaures in the Lopez ‘2int arza near-
by to the south (figure 4) 15 3 blueschist-facies metamorphic
sequence in which M ~feldspars are absent (Cuibert, 1971). Stnke
-3lip movement on the S3n Gregono fult utilizing the Sur zone
in the Point Sur area readily explains the stnking local contrasts
in Franciscan facies cbserved 1a the area, Furthermore, as dis-
cussed below, the unmetamorphosed Franciscan of the Point Sur
area spparently 1s offset in 2 nght-lateral sense from similar
gocks far 10 the south, thus supporting the Sur pathway. (2) A
small fauli-bounded shice of Miocene sandstone within the Sur
fault zone (figures 4 and 5) 15 composed exclusivels of Francis.
can-derived detntus (Trask, 1926, Brooke, 1957, Gildert, 1971;
Graham, 1976a). Tlis sandstone €rops out less then 2 km from
Salinian granitic bisement known to be subsenally exposed
through much of Miocene ume (Graham, 1976a), yet contuns
po Salinian detntus. Althouzh special circumstances could be
invoked to eaplain the presence of the Franciscan~denved sand-
stone, right-lateral strike=-slip on a San Gregono-Sur fault sys-
tern ofTers the most convenient explanation.

Evidence for the course of the San Gregerio fault south of its
presumed divergence frorn the Sur zone offshore southeast of

Pfie(Ter Point is circumstantial. We infer a near~shore fault from
Plieffer Point to the San Simzon area pamanly on the basis of

the apparent on-strike alignment of the San Grezonoend Hos-

g faults (figure 2). Some previous invesiigaton (Hosh.ns and
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Griffiths, 1971; Wagner, 1974) have shown the Hosgn fault
trending out 1o sea south of San Simeon (figure 1) rather than
emerging onshore as the San Simeon fault (Hiall, 197%). Hall's
Point Sur-San Simeon ophiolite=Tertiary rock ofTset (discussed
below) depends on the validity of the latter interpretation. The
presumned connection liss. as is the case with the San Gregono-
Palo Colorado-Sur problem, near shore in shallow water where
acoustic data of good quality are diMicult to ottain. The near-
perfect alignment of the prominent San Gregono and Hosgn
fault segments through the San Simeon fault segrnent seems 0
us unlikely to be a chance phenomenon, even though the details
of the San Gregono-tiosgn connection are uncertain, Further.
more, if our offset criteria are correct, such a3 connection 15

required.
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FIGURE 5. Miocene conglomerate exposed in foult slice azar Fomt Sur (see

figure 4). Clasts ove exclurively Fronciscon sedimeniory ond igneous
litholegies.

EVIDENCE FOR RIGHT-LATERAL
STRIKESLIP

.

w-!-h 4

A family of geologic features apparently ethibits ofTset’in &
right=lateral sense aiong the San Gregorio-Hosgn trend as de-
fined above (firures 6 and 7). These offset pairs inzlude rock
bodiss, sedimentary units and inferred source terranss, a pre-San
Gregono fault, and & lare-Cretaccous basin margin. Tae later
iwo are linear features whose intersection with the San
Gregorio-Hosgn fauli trend produves piercing POIRLS from
which, ideally, the best estimates of o et are udtained (Crowell,
1962). Nevertheless, becouse of uncertantics inherent in the
etimation of the boundanes or (OSIians of all of these features,
ofVszt values are piven in lerms of ranges. Asvim
fault correlations, the overlap of aflat ranges 10 SaleS APIORE:
mately 115 km of nyp't tatetal strke-slip on component fauits
of the San Grepono-lesgn fault trend (Apuce 7). Few, if any,
of thie ofTset prs discutsed below inddividually o
evidence. Taken toyethic fint they prosent a

r, however, we foel th
g linng argament |

aterat stke=ship on foulis
of the San Gregono-Howgn fault tiend
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FIGURE 6. Mep of gealogc features affietine right=latero! sense olang
the Son Gregorio-Horgn faull tend. See teat for discusrion,

Bodego/Guclela Fault - Pilercitos Foult Offset
Poir

7 The Pilarcitos fault (figures 1 and 6) liss alone the spine of

the San Trancisco Peninsula subparallel to the San Andreas
fault, tiuncated to the seuth by the San Andreas fault and to the
nesth ofMhore by the San Geepuno fault (medification of Coop-
er, 1973, based on later ¢t Ko Ladoie, pers nal comnuniza.
tion, 1974, Graham, 1978a). The Pilarcitos fault, althioueh hang
west of the modein San Andreas faull (fipure 6) is the local
stivetural Wounday tetween Frandinean compiet on the
partheast 21 Salirnn graning basement i the southwet, and,
thus, o eetnidered 10 be 2n inactive and cut =) trace of the San
Andreat fault (e, Nlsen and Simont, 1973), Poorly eaposed
gnd poaaly stadiad lower Tertary roch s unconforeratly ()
orverhe Drancinean conaplen satlin the soistag ol Lhih botween
the Pilaraiteon and the Nan Andivas faulis (Lizgbb, 1970).

Far to the north, the last on=land exposures of grar ‘tic base-
ment of the Salinian block occur at Bodega Head ir mediatzly
west of the San Andreas fault as it heads offxhore (figure ©).
Where the fault re—cmerzes 22 hm to the north, the terrain west
of the fault is underlain by 2 thick seguence of Cretacevus
through Eocene sedumentary rocks comnpnsing the Gualala basin
(Wentworth, 1968). The baseme=nt of the Gualala basin 15 not
known with certainty, but spilitic basalts, possidly of Franciscan

affinity, structuraily and perhaps stratigraphically undzrlie the

oldest sediments (Wentworth, 1968). If the Gualala basin 18
underlain by Franciscan complex, then 2 structural contact
between Franciscan complex and Salinian granitic basement
analogous to the Pilarcitos fault must exit between the Gualala
basin and Bod ,a Hend and be truncated uiTshore between those
points by the San Andreas fault (figure 6). We conclude that
these two Franciscan-granitic basement confacis may be ecuira-
Jent and o'Yset from each other in 2 right-lateral sense along a
San Gregono-San Andreas pathway (stars in figure 6).

If perfectly known, offset fault traces would provide pisraing
points in the San Gregorio-San Andreas fault plane ahich
would yield accurate estimates of the magnitude of offser. Unfore
tunately, both intersections lie offshore in regions of poor cf
non-cxistent data. Conseguently, we present an ofTset range (1ig-
ure 7) with a minimum based on the position of the Bodega
Head exposures (92.5 km) and a maximum based on the south-
ern I'mit of exposures of the Gualala basin (115 km).

The Gualala-Pilarcitos correlation can be tested. 1f the 20
faults are ofTset equivalents, the Gualala basin sedimentary uniis
are offset lateral equisalents of the lower Tertiary sedimentary
rocks at Pt. San Pedro in the Santa Cruz \Monntains (figure 8).
Both sequences are deep-sea fan fazies wiih northaesterly paiao-
current direvtions (Wentworth, 1968, Chipping, 1972). A mce:
est amount of peirerraphic data are presently available for thess
areas, but more must be obtained 1o test the correiation ace-

quately.
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FIGURE 7. Offset ronge chant for suggested offied pairt.

Point Reyes Scction - Ben Llomoend Mountain
Scction Cffset Pair

The granitic havanent of the Point 1teves Peninsula (firure €)
is Blanketed partially by erosional reninants of Palepwenz and
inore exiensive Nooseng sedimentary rocks (Fypute B). Ihe Nooe
Feng Uns Compase two uicontormiy-bound sedrnentary

prskages (Galloway, 1970, take and others, 1974): 8 Misecue
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couplet of shallow marine sandstone overlain by basinal siliceous
shales(Laird Sandsione and Monterey Formation)and an upper
Miocene-Pliscene cuupict of shaliow manne sandstone and
overlying basinal mudstones (“sandstone and mudstone neas
Drakes Lay"). The Puleocene rocks are pnmanly conglomerate,
with lesser amounts of sandsione and mudstone. Qur observa-
tions sugeest that the Paleocene rocks, preserved only at Point
Reyes proper, were deposited 1n an inner fan or channclized
mid-fan environment (terminology of Ricei-Lucchy, 1975) on
a Paleocens decp-sea fan. This interpretation 15 substantiated by
s probabls lower bathyal (>~ A0-meter water depth) forami-
niferal fauna obtained from the mudstone (A. J. Galloway, wnt-
ten communication, 1975).

The Santa Cruz Mountains to the south of San Francisco are
underlain by a relatively complete Ternary section of rocks, but
the southern Nank of the Den Lomond Mountain (figure 6)
basement uplifi displays an abbreviated Teruary section (figure
8). The Den Lomond Mountain sectiorl includes a Palcocene
unit (Locate!li Formatien) uneonformakly overlain by uncon-
formity-bound, shallow manne sandstone/uasinal mudstone
packages (Clark, 15£8) of middle Miocene (Lompico Sand-
stone/Monterey Formation) and late Miocene-Pliocene age
(Santa Murganta Sandstone/Santa Cruz Mudstone). The
Paleosens Locatelli Formation contains a shallow marine fauna
gear its base, but a deep manne fauna in its upper part (Clark,
1966; Clark, 1968). We surgst that the Point Reyes-Ben Lo-

mond Mountain sections, with their unusual Paleocet2/middle

Miocenc/upjier Mioceas-Pliocene secimentary packaging, are
lateral equivalents ofTset by the §2n Gregorio fault (2's1n figure
6; figure 7). Clark (19¢3), in his thorough study of the southern
Santa Cruz Mountains, noted the ~inual icentity of the Point
Reyes 2nd Ben Lomond Mountain Neogene secticns. The spottie
ly preserved Paleocene rocks of both areas are deep=waler ma-
rine facies, alihough gerbaps Cepe wed in $iTening submarine
fan cuvironments. In addition, 3 reconnaissance study of Salini-
an basement rocks by Poss (1572) revezled an abundance of
elaskite dikes in only two areas, tbe Point Reyes and Ben Lo-
mond Mountain areas.

-
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The offwet rock bodies offer no absolute constraints on the
amount of nht=ship. A mimmum of 115 km is bated on the
southern himit of Eocene rocks cropping out on the nortbem
flank of Ben Lomond Mountain, while the most reasonable ap-
parent value is about 120 km.

Pigeon Pcint Formotion — Santo Lucia Cretcceous
Offset Pair

The upper Cretaceous Pigeon Point Formation (Hall and
others, 1959) crops out extensively west of the San Gregono
fault from San Gregorio to Aho Nuevo Point (figure 6), but1s
unknown directly across the fault to the east in the Santa Cruz
\ountains (Cummings and others, 1962). The conglomerate~
mudstone-sand’ tone succession is best charactenzed as a regres-
sional/progradational deep-ca fan-to-shell sequence (Lowne.
1972). Approrimately fifty paleocurrent measurements (Went-
worth, 1960, Paredes, 1960) obtained from a vane:y of turbidite
-associated paleocurrent indicators suggest dispersal 1o the
snuth-southwest. Pigeon Point Formation conglomerates, com-
mon in the channelized fan facics, contain some Salinian base-
ment-derived clasts, but’ are composed principally of
well-rounded clasts of acidic to intermediate compesition, van-
colored, porphyritic volcanics (Tyler, 1972). The ullimate
source of these volzanic clasts, common in Coast Range Creta-
ceous and Tertiary sedimentary rocks, remains unknown.

Cretaceous sedimentary rocks are present from S2n Gregorio
to Aho Nuevo Point, but occur nowhere else on the Salinian
block from San Francisco to Monterey. Rocks very similar to the
Cretaceous Pigeon Point Formation in faciss and composition
rest on Sasement south of Monterey in the viciniey of Carmel
/the Carnizle Formation, Bowen, 1965). Hoaever, those rocks
are Paleocene. while the Pigeon Point Formation 1§ entirely
upoer Cretazeous, based on mollusss we have found in the vp-
permost shallow marine fazies of Lowe (1972). Cretaceous sedi-
mentary rocks do crop out a few tens of kilometers farther south
of Carmel (figure 8) imthe Point Sur (Trask, 1426) and Lucia
(Reiche, 1937) quadrangles, and then in 3 nearly continuous
strip down the Santa Lucia Range to the Transverse Ranges

(Jennings, 1958; Jennings and Strand, 1958).

Tbe Cretaceous strata of the northern Santa Lucia Range are
virtually unstudied, but abundant shallow manne foasils occure
nng lozally near the bae of the sequence (Reiche. 1937) may
indicate that the rocks are, in part, shallow manne in onpin.
Twenty hilometers inland aleng d=positional sinke (o the south-
east in the upper Arroyo Seco area, upres Cretaceous sandstcnes
and conglomerates, beanng evidence of southwesterly direstad
palcocurrents, Likely were deposited 2s a submanne canyon-fill
(Ruetz, 1976). Apparently (wo difTerent clast assemblaies
characterize the upper Cretaceous conglomerates, 3 porphynne
voleanic dominated svite in northern outCrops and a Salinan
basemeat-dominated suite in southern oUlerops (Reiche, 1937,
Ructz, 1976).

The Pigeon Point Funimation thus may be offset from the
porphyring selcanic-leanng Cretaceous rocks of the nonbien
Santa Luca Range by night-slip on the San Grerano fault
(blach areas in fiyure 6 ficure 7) Limited palewurrent and

palecenvironmental datz are compa ble with such acorrelation
in the Atroyo Seco arza, the overlap of Cretacecus oS R
Paleocene dugpesay fan doposits Vefines thie loca) northern bt
af the Cretacevus basa (Ruetz, 1970). 1he Lt of thie Cretas
cevus busin along deponitsonal stke at the const €an b no

farther south than the Caiarel aren, where Paleoeene roshs 1eot
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a basement. The bacin edre could lie as tar south as the Palo
solorado fault (figure = [ (he sandstonss eapored where the
ault intersects the e Teruary (W. . Dickinson, unpub-
shed data) rat! waceous (Trask, 1926; Dibblee,
974). The Cre sdge constitutes @ linear feature
Jhich would y ate of 3an Gregono ot if the
Jasin edge was be aed near the coast. No Paicocene sirala
ure associated wity the Pigeon Point Formation to define the
“retaceous basin margin west of the San Gregono fault, but we
ake the shallow manne fazies CApPIng the Pigeon Point Forma-
ton 1o signal immsdiate proumity 108 Cretazeous basin margin.
Assutning that the Palo Colorado coastal sandsiones are Faleo-
cene as inferred here, the Cratacecus basin margin i1s olTset by
s minimum cf 110 km (figure 7).

Preliminary comparison ¢f Oligocene-Miocene rocks overly-
ing the Pigeon Pont Formaiion with coeval strata of the north-
ern Santa Lucia Range suppons (he cross-fault Cretaceous Ucs.
Upper Ofigocene-lower Miotene shallow-~marine sandstone and
interbedded bascltic velcanics at Pescadero and cosval deep-
marine mudstone at Afio Nuevo Point (figure 6, Clark and
Drabb, 1977, and this volume) suzgest a south-facing paleo=
slope. Similarly, a southwest=facing late Oligocene—early Mio-
cene peleoslope (not shown ia fizuie 6) is documented for the
porthern Sarta Lucia Range (Grzham, 197€6ab). In addition,
restoration of 118 km of righi-slip places the Pescadero basalts
on projection from a trend of upper Oligoceng-lower Miocene
bimadal volcanics (e.5.. Emnst and Hall, 1974; Graham, 19752

“eropping out south of and parallel 1o the Cretaceous outcrop

band in the Santa Lucia Rarge at 1o southwest marpa of the
Salinian Yok (figure 6).

Offset of Offshore Gravity Ridge
Silver (1974) proposed that an offshore linear gravity “high"

 was offset 90 km by rigat-lateral struke-slip on the San Gregono

fault. The southern flank of 1ne feature comes ashore near Ano
Nuevo Point west of the fault and was suggasted 19 be offsat from
the edge of Salinian bassinent marked by ke Sur fault wherent
trends oflshore rerth of Po.at Sur. Remeasunng the indicated

 offset 1o the edge of Salinran basement soutn of Point Sur, we

suggest a range of 105 10 133 km (figure 7) for Silver's

“offset.

Point Sur Frenciscan = Cambria Pines
Slob Oifset Poir

A cross-fault contrast in metamerphic facies in the Francis:
can complex serves 10 defing the probable course of the San
Gregorio fault nzar Point Sur (Fanie 4). From the Point Lepez
area south, the Franzusdan comples contans sxtensive meiange
Mnits, I8 Mmetamory hosed 10 varying degrees, and penerally 1
devoid of detntal K-feldspar (Giibert, 19710 Heu, 1969).
Jlowever, an unnietamarphissad bofeldepar-teatng Francisean
praywache sequonse vy evposad near Cambna (MHall, 1974), and
we supzestihat (s Cambng Pines slad s, 1909 18 the oflset
tquinalent along the San Grecotio-tlosgn trend of the une
etamorphosad I-Teldapar«beanng Franciscan complex at
Potat Sur (N, ares < and sitgid endethites i Ngure ©) Matchung
the noah end of the Camboa Prses stab with the north end of
the Faint Sur Hhoack yields & atmanam oifser of 108 Kim. The
south.em end of the Cambing Pisnes slad st e under I'siero
By, hasad on the on Aand ahistntgtion of Francisaan lithologies
(s, Ivo9; Ul 197)), thus sstiing the probabie vpper hmnt
of oflset at 128 km,

Point Sur Mioccene Sandstone-Franciscen Source
Terrane Offset Peir

As discussed earlier, the position of a Franciscan-derived Mi-
ocene sandstone caught within the San Gregono-Sur fault zone
cast of Point Sur (figures & and $) is incompatible with 1s
immediate proximity to Salinan basement, At jeast 60 km of
right=slip on the San Gregono-ilosgn ault trend (s required 1o
provide an adequate source rercane for the Miocene sandstone
The offset of the sandsionc cannot exceed 105 km, however,
because it contains no voleanic clasts denved from the Cambna
Felsite as do Miocene sandstones in the Cambna area (Hall,
1974). This maximum is less than the rmnimum offset indicated
for certain of the offset pairs (figure 7), but the lack of overiap
poses no problem because the Miocene sandstone is in a fault~
bounded slice which likely was incorporated in the fault zone at
an interuediate distance.

San Simeon Ophiclite—Point Sal
Ophiolite Offset Pair

Hall (1975) reported the prouable offset of a Mesozoic ophio-
lite and overlying distinctive Tertiary sequence from Point Sal
to the San Simneon are2 along the San Simeon-tosgn segment
of the then unrecognized larger San Gegono-Hosgn fault trend
(double underlines in figure 6). Hall claimed @ minimum of 80
km of offset, but in reexamining loval relations we suggest 8
minimum of 85 km from the norih end of San Simeon Outerops
10 the limit of cutcrops at Point San Luis. An oiTeet value of 110
km is gained from the centel of the outcrop paticrn west of the

fault to the center of the outcrops cast of the fault (figure 7).

TIMING OF MOVEMENT

Geologis relations indicate that the offset of the Point Sal-5an
Simeon ophiolite-T=rtiary sequence by the Hosgn fault sezment
was accomplished 5-13 million years ago (Hall, 1975). Most of
the indicators on the San Gregono segment merely indicate 3
post-Cretaceous 2g¢. but two ofTset pairs are more specific. The
fault slice of Mioxcne sandstone near Point Sur contains Cross-
ostrea iitan subtizan (Trask, 1926: Grahum, 19762). Although
ranging thro . ghout (he Miocene, this molluss 15 MOst IV al of
lower Miocene stratain the Cambnia area (Hall, 1974). We thus
infer that major night=ship invelving the sandstone is probably
post-lower Miozene. The Point Reyes-Ben Lomond Mount2in
o!Tset pair relies on similar middis Miocene and upper Miocune-
Pliocens sections. 1f valid, this correlation implies that right=ship
tnay have conmenved by at least lste Miocene ume, and thi=
sub-upper Micwene unconfonmity could reflect this event. A late
Afincene Of conservative post-middle Micezneage for the tuitia-
tion of st ke-slip is compatible with (he liming suggested for the
Hosgt seyment,

At G em/yr, the rate of movemer’ on the mod i San Andreas
fault (eg., Dichinson and others, 1972), the entire 118 km of
indicated right=<lip could be aceornplished 10 less tinn 2 milthen
years. Al least modest Holocene movement on elements of the
Sun Giepono-tiaen fault trend is indicatad by the focal thrusts
ing of Miouens rochs over lerrace depostts of ANO Nuevo P'oint
(Clarh, 1970, Weber und LaJute, 1977), by pre bable vlluets of
the sea Ooar his Aty (Curveng andd others, 1973, Wagner, |1214),
and bty sesamaty (Ganthirup, 1577). towever, the mayor g riod
of movement muy well have been cathier,

I, |
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THE ROLE OF THE SAN GREGORIO-
HOSGRI FAULT TREND IN
THE SAN ANDREAS FAULT SYSTEM

The assumption of approzimately 115 km of post-middie Mi-
ocene righi~lateral stiihe=siip on faults of a San Gregono-Hios-
g fault trend connecting with the Sin Andreas fault implies
that the total offset of Salinian basement by the San Andreas
fault is only an apparent number Integraling the ofTsets of both
the San Gregorio and the San Andreas faults. The mimmum
total o=t (510 km) is tasd on the northernmost on-land
exposurcs of Salinian basement 3t Bodega Head (figure 9). while
8 masimum esfimate (600 km) assumes granitic basement otf-
shore to near Point Arena (Silver and others, 1971). Deducting
115 Lm of S2n Gregono-tionyn night ship from the 6007510 km
maximum/minimum on the San Andreas total leaves 4857395
km mazimum/minimum of right=slip on the San Andreas fault
zone sensy strictu (figure 9). Post-Oligewene (“moderm™) San
Andreas right=ship, all baced on cross-f2ult ties south of the San
Gregorio-San Andreas junciure and thus unaffected by it
amounts 1o approximately 310 km (Dickinson and others, 1972;
Mattbews, 1976). Consequently, since no m2)or nght-slip faults
other than the San Gregoro-tHoszn trend are known to intersect
the San Andreas fault zone, the difTerence betwesn the true San
Andreas basement offset (having remnoved the San Gregono-
Hosgri component) and the pest-Oligacene San Andreas right=
slip inusi be a measure of Azht-slip on a pre=Oligocyne proto=
San Andreas fault roughly coincident in eeniral California with

tbe traze of the “modern™ San Aadreas fault zene (figure 9).
Proto-San Andreas nght=slip thus aimdunts 1o 175/85 hin max-

imum/minimum.

The timing of movemsnt on such a proto-San Andreas fault
bas been discussed elsewhere (e.g., Dizkinson and others, 1972:
Nilsen and Lirk, 1975), butat must certainly be pre-Ecione to
bonor the Butano-Point of Rocks cross-fault tie (Clark and
Nilsen, 1973). An intra-Paleocene age 15 suzgested by uncon-
formab's relations in nearby areds (Graham, 19762, b). Signifie
cantly, however, consideration ¢f nghtslip on the Sao
€ eporio-Hosgr fault trend reduced by at least a third and

. pavhaps by two-thirds the apparent nghtslip on the proto-San
Andreas fault were the San Gregono-Hosgn trend not consid-
ered. Furtiiermore, if Sierran basement cast of vhe San Andreas
fault underliss Tertuary bavin fill (quened, doitad line 1n figure
9) northwest of iis outerep limit, and if Bodera Head west of the
fault is close 1o the northern bimit of Salinian basement, restora-
tion of Neogene San Gregona-Hosgriand San Andreag nsht-shp
accounts for 2il basemant szparation. In those extreme condi-
tions, a proto-San Andreas fault coincident with the modern San
Andreas fault in central California is withaut suppoit.

The right-slip history of the San Andreas fault is conveniently
displayed in a time-versus-displacemient §rarh (figure 10).
Cunve A, Mipure 10,18 the San Andreas fault tme-disprecement
curve of Dichanson and others (1972) and Nibsen and Link
(1974), motifisd 10 accordance with a Miovene-Thocene
toundary near § MY BP. (sce Geaham, 197¢a, for further
discussion). The cuneclontly Jhiows the two-iage nature of the
histary of the San Andreas ot The dottad meadification of the
San Andicas curve pooe 1o 60 MY B P, represents the eflect of
disrey anting San Grepano-Hovgn neht-shy, while the sohlid
cune contiders San Geeyone-tlesgn nght-ship and hence s the
spue™ S Andreo time-daplaceiuent cuneg

Cuinve I, Vipure 10, reprovents the history of 1elatise move-
gent betneen the Pacific and Nonth Amencan plates (Alwater
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FIGURZ 9.  [A) Restoration of Neagene right=ilip en the San Angreas fault
olone, ond (B] on the Sen Ancireas foult pivs San Gregerio=Hesgri foult
hend. Remaining oHset of grenitic basement not ocrounted tor by Neo-
gene Sen Andreos and San Gregorio-Hosgri right=slip mcy be o meas:
te of tight=siip en o pioto~-San Andreas lavit.

and Molnar, 1973). Within the limits of uncertainty inkerent in
both curves, it is appareat that most movement petween the (w0
plates has been accomplished solely by the San Andreas tault for
at least the past six million ysars, between that ume and the early
Miacene, the two curves diverge, but most of the plate motion
can be distnbutad between the Sa Andreas and Sen Gregono-
Hosgn faults. The latterts probably best regarded as an oihhore
strand of the former, and 25 such, probabiy absorted 3 large
proportion of the relutive metion between the Pasitic and Nornth

American plates prior to Pliocene time.

These data thus constitute a comproniise between twe extreme
views of the evolution of the San Ancreas fagit: a two=stage
proto-San Andreas hustory (e g., Suppe. 1970). and 2 single~
dage history inveiving Neey ane slicing and eatension of Salinian
basemeat via the San Andeeas fault and a system of alliad o 173
(Johason and Normark, 1474). Qur consideranon ol the San
Girepono-Hosven fault tend indicates that there was an epim e

of proto-San Andreas niht -slip, albert considerably more e

est than previously suppeead, In sddition, however, the San

Andreas fault cleatly i the major camponent 1n 3 larger IncO-

gene to revent San Andieas fault sysiem of which the San Gree

gond Mg fault tead o5 a pant, The proto-San Andicas

prpht-stip episonts may has e entailed an extensine fo bl sy ntem

analogous to the Nevgene Lan Andreas system, as suggented Ly
B-8
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fIGURE 10.  Time-offset curves. (A) San Andreos foult ¢
boundary ot obout 5
plotes. See text for discwvinion.

the early Tertiary continental borderland configuration (Nilsen
end Clarke, 1975), but the details of such 3 cystem remain
uncertain, The proto-San Ancreas fault system possioly was the
structural resolution of early Tersiary obhgue subduction, rather
than a transform faultsystem Like 112 modem San Andieas fault
system. This inference 1s comy atinle with reconstructions show-
ing late Cretaceous—early Tertiary ohlique convergence hotween
the Farallon and North Amencan plates (Coney, 10 press).

Atwater, T, end Melnar, P, 19%° Relative motion of the Pocific ond North
Ameticon plotes deduted from reo-lioor spreading in the Atlontic, in-
dion, ond Sevth Poe lic aceans, in Kovoch, R L., and Mur, Amos, editor,
Proceedingt of the Lanlerence on tectonic probiemy of the Son Anoreot
fault aystem; Stusford Univernty Publicationt, Geologicnl Science, v. 13,
p. 136148,

Blode, M C., Ju, Partow, LA, tarzell, VA, Ji., Schlocher, L., Soro, Denni,
Wentwpeth, C M, und
Marin ond Sun Francice Counties on. ports of Alameda, €
ond Sonama Countaey, Coliformion V 5
field Studien Map MI-AT4,

Wight, R M, 1574 Preliminary gec'cgc mop of
enva Cosle,
. Geologisal Survey Macelioneous

Bowen, O.0 1785, Chatigraphy, shuclure and oil poviibulities in Monterey
lom.a. Amencon Avociotion of Petrelevm

Symporium ol pupers, p.

ond Lalinay quodiun ey, Coli
Cuesiogity, Fotil
4f?,

Section, onnval meehing,

Beshd, L1,
Montoing, Colitora U5 Geolugeol Surver, tavic Dota Contrhution
6, SonTiontinn boy begon [nsvonment oad Ferovicen flanming Sivdy.

1920, Prelninary geolonic map of the centiol Santa Crux

urve (Dickinsan ond others,
MYE? and to display the etfect of Son Gregorio-Hasgri faull zone righ

AGE (MYBP)

1972; Milsen and Link, 197'5) modilied in occord with o Miscene-Pliocene
1-slip; {€) Relative mation of the Pocific and North Amencen
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