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ABSTRACT

Geophysical data and sea floor samples collected from the conti-
nental shelf and slope between ANo Nuevo Point and Point Sur, California
indicate that the Monterey Bay region has had a complex late Cenozoic
tectonic history. Uplift and depression have produced a succession of
regressive and transgressive sedimentary units, while contemporaneous
right-slip along faults of the San Andreas system have offset major
structural and lithologic elements. This deformation produced three
regional and several local unconformities within upper Tertiary rocks
and initiated development of a canyon system that today includes the
Monterey, Ascension, Carmel, and other large submarine canyons.

The Tertiary stratigraphy of the offshore Monterey Bay area is divi-
ded into two provinces by a major structural boundary, the north-trending
Palo Colorado-San Gregorio fault zone. East of this zone in the offshore
are four seismically distinct sequences that can be correlated with major
sequences onshore. These sequences comprise (1) pre-Tertiary basement,
and (2) middle Miocene, (3) upper Miocene to Pliocene, and (4) upper
Pliocene to Holocene sedimentary intervals. Each of the latter three
sequences is bounded by unconformities, as is its counterpart on land.
Only Neogene sedimentary rocks are present offshore; Paleogene units,
if originally present, have been removed completely by pre-middle Miocene
erosion.

An extensive erosional surface was cut during Zemorrian time into
the late Mesozoic granitic basement rocks. Incised into this surface
are the ancestral Monterey Canyon and an unnamed canyon. Marine sedi-

mentary rocks of upper Miocene and Pliocene age overlie this unconformity

xiii



and fill the unnamed canyon. Similar rocks also may have once filled
Monterey Canyon. Near shore these strata are covered by terrestrial
alluvial and eolian deposits, deltaic deposits, marine canyon fill,
landslide and slump deposits, and unconsolidated sediments that range
in age from upper Pliocene to Holocene. Monterey Canyon appears to
have been filled and exhumed at least twice since its inception in
Oligocene time, once in late Miocene and once in Pleistocene time.

Three major seismic stratigraphic units are apparent in continuous
seismic reflection profiles from the offshore area west of the Palo
Colorado-San Gregorio fault zone. These are (1) acoustical basement,
and (2) middle Tertiary and (3) late Tertiary to Quaternary sedimentary
intervals. Acoustical basement comprises Cretaceous to early Tertiary
sedimentary rocks, Mesozoic or older metamorphic rocks, and Cretaceous
or Jurassic rocks of the Franciscan assemblage. The middle Tertiary
sequence consists of sedimentary rocks of questionable Miocene age. The
late Tertiary to Quaternary sequence is composed of Pliocene sedimentary
rocks and unconsolidated marine sediments, and submarine landslide and
slump deposits.

Seismic reflection surveys indicate two major, intersecting, north-
west-trending fault zones to be present in the offshore Monterey Bay area.
The Palo Colorado-San Gregorio fault zone may be more than 200 km long;
it is narrow (approximately 3 km wide) and is represented in most places
by one or two faults. This zone appears to connect with faults mapped on
land near ANo Nuevo Point and Point Sur. The Monterey Bay fault zone,
located in the area between Santa Cruz and Monterey, is a diffuse 2zone,

approximately 10 to 15 km wide, of en echelon faults. Faults within this

xiv



zone appear to connect with faults on land near Monterey, and the zone
appears to be truncated by the Palo Colorado-San Gregorio fault zone west
of Santa Cruz.

Locations of more than 110 earthquakes (1968-1976) show that the
newly mapped fault zones in Monterey Bay are seismically active. Epicenters
in the bay form two clusters, one at the intersection of the Monterey Bay
and Palo Colorado-San Gregorio fault zones, and the other in a linear belt
that trends northwest along the Palo Colorado-San Gregorio fault zone.
Faults within the Monterey Bay fault zone parallel the San Andreas fault,
and fault-plane solutions of two earthquakes in this fault zone indicate
right-lateral, strike-slip displacement, similar in sense to the San Andreas
fault. Fault-plane solutions of six earthquakes associated with the
Palo Colorado-San Gregorio fault zone also indicate right-slip. The
Palo Colorado-San Gregorio fault zone parallels the Hayward fault and
resembles that fault in length, seismicity, and sense of movement. Moreover,
both faults appear to intersect the San Andreas fault, at the same angle,
the Hayward fault at its south end and the Palo Colorado-San Gregorio
fault at its north end.

Recent earthquake activity on the Palo Colorado-San Gregorio and
Monterey Bay fault zones probably reflects stress release along the
San Andreas fault system, of which these zones are considered a part.
Displacement along faults within these fault zones and along the newly
named Ascension fault also may explain the apparent discrepancy in total
offset along the San Andreas fault system in central and southern California.
Right-slip within these fault zones has slivered the Salinian block, pro-

ducing a serrated western margin for the block. This serrated margin

Xv



was fragmented as the Salinian block was displaced northwestward along

the San Andreas fault; tectonic slivers were pushed ahead of the block or
were carried along at its seaward margin. A model for the tectonic
slivering and elongation of the Salinian block is proposed on the basis

of the sense of movement and patterns of faulting observed in the central
part of the block, in the Monterey Bay region. Right-slip along the

Palo Colorado-San Gregorio fault zone and older (pre-Pliocene) Ascension
fault probably has offset the lower part of Monterey Canyon almost con-
tinuously for the past 20 m.y. The displaced segments of the lower canyon
were exhumed during Pleistocene time, and are represented today by Pioneer
and Ascension canyons. The present distance between Pioneer and Monterey
canyons, 110 km, is a measure of offset along these faults since middle
Miocene time. Strike-slip faulting also may explain the presence of sub-
marine canyons elsewhere that head well offshore, on the outer shelf and

inner slope.

xvi



CHAPTER I

INTRODUCTION

The Monterey Bay area of central California encompasses a geologically
complex part of the continental margin of North America, the California
Coast Ranges Province (Fig. 1). Interest and knowledge of the onshore
geology of this area have increased significantly over the past decade due
to detailed mapping and the recasting of the Tertiary tectonic history of
the area in light of plate tectonic concepts (McKenzie and Parker, 1967;
Morgan, 1968; Atwater, 1970; Atwater and Molnar, 1973). However, inter-
pretation of margin history has been hampered by the lack of detailed
knowledge of offshore geology and structure with most onshore geologic
contacts ending abruptly at the strandline of Monterey Bay =-- a character-
istic common to most geologic maps of the world's coastlines. The princi-
pal aim of this study is to make a thorough marine geologic exploration of
the Monterey Bay area using modern geophysical and geologic tools and
methods, and to integrate the data gathered with evidence from onshore
geologic studies, ultimately producing a synthesis of the Tertiary evolu-
tion of this portion of the Pacific margin with a special focus on faulting
and tectonic history.

Geologic hazards related to structure, lithology and present tectonic
environment have important consequences for development in the rapidly
urbanizing region surrounding Monterey Bay. Consequently, these hazards
are stressed in this report, particularly those in offshore areas that

have previously received little attention.
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REGIONAL SETTING

The area of investigation is located within latitudes 36015'N to
37015'N and longitudes 121°15'w to 123°30'w, encompassing over 2,700 kmz.
It extends from Ano Nuevo Point southward along the central California
coast to Point Sur, and from the shoreline seaward nearly to the base
of the continental slope, an average distance of about 40 km (Fig. 1).
Detailed marine geophysical surveys were focused in Monterey Bay, but
studies in less detail were extended onto the adjoining shelf and slope
(Fig. 2).

Monterey Bay is a nearly crescentic bay that lies along the central
California coast approximately 115 km south of San Francisco (Fig. 1).
It is a large embayment along an otherwise straight coastline, and its
mouth measures 37 km in width between Point Santa Cruz and Point Pinos.
The towns of Santa Cruz and Monterey are located on the bay's north
and south shores, and Moss Landing is positioned approximately in the
middle of the east shore (Fig. 1).

Topography is varied along the coast between Aho Nuevo Point and
Point Sur. Steep bluffs with flat-topped terraces interspersed with
sandy pocket beaches are characteristic of the coastal region from Sogquel
Point northward to Ano Nuevo Point. From Soquel Point southward almost
to Moss Landing, cliffs fronted by sandy beaches are prevalent. Broad
sandy beaches backed by large dune fields stretch southward in an
unbroken line from Moss Landing to the rocky headland of the Monterey
Peninsula, and from this point southward to Point Sur steep, rocky cliffs

predominate.



Low to high relief mountain ranges and broad, flat-floored valleys
are prevalent farther inland. The Santa Cruz and Gabilan mountain ranges
dominate the topography in the northern and central half of the region.
Two major rivers enter Monterey Bay from these highlands through well
defined valleys. The San Lorenzo River enters Monterey Bay at the town
of Santa Cruz, and the Pajaroc River empties into the bay 6 km north of
Moss Landing (Fig. 1l). Elkhorn Slough, an old river estuary that today
is represented only by tidal salt marshes, extends inland from Moss Landing
for more than 10 km. The broad, extensive Salinas Valley and the northern
Santa Lucia Range are the dominant topographic features in the southern
half of the region. The Salinas River is the major drainage system in
the region and empties into Monterey Bay 8 km south of Moss Landing. South
of Monterey, the west flank of the Santa Lucia Range drops abruptly into
the ocean. The valley of the Carmel River, which empties into the Pacific
Ocean in Carmel Bay, and the Little Sur River, which enters the ocean
6.5 km north of Point Sur, are major topographic features in the southern

part of the region (Fig. 1).

SUBMARINE PHYSIOGRAPHY
The undersea topography of the Monterey Bay region is as diverse
and perhaps even more spectacular than that onshore. The submarine
canyon system that comprises Monterey submarine canyon, sea valley, and
fan dominates the submarine topography, exhibiting much greater relief
than similar features onshore (Pl. 1). This canyon was first described
by Davidson (1897, p. 75), who noted that "... at Monterey Bay there is

a complete breaking down of the Coast Ranges for 25 miles, with the




mountains receding well inland. 1Into this broad and deep bight heads
the finest of submerged valleys."

Monterey Canyon cuts deeply into the flat shelf of Monterey Bay,
heading less than 2 km seaward of the mouth of Elkhorn Slough and
extending westward for over 90 km, bisecting the bay along its trend
(P1. 1). It is one of the world's largest submarine canyons with
reépect to width, depth, and length and its overall dimensions are
comparable to those of the Grand Canyon of the Colorado River (Martin,
1964; Shepard and Dill, 1966). The walls of Monterey Canyon increase
progressively in height with increasing water depth. Their greatest
relief, nearly 1830 m, is at the intersection with Carmel Canyon approxi-
mately 10 km northwest of Point Pinos, where the axial depth is about
1920 m. At this point the distance between the opposing rims of the
canyon is more than 20 km (Shepard and Dill, 1966).

Locally Monterey Canyon meanders, and two oxbow-type bends are incised
in the shelf of Monterey Bay (Pl. 2). In addition, Monterey Canyon is
joined by three major tributaries, Ascension, Soquel, and Carmel Canyons.
Ascension Canyon is cut into the continental slope about 35 km northwest
of Santa Cruz. Several of the nine branches composing its head cut the
edge of the continental shelf; it intersects Monterey sea valley at a
depth of 3290 m. Sogquel Canyon is located on the northern shelf of
Monterey Bay and joins Monterey Canyon about 18 km seaward of its head
at a depth of 915 m. Carmel Canyon has its head only 30 m west of
Monastery Beach at the mouth of San Jose Creek. It intersects Monterey
Canyon approximately 30 km down-canyon at a depth of 335 m. Soquel and

Carmel Canyons steepen in gradient as they approach Monterey Canyon,



and appear to represent hanging valleys (Shepard and Dill, 1966, p. 84).
Monterey Canyon and its tributaries are characterized by V-shaped cross
sections with steep walls and narrow floors.

Elsewhere in this region the sea floor mostly comprises the flat
continental shelf aﬁd gently dipping continental slope. 1In the south-
west part of the study area a small, unnamed seaknoll projects approxi-

mately 320 m above the surface of the continental slope.

PREVIOUS WORK

Previous marine geological and geophysical investigations of the
Monterey Bay region have been of a reconnaissance nature (e.g., Sheparad
and Emery, 1941; Shepard, 1948; Martin, 1964 Curray, 1965, 1966; Rusnak,
1966; Martin and Emery, 1967; Hoskins and Griffiths, 1971; and Silver
and others, 1971). These reports discuss the geology of the Monterey Bay
area as a part of more extensive investigations of the central California
continental shelf, but do not describe the structure and stratigraphy of
the Monterey Bay region in detail.

Martin (1964) compiled a geologic map of Monterey based on detailed
bathymetry and geologic samples. Dohrenwend (1971) and Ellsworth (1971)
used detailed bathymetry and seismic reflection profiles to describe the
geology of the continental shelf between Point Sur and Cypress Point, and
Frydenlund (1974) reports on the structural geology off 2ho Nuevo Point.
Studies of Quaternary sediments in the bay have been made by Galliher
(1932), Dorman (1968), Yancey (1968), Wolf (1970), Malone (1970), and Arnal
and others (1974). Gravity studies are reported for the shelf areas between
Ano Nuevo Point and Point Sur by Souto (1973), Brooks (1973), Cronyn (1973),

Spikes (1973), and Woodson (1973). Zardeskas (1971) and Simpson (1972)



reported on bathymetric and geologic investigations of Carmel Bay. A
bottom photographic survey of Monterey and Carmel canyons was made by
Jensen (1976).

Published reports concerning the onshore geology of the Monterey Bay
region are numerous. The first studies were done by Johnson (1855), Beal
(1915), Trask (1926), Woodring (1938), and Allen (1946). Page (1966;
1970a, b), Compton (1966), Christensen (1966), Clark, J, C. (1966; 1970a, b,),
Bowen (1969), Durham (1970; 1974), Clark and others (1974), Dupré (1975),
and Tinsley (1275) contributed to the stratigraphic knowledge of the region.
Geologic compilations for the region are by Jennings and Strand (1958),
Jennings and Burnett (196l1), California State Department of Water Resources
(1970), and Brabb (1970). Studies focused on the geologic structures on-
shore have been made by Clark, B. L. (1930), Fairborn (1963), Sieck (1964),
Durham (1965), Page (1970a, b), Burford (1971), Gilbert (1971), Griggs
(1973), Ross and Brabb (1972), Clark and Rietman (1973), and Graham (1976).
In contrast, little has been reported on geological hazards in this region.
Exceptions include reports by Greene (1970) and Greene and others (1973) on
subsea hazards such as seismicity, active faults, and submarine slumps and
landslides, and by Tinsley (1975) and Hall and others (1974) on on-land
hazards. A number of unpublished reports on environmental geology have

been submitted to city and county governments.

METHODS AND PROCEDURES
Continuous seismic reflection profiling was the principal method
used in this investigation of the offshore Monterey Bay region. Supple-
mentary data were obtained from magnetic and bathymetric records and from

sea floor bedrock and sediment samples collected during the course of

this study.



Seismic Reflection

Four continuous seismic reflection systems were used for this study;
these were a 160 and an 80 kj (kilojoule) low resolution-deep penetration
"Sparker", a 26 kj, moderate resolution-intermediate penetration "Sparker",
and a 0.6 kj high resolution-shallow penetration "mini-Sparker". Opera-
tional details and specifications of each of these systems are described
in Appendix I. The 0.6 and 26 kj seismic reflection data were recorded
simultaneously during cruises of the U.S. Geological Survey's research
vessel POLARIS in 1969 and 1970. The 80 kj and 160 kj data were collected
during 1969 and 1972 cruises, respectively, aboard the Navy Oceanographic

Office's research vessel BARTLETT.

Magnetics
A marine proton precession magnetometer was used to measure the
earth's total magnetic field in the Monterey Bay area. The raw analog
data were reduced and digitized for computer processing and separation
of the regional field. Details and specifications of equipment are given

in Appendix I.

Bathymetry

Bathymetric data were collected continuously along all survey lines
using a 3.5 kHz (kilohertz) fathometer profiling system. These data were

used to construct bathymetric base maps and physiographic diagrams.




Bottom Samples

Bedrock and sediment samples were collected from canyon walls and
slopes principally by dredging (Fig. 8). Several gravity cores of uncon-
solidated sediment were taken in Monterey Canyon, and three submersible
dives were made to directly observe and collect data in situ from Monterey
Canyon. In addition, several vibra-cores were taken from the shallow
shelf areas of the bay. Details of these bottom sampling operations are
given in Appendix I.

Except for samples obtained during the submersible dives, most
geologic samples from Monterey Bay were collected during cruises of
Stanford University's research vessel PROTEUS between 1969 and 1971.

Some dredge samples from the continental slope were obtained during
a 1969 cruise of the R/V BARTLETT, and the vibra-cores were collected
by R. A. Andrews of the Naval Postgraduate School aboard the R/V OCEANEER

in 1970.

Navigation
Geophysical data were collected along approximately 3,200 km of
track line (Fig. 2). Several methods of navigation were used to locate
the survey vessels during the collection of geophysical and geological
data; these methods included high precision radar (both land based and
shipboard), loran, satellite navigation, and visual sitings. The position
accuracy and specifications of equipment used for positioning are described

in Appendix I.
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GEOLOGIC STRUCTURE AND STRATIGRAPHY
OF THE MONTEREY BAY REGION

Structure and stratigraphy of the Monterey Bay region are complex.
The major structures trend northwest-southeast, and secondary structures
are oriented east-west. Early Tertiary through Holocene sedimentary
rocks with a composite thickness of more than 10,000 m overlie a granitic

basement terrane in this region.

Tectonic Setting

The Monterey Bay region is located on a major structural element
known as the Salinian block (Page, 1970a). The Salinian block consists
of continental crust composed principally of Cretaceous granitic rocks
and is flanked on either side by a heterogeneous aggregation of Jurassic
and Cretaceous eugeosynclinal rocks assigned to the Franciscan assemblage.
The northeast and southwest boundaries of this block are formed by the
San Andreas and Sur-Nacimiento fault zones, and it extends from the
Transverse Ranges northward almost 800 km to Cape Mendocino (Page, 1970a;
Silver and others, 1971). The Salinian block is believed to be a mass
of Sierran granitic basement displaced northward during Tertiary time by
movement along the San Andreas fault, with the Sur-Nacimiento fault zone
representing a displaced segment of the boundary between Sierran and

Franciscan basement rocks (Hill and Dibblee, 1953; King, 1959; Page, 1970a).

Structure
Beginning with Lawson in 1914, many geologists have described the
structure of the Coast Ranges in terms of tectonic blocks (Clark and

Rietman, 1973). Likewise the Salinian block in the Monterey Bay region
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was described by Clark (1930) as comprising a series of smaller, elongate,
northwest-trending, uplifted blocks and basins. The basins--Santa Cruz
basin, Salinas graben, and Santa Lucia basin--are separated from each
other by faults and by structural highs known as the Ben Lomond,
Gabilan, and Toro Mountain blocks (Fig. 3). The most northerly

basin delineated in this region by Clark (1930) is the Santa Cruz
basin, a synclinorium in a thick sequence of Tertiary sedimentary

rocks located between the central Santa Cruz Mountains and the northern
Gabilan Range. This basin is separated from the Ben Lomond block to
the southwest by the Ben Lomond fault. Recent evidence from gravity
data tends to confirm Clark's (1930) belief that the Santa Cruz basin
extended southeastward to the San Juan Bautista area during early
Tertiary time (Clark and Rietman, 1973, p. 14). The largest structural
depression of the region, variously termed the Salinas graben (Clark,
1930), Salinas trough (Starke and Howard, 1968), and King City flexure
(Fairborn, 1963), extends from Monterey Bay down the Salinas Valley to
King City, and is bounded on the northeast and southwest by the Gabilan
and Toro Mountain blocks. Southwest of the Toro Mountain block is an
irregular area named the Santa Lucia basin by Clark (1930).

Martin and Emery (1967) divided that part of the Salinian block
underlying the Monterey Bay area into three tectonic blocks: the Gabilan
stable area, the Monterey semi-stable area, and the Monterey graben
(Fig. 3). The Gabilan stable area is bounded on the northeast by the
San Andreas fault, and is separated from the Monterey graben and Monterey
semi-stable area to the southwest by the Gabilan-King City fault of Martin
and Emery (1967). The Monterey graben and Monterey semi-stable area, in

turn, are separated from the central Franciscan area to the west by the
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Carmel Canyon fault, later extended and named the Palo Colorado-San
Gregorio fault by Greene and others (1973), and from each other by the
so-called Monterey fault located in lower Monterey Canyon (Martin and
Emery, 1967).

Based on their petrologic analysis of basement rocks, Ross and Brabb
(1972) have divided the Salinian block in this region into four tectonic
sub-blocks: the Zayante-Vergeles block, Ben Lomond block, Gabilan block,
and the Monterey block (Fig. 3). The Zayante-Vergeles block is bounded
on the northeast by the San Andreas fault, and is separated from the
Ben Lomond and Gabilan blocks to the southwest by the Zayante-Vergeles
fault. The Ben Lomond and Gabilan blocks, in turn, are separated from
each other by the Santa Cruz fault of Ross and Brabb (1972). The ’
Monterey block is bounded on the southwest by the seaward projection of
the Sur-Nacimiento fault zone, and is separated from the Ben Lomond and
Gabilan blocks to the northeast by the northwestward extension of the
King City fault. Clark and Rietman (1973) consider the Ben Lomond and
Gabilan blocks of Clark (1930) to be a single block, terming it the
Ben Lomond-Gabilan block. This block separates the Santa Cruz basin of
Clark (1930) from the San Lucia basin (Fig. 3).

Several basins and basement ridges have been identified in the sub-
merged continental borderland of central California (Curray, 1965, 1966;
Hoskins and Griffiths, 1971; Silver and others, 1971). Two individual
basement ridges are delineated by Silver and others (1971, p. 1-3, Fig. 2).
The outer ridge lies northwest of Monterey Bay and south of the Farallon
Islands. This ridge is thought by Silver and others (1971) to be composed
of rocks of the Franciscan assemblage, and has been mapped as three dis-

tinct segments that are believed to be continuous at depth. Shoreward
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of this ridge is one composed of granitic rocks that crop out as quartz
diorite in the Farallon Islands (Silver and others, 1971, p. 103). 1In
addition, two ridge-like features of middle Miocene or older sedimentary
rocks are shown by Hoskins and Griffiths (1971, p. 217, Fig. 5), who
named them the Santa Cruz and Pigeon Point highs.

The Cretaceous granitic basement rocks of the Salinian block and
overlying Tertiary strata have been offset both horizontally and verti-
cally by many faults that trend southeast from Monterey Bay through the
Santa Lucia Range (Fig. 15). Some faults can be traced for more than
10 km and appear to have controlled the development of such major geo-
morphic features as the Salinas and Palo Colorado valleys, which are
associated with the King City and Palo Colorado faults. The Sur-Naci-
miento fault zone encompasses faults of various kinds and ages in a
belt extending southeastward from Point Sur through the central and
southern Coast Ranges of California (Page, 1970a).

North of Monterey Bay, faults in the Salinian block trend north-
west and offset granitic basement rocks and the overlying Tertiary strata
(Jennings and Burnett, 1961). Several faults, namely the Butano and
Zayante faults, curve to a nearly east-west trend as they approach the
San Gregorio fault zone (Pl. 3). The San Gregorio fault, which extends
on land for nearly 30 km northwest of Ano Nuevo Point, strikes N25°%W
and cuts across the regional structural grain.

Offshore, the granitic basement of the Salinian block "imparts a
rigid block-faulting structural style to the overlying sediments" (Hoskins
and Griffiths, 1971, p. 212). Although on-land faults, in most cases,
have not been traced offshore with precision, their presence is well
known; for example, Curray (1966, p. 342) has observed that sediments
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on the Monterey Bay shelf are displaced by many faults. Martin and
Emery (1967) have described a fault trending northwestward across the
upper axis of the submarine Monterey Canyon and two faults trending
northwestward in Carmel Canyon that appear to join the San Gregorio

and Sur faults.

Stratigraphy

The following stratigraphic summary is a synthesis of published
studies by Beal (1915), Bowen (1969), California State Department of
Water Resources (1970), Clark and Rietman (1973), and Clark and others
(1974). Composite sections representing the stratigraphy of Tertiary
rocks in the central Santa Cruz Mountains and the northern Gabilan Range,
and of Cenozoic rocks in the upper Salinas Valley and northern Santa Lucia
Range, are included as figures 4, 5, and 6. The areal distribution of
these rocks is shown on the geologic map (Pl. 3). The Tertiary strati-
graphy of the central Santa Cruz Mountains and the northern Santa Lucia
Range is here described in terms of discrete stratigraphic sequences
separated by unconformities, following the practice of Clark and Rietman
(1973). Basement rocks in the Monterey Bay region include Paleozoic
metasediments and Cretaceous granitic rocks of Ben Lomond Mountain, Paleo-
zoic metamorphic rocks of the Sur Series of Trask (1926) in the Santa
Lucia Range, and the Mesozoic Santa Lucia granodiorite in the northern
Santa Lucia Range and Monterey Peninsula. Cenozoic rocks appear to
overlie the basement complex with unconformity throughout the area extend-
ing from the Santa Cruz Mountains southward to the Santa Lucia Range, and
from the San Andreas fault westward to the Palo Colorado-San Gregorio

fault zone. Cenozoic rocks of the Monterey Bay region range in age from
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Paleocene to Holocene. The section is nearly 7,320 m thick in the central
Santa Cruz Mountains, but thins southward to about 3,050 m in the northern
Gabilan Range and about 2,745 m in the Monterey Bay area and northern ’
Santa Lucia Range. The Cenozoic sediments in the upper Salinas Valley
may be nearly 6,100 m thick. Cenozoic stratigraphic section in the latter
areas is nowhere continuous and is interrupted by three major unconformi-

ties, one of which represents a lengthy hiatus.

Paleocene Sequence
Fine-grained Paleocene sedimentary rocks assigned to the Locatelli
Formation of Cummings, Touring and Brabb (1962) are approximately 275 m
thick in the central Santa Cruz Mountains, where they unconformably over-
lie crystalline basement rocks. In the northern Santa Lucia Range, the
Paleocene Carmelo Formation consists of more than 365 m of sandstone and
conglomerate that unconformably overlie granitic basement. Paleocene

strata are missing in the northern Gabilan Range.

Eocene to Lower Miocene Sequence

Eocene to lower Miocene strata are more than 4,880 m thick in the
central Santa Cruz Mountains and nearly 2,650 m thick in the northern
Gabilan Range. The sequence in the central Santa Cruz Mountains is assigned
to the Eocene Butano Sandstone, Eocene-to-Oligocene San Lorenzo Formation,
Oligocene Zayante Sandstone, Oligocene to lower Miocene Vaqueros Sandstone,
and lower Miocene Lambert Shale (Fig. 4).

The Eocene to lower Miocene sequence in the northern Gabilan Range is
represented by the Eocene-to-Oligocene San Juan Bautista Formation of Kerr
and Schenck (1925), Oligocene Pinecate Formation of Kerr and Schenck (1925),

and an unnamed lower Miocene unit of sandstone and volcanic rocks. Throughout
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much of the Monterey Bay region, including the upper Salinas Valley area
and the northern Santa Lucia Range, the Eocene to lower Miocene sequence
is absent, leaving a large hiatus that extends from the Penutian (lower
Eocene) through Saucesian (lower Miocene) foraminiferal stages of Kleinpell

(1938) and Mallory (1959).

Middle Miocene Sequence

Approximately 975 m of middle Miocene sedimentary rocks are found in
the central Santa Cruz Mountains and are assigned to the Lompico Sand-
stone of Clark (1966) and the Monterey Formation. These two formations
are in conformable contact. Monterey strata throughout the Santa Cruz
Mountains are unconformably overlain by the Santa Margarita Sandstone
and the hiatus between them appears to encompass most of the Mohnian Stage
of Kleinpell (1938) (J. C. Clark, oral commun., 1973).

The middle Miocene sequence in the upper Salinas Valley and northern
Santa Lucia Range is approximately 1,265 m thick and is composed of the
Red Beds of Robinson Canyon, marine sandstones of the Temblor Formation
of Trask (1926), and the Monterey Formation. These formations are in con-
formable contact. The contact between the Monterey Formation and the over-
lying Santa Margarita Formation of upper Miocene age appears conformable
in outcrop, but may be an unconformity in the subsurface (T. W. Dibblee,
oral commun., 1974). Middle Miocene rocks appear to be absent in the
northern Gabilan Range.

Middle Miocene strata of the Monterey Bay area reflect a northwest to
southeast marine transgression (Fig. 7). Near Davenport, the Monterey
Formation and the Lompico Sandstone of Clark (1966) are late Relizian in

age and overlie an erosional surface on basement. The Monterey Formation
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near Scotts Valley is younger (Luisian), and toward the Monterey Peninsula,
in the type Monterey area, the Lompico Sandstone lenses out and Monterey
strata are younger still (Mohnian-Delmontian of Kleinpell, 1938). 1In
addition, the contact between the Monterey Formation and the overlying
Santa Margarita, which is an unconformity in the Santa Cruz Mountains,

appears conformable in the Monterey area (J. C. Clark, oral commun., 1973).

Upper Miocene-to-Pliocene Sequence

The upper Miocene-to-Pliocene sequence in the central Santa Cruz
Mountains is more than 1,065 m thick, and consists of the upper Miocene
Santa Margarita Sandstone, upper Miocene-to-lower Pliocene Santa Cruz
Mudstone of Clark (1966), and the Pliocene Purisima Formation. These
units are in mutually conformable contact. Upper Miocene strata are
locally absent to the south, and this sequence is represented by 610 m
of strata belonging to the Pliocene Purisima Formation in the northern
Gabilan Range and by about 490 m of sedimentary rocks of the upper Miocene
Santa Margarita and the Pliocene-to-lower Pleistocene Paso Robles Forma-
tions in the northern Santa Lucié Range. However, the Pliocene Purisima
Formation may be as much as 3,050 m thick and the Pliocene-to-lower
Pleistocene Paso Robles Formation as much as 760 m thick in the subsurface
of the adjacent Salinas Valley.

Upper Miocene-to-Pliocene strata, like the middle Miocene sequence,
are time transgressive from northwest to southeast, and undergo several
facies changes (Fig. 7). Near Davenport, the Luisian is missing as is
the Pliocene Purisima Formation of Delmontian or younger age. The Plio-
cene Purisima Formation laps onto the Santa Cruz Mudstone in the southern

part of the Santa Cruz Mountains and locally, in the Santa Cruz area, the

23



contact between these two formations is unconformable. In the Monterey
area, the Paso Robles Formation probably lies unconformably on strata
of the Monterey and, locally, on the Santa Margarita Formation (J. C.

Clark, oral commun., 1973).

Pleistocene-to~Holocene Sequence

The Pleistocene is represented in the central Santa Cruz Mountains
by marine terrace deposits that are exposed along the coast. Pleisto-
cene deposits are composed mostly of Aromas Sand and are 305 m thick in
the upper Salinas Valley, 245 m thick in the Monterey area, and are also
present in the northern Gabilan Range. The Aromas Sand is mostly eolian
deposits that depositionally overlie the Paso Robles Formation and locally
rest unconformably (?) on the Purisima Formation. Pleistocene sediments
in the Santa Cruz to Monterey lowland area comprise some 395 m of valley
fill deposits, marine and valley terrace deposits, older alluvium, and
older sand dunes, and in the northern Santa Lucia Range consist mostly
of older alluvium and marine terrace deposits.

Holocene deposits in the Monterey Bay region consist principally of

sand dunes, flood-plain deposits, alluvium, and landslide deposits.
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CHAPTER II

AGE AND CHARACTER OF ROCKS IN THE OFFSHORE MONTEREY BAY REGION

INTRODUCTION

Galliher (1932, Pl. III) was the first to construct a map showing
the locations and lithologies of rock outcrops and the distribution
of Holocene sediment in Monterey Bay. He dredged granitic rock from
the south wall of Monterey Canyon and the north wall of Carmel Canyon
and collected granitic rock samples from the shelf of Monterey Bay near
Point Pinos. 1In addition, Galliher (1932) collected shale of the middle
Miocene Monterey Formation from exposures in shallow water at the south
end of Monterey Harbor. Shepard and Emery (1941) and Martin (1964)
dredged granodiorite from the south wall of Monterey Canyon and the head
of Carmel Canyon, and upper Pliocene sedimentary rocks from the north wall
of Monterey Canyon. Martin (1964) also dredged upper Pliocene sedimentary
rocks from Soquel Canyon and the south wall of Monterey Canyon, and meta-
morphic rocks and middle Miocene sedimentary rocks from the west wall of
Carmel Canyon (Fig. 8).

Sea floor samples for this study were collected from the shelf,
slope and canyon walls in the Monterey Bay region during the period
from 1969 to 1971. Sampling stations were selected using detailed
continuous seismic reflection profiles. In addition, dredging stations
were located so as to sample between the dredging sites from which
Martin (1964) collected samples of unconsolidated rock. Forty-one

dredge hauls, ten vibra-cores, and two gravity cores were collected, and
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Appendix II.
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three submersible dives were made. The locations of samples taken during
this study as well as those taken in previous studies are shown in
Figure 8.

Most dredging for this study was done in Monterey, Soquel, and
Carmel Canyons; however, two successful dredge hauls were made on
the shelf of southern Monterey Bay and one was made on the continental
slope northwest of Santa Cruz (Fig. 8). Several additional dredgings
were made by the writer and J. C. Dohrenwend (1971) on the continental
shelf between Point Lobos and Point Sur, and a single dredge haul was
collected from the unnamed seaknoll located on the continental slope
west of Point Sur.

Distinguishing sea floor samples collected from outcrop from
those that have undergone transport, and consequently are not in
place, is very important in marine geologic studies. This commonly
requires difficult judgements, particularly in the evaluation of
samples from dredge hauls. Criteria established by Emery and Shepard
(1945) and Uchupi and Emery (1963) were used to evaluate all dredge samples
collected during this study. According to these criteria, rock samples
dredged from outcrops generally exhibit some combination of the following
characteristics:

1. Fresh fractures are present.

2. Individual rocks are of large size.

3. Rocks of the same lithology are abundant.

4. Individual rocks display high angularity.

5. Fragile or poorly consolidated rocks are present.

6. Sample collection is accompanied by strong pulls on dredge cable.

7. The dredged outcrop is sufficiently firm to stop progress of ship.
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Consolidated rock was recovered in 30 of the dredge hauls; of these
19 are considered to have been collected from outcrop. The rationale
used in categorizing a sample as having been collected from outcrop
is indicated with the sample description in Appendix II.

Cores were obtained from unconsolidated sediments using a vibrating
corer and a standard Phleger gravity corer. Vibra-coring was carried
out aboard the R/V OCEANEER by Dr. R. A. Andrews of the Naval Postgraduate
School using a device capable of recovering cores 7 cm in diameter, and
as much as 6 m long, from water dépths up to 300 m. A 3 m Phleger corer
was used to obtain the gravity cores in water depths in excess of 300 m.
Vibra-cores were taken where seismic reflection profiles suggested that
penetration of the unconsolidated sediment cover was possible, in an
attempt to recover bedrock (Fig. 8). Only one vibra-core recovered bed-
rock, although two others may have bottomed in bedrock. The core lengths
range from 0.3 m to 6.4 m and have an average length of 4.25 m. Gravity
coring, using a 3 m Phleger corer, was employed in Monterey Canyon where
water depths exceed 300 m, and was focused on two sites at which seismic
reflection profiles suggest slumping.

Three dives were made into Monterey Canyon in the research submer-
sible NEKTON ALPHA to observe the physiography and geological processes
active in the canyon and to collect bedrock samples. NEKTON ALPHA is a
4.5 m long, 2-person submersible capable of operating in water depths as
great as 305 m (Fig. 9). One dive was made to a depth of 230 m in the
head of Monterey Canyon, another was made to a depth of 290 m along the
south wall of the canyon, and the third was made to a depth of 255 m
along the north wall of the canyon (Fig. 8). Each dive yielded about

1.5 hours of sea-floor observations, and on one dive (dive #2), samples
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and northern Gabilan Range are believed to represent metamorphosed sand-
stone, shale, and carbonates deposited in miogeosynclinal environments
(Clark and Rietman, 1973, p. 4). These rocks are assigned a probable
Paleozoic age (Bowen and Gray, 1959). Similarities in lithology and
metamorphic grade suggest that these metasediments are correlative with
the Sur Series of Trask (1926) in the Santa Lucia Range (Clark and Rietman,
1973, p. 5).

Basement rocks comprising the "Monterey mass" of Ross and Brabb
(1972) on the Monterey Peninsula and in the norﬁhern Santa Lucia Range
consist principally of coarse-grained, porphyritic granodiorite having
a modal composition of about 50% sodic plagioclase, 30% quartz, 15 to 20%
biotite. The core of the Santa Lucia Range is composed principally of
medium- to coarse-grained holocrystalline intrusive rocks of the Santa
Lucia quartz diorite of Trask (1926). The quartz diorites of Gabilan Mesa
and the Santa Lucia granodiorites have been assigned potassium-argon ages

of 83.8 and 81.6 m.y., respectively, by Curtis and others (1958, p. 11).

Offshore Samples

Igneous Rocks

Granitic basement rocké were dredged at seven localities (MB-2, 3,
and 26; CB-1, 2, 3 and 5) along the south wall of Monterey Canyon and
the east wall of Carmel Canyon, and at one locality (MB-26) on the shelf
just seaward of Monterey (Fig. 8). These rocks were recovered at or near
their place of outcrop. Granitic rocks recovered at two other localities
were probably transported as clasts. Martin (1964, p. 62) dredged grano-
diorite from the same areas in Monterey Canyon as well as from both sides

of the nearshore reaches of Carmel Canyon (Martin's dredqge locations M-25
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and 27; C-2, 3 and 4).
Most samples (all except MB-26, CB-3 and CB-15) of granitic rocks
taken during this study were analyzed petrologically by D. C. Ross of
the U.S. Geological Survey, who found them to be principally porphyritic
biotite granodiorite and very similar in modal composition to intrusive
rocks of the "Monterey mass" of Ross and Brabb (1972) exposed on the
Monterey Peninsula (Fig. 10). Some samples are coarsely porphyritic
with K-feldspar phenocrysts as large as 20 mm. In contrast, the grani-
tic rocks dredged by Martin (1964) from Monterey Canyon lack the well
developed phenocrysts of orthoclase present in these samples and in
rocks from nearby exposures on land. The rocks described by Martin (1964)
also contain significantly less plagioclase (25% vs. 50%) and more K-feld-
spar (30% vs. 15 to 20%) than typical granodiorites from the "Monterey
mass" of Ross and Brabb (1972). Finer-grained felsic rocks also were
collected together with the coarser-grained "Monterey mass" rocks in the
dredge hauls. These are dike rocks, but could be local variants of the
"Monterey mass" rocks, as could the samples described by Martin (1964).
The granitic rocks collected in Monterey Bay indicate that the por-
phyritic biotite granodiorite of Monterey Peninsula is also the dominant
basement rock type in the adjacent offshore area of Monterey Bay. These
rocks extend in outcrop from the west wall of Carmel Canyon northward along
the south wall of Monterey Canyon, eventually reaching its north wall

just west of Soquel Canyon (Pl. 3).

Metamorphic Rocks
Metamorphic rocks were recovered from only three dredge hauls (MB-5,

CB-2, and LS-5) and all clasts appear to have been transported (Fig. 8).
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Sample MB-5, from the northwest wall of Soquel Canyon, and sample CB-2,
from the eastern tributary to Carmel Canyon, contain a few well rounded
rebbles of gneiss. Sample LS-5, from the Point Lobos-Point Sur shelf,
contains a few fragments of highly altered metasedimentary rock that

are angular and may have undergone little transport (Dohrenwend, 1971).
Metamorphic rock was also dredged by Martin (1964), who recovered quarte-
ite in a -haul (M-31) from the west wall of Carmel Canyon. All of these
metamorphic rocks may have been derived from the pre-Cretaceous Sur Series
of Trask (1926), which is composed principally of schist, quartzite, gneiss,
and crystalline limestone (Trask, 1926, p. 127), and is exposed in the

Santa Lucia Range a short distance southeast of the dredge sites.

Sedimentary Rocks
Most sedimentary rocks collected in the offshore Monterey Bay region
are consolidated to semi-consolidated mudstone, siltstone, sandstone, and
conglomerate derived from the middle Miocene Monterey Formation and Plio-
cene Purisima Formation. A relatively small amount of limestone and dolo-
mite, and some sandstone and conglomerate of undetermined age, also were

recovered from dredge hauls in Monterey Bay.

Rocks of Unknown Association
Dredge haul MF-1, from the east flank of the unnamed seaknoll off
Point Sur (Fig. 8), recovered many subrounded, grey-brown, phosphate-
coated, perforated boulders of dolomite that are unlike other samples
collected in this region. The roundness, absence of fresh surfaces, and
encrustation of all surfaces by marine organisms indicate that these
clasts were not in place. However, the dolomite boulders probably were

not transported far because the seaknoll from which they were taken is
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the highest topographic feature in the area. 1In addition to dolomite,
which makes up 80% of the sample, this haul contained boulders of
medium-grained, yellowish-brown sandstone composed of quartz and meta-
morphic rock fragments, and a few well rounded pebbles of granitic rock.
The dolomite is barren of microfossils. However, it is lithologically
similar to other dolomite samples that occur as interbeds and concretions
in the Monterey and thus may be of Miocene age (J. C. Clark, written
commun., 1975).

Coarse sandstone (sample CB-4) was dredged from the eastern tributary
to Carmel Canyon, and conglomerates were collected in dredge hauls CB-4
and 5, located on the western head of the western tributary to Carmel
Canyon (Fig. 8). Both samples are barren of fossils and their age is
indeterminate. The sandstone appears in thin section to consist of
angular fragments of siltstone, quartz, and plagioclase feldspar. Most
of the siltstone fragments are fractured and sheared, suggesting deri-
vation from a fault zone. The conglomerate clasts are principally rounded
quartz, chert, lithic fragments, and granitic rock pebbles in a coarse
sand matrix cemented by sparry calcite. These samples appear to have
been collected near their place of outcrop (App. II), and may be from
Cretaceous or lower Tertiary strata, since rocks of this age and of simi-

lar character crop out nearby on shore.

MIDDLE MIOCENE MONTEREY FORMATION
General
The Monterey Formation, where it is exposed on land in the Monterey
Bay region, consists of rhythmically bedded, organic mudstone, diatomaceous

and siliceous shale and sandstone, and thinly layered chert (Galliher, 1930;
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Cummings, Touring and Brabb, 1962). Bentonite and dolomite are inter-
bedded with the formation in the Felton-Santa Cruz area. The Monterey
Formation has a maximum thickness of about 820 m in the Santa Cruz area.
Here it locally underlies the Santa Margarita Sandstone with unconformity
and the Lompico Sandstone with conformity. Monterey strata exposed in

the Felton-Santa Cruz area are assigned to the late Relizian and Luisian
foraminiferal stages (Clark, 1966, p. 97-99). Monterey strata exposed

in the type area of the unit near Monterey are 965 m thick and have been
assigned to the Luisian, Mohnian and Delmontian stages (Galliher, 1930;
Kleinpell, 1938). The Monterey Formation on the Monterey Peninsula uncon-

formably overlies granodioritic basement rocks.

Offshore Samples

Three dredged samples, SC-1, MB-4, and LS-7, and one vibra-core, MBC-9,
contain Monterey-like rocks of probable middle Miocene age. These samples
are widely spaced; SC~1 is from the slope northwest of Santa Cruz, MB-4
is from the south wall of Monterey Canyon, LS-7 is from the central part
of the Point lobos-Point Sur shelf, and MCB-9 is from the shelf of southern
Monterey Bay near Monterey (Fig. 8). The samples are lithologically dis-
similar. Sample SC-1 contains subangular to subrounded, cobble-sized clasts
of yellowish-grey to light olive-grey limestone and siliceous siltstone
that were dredged from or near their outcrop (App. II). This sample is
barren of age-diagnostic fossils but is believed to be middle Miocene in
age, as it resembles rock types common in Relizian strata in exposures
of the Monterey Formation onshore (Kleinpell, 1938, p. 119). However,
limestone is also common in the pre-Cretaceous Sur Series of Trask (1926);

thus a pre-Cretaceous age cannot be ruled out (Martin, 1964, p. 61).
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Sample MB-4 is mostly coarse-grained granitic or arkosic sandstone.
This sandstone appears in thin section to be composed of fragments of
silicic volcanic and granitic rocks, microcline, and fresh and altered
plagioclase, and is ceﬁented by sparry calcite. The sample resembles
Santa Margarita Sandstone in the Santa Cruz Mountains, but because of
its proximity to exposures of the Monterey Peninsula, it is more likely
to be from the basal sandstone member of the Monterey Formation (J. C.
Clark, oral commun., 1974). BAbout 5% of sample MB-4 is composed of semi-
consolidated, grey, fossiliferous siltstone that 4id not vield age-diag-
nostic fossils. Most mineral grains in this siltstone are too small to
identify in thin section, but the larger grains appear to be mostly quartz,
iron(?)-rich opaque minerals, chlorite and biotite, and probable volcanic
and lithic rock fragments. These rocks are petrographically dissimilar
to other late Tertiary rocks collected in thé region. The rocks present
in sample MB-4 probably were not dredged from outcrop; however, their
outcrops probably were nearby as neither rock type had undergone apprecia-
ble transport.

The third sample (LS-7) contains fragments of brown to light-grey,
well-indurated claystone, and silty to sandy claystone and shale dredged
on or near a fault scarp in the south-central Point Lobos-Point Sur shelf
(Fig. 8). Dohrenwend (1971, p. 48) reports the composition of these rocks
to be 5% quartz and feldspar of silt to fine sand size, 5 to 15% marine
microfossils, and 80 to 95% clay matrix. The microfauna examined in thin
section by J. C. Ingle, Jr. include abundant diatoms and a benthonic fora-
miniferal fauna dominated by unidentified species of Bolivina and Bulimina,
strongly suggesting that the dredge sample is from the Monterey Formation.

Furthermore, the presence of a large specimen of Valvulineria, possibly
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V. californica, suggests a Luisian (upper middle Miocene) age for the
rock (Dohrenwend, 1971, p. Al; J. C. Ingle, Jr., written commun., 1973;
note: see description of dredge sample LS-7 in Appendix II for full text of
this written commun.). This sample probably was dredged from outcrop.

The vibra-core sample MBC-9 contains 3.3 m of mud and well sorted
arkosic sand. The lower 0.6 m is olive-green mud containing chert frag-
ments, and the upper 2.4 m is a well sorted, medium-grained, greenish-
white arkosic sand that grades upward into greenish-grey, fine-grained
sand. Several angular, freshly broken, chert fragments in the core catcher
suggest that the corer bottomed in Monterey chert.

Martin (1964) recovered rocks of probable middle Miocene age in four
dredge hauls (S-2, C-5, 11, and M-31) in Soquel and Carmel Canyons. All
but sample S-2 were dated using microfossils. An arkosic sandstone in
the undated sample (S-2) is described as consisting mostly of quartz and
orthoclase, with a minor amount of plagioclase, poorly cemented by a clay
matrix (Martin, 1964, p. 60). This description suggests that the sample
could be from the Santa Margarita Sandstone or from the basal sandstone
of the Monterey Formation. The sample location, the west wall of Soquel
Canyon near the Santa Cruz area where Santa Margarita sandstone is exposed,
suggests that sample S-2 is from the Santa Margarita. The Santa Margarita
Sandstone in the Monterey Bay region is of late Miocene (Mohnian-Delmontian)
age (Clark, 1966, p. 131).

Martin's dredge samples M-31 and C-11 from the west wall of Carmel
Canyon are composed of angular fragments of dark to light brown, banded,
siliceous siltstone that contain radiolarians and diatoms characteristic
of the Monterey Formation. A middle Miocene age is assigned to this

sample by Martin (1964, p. 59) based on the analysis of diatoms.
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A well indurated micrite or micritic skeletal limestone was recovered
in Martin's (1964) dredge haul C-5 located high on the west wall of Carmel
Canyon. Diatoms within the limestone yielded a middle Miocene age.

Dredge samples containing middle Miocene rocks suggest that the Mon-
terey Formation is exposed locally along the south wall of Monterey Canyon,
below the shelf edge in southern Monterey Bay, along both walls of Carmel
Canyon, and on the central part of the Point Lobos-Point Sur shelf. Middle
Miocene rocks may also crop out on the continental slope off Santa Cruz, as
suggested by the seismic reflection profiles discussed in the preceding
section.

PLIOCENE-PLEISTOCENE* PURISIMA FORMATION
General

The Purisima Formation in the northern Santa Cruz Mountains consists
of marine, fine-grained sandstone,shale and conglomerate and has a maximum
thickness of 1,722 m (Cummings, Touring and Brabb, 1962). The formation
has been divided into five major lithologic members:

Tunitas Sandstone Member (youngest)

Lobitos Mudstone Member

San Gregorio Sandstone Member

Pomponio Silty Mudstone and Siltstone Member

Tahana Sandstone and Siltstone Member (oldest)

The Tahana Member forms the basal part of the Purisima Formation, and
consists of greenish-grey, medium- to fine-grained sandstone and siltstone,
and dark grey, silty mudstone, with pebble conglomerate beds at its base.

It has a maximum thickness of 655 m. The sandstones are composed of

* The Purisima Formation may include strata of Pleistocene age based on
recent correlations (Ingle, 1973, p. 956).
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plagioclase and subordinate quartz, with some andesite and, less commonly,
basalt fragments, cuspate shards of volcanic glass, and pumice. Heavy
minerals commonly present are green hornblende, oxyhornblende, enstatite,
hypersthene, biotite, and glaucophane. Calcite and chlorite commonly

fill irregular interstices as secondary cement. Microfossils include
foraminiferas, diatoms, and ostracods. Megafossils commonly present
include echinoderms, barnacles, mollusks, marine vertebrate bones, sponge
spicules, fish fragments, and echinoid spines (Cummings, Touring and
Brabb, 1962, p. 200).

The Pomponio Member consists of alternating beds of medium grey to
white or light grey, hard and soft, silicified mudstone, siltstone, and
porcellanite. The member has a maximum thickness of 700 m. Sandstone
composition is similar to that of the Tahana Member. At the type local=-
ity the member is barren of age diagnostic fossils but in other areas it
contains abundant megafossils and some microfossils similar to those
described for the Tahana Member (Cummings, Touring, and Brabb, 1962, p. 202).

The San Gregorio Member is composed mostly of fine- to coarse-
grained, greenish-grey to light brown, massive sandstone with irregqularly
distributed pebbles of varicolored chert and basic volcanic rocks. It
has a maximum thickness of 137 m. Sandstone composition is similar to
that of the Tahana Member. The San Gregorio Member also contains irregular
calcareous concretions. Megafossils are abundant locally in the upper part
of the member, but few microfossils have been described (Cummings, Touring
and Brabb, 1962, p. 204).

The Lobitos Member consists of massive, dark grey to reddish or yel-
lowish brown, micaceous and silty mudstone that contains fossiliferous

lenses and a distinctive white tuff bed. The member has a maximum thickness
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of 137 m. Sandstone composition is similar to that of the Tahana Member,
except that glass shards and very fine grains of glauconite are common
locally (Cummings, Touring, and Brabb, 1962, p. 204).

The Tunitas Member is composed of massive, greenish-grey to light
grey or very pale grey-orange, fine-grained, well sorted, concretionary
sandstone, and has a maximum thickness of 122 m. The sandstone is com~
posed mostly of feldspar and andesitic rock fragments, and locally it is
cemented by calcite and chlorite. Megafossils are both common and well

preserved (Cummings, Touring, and Brabb, 1962, p. 208).

Offshore Samples

Twenty-six dredge samples collected in the Monterey Bay region for
this study contain material derived from the Purisima Formation. Twenty-
three of these are mostly siltstone or mudstone, eight are principally
sandstone, and two are conglomerate. Twenty-two of the samples appear to
have been collected at or near their place of outcrop and four appear to
have undergone substantial transport. Purisima sandstone was collected
from outcrop during one submersible dive (N-2), and one vibracore (MBC-2)
appears to have bottomed in Purisima sandstone. Martin (1964) recovered
Purisima rocks in ten dredge hauls, eight of which were probably collected
from or near their outcrops and three of which appeared to have been trans-
ported. Lithology of most Purisima rocks dredged from Monterey Bay is sim-
ilar to that described for the Tahana Member by Cummings, Touring , and
Brabb (1962, p. 198), The dredge samples generally consist of well indura-
ted to semi-consolidated, angular to subrounded boulders, cobbles, and
pebbles ranging in color from greenish-grey on fresh surfaces to yellowish-
grey or greyish-orange on weathered surfaces. Glauconite is abundant in

many samples and phosphorite coatings are common. Many are highly fossil-
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iferous, .containing abundant foraminifera, radiolarians, diatoms, spong;
spicules, statocysts of shrimp mollusks, echinoids, scaphopods, corals,
brachiopods, barnacles, and bryozoans. These rocks commonly are perfora-
ted by worm burrows or borings and are covered on one or more sides by
modern marine encrustations of calcareous worm tubes, bryozoans, corals,
siliceous sponges, and in some cases by brachiopods, barnacles, and rock
scallops. The siltstone and mudstone clasts are generally too fine-grained
for a thin-section identification of all of the mineral constituents.
However, the sand-size material present appears to be mostly quartz, pla-
gioclase, fragments of volcanic rock and shards of volcanic glass, iron(?)-
rich opaque minerals, and less commonly, fine-grained, unstable rock
fragments., The grains commonly are cemented by secondary sparry calcite or
chlorite.

Microfossils identified in the siltstone and mudstone samples are all
representative of the Purisima and Merced Formations of Pliocene to early
Pleistocene age in the area surrounding Monterey Bay and on the San Fran-
cisco Peninsula (see faunal analysis by J. C. Ingle, Jr., App. II). Most, if
not all, of the benthonic foraminiferal species common to the Purisima-
Merced sequence are still living, and thus are not age diagnostic in an
evolutionary sense. However, the benthonic species do exhibit a series of
systematic biofacies changes with time, concurrent with filling of the
basin and transgression of the adjacent slopes during Pliocene and early
Pleistocene time. Consequently, deeper water (middle bathyal) biofacies
are typical of the lower part of the Purisima Formation, and shallower
water biofacies are common higher in the Purisima Formation and in the
overlying Merced Formation. Shallow water species also occur as displaced

elements in the deeper water biofacies. These biofacies trends can be
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;sed, in turn, to interpret the relative ages of the Monterey Bay Purisima
samples, with deeper water faunas representing older intervals and shallow
water biofacies representing younger horizons (J. C. Ingle, Jr., written
commun., 1972),

Planktonic foraminiferal biofacies in the Purisima-Merced sequence on
shore appear to exhibit temperature~induced variations that can be correlated
with major Pliocene and early Pleistocene paleoclimatic events recognized
over wide areas of the North Pacific. However, planktonic faunas are meager
in most of the recent Monterey dredge samples. The lower part of the Puri-

sima Formation contains dextral coiling populations of Globigerina pachy-

derma indicative of water temperatures higher than those typical of this
latitude today, reflecting a major warm interval recognized in the Pliocene
over the entire North Pacific, Only one dredge sample, MB-11l, contains a
population of this species that is predominantly dextrally coiled. Sinis~
tral coiling populations of G. pachyderma are dominant in the upper Purisima-
Merced interval (J. C. Ingle, Jr., written commun., 1972). Using the paleo-
bathymetric implications of both benthonic assemblages and planktonic spe-
cies, J. C. Ingle (written commun., 1972) tentatively assigned each of the
Monterey Bay dredge samples he examined to a stratigraphic position within
the Purisima Formation. All of these samples are Pliocene in age based on
their estimated position within the Purisima sequence (see App. II). De-
tailed biostratigraphic study of the Purisima Formation will likely provide
a more detailed framework into which these samples can be placed (J. C.
Ingle, Jr., written commun., 1972).

Megafaunal assemblages were studes by W. O. Addicott (written commun.,
1972) and J. G. Vedder (written commun., 1972); most are Pliocene and Pleis-

tocene in age in terms of the Pacific Coast megainvertebrate chronology of
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Weaver and others (1944) (see App. II). The majority of samples contain
shallow-water assemblages that can be correlated with the upper part of the
Purisima Formation of the Santa Cruz Mountains and the lower part of the
Merced Formation of the northern part of the San Francisco Peninsula. All
occurrences onshore are of late Pliocene age in terms of a twofold provin-
cial subdivision of the Pliocene epoch (W. O. Addicott, written commun.,
1972).

An attempt is made here to assign the dredge samples collected dur-
ing this study to members of the Purisima Formation described by Cummings,
Touring, and Brabb (1962), on the basis of megafauna and lithology. This
correlation is at best speculative, and it should be remembered that com-
monly the distance traversed along a slope during a dredge haul is suffi-
ciently long to incorporate the lithology of more than one member in any
sample.

North Wall of Monterey Canyon and Soquel Canyon

Dredge samples collected in Soquel Canyon and along the seaward end
of the north wall of Monterey Canyon (Fig. 8) are composed of consolidated
siltstone and mudstone containing benthonic foraminiferal assemblages sug-
gestive of middle to upper bathyal paleodepths (1,500 to 200 m). Three
samples (MB-5, 7, and 9) from the northwest wall of Soquel Canyon were
collected at depths much shallower than those suggested by the foramini-
feral assemblages, apparently suggesting late Pliocene to Pleistocene up-
lift of this material. Sample MB-5, which was dredged at depths from 360
to 90 m, contains a middle to upper Purisima foraminiferal fauna sugges-
tive of depths between 1,500 and 600 m. Samples MB-7 and MB-9 were
dredged from depths of 210 to 105 m and 110 m to 80 m, respectively, and

both contain middle Purisima foraminiferal faunas suggestive of depths
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of deposition between 600 and 200 m. These rocks lack fresh fracture sur-
faces, and high cable tensions were not noted during dredging, suggesting
that these samples were not dredged from outcrop. However,; the lithologic
uniformity of the dredged material suggests that the outcrops were close
by, and that these rocks probably had been transported only a short dis-
tance down-slope, Dredge sample MB-1ll was taken at depths between 550 and
110 m along the southeast wall of Soquel Canyon, This sample contains
middle Purisima foraminiferal assemblages thought to indicate depths
between 600 and 200 m, suggesting an absence of uplift. This sample also
appears to have been transported, and may have been displaced further down-
slope than the other samples from Soquel Canyon.

The lithologies of dredge samples MB-1, 3, 4, 7, 9, and 11 are similar
to those described for the Tahana, Pomponio, and San Gregorio Members of
the Purisima Formation by Cummings, Touring, and Brabb (1962). The predomi-
nant coarse grains are quartz, plagioclase, fragments of volcanic rock,
biotite, chlorite; the rocks are commonly cemented by sparry calcite. The
samples are light bluish-grey or greenish-grey on fresh surfaces and yellow-
grey on weathered surfaces. One sample, MB-1ll, consists of unconsolidated
to semi-consolidated mudstone and sand containing randomly scattered peb-
bles of well rounded, varicolored chert and volcanic rock, suggesting that
it may be equivalent to the San Gregorio Sandstone Member of Cummings.
Touring, and Brabb (1962). Martin's (1964) samples of Purisima rocks from
the north wall of Monterey Canyon and Soquel Canyon also consist mostly of
consolidated siltstones that represent strata in the mid-part of the Puri-
sima Formation,

Dredge samples MB-13 and MB-15 collected east of Soquel Canyon contain

middle Purisima foraminiferal assemblages representative of upper bathyal
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depths (600 to 200 m); both were dredged at depths between 500 and 100 m.
Sample MB-13 is greyish-olive, unconsolidated silt and clay containing
several small boulders and cobbles of light bluish-grey to dusty yellow
or yellowish-grey, consolidated, sandy siltstone. Sample MB-15 is similar
in composition except that the siltstone clasts are of gravel size, angular
to subangular in shape. The siltstone clasts in both samples appear to
have been transported downslope only a short distance from outcrop. These
siltstones are similar in gross lithology to siltstones in the Tahana or
Lobitos Members of the Purisima Formation. |

Three dredge hauls (MB-17, 19, and 21) recovered consolidated and
unconsolidated material from the Purisima Formation in the head of Monterey
Canyon. Samples MB-17 and 19 contain late Pliocene foraminiferal assem-
blages typical of the upper Purisima Formation. These samples suggest mid-
dle and inner shelf (neritic) depositional environments and depths ranging
from 75 to 25 m. Pliocene foraminiferal assemblages in dredge sample MB-21
suggest outer shelf (neritic to upper bathyal) environments and depths
ranging from 200 to 75 m. Samples MB-17 and 19, collected at depths of 100
to 55 m and 200 to 50 m, respectively, are thought to have been collected
near their outcrops, whereas sample MB-21 is taken at depths from 150 to40m
and is thought to have been transported. The color and general appearance
(App. II) of the siltstones suggest that these samples may be from the
Lobitos and Tunitas Members and Tunitas Members of the Purisima Formation.
Dredge hauls by Martin (1964) in the headward part of Monterey Canyon

recovered only green mud.

South Wall of Monterey Canyon
Two dredge samples (MB-2 and MB-6) from the south wall of Monterey

Canyon also contain rocks of the Purisima Formation. Dredge MB-2
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recovered two very large boulders of sandy to pebbly, highly fossili-
ferous siltstone. Molluskan fossils, including the gastropod Antiplanes

sp. and the pelecypods Clinocardium meekianum (Gabb), Macoma sp., and

Patinopecten, indicate a Pliocene age in terms of the Pacific Coast mega-

invertebrate chronology of Weaver and others (1944). These mollusks are
common in shallow facies of the Purisima Formation in the Santa Cruz Moun-
tains, according to W. O. Addicott (written commun., 1972); their associa-
tion suggests an inner sublittoral (neritic) environment,  possibly at
depths of 60 to 30 m. The size and angularity of the boulders, and the
high wire tension observed during this haul, suggest that sample MB-2 was
dredged from or near its place of outcrop. It was dredged at depths from
915 to 230 m, suggesting that this area has undergone subsidence since late
Pliocene time.

Sample MB-6 contains a Pliocene, lower Purisima foraminiferal assem-
blage typical of the lower Purisima Formation and suggestive of deposition
at lower to middle bathyal depths, between 2500 and 1500 m. The sample was
dredged from a depth of 550 to 180 m, suggesting that this area has under-
gone uplift since late Pliocene~early Pleistocene time. A few pelecypods,

including Macoma sp., Solen(?) shell fragments, and a lower Purisima fauna

that probably has been reworked, are also present in this sample.

Samples MB-2 and MB-6 are similar in lithology. They consist of con-
solidated to semi-consolidated, sandy siltstone containing irregularly dis-
tributed, rounded pebbles of varicolored chert and volcanic rocks. The
rocks are highly perforated and range in color from dark greenish-grey on
fresh surfaces to yellowish-brown or light brown on weathered surfaces.
Some have phosphatic coatings., These two samples resemble siltstones in

the Tahana, Pomponio, and San Gregorio Members of Cummings, Touring, and
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Brabb (1962)., This stratigraphic position is also suggested by the pre-

sence in sample MB-2 of Patinopecten, which in the Santa Cruz area onshore

is generally found only in the three lower members of the Purisima Forma-
tion (Cummings, Touring, and Brabb, 1962, pl. 24). The presence of the
irreqularly distributed chert and volcanic pebbles suggests that they may
be correlative with the San Gregorio Member. Martin (1964) did not recover
rocks identifiable as Purisima in his dredge hauls along the seaward end

of the south wall of Monterey Canyon.

Six Pliocene rock samples were collected from the landward end of the
south wall of Monterey Canyon. These samples display considerable varia-
tion in lithology and fossil fauna, perhaps due to the very close spacing
and variable length of dredge traverses made here in order to delimit an
outcrop of Purisima discovered during the second dive of the research sub-
mersible NEKTON ALPHA, This dive was made about 2 km east of the major
meander in Monterey Canyon (Fig. 8) by H. E. Clifton of the U. S. Geologi~-
cal Survey, who reported encountering a 15 m high cliff of outcropping
rock at a depth of 250 m. The cliff face is oriented northeast-southwest
and is several tens of meters wide. Bedding in the exposure is well defined
and dips about five degrees toward the southeast. Numerous near-vertical
joints cross the outcrop. Rock overhangs, apparently of resistant beds,
protrude from the cliff face as much as a meter. A small cave 1 to 3 m wide
and 1 m high extends 3 to 4 m into the cliff near the base (Fig. lla).
Numerous small rock borings also are visible near the base. Many rock
fragments protrude from the mud bottom at the foot of the cliff (Fig. 1lb);
some of these rock fragments were collected during the dives.

Rock samples taken in situ are grey, consolidated, highly perforated

siltstone and fossiliferous sandstone. Several cobble~size clasts have
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Mountains, the lower part of the type Merced Formation in the northern part
of the San Francisco Peninsula, and the upper part of the Merced(?) Forma-
tion in Sonoma County (W. O. Addicott, written commun., 1972; App. II). The
coarser grains of the siltstone appear in thin section to be composed of
subangular quartz, plagioclase, biotite, chlorite, and lithic fragments.
Clasts in the sandstone are mostly quartz and fragments of silicic volcanic
and granitic rock. The lithology and meclluskan fauna in this sample, together
with the presence of the echinoid Dendraster sp., which is restricted
to the San Gregorio Sandstone Member of the Purisima Formation (Cummings,
Touring, and Brabb, 1962, Pl. 24), suggest that the sample is from the
San Gregorio Member of Cummings, Touring and Brabb (1962).
Sample MB-14 was collected along a traverse extending from the axis
of Monterey Canyon to the shelf edge at depths ranging from 550 to 230 m.
This sample is unconsolidated, sandy siltstone containing abundant lower
to middle Purisima foraminifers suggestive of lower bathyal depths of 2500
to 1500 m. This deep~water fauna may reflect late Pliocene-early Pleisto-
cene uplift of this sediment.
Sample MB-16, collected farther east (Fig. 8) at depths ranging from

350 to 110 m, is composed of consolidated to semi-consolidated, fossili-
ferous, arkosic sandstone and angular fragments of siltstone. The forami-~
niferal fauna is typical of the middle Purisima and suggests an upper bathyal
or lower neritic (depths of 200 to 75 m) depositional environment. Most of
this sample is from the upper 100 m of the canyon wall, and probably has
not been transported far from the outcrop at which it originatéd.

| Sample MB-18 is composed of well indurated, subangular to subrounded,

highly fossiliferous, perforated boulders of very pale orange conglomerate
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and fine-grained sandstone. The conglomerate consists mostly of well
rounded pebbles of chert, and volcanic and metamorphic rock fragments in
a matrix of fine-grained sandstone having calcareous cement. Color
ranges from light bluish~grey on fresh surfaces to greyish-orange or
moderate yellowish-brown on weathered surfaces. Calcareous worm tubes,
bryozoans, corals, barnacles, small rock scallops; and few siliceous
sponges are attached to one or two sides of the boulders. The foramini-
feral fauna is meager, indicating only a Pliocene age and a correlation
with the Purisima Formation. Mollusks examined suggest a Miocene or
Pliocene age. Pelecypods similar to the large Chione collected in this
sample (App. II) are not known in faunas in the Santa Cruz Mountains
that are generally considered to be late Pliocene in age. However, simi-
lar pelecypods occur in the lower Pliocene Pancho Rico Formation in the
Salinas basin as well as in Miocene formations in central California
(W. 0. Addicott, written commun., 1972). The other mollusks are too
small or too poorly preserved to be useful in age determination (W. O.
Addicott, written commun., 1972). The lithology of this sample suggests
that it may be from the San Gregorio Member of the Purisima Formation
of Cummings, Touring, and Brabb (1962). The sample was collected from
outcrop; its location high on the wall of Monterey Canyon also suggests
correlation with the San Gregorio Member.

Dredge haul MB-22, from the south wall of Monterey Canyon at its
head, is composed of unconsolidated silt and sand from depths of 165
to 18 m. These sediments contain middle to upper Purisima foraminiferal
assemblages indicative of deposition at upper bathyal to lower neritic
depths (200 to 75 m). Dredge hauls by Martin (1964) along the central

part of the south wall of Monterey Canyon contain highly varied lithologies.
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Only three of these (M-9, 17, and 19) appear to have recovered material
from the Pliocene Purisima Formation. Martin's (1964) dredge hauls in

the upper part of the Monterey Canyon recovered only green mud.

Point Lobos-Point Sur shelf

Seven dredge hauls (CB-3, 4, 5, and LS-1, 3, 4, and 6) from the
Point Lobos-Point Sur shelf recovered angular to subrounded fragments of
friable to well indurated, greenish-grey siltstone and mudstone that may
be Pliocene in age (Table A, App. II; Dohrenwend, 1971, p. 50). These
rocks are composed of quartz, K-feldspar, plagioclase, glauconite, chlorite,
pyrite, and rock fragments. Many quartz grains have overgrowths of sparry
calcite. Biogenic material is sparse, consisting of radiolaria, sponge
spicules, fish bones, and fecal pellets (Dohrenwend, 1971, p. 52). These
rocks appear similar to Purisima siltstone and mudstone found elsewhere
in Monterey Bay, but are mapped as Tertiary-Quaternary undifferentiated

in the absence of definitive age data.

Summary

The Pliocene Purisima Formation is exposed locally along both walls
of Monterey Canyon, as indicated by the recovery of Purisima rock dredge
hauls in the Monterey Bay area. In addition, Purisima strata probably
extend more or less continuously along both walls of Monterey Canyon
from the shelf edge nearly to the head of the canyon, beneath a cover of
unconsolidated sediment. Assignment of these samples to various members
of the Purisima Formation of Cummings, Touring, and Brabb (1962) indicates
that the most common lithologies in the offshore area are those typical
of the Pomponio, San Gregorio, and Lobitos Members. The Tahana Member

appears to crop out in the outer part of the canyon, near the shelf edge,
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whereas the Lobitos Member appears to be exposed in the head of the canyon,
reflecting a stratigraphic progression from older to younger rocks in the
landward direction. Rocks resembling Purisima have been dredged from the
central part of the Point Lobos-Point Sur shelf, suggesting. that Pliocene

rocks may be present in this area as well.

UNCONSOLIDATED QUATERNARY SEDIMENT

Six dredge and vibra-core samples collected in the Monterey Bay region
during this study contain only unconsolidated Quaternary material. Two of
these dredge hauls (MB-10 and LS-9) recovered fossil faunas diagnostic of
Pleistocene age. Sample MB-10 contains unconsolidated, greenish-olive
grey, sandy silt and subrounded to well rounded, coarse gravel composed
mostly of granite, siliceous siltstone, and chert. The dredge haul was
made along the upper 100 m of the south wall of Monterey Canyon and
extended a short distance onto the adjacent shelf, at depths from 275 to
120 m (Fig. 8). Microfossils and megafossils are abundant in this sample.
The megafauna suggests a probable Pleistocene age (App. II); similar faunal
assemblages from off the southwest coast of Oregon have been dated at about
15,000 years b.p. (W. O. Addicott, written commun., 1972). All fossils
present represent species living today. The vast majority of species have
been reported living in the Monterey Bay area. However, two of the gastro-

pods, Cryptonatica aleutica and Bittium challisae, are today restricted

to northern latitudes, having been reported no farther south than the north-
western coast of Washington. The southern endpoint for the present range

of the pectinites, marked by Patinopecten caurinus, is near Point Reyes,

California, well north of this occurrence in Pleistocene sediments. These

shifts in faunal distribution indicate that at the time of deposition the
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marine climate off the central California coast was somewhat cooler than
at present, which also suggests a Pleistocene age. One of the species,

Tellina carpenteri, has the appearance of a modern specimen; the original

shell coloration is present and the soft parts are intact,. although desic-
cated. Other specimens are not so well preserved. This assemblage of
fossils clearly reflects a sublittoral (neritic) environment, and similar
forms live today off the California coast at depths ranging from about
37 to 70 m (W. O. Addicott, written commun., 1972). Thus, the depths of
deposition reflected by this Pleistocene fossil fauna are substantially
less than those from which the material was dredged.

Although megafossils in sample MB-10 appear, for the most part, to be
Pleistocene in age, several mollusks present are common in the Pliocene

Purisima Formation. The gastropods Bittium eschrichti Bartsh var., Bittium

cf. B. attenuatum Carpenter, Bittium cf. B. challisae Bartsh, Bittium sp.,
and Buccinum sp. are reported from the Pomponio Member of the Purisima

Formation; the pelecypod Clinocardium cf. nutalli (Conrad) occurs in the

Tunitas and San Gregorio Members; the pelecypod Macoma cf. M. calcarea
(Gmelin) is reported from the San Gregorio, Pomponio, and Tahana Menmbers
(Cummings, Touring, and Brabb, 1962, Pl. 24; J. C. Clark, oral commun., 1973).
Microfossils (foraminifers) in sample MB-10 are typical of the middle
Purisima Formation and suggest deposition at upper bathyal depths (600 to
200 m). This difference between microfossil and megafossil age assignments
may result from mixing of the sample during dredging. The dredge probably
recovered middle Purisima rocks from the canyon wall and Pleistocene uncon-
solidated fossiliferous sediments from the shelf. Rock samples recovered
near dredge site MB-10, but from lower on the canyon wall, are middle Puri-

sima. Pleistocene marine terrace deposits of coarse gravel and sand are
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reported by Malone (1970) to crop out on the shelf several kilometers séuth
of dredge location MB-10. These deposits may extend northward into the
area dredged, and may be represented by the fossiliferous Pleistocene
material in MB-10. Malone (1970) suggests that Pleistocene sea level stood
100 to 110 m lower than at present to account for the formation of this
terrace deposit. This is consistent with Pleistocene megafossils in dredge
haul MB-10 that indicate a Pleistocene sea level position 85 to 205 m lower
than at present. In addition, it seems probable that shallow marine deposits
of Pleistocene age extend around the south rim of Monterey Canyon from near
Cypress Point to the head of the canyon.

Two dredge hauls (LS-8 and 9) recovered Pleistocene sediment on the
Point Lobos-Point Sur shelf. Sample LS-8 from near Point Sur consists of
a few angular to subrounded pebbles of granite, red chert, and shale.
Sample LS~-9, collected near the edge of the south central part of the shelf
at depths from 300 to 180 m (Fig. 7), consists of unconsolidated, highly
fossiliferous, medium- to coarse-grained, olive-grey sand. A few rounded
pebbles of granite, chert, and shale are scattered randomly throughout the
sand. Megafossils are abundant, and the assemblage suggests that this
sample was deposited not later than late Pleistocene time, as all of the
taxa identified are still living (W. O. Addicott, written commun., 1972).

An unusual assemblage of megafossils in Sample LS-9 suggests depths
of deposition substantially less than those from which it was dredged. The
most common invertebrate fossils in sample LS-9 are extensively abraded
plates of Balanus and fragments of a rather large, thick-shelled Mytilus.
The presence of these taxa, together with mollusks such as Tegula, the
doubtfully identified fissurellid Astrea, and Pododesmus, suggests extremely

shallow water -- the innermost sublittoral or inter~tidal zone. On the other
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hand, specimens of Paracyanthus, Astarte (at the latitude of Monterey Bay),

Cyclocardia, Dentalium berryi, and Glycymeris suggest depths no shallower

than 35 to 45 m, according to fairly detailed data concerning this distri-
bution of modern faunas along this part of the California coast. These
fossils appear to be a mixed depth assemblage representing middle sub-
littoral and inner sublittoral depths (W. O. Addicott, written commun.,
1972), indicating that during early Pleistocene time shallow marine sedi-
ments were being deposited along the edge of the Point Lobos-Point Sur shelf.
The assemblage in sample 1S-9 is of a special interest from a zoogeo-
graphic standpoint because of the presence of the pelecypod genus Astarte.
This genus is characteristic of the highest latitudes of the North Pacific
and the Bering Sea, and until recently (Addicott and Greene, 1974) had not
been reported as a fossil or modern specimen south of Puget Sound, more
than 1300 km to the north. The species A. bennetti, which is abundant in
Sample LS-9, is clearly distinct from the four species of Astarte that are
known to range as far south as Puget Sound. Its southernmost modern occur-
rence is in the Bering Sea, although it ranges into the middle latitudes of
the western Pacific (Kyushu Island, Japan), where it is found in the outer
part of the sublittoral zone. The presence of Astarte in the Pleistocene
assemblage near Monterey Bay suggests that Pleistocene water temperatures
were much lower than present day temperatures at this latitude (W. O.
Addicott, written commun., 1972). The fossil fauna in Sample MB-10 also
suggests that Pleistocene water temperatures in the Monterey Bay area were

similar to those in the Arctic today. The fauna contains Cryptonatica

aleutica, Bittium challisae, and Patinopecten caurinus. In addition, a

skull fragment from a Hydrodamalis (Stellar's Sea Cow) is reported to have

been dredged from the floor of Monterey Bay, and dated as 18,940 + 1,100
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years old (Jones, 1967). The Stellar's Sea Cow, now extinct, was reported
during historic time only from the vicinity of the Komandorsky Islands.
The fossil record of this mammal is scant, but it appears to have been
limited in occurrence to the Aleutian Island area during the Pleistocene
(D. M. Hopkins, written commun., 1972).

Three dredge hauls at the head of Monterey Canyon and eight vibra-cores
from the shallow southern and northern parts of Monterey Bay recovered green
mud, silt, and sand of probable late Pleistocene to Holocene age. In addi-
tion, two gravity cores from the headward part of Monterey Canyon penetrated
canyon £ill of probable Holocene age and slump deposits of probable late
Pleistocene or Holocene age. Gravity core MC-1 (Fig. 8) penetrated 2.3 m
of well laminated and bedded silt and clay, and a very small amount of fine-
grained sand (App. II) in the canyon floor, at a depth of 300 m. Radio-
graphs reveal well developed horizontal layering and several intervals of
bioturbation, but no graded bedding; this suggests that recent deposition
in this part of the canyon has been by processes other than turbidity flow.

Gravity core MC-2 recovered 2.3 m of silt and clay, thought to repre-
sent slump deposits, from the base of the north wall of the canyon at a depth
of 180 m (Fig. 8). Radiographs of this core show sedimentary structures
similar to those seen in core MC-1 (App. II). The surface layers of this
core are highly reworked by marine benthonic organisms and probably repre-
sent a presently active zone of bioturbation.

Cores MC-1 and MC-2 were taken from widely differing depositional envi-
ronments, MC-1 from the canyon axis where active down-canyon sediment trans-
port would be expected, and MC-2 from the base of the canyon wall where
deposition by slumping could be anticipated. However, the cores are similar

in structure and lithology, suggesting that the mode of deposition at both
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Sites is similar. Moreover, it appears that deposition rather than sedi-
ment transport and erosion is presently dominant in the upper reaches of
Monterey Canyon, in contrast to earlier phases of canyon history.
Submersible dive 1 was made in the headward part of Monterey Canyon,
about 2 km east of the location of core MC-1 (Fig. 8). The submersible's
traverse cut obliquely across the canyon axis. During this dive no sedi-
mentary structure indicative of active sediment transport or erosion was
noted. 1In addition, an unusual, previously uncharted depression was dis-
covered in the canyon within 4 km of the canyon head. Water depth was
observed to increase as the submersible traveled up-canyon; when a depth
of 230 m (twice the charted depth) was reached, the submersible hung up
on an unknown object on the sea floor. The inclination of the basin wall
at this point was observed to be about 45 degrees. The dive was termina-
ted when the submersible was freed, so that the depth of the bottom of this
depression was not ascertained. Origin of this depression is uncertain;
it may result from a lateral debris slide into the canyon that blocked the
canyon axis. If so, the time of this slide would mark the end of the period

of active sand transport through the canyon from sources at its head.

SUMMARY OF LITHOLOGIC DISTRIBUTION

Cretaceous granodiorite typical of the "Monterey mass" of Ross and
Brabb (1972) appears to be exposed on the floor of Carmel Bay, along both
walls of Carmel Canyon, on the shallow shelf between Monterey and Cypress
Point, and along the seaward part of the south wall of Monterey Canyon
(P1. 3). All metamorphic rocks recovered appear to have been transported,
and no evidence of exposed metamorphic basement was found.

Middle Miocene rocks of the Monterey Formation are exposed locally

in a narrow band along the seaward part of the south wall of Monterey
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Canyon, where these strata appear to overlie Cretaceous granodiorite.
Middle Miocene Monterey shale also crops out on the central part of the
Point Lobos-Point Sur shelf and along the upper part of the west wall of
Carmel Canyon. Limestone belonging to the Monterey Formation or to the
Sur Series of Trask (1926) was recovered at a single locality on the slope
near the most southerly head of Ascension Canyon.

The Pliocene Purisima Formation crops out or is covered by thin surfi-
cial sediments along both walls of Monterey Canyon. Lithologies and mega-
fossil assemblages suggest that these exposures are mostly of the Pomponio
and San Gregorio Members (Cummings, Touring, and Brabb, 1962) of this forma-
tion, particularly along the south wall of the canyon, east of the large
meander. An up-canyon stratigraphic progression from older to younger
appears to be present, with the Tahana Member exposed in the lower part of
the canyon, the younger Lobitos Member exposed farther up the canyon, and
possibly the still younger Tunitas Member exposed in the headward part of
the canyoﬁ. Bathymetric interpretations from benthonic foraminiferal
assemblages suggest that at the time of their deposition, depths over much
of Monterey Bay were greater than those that now characterize the region.
This may indicate late Pliocene or early Pleistocene uplift along the
middle part of the south wall of Monterey Canyon and along the northwest
wall of Soquel Canyon.

Shallow marine deposits of Pleistocene age are present along the sea-
ward part of the south rim of Monterey Canyon in Monterey Bay, and along
the seaward part of the Point Lobos-Point Sur shelf. Pleistocene micro-
fossils and invertebrate megafossils from the Monterey Bay region suggest

that the Pleistocene paleoclimate was much cooler than present climatic
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conditions at this latitude and was similar to the modern marine climate
in the Bering Sea.

Gravity cores and observations made during a submersible dive near
the head of Monterey Canyon suggest that sand is probably not being
actively transported down the canyon today. The passage of sediment
through the canyon from sources at the canyon head may be blocked by a

large lateral slump or slide from the canyon wall into the main channel.
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CHAPTER ITI

INTERPRETATION OF SEISMIC REFLECTION PROFILES

GENERAL DISCUSSION

The criteria used to distinguish units in the seismic reflection
profiles are based on acoustical seismic signal characteristics and reflec-
tor types, and on the presence of consistently identifiable structural and
sedimentary features such as truncated bedding (unconformities), sequences
of prograded beds, cross-bedding, and parallel bedding. Line drawings of
seismic profiles are used in this report to show the results of interpreta-
tion of the seismic records. A line drawing is a refined, optically "fil-
tered”, hand-drawn representation of a seismic profile with the geological
bias of the interpreter added. The line drawings of most seismic profiles
interpreted for this study are included in Appendix III. Several line
drawings are shown with photographs of the actual seismic profiles to illus-
trate the difference between raw and interpreted data.

The upper 150 m of subsurface materials in the geologic cross sections
are interpreted from high resolution records. However, most of the profiles
used as illustrations in this report are constructed from both intermediate
and deep penetration, low resolution seismic records. As a result the geo-
logic cross-section contains more detail than is evident in the upper part
of the intermediate and deep penetration seismic profiles and line drawings.

1
This is due to the masking effect of the "bubble pulse"—/ of the lower

1/ A "bubble pulse" consists of attenuating reverberations that linger in
the water column after the primary pulse has been produced. These rever-
berations are reflected back from the ocean bottom and appear as pseudo-
sea floor traces on the seismic record and effectively cancel any signal
reflected from shallow structures immediately beneath the sea floor.
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éesolution, deeper penetration records, which hides the upper 60 m of
sub-bottom.

Depths to individual seismic reflectors are calculated using assumed
average seismic velocities of (a) 1.5 km/sec in water and in sediments less
than 200 m below the sea floor on high resolution records, (b) 1.8 km/sec
in unconsolidated and semi-consolidated materials in the upper 400 m of
intermediate penetration records, and (c) 2.0 to 2.5 km/sec for consolida-
ted sedimentary rocks at depths greater than 400 m and overlying the acous-
tic basement, on both intermediate and deep penetration records. No
corrections were made for changes in sea level during the survey.

Vertical exaggeration of seismic profiles varies with the type of pro-
file and the seismic velocity assumed in calculating the exaggeration.

When an average velocity of 1.7 km/sec is assumed, the shallow penetrations
high resolution profiles have an average exaggeration of 7:1. Intermediate
and deep penetration seismic records have vertical exaggerations of 5:1
and 6:1, respectively, assuming an average velocity of 1.8 km/sec for

both types of profiles. Apparent dips, which may approximate true dips,
are calculated where two or more profiles cross. Unfortunately, true dips
are completely accurate only where true velocities are known. Where
bedding and fault planes dip more than about 350, the vertical exaggera-
tion inherent in the seismic profiles precludes determining actual dips.
Thus, faults that dip 35° or more in the profiles appear vertical, and
bedding that dips 35° or more appears approximately vertical or is indis-
tinguishable.

Strongly contrasting lithologic units within a stratigraphic section
generally exhibit independent, distinct, acoustical signatures depending
upon their density, velocity, and structure. It is possible to differen-

tiate units of igneous and metamorphic rocks or highly folded, well lithified
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sedimentary rocks from well-bedded, consolidated to semi-consolidated
sediments on the basis of their characteristic seismic signatures. Corre-
lation of such seismic units with rock units exposed on land, in well
holes, and offshore (from sea floor samples) leads to the development of
a geological "seismic” stratigraphy that can be used to construct an off-
shore geologic map.

Thirteen (13) units are identified in seismic profiles east of the
Palo Colorado-San Gregorio fault zone, and seven are identified in pro-
files west of the fault zone. These units are correlated in part on their
acoustical, structural, and depositional characteristics and in part on
their geographical location and stratigraphic position. The geologic

units, from youngest to oldest, are given in the following tables:
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TABLE 1

Seismic Units of the Monterey Bay Region

(East of the Palo Colorado-San Gregorio Fault Zone)

Age Unit
Quaternary Unconsolidated deposits
Quaternary Canyon fill deposits
Quaternary Submarine landslide and slump deposits
Quaternary Deltaic deposits
Pleistocene Aromas Sand

Late Pliocene~ Aromas Sand and Paso Robles Formation
Pleistocene

Tertiary- Deltaic deposits
Quaternary
Pliocene Purisima Formation

Late Miocene- Santa Cruz Mudstone of Clark (1966)
early Pliocene

Late Miocene- Santa Margarita Sandstone and Santa Cruz
early Pliocene Mudstone of Clark (1966)

or

Late Miocene - Santa Margarita Sandstone and Monterey
middle Miocene shale

Middle Miocene Monterey Formation

Mesozoic Granitic rocks
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TABLE 2

Seismic Units of the Monterey Bay Region

(West of the Palo Colorado-San Gregorio Fault Zone)

Age Unit Map S 1
Quaternary Landslide deposits Ql1s
Quaternary- Unconsolidated deposits, undifferen-

Tertiary tiated QTu
Pliocene(?) Sedimentary rocks P
Miocene (?) Sedimentary rocks M
Tertiary Undifferentiated rocks Tu
Cretaceous- Franciscan rocks KJf

Jurassic
Mesozoic Metamorphic and consolidated

sedimentary rocks mr
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Areas in which these units are exposed on the sea floor or are buried
beneath a thin cover of unconsolidated marine sediment are delineated on
the geologic map (Pl. 3). Many of these units crop out in Monterey Canyon,
and their stratigraphic relationships in this area are shown in composite
stratigraphic sections constructed for northern Monterey Bay, southern
Monterey Bay, and the region west of the Palo Colorado-San Gregorio fault
zone (Figs. 12, 13, and 14).

Criteria used to catalogue faults in seismic profiles of this study

are the following: well-defined faults - (1) prominent reflectors are

clearly displaced, (2) prominent reflectors are abruptly discontinued or
are juxtaposed with an interval having differing seismic characteristics,
or (3) the dips of reflectors change abruptly along a distinct boundary.

Inferred faults - (1) prominent reflectors show small displacements, and

some shallow reflectors may be bent rather than broken, (2) prominent
reflectors are discontinuous and seismic characteristics differ across

a relatively obscure, seismically disturbed zone, or (3) the dips of reflec-
tors differ across a seismically disturbed zone. Faults are shown as
questionable where interpretations are based on (1) a shift in phase of
reflectors that is not related to instrumental malfunction, (2) bent or
broken reflectors that can be correlated with faults identified on adja-
cent seismic lines, (3) discontinuation of weak reflectors, or (4) a zone
across which seismic characteristics differ, particularly if this zone
appears similar to and aligned with faults identified on adjacent lines.
Questionable or inferred faults are shown, in some cases, where topographic

lineaments of known origin are aligned with the trend of known faults.

STRATIGRAPHY OF THE OFFSHORE MONTEREY BAY REGION
The stratigraphy of the offshore Monterey Bay region is divided into

four sequences that can be correlated with the major Tertiary sequences
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NORTHERN MONTEREY BAY REGION
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:n-,l § 50 Gravel, sand, and mud; some broken
g g / (518) consolidated material.
o l.g & 300 Well sorted, cross-bedded, guartzose sand;
=S i Aromas Sand (x2) nonmarine, eolian. Fluvial locally at base.
a © ;
S | peltaic material — = + 40 Sand and mud; marine, deltaic.

I\ (B4)

Greenish-gray, semi-consolidated to

® [ . R
§ § Purisima Formation ‘i;?:) consolidated sandstone, siltstone,
o K] and shale; marine, generally
|l a fossiliferous.
2
2
e Santa Cruz Mudstone . : i
oS of Clark (1966) 200+ Siliceous, organic mudstone; marine.
> S (cl14)
[: 4 [
< -4 . 3707 Bedded arkosic sandstone(?)
- s Santa Margarita(?) G7)
x Sandstone
-
°
o
S 550 Light olive-gray, rhythmically beddegd,
-3 (F9) organic mudstone, diatomaceocus and

Monterey Formation siliceous shale and siltstone; marine.

Middie Miocene

MESOZ20IC | Granitic rocks
OR (crystalline

Probably predominantly granodiorite.
OLDER | Pasement)

XX xXx
X x X

*letters and number in parentheses indicate seismic line and position where thicknesses were

calculated.
Figure 12. - Composite stratigraphic section of the northern part of Monterey Bay, east of the

Palo Colorado - San Gregorio fault zone.
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(5-1500) to semi-consolidated sand, silt, and clay;
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€
w
2
8
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>
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OLDER include Sur series of Trask (1926)?

*Numbers in parentheses indicate seismic line number and time position where thicknesses were calculated.

Figqure 14. - Composite stratigraphic section of the western Monterey Ba region, west of
j >4 >4 g ’ the Palo Coloradc
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déscribed onshore by Clark (1966) and Clark and Rietman (1973). These
sequences of seismically distinct strata in the offshore area represent

a (1) pre-middle Miocene interval, (2) middle Miocene interval, (3) upper
Miocene to Pliocene interval, and an (4) upper Pliocene and Pleistocene

to Holocene interval. These sequences are bounded by unconformities, simi-
lar to their counterparts on land. However, the Paleocene and Eocene-to-
lower Miocene sequences described on land by Clark and Rietman (1973)

apparently are not present offshore.

Stratigraphy East of the Palo Colorado-San Gregorio Fault Zone

Pre-middle Miocene Sequence

The pre-middle Miocene sequence in the Monterey Bay.region east of
the Palo Colorado-San Gregorio fault zone consists mostly of Mesozoic
crystalline basement rocks. These rYocks, represented by acoustical "base-
ment" in the seismic profiles, generally exhibit a very strong reflection
beneath which there is little or no seismic coherency and where many hyper-
bolic and multiple reflections occur. This strong reflection can be corre-
lated readily from one seismic line to another, to onshore and nearshore
areas, and to submarine canyon walls and slopes where the basement rocks
are known to crop out. Exposures of these basement rocks are generally
limited to the southwest part of Monterey Bay (Pls. 3 and 4; Fig. 15).

Sea floor samples in this area indicate that acoustic "basement" is com-
posed of biotite granodiorite porphyry.

The depth of burial of the basement complex in offshore areas ranges
from exposure in Monterey Canyon and the nearshore area adjacent to Monterey
Peninsula to nearly 1,000 m (1.0 sec) in the northwest part of Monterey Bay
(Pls. 3 and 4). Onshore, basement rocks crop out on the Monterey Peninsula,

in the Santa Lucia Range, and on Ben Lomond Mountain, and are encountered
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aé‘depths of about 1,000 m in the Soquel-Aptos area (see log of well 8,
Fig. 15; Appendix II).

Seismic profiles show the basement surface to be undulating and
irregular throughout the Monterey Bay region, suggesting that it repre-
sents an erosional surface (Figs. 16, 17, and 18). Several paleodrainage
lines are interpreted from the structural contours of the basement sur-
face (Fig. 15). The most prominent of these lines is located in northern
Monterey Bay, and appears to represent an east-west trending river valley
or submarine canyon. It extends from just offshore of La Selva Beach sea-
ward to the Palo Colorado-San Gregorio fault zone, where it is truncated
abruptly. However, there is no surface expression of this valley in the
Miocene structural contour map (Fig. 25) nor in the present day bathymetry,
indicating that the valley or canyon was not active in post-Miocene time.
Minor drainages can be seen along the south flank of a bedrock high loca-
ted north of Monterey Canyon (Fig. 15). Monterey Canyon is eroded into
basement on the outer shelf, whereas the headward part of the canyon is
cut into sedimentary rocks that overlie basement. However, basement rocks
beneath the upper part of the canyon are faulted (Fig. 15) and may have
been displaced in such a fashion as to control the development of a fairly
steep walled valley.

A basement high plunges from the tip of the Monterey Peninsula north-
ward to Monterey Canyon, where it is truncated by erosion (Fig. 15). Another
basement high plunges southwestward from Aptos to Monterey Canyon, where
it also is truncated by the canyon. These two basement highs may once
have been continuous; if so, this block was bisected by the erosion of
Monterey Canyon between Late Cretaceous and middle Miocene time. Micro-
paleontologic evidence from the overlying Purisima Formation (App. II) and

arched marine terraces in the Aptos area (Alexander, 1953) suggest episodes

73



* (uotrjeooT aTdwes x03 g ‘bTg @9s {aTryoxd o3 xeTNOTP
~-uadzad sjop pue aTryoad o3 TorTeaed uayel sTney abHpaip 93LOTPUT SMmoxxe !{sToquiAs jJo uorjeueldxe 103
“¢- @3BTd PUB UOT3eDOT I03F 7 BT 99s) Aeg Kaxojuol uasylzIou jo uciued pue FTays 8Yyj SSoIoe 5 aulT Jo

futmeap surT aariaxdasjur pue aTryoad UOT3O9TFSI OTUSTOS (€Y 9z) uoriexjouad ojerpauwrajul - ‘9T axnbrg
J0s
=== ==-F02
siou 91
ol - o1l
[ 1 2 -9°0
° A\ Al T o
i 3 g ¥ . ’ i ’ . o " e N o 4 N
9 3NN
ow|} (8A0I}
Aom -om}
8X°'3A
I T v v LA 1
siejowolly ¢ o 9
00w
0111 3¢
oer -’
oJ ==

74



* (suotjeoo] oTdwes I03 g °"DBTJ 99s !(sIney obpaip ©3eOTPUT SmoIIe !STOquAS jo uoTjeuefdxs 103

€ 33eld pue UOT3ED0T I0J Z ‘BT 99s) Aeg Aoxsjuol uzxs3lsam JO uolued pue J[9Yys a8yl SSOIde HT OUIT 3JO

butmeap auTyl aar3axdiajur pue ofTjoxd uOT3OS[IDI oTwsTes (LY 9z) uoTzexzauad ojeTIpLULIL]UL
|

|
[
1

- LT °anbtdg

siopu o8
0011 fo._
" : i 7 s \\\
“\\\ S0
0o6¥ o] 7z, g
(foxd) 92 -GW g b V\\\\\
o~ \I
1] T ™ T T T T T T T T T T T T T T T \ T ]
§ ] -] d [+] N (] T r i H 0 4 3 a b [ ] v
(load) 92 -an ¥ IND
9x°3°A
r T
S0 0w0} | © (o] ]
¥
oy
0011

oW )} 10ADI}
Aom-Om}

i AN

75




*Keg Asxsjuoy uxsy3nos Jo adoTs pue JT3YS TRIUSUTIUOD 9Y3 SSOIO® gz SUTT JO bBurmeap

auTT aaT3sadxojutr pue 3TTIoxd uoT3IOITIOX OTWSTIS ([ D9T) uorzexzauad desqg - ‘gT 2anbTd
‘08
. toY
[T I Y ll.\\lq.l..h.\hl.n‘(hl|0.‘
\4’.45\!\“["&’”
S S A v s
A
sieopowoily Ol g 0 ¢ ‘.w.!“..m.u.l  o'g
83
03
Fe°t
o dl
- 90
[ T T T T Y T T T T \ Y T T -+ 4]
00¥0 OGYO 0000 OS99 O080 OS90 O0L0 ORL0 O080 0880 0001 0f0i OOl  3€N 1031
teso 6 AN
|| |0ADS}
hom-om} O
—’
‘008
Loo
98
s o't
il 83
- 03
-9
-0t
- 60
T U T 0o
og0l OOl 3l 1031

62 3NN




»

of late Pliocene to early Pleistocene uplift. Thus, this basement high,
here named the Monterey high, has been subjected to recurrent uplift since
early Miocene time, with the most recent occurrence in late Pliocene to

Holocene time.

Middle Miocene Sequence
Monterey Formation

The middle Miocene sequence is composed of diatomaceous and sili-
ceous shale and sandstone of the Monterey Formation. Seismic reflectors
in this unit are strong, continuous, and repetitive, and seismic incoher-
ency and noise are minimal.

The Monterey Formation in Monterey Bay unconformably overlies the
crystalline basement complex. In northern Monterey Bay the Monterey For-
mation appears to be unconformable beneath the Santa Margarita Sandstone,
although locally these two units may interfinger (Figs. 19 and 20). Dis-
tinguishing between the Santa Margarita Sandstone and Monterey Formation
is difficult due to the similarity in their seismic characteristics, and
the contact between them is generally inferred. 1In southern Monterey Bay,
the Monterey Formation is exposed or is unconformable beneath the Pliocene
Purisima Formation (Pl. 3; Figs. 13, 17, and 21). The upper boundary of
the Monterey Formation is hard to define, as the seismic signal changes
gradually across the Purisima-Monterey boundary. However, an estimated
top of the Monterey Formation was established in seismic records using
onshore well-hole data (Greene, 1970).

A water well completed recently near Castroville (Fontes No. 1; Pl. 3)
bottomed in the Monterey Formation at a total depth of 523.6 m (517.6 m
below S.L.) (R. R. Thorup, written commun., 1976). Foraminiferal assem-

blages from side wall cuttings indicate that the contact between the
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Monterey and Santa Margarita (?) Sandstone occurs at 482 m below sea level,
the contact between the Santa Margarita (?) and the Purisima Formation is
at (~)436 m, and the contact between the Purisima and the Aromas Sand is
at (-)350 m (R. E. Arnal, written commun., 1976). Extrapolation of these
contacts into the offshore suggests that the correlation with the acousti-
cal stratigraphy identified in the seismic reflection profiles is wvalid.

The Monterey Formation crops out on the southern and southwestern
shelf of Monterey Bay, and forms a thin band along the southern and northern
walls of Monterey Canyon. Isolated outcrops of this unit probably are
present at two locations in the canyon near the large meander (Pl. 3).
The Monterey Formation ranges in thickness from O m where it wedges out
against granodiorite on the Monterey Peninsula, to about 640 m (0.64 sec)
beneath the southern part of the Salinas River delta (Pl. 3; Fig. 13).

The Monterey Formation in the southern Monterey Bay generally dips
2o to 8o west-northwest. However, these strata are deformed and folded
along a 6 km wide northwest-trending zone, the Monterey Bay fault zone,
that extends approximately 20 km seaward from the Monterey bight. Dips
in the Monterey Formation in northern Monterey Bay range from horizontal
in the Soquel-Aptos region to about 16° NW along the break in slope in the
extreme western part of the bay (Pl. 3). A discordance, present locally
in the Monterey Formation, is indicated in the extreme southern part of
Monterey Bay (Pl. 3). This discordance is not evident in adjacent onshore
exposures (Clark and others, 1974), and probably is a minor feature
restricted to the Monterey bight area and representing the effect of a

minor tectonic event on the Monterey Peninsula during middle Miocene time.
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Upper Miocene to Pliocene Sequence

The upper Miocene to Pliocene interval is represented by the Santa
Margarita Sandstone, Santa Cruz Mudstone of Clark (1966), and the Puri-
sima Formation. The Santa Margarita Sandstone and Santa Cruz Mudstone
of Clark (1966) have seismic characteristics similar to the Monterey
Formation and are very difficult to separate from the underlying Monterey
on the seismic records. Consequently, the boundary between these two
units has been extrapolated into the offshore using data from the Fontes

No. 1 water well located onshore.

Santa Margarita Sandstone
Identification of the Santa Margarita Sandstone offshore is based on
the assumption that strata identified as Santa Margarita in well-holes
on land are correlative with a well bedded seismic unit in the extreme
northern Monterey Bay (see intermediate penetration Profiles A through
L and 1 through 12, aApp. III; also Figs. 16, 19, 20, 21, 22, 23, 27, 28,
30, 33, and 34). This seismic unit locally appears to be conformable
beneath the Santa Cruz Mudstone of Clark (1966) and it may overlie the
Monterey Formation with unconformity. The extent of this unit toward
the south and southwest is unknown, but it is inferred to grade laterally
into the upper part of the Monterey Formation. This unit is shown on
seismic profiles as Santa Margarita-Monterey undifferentiated in areas
in which correlation with onshore data was not possible (Fig. 22).
Thickness and extent of the Santa Margarita Sandstone are difficult
to determine due to its similarity on seismic profiles to the Monterey
Formation. The estimated maximum thickness of the Santa Margarita, 370 m

(0.37 sec) near the head of Soquel Canyon, may include some strata of the

Monterey Formation.
82




: - (suot3leoo atdwes 103 g °*bTJ @9s ‘aTryoad oa

xernotpuadiad s3jop pue a71Foad o3 TarTeaed uayel sney abpoip 23eOTPUT smoixe {sSToquis Fo uorjeueTdxe 10F

¢ @3eTd pue uOT3eO0T 103 7 ‘BT ®9s) Aeg A8x93UON JO uokueo pue adors ‘JT9Us TeIUSUTIUOD 33 SSOIOE T 3BUT]
Jo Hurmeap auTT SATISAdI83UT pue STTFOxd UOTIOSTISX OTWSTIS (C} 9z) uorjexijauad 93eTpawIalul - °ZZ 9InbTJg

‘208
03
o .J
enw” Mo
60
- T T [+
0291 608
T INA
owy} 10A0}
$X'3A Kom-om}
T | ‘o0s
vnewein g )

o3

oM

oni

IO.O

T T T T T T T T
008 ivdi reLl 90L! o271 1} 0091 (oI-]]] visi ozl 60081
7 3NN

83



*(sToqudis 3O uoTjeuetdxe
103 € ©3eTd Pu® UOTIEOOT 0¥ 7 °*O1Jd 99s) Aeg AoI93UOW UISYINOS FO FTSYS SIOYSILOU SSOIOE g DU
Jo Bbutmexp Sury 9ATISxdIs3UT pue aTTJoaxd uOT3IO9TFOSX OTWSTAS (L) 9°) uoTINnTosax YBTH - *¢£z oaInbTd

24000

iz - 082"

401

-0
"

@ 3NN

W} 1840}
Aom-om)

1000
sz

401

84




Sénta Cruz Mudstone of Clark (1966)

Correlation of the onshore Santa Cruz Mudstone of Clark (1966) with
its offshore equivalent can be made with reasonable certainty. Exposures
of the Santa Cruz Mudstone of Clark (1966) in the sea cliffs west and
north of Santa Cruz can be easily traced to a seismic unit that crops out
on the sea floor adjacent to these cliffs. This unit appears in seismic
profiles as a thin package of discontinuous reflectors that are truncated
along an overlying erosional surface (Fig. 23). This erosional surface is
very irregular and is easily correlated from one high resolution profile
to another. However, on deep penetration records the lower part of the
unit is more difficult to differentiate from adjacent units, and conse-
quently may include some Santa Margarita and Monterey strata.

The Santa Cruz Mudstone of Clark (1966) crops out in the extreme
northern and northwestern parts of Monterey Bay and along the nearshore
shelf between ATio Nuevo Point and Santa Cruz (Pl. 3). Its maximum thick-
ness is estimated to be more than 200 m (0.23 sec) at the edge of this
shelf 5 km north of Monterey Canyon; however, the thickness at this loca-
tion may include some strata of the adjacent Santa Margarita Sandstone and
Monterey Formation.

Miocene strata compose the most extensive sedimentary unit identi-
fied in Monterey Bay, and are found throughout the region except in the
area nearshore to the Monterey Peninsula. By treating Miocene rocks as
a single seismic unit, accurate estimates of thickness and structural con-
figuration can be made, and an isopach map of Miocene sedimentary rocks
(Fig. 24) and a Miocene 'structural contour map (Fig. 25) have been con-
structed. The total thickness of Miocene strata in Monterey Bay ranges
from O m around the Monterey Peninsula and in the outer Monterey Canyon

to more than 700 m (0.107 sec) thick in the northwestern part of the bay.
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The Miocene section increases in thickness both west and east of a line
extending from the Monterey Peninsula northward to Aptos. This line
corresponds in position to the axis of the basement ridge forming the
Monterey high (Fig. 15). The thickness of the Miocene interval penetra-
ted in oil and gas exploratory wells on land near the coast of Monterey
Bay is approximately equivalent to that present offshore (Fig. 24), rang-
ing from 219 m near Monterey to more than 2,410 m at Moss Landing. A
small shoreward protrusion, representing an increase in thickness of the
Miocene section, is apparent on the isopach map near the mouth of the
San Lorenzo River. This relatively thick section may reflect the presence
of an embayment or subsiding trough during Miocene time.

The Miocene structure contour map (Fig. 25) shows the surface of the
Miocene rocks to be a gentle plain that dips southward toward Monterey
Canyon, and eastward and westward away from the axis of the Monterey high.
Dips in Monterey strata vary from nearly horizontal to greater than 15°
where the strata are folded. The deéth of burial ranges from exposure in
the Monterey bight and along the Santa Cruz shelf to more than 600 m
(0.6 sec) beneath the thick cover of Pliocene sediments at the shelf
edge north of Monterey Canyon (Figs. 24 and 25). Burial depths for Mio-
cene strata on land are similar, ranging from exposure near Monterey to

more than 510 m at Moss Landing.

Purisima Formation

The upper part of the upper Miocene-to-Pliocene sequence offshore is
composed of the Pliocene Purisima Formation, which consists of semi-con-
solidated to consolidated sandstone, siltstone, and shale. This unit is
strongly to weakly reflected in seismic profiles and has continuous to

locally discontinuous seismic "bedding". Purisima strata appear to lie
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unconformably upon the Monterey Formation throughout most of the area,
except in nearshore parts of northern Monterey Bay, where they overlie
the Santa Cruz Mudstone of Clark (1966) (Figs. 19 and 23). A disconform-
able or conformable relationship may exist between the Monterey and Puri-
sima Formations in western Monterey Bay, where the contact between Mio-
cene and Pliocene rocks is deeply buried (Figs. 19 and 20).

The Purisima Formation is the second most extensive sedimentary unit
in Monterey Bay, and is present in the subsurface throughout most of the
northern part of the bay and in parts of southern Monterey Bay. Outcrops
of the Purisima Formation have been mapped in the nearshore Capitola-Aptos
area and on parts of the outer shelves of southern and northern Monterey
Bay (Pl. 3). Purisima strata also crop out in Monterey Canyon in a broad
band along the upper part of the north wall, and in a thin band and in
slump scarps along the upper part of the south wall.

Strata of the Pliocene Purisima Formation vary in thickness from
O m in the central part of southern Monterey Bay and along the nearshore
shelf west of Santa Cruz, to more than 600 m (0.6 sec) in the western-
most part of the northern Monterey Bay shelf (Fig. 26). Purisima strata
have an aggregate thickness of more than 400 m (0.4 sec) near the mouth
of the Pajaro River and off lLa Selva Beach. Approximately equivalent
thicknesses of Pliocene rocks are present in adjacent onshore areas (see
well data, App. II, and Fig. 26). Purisima strata dip about 8° to the
west or northwest in southern Monterey Bay, from 2° to 16° to the south-
west in northwestern Monterey Bay, and from 0° to 4° to the east or south-
east just seaward of the Soquel-Aptos area (Pl. 3 and Fig. 27).

A wedge-shaped body of sediments interdigitated with Pliocene Purisima

and Holocene strata (see Profiles B and 4, App. III) at the mouth of the
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San Lorenzo River is believed to represent a deltaic lens deposited
during late Pliocene to recent time (Pl. 3). Acoustically, the unit

is composed of a few discontinuous reflectors that scatter or absorb
seismic energy. Onshore, deltaic and fluvial sediments have been identi-
fied that appear to be related to a former position of the mouth of the
San Lorenzo River (R. L. Phillips, oral commun., 1975). These deposits
may be onshore equivalents of the unusual acoustical unit identified in

the offshore.

Upper Pliocene-and-Pleistocene to Holocene Sequence
The Pliocene-and-Pleistocene to Holocene interval in the offshore
comprises three units: (1) upper-Pliocene-to-Pleistocene Paso Robles
Formation and the Pleistocene Aromas Sands, combined as an undifferen-
tiated Aromas-Paso Robles unit in southern Monterey Bay, (2) Pleistocene
Aromas Sand, and (3) surficial deposits comprising Quaternary deltaic
sediments of the Salinas River, canyon fill, slump and submarine land-

slide deposits, and Holocene marine sediments.

Aromas-Paso Robles Unit and Aromas Sand

The basal part of the upper Pliocene-Pleistocene to Holocene sequence
is represented by the Aromas Sand in northern Monterey Bay and by the
undifferentiated Aromas-Paso Robles unit in southern Monterey Bay. In
the seismic profiles the Aromas Sand in northern Monterey Bay is repre-
sented by many weak, discontinuous and cross-bedded reflectors (Fig. 28);
the unit appears to acoustically scatter or absorb a large amount of
seismic energy. The Aromas and Paso Robles units in southern Monterey
Bay appear as weak, random, and discontinuous reflectors, and cannot be

separated on the seismic records.
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The Aromas Sand extends seaward for more than 10 km from the mouth
of the Pajaro River (Fig. 29). Outcrops of Aromas Sand are present near
shore in the area between Soquel and the mouth of the Pajaro River, in
slump scarps along the upper part of the north wall of Monterey Canyon,
and on the shelf between Monterey and Soquel Canyons (Pl. 3). The Aromas
Sand appears to unconformably overlie the Purisima Formation and locally
is unconformable beneath Holocene marine sediments. Cross-bedded Aromas
strata fill erosional channels in many locations. Seismic profiles suggest
that the Aromas Sand is, in turn, underlain by flat-lying sediments, possi-~
bly fluvial in origin, that fill the channel bottoms (Fig. 30). This obser-
vation is consistent with the relationship between the Aromas Sand and
Purisima Formation observed on land by Dupré (1975, p. 100). The scale
and form of the cross-bedding suggests that the Aromas is mostly eolian.
If this is correct, the northern and western limits of the Aromas Sand
represent a Pleistocene shoreline, with the southern boundary being marked
by the Monterey Canyon. The Aromas Sand in northern Monterey Bay ranges
in thickness from O m along its seaward limit to more than 255 m near the
mouth of the Pajaro‘River (Fig. 29).

In southern Monterey Bay the undifferentiated Aromas-Paso Robles
unit appears to extend westward for more than 8 km from the mouth of the
Salinas River (Pl. 3). Its seaward extent is difficult to determine
accurately because it appears to interfinger with Holocene surficial sedi-
ments. The undifferentiated Aromas-Paso Robles unit crops out locally
along the upper part of the south wall of Monterey Canyon and off Fort
ord (Pl. 3). It appears to unconformably overlie the Purisima Formation,
although locally this contact may be conformable or disconformable (Figs.

13 and 22).
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This unit onlaps the northern edge of the band of folded and faulted
Monterey strata in the Monterey Bay fault zone. The Aromas-Paso Robles
unit is overlain by Saiinas River deltaic deposits, but their contact is
difficult to identify in seismic profiles. Its thickness ranges from O m
along its seaward edge to more than 75 m in the nearshore area between

Moss Landing and the Salinas River (Fig. 29).

Deltaic deposit

The upper part of the upper Pliocene-and-Pleistocene to Holocene
sequence in southern Monterey Bay is represented by Quaternary deltaic
deposits of the Salinas River. These deposits have a distinct deltaic
shape, and are thickest (approximately 90 m thick) about 2 km south of the
present location of the river mouth (Fig. 31). This unit is characterized
in the seismic profiles by the absence of well defined, continuous reflec-
tors. Deltaic sediments are exposed in the headward part of the south wall
of Monterey Canyon (Pl. 3), and elsewhere are covered by a thin veneer of

Holocene marine sediment.

Canyon fill, slump, and landslide materials

Canyon fill deposits appear as thin packages of weak, horizontal
reflectors on the floor of Monterey Canyon. These deposits are most promi-
nent near the head of Monterey Canyon and in the seaward part of the can-
yon that makes a 90-degree bend to the south (Pl. 3).

Many submarine slumps and landslides in Monterey Canyon have been
identified in the seismic profiles (Pl. 2; Figs. 16, 19, 22). They have
a distinctive longitudinal profile, characterized by a flat top and
hummocky toes (Fig. 32); internal reflectors commonly appear deformed,

folded, and rotated. Pliocene and Quaternary deposits are exposed in many
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of the headward scarps. Landslide and slump deposits appear to be composed

mostly of displaced late Tertiary and Quaternary materials.

Holocene sediments

Holocene marine surficial deposits in northern Monterey Bay extend as
an elongate body from the mouth of the Pajaro River westward for more than
about 25 km, paralleling the coastline west of Santa Cruz (Fig. 31). These
sediments unconformably overlie the Pliocene Purisima Formation (Fig. 27)
and the Pleistocene Aromas Sand (Figs. 28 and 30). These Holocene deposits
range from O m thick at their depositional edge to nearly 40 m thick near
the head of Soquel Canyon (Fig. 31). Holocene deposits are nearly 25 m
thick near shore between the Pajaro River and Moss Landing where they

probably represent recent deltaic sediments from the Pajaro River.

Stratigraphy West of the Palo Colorado-San Gregorio Fault Zone

The geophysical and geological character of the area west of the Palo
Colorado-San Gregorio fault zone is not so well known as the area to the
east. Hence, the stratigraphy west of the fault zone is based mostly on
inferences from seismic data, with no direct lithologic control or corre-
lation with onshore data (Fig. 14). Ages assigned to acoustic units in
this area are speculative, and are based on crude correlations with simi-
lar units described in the outer Santa Cruz Basin by Hoskins and Griffiths
(1971).

Three major stratigraphic units have been established from the seismic
profiles: pre-middle Tertiary, middle Tertiary, and late Tertiary-to-
Quaternary. The pre-middle Tertiary sequence is composed of acoustical
"basement" comprising Cretaceous to early Tertiary sedimentary rocks,

Mesozoic or older metamorphic rocks, and Cretaceous or Jurassic rocks of
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the Franciscan assemblage (Fig. 14). The middle Tertiary sequence
includes sedimentary rocks of questionable Miocene age. The late Tertiary
to Quaternary sequence is composed of Pliocene sedimentary rocks and
unconsolidated marine sediments, submarine landslide deposits, and slump

deposits.

Pre-middle Tertiary Sequence

Acoustical "basement" rocks of the pre-middle Tertiary sequence are
represented in most deep penetration seismic profiles (Figs. 33 and 34).
Acoustical basement in the area west of the Palo Colorado-San Gregorio
fault zone is here thought to consist of well lithified sedimentary or
metamorphic rocks, and possibly basic intrusive and volcanic rocks. Rocks
of the Sur series of Trask (1926), and Cretaceous and Oligocene sedimentary
rocks similar to those described by Hoskins and Griffiths (1971, p. 218)
from the outer Santa Cruz Basin to the north, may also be present. BAll of
these rocks reflect seismic energy strongly. Rocks forming acoustic base-
ment appear on seismic records to crop out in the head of Ascension Canyon,
in Monterey Canyon, and possibly along the unnamed seaknoll on the slope
west of Point Sur (Pl. 3). Three samples (SC-1, MF-1, and LS-5) that may
represent basement rock have been collected from this offshore basement
terrane. These samples contain limestone, dolomite, and highl§ altered
metasediments that may have lithologic affinities to the Franciscan assem-
blage and Sur Series, although a certain correlation cannot be made purely
on lithologic grounds.

Franciscan rocks appear to form the acoustic basement in the extreme
southeastern corner of the cffshore area. This unit strongly returns seismic
energy, and many multiple and hyperbolic reflectors are seen beneath the
"basement" surface. It crops out on the shelf west and south of Point Sur,
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west of the Sur fault, and can be correlated with Franciscan rocks exposed
onshore (Pl. 3). A basement ridge that extends northwestward (Fig. 5)

from the Point Sur shelf also may be composed of Franciscan rocks.

Middle Tertiary Sequence

The middle Tertiary sequence unconformably overlies acoustical base-
ment. The basal part of the sequence is composed of a vertical succession
of many strong, continuous reflectors, similar in appearance to thinly
bedded rocks of the Monterey Formation, and is more than 1,300 m thick
in a sedimentary basin just south of Ascension Canyon (Pl. 3; Fig. 14).
These rocks appear to be exposed along the west and north walls of outer
Monterey Canyon and along the east walls of two tributaries that enter

Monterey Canyon from the north (Pl. 3).

Late Tertiary to Quaternary Sequence

Pliocene (?) sedimentary rocks form the lower part of this sequence,
overlying sedimentary rocks of probable Miocene age with unconformity,
and locally with disconformity or conformity (Figs. 18, 33 and 34). These
rocks may be equivalent in age to the Purisima Formation. This unit appears
in seismic profiles as continuous to discontinuous, weak to strong reflec-
tors. It is nearly 1,000 m thick in the sedimentary basin just south of
Ascension Canyon (Pl. 3; Fig. 14), and appears to crop out on the south
wall of Monterey Canyon (Pl. 3).

The Tertiary sequence is mapped as undifferentiated sedimentary rocks
where the unconformity between Miocene and Pliocene units is poorly
defined or absent (Fig. 14). These rocks are more than 1,900 m thick
beneath the shelf near the head of Ascension Canyon (Pl. 3; Fig. 14). Rocks

of this unit are also involved in the northern part of the Palo Colorado-
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San Gregorio fault zone where seismic profiles suggest that they are
highly sheared and faulted.

The upper part of this sequence is a unit comprising undifferentiated
late Tertiary to Quaternary sediments of probable marine origin, mostly
sands and muds, and submarine landslide and slump deposits. This unit
contains many flat-lying, continuous to discontinuous reflectors in which
submarine slumps appear as distorted, folded, and weak internal reflectors
(Figs. 18 and 34). It is limited in extent to the northern and southern
parts of the area west of the Palo Colorado-San Gregorio fault zone. This
unit lies conformably or disconformably upon, and appears locally to grade
laterally into, the underlying Tertiary sequence (Figs. 18 and 34). It is
about 1,450 m thick on the slope near the head of Ascension Canyon (Pl. 3).

A single, very large submarine slump is present on the west wall of
Monterey Canyon a short distance west of the Palo Colorado-San Gregorio
fault zone. The slump material is derived mostly from Tertiary sedimentary

rocks, and may be as much as 850 m thick.

STRUCTURE

The structure of the Monterey Bay region offshore is complex and is
produced largely by post-Miocene tectonic events. Major structures in the
Monterey Bay region include faults, folds, and fault-bounded basement
ridges associated with sedimentary basins (horsts and grabens). The struc-
tural grain of the region is variable in trend, and may chronicle shifts
in stress field or changes in the Pacific-American plate boundary since
Miocene time. Structural trend is generally northwest-southeast for the
region as a whole. However, the Palo Colorado-San Gregorio fault zone
trends north-south, obliquely truncating structures in Monterey Bay (Pl. 3).

Structures west of the Palo Colorado-San Gregorio fault zone expand westward
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away from the fault zone, with a pivot point somewhere south of Point Sur.
Faults farthest west are oriented more nearly east-west than structures
nearer the fault zone. South and west of the pivot point, structures are
oriented nearly north-south.

Seismic profiles provide much information concerning the location,
depth, and age of strata affected by faulting. This information is pre-
sented on Plates 5 and 6. Major faults were defined using criteria out-
lined in Appendix I. Many previously unmapped faults were identified on
seismic profiles in the Monterey Bay area during this investigation.

Some of these faults extend onshore. Earthquake epicenters and geologic
evidence for recent offset indicate that several faults are active. Seis-
mically active faults come onshore near Ano Nuevo Point, and between the
towns of Marina and Point Sur to the south.

Faults in the Monterey Bay region lie primarily within two major
northwest-trending, intersecting fault zones, the Palo Colorado-San
Gregorio and Monterey Bay fault zones (Pl. 5). The Palo Colorado-San
Gregorio fault zone is a narrow (approximately 3 km wide) feature defined
by one or two faults. It appears to merge to the south with the Serra
Hill and Palo Colorado faults onshore near Kasler and Hurricane Points
(Trask, 1926; Jennings and Strand, 1958; Gilbert, 1971), and to the north
with the San Gregorio fault and a thrust fault, or a fault mapped about
500 m east of the thrust, on Ano Nuevo Point (described by Clark (1970a)
and Evans and Lajoie (written commun., 1971)). The length of this zone,
including its on-land segments, is at least 125 km; however, its total
length may be considerably greater, for it appears to join faults at Half
Moon Bay that in turn join the San Andreas fault northwest ﬁf the Golden

Gate (Cooper, 1971). It also may join the Coast Ridge fault to the south

(Ross, 1976).
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The Monterey Bay fault zone (previously termed the Tularcitos fault
zone by Greene (1970)),is located in Monterey Bay between Monterey and
Santa Cruz and forms a diffuse zone, 10 to 15 km wide, of short, en echelon,
northwest-trending faults. This zone may comprise the offshore extensions
of northwest-trending faults in the Salinas Valley and the Sierra de Salinas
to the southeast. To the north, this zone appears to terminate against
the Palo Colorado-San Gregorio fault zone.

The probable offshore extension of the Sur-Nacimiento fault zone forms
a third major fault that parallels the Palo Colorado-San Gregorio fault
zone farther offshore along the southwest edge of the Monterey Bay region.

To facilitate discussion, the Palo Colorado-San Gregorio fault zone
is divided into three geographic segments, the Cypress Point-Point Sur
shelf, Monterey Bay, and Ano Nuevo Point-Santa Cruz shelf segments; the
Monterey Bay fault zone is divided into southern and northern Monterey

Bay segments.

Sur-Nacimiento Fault Zone

Several faults identified on the shelf between Point Sur and Cypress
Point are aligned with faults onshore in the Sur-Nacimiento fault zone,
a major structural feature in the southern Monterey Bay region. This zone
is a belt of faults of various kinds and ages that extends about 300 km
southeastward from the Sur fault zone (Page, 1970a) and includes the Sur
thrust zone, the Nacimiento fault, and several smaller faults.

Seismic reflection profiles do not reveal the subsurface bedrock
structure and associated major faults on the shelf area between Point Sur
and Hurricane Point, where the offshore extension of the thrust zone

should be found. This zone of poor reflectivity is bounded on the south
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by faults that are buried beneath about 200 m of late Tertiary (?) sedi-
ments and may parallel the northwest trend of the faults onshore (Pl. 5).
The westernmost of these faults may be the offshore trace of the Sur-
Nacimiento fault. The two longest faults diverge toward the northwest;

both may be part of a longer fault zone that extends southeastward, parallel
to the coast. The presence of tightly folded and sheared rocks onshore
south of Point Sur suggests that such a fault zone may be present offshore

(W. G. Gilbert, oral commun., 1970; Ross, 1976).

Palo Colorado-San Gregorio Fault Zone

Cypress Point-Point Sur Shelf

Two faults trend northwestward from the coast in this area; the
southernmost crosses the coast near Hurricane Point and the northernmost
near Kasler Point (Pl. 5). The former comprises three segments. The
central and northern segments are marked by abrupt termination of well
defined reflectors (bedded sedimentary rocks) southwest of the fault
against a zone of seismic incoherence (crystalline rocks) (Pl. 7, section
N-N'); the southern segment may bend eastward and join the Serra Hill fault.
The Serra Hill fault (Trask, 1976) is a major thrust fault that emerges
from the ocean just north of Hurricane Point and trends southeast on land
(Gilbert, 1971). Near Hurricane Point, the fault dips 50°-60° NE. Mesozoic
grandiorite northeast of this fault is thrust over upper Miocene sandstone.
Gilbert (1971) estimates that the vertical separation on the fault is at
least 300 m. The offshore continuation of this fault trends northwest
down the axis of the western tributary of Carmel Canyon, and may have con-

trolled the location of this canyon (Pls. 5, 7, section M-M').
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' Northeast of the offshore extension of the Serra Hill fault, near
Kasler Point, a well defined and fairly continuous offshore fault is
identified. The southerh part of this fault is located by seismic reflec-
tion and bathymetric profiles. This fault lies between locally disturbed
stratified rocks to the southwest, and crystalline or well indurated sedi-
mentary rocks to the northeast (Pl. 7, section M-M'). It appears to be
upthrown on the northeast; Dohrenwend (1971, p. 35) calculated that Plio-
cene and Pleistocene sedimentary rocks at least 200 m thick have been
brought into fault contact with the quartz diorite. Sandy siltstone,
rather than quartz diorite, was dredged on the upthrown side of the fault
(Dohrenwend, 1971; Ellsworth, 1971), but seismic records show a reflecting
unit having the appearance of crystalline rocks north of the fault. Any
sediment overlying quartz diorite east of the fault must be less than about
3 m thick and concealed within the seismic bubble pulse.

A west-facing, 2 m high scarp is associated with the fault northeast
of Kasler Point. Ellsworth (1971) and Dohrenwend (1971) have suggested
that because the scarp consists of easily erodable siltstone, it probably
was produced by recent fault offset, rather than differential erosion.
High resolution (7.5 kHz) bathymetric profiles indicate that this scarp
swings eastward and may connect with the Palo Colorado fault on land
{(Dohrenwend, 1971; Ellsworth, 1971; P1l. 5). Graham (1976), however,
believes that the Pélo Colorado fault is minor and not presently active,
and that this offshore fault trends into a fault within the Sur-Nacimiento
fault zone.

The Palo Colorado fault onshore has been described as a southeast-
trending thrust that parallels the coast for approximately 2 km, ultimately

bending to the east, with Mesozoic quartz diorite thrust over Cretaceous
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sandstone (Trask, 1926). According to Trask (1926), the fault plane
probably dips 70° NE, with separation of about a thousand meters.

The Palo Colorado fault is well-defined in seismic reflection pro-
files across a deeply incised eastern tributary of Carmel Canyon off
Point ILobos (Pl. 7, section M-M'). The east wall of this tributary is
composed of granitic rock, and stratified sediments 120 m thick overlie
a probable granitic basement in the west wall. These relationships suggest
at least 120 m of separation, with relative upward movement of the east
wall. A dredge haul at the base of the west wall of this tributary collec-
ted a quartz diorite rock with cataclastic texture (tectonically deformed
quartz diorite with broken and bent phenocrysts), which is consistent with

the presence of a fault in the tributary valley.

Monterey Bay

Seismic reflection is of little help in following faults in Carmel
and Monterey Canyons because the steep bottom topography produces complex
seismic reflections (side echoes and hyperbolic reflections) that obscure
subbottom reflections. However, Martin and Emery (1967, Fig. 5) dredged
well indurated middle Miocene limestone from the west wall of the canyon,
and granodiorite from the east wall. Using this evidence, together with
high precision depth records showing linear elements in the sea floor
topography, the Palo Colorado-San Gregorio fault is projected along the
axis of Carmel Canyon. Thus, the fault zone, including the offshore
extension of the Serra Hill fault, trends approximately N25°W down Carmel
Canyon in Monterey Bay.

Near the junction of Carmel and Monterey Canyons, Martin and Emery
(1967, p. 2289) show a narrow band of pre-Cretaceous(?) metamorphic rocks

between two northwest-trending parallel faults that separate it from middle
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Miocene siliceous siltstone on the west and Cretaceous intrusive rocks
on the east. These faults are generalized on Plate 5, appearing as a
single fault, which is then extended northwestward, following linear
topographic elements, to the southern edge of the Ano Nuevo Point-Santa

Cruz shelf, where seismic records clearly indicate faulting.

Aho Nuevo Point-Santa Cruz Shelf

Two northwest-trending parallel faults cut across the Ano Nuevo Point-
Santa Cruz shelf (Pl. 3). These faults appear to be continuous for more
than 26 km, and bound a zone of deformed, steeply dipping rocks. Seismic
reflections suggest that dips exceed 35o in some areas or that the rocks
are extensively sheared (Pl. 8, profiles A-A', D-D'). Hoskins and Griffiths
{1971) show faults in approximately the same locations, but suggest that
these faults do not affect rocks above a buried erosional unconformity
of late Miocene age. However, both intermediate penetration and high
resolution profiles made during this study indicate that these faults
cut the younger overlying rocks, and in some places closely approach
the ocean floor.

Faults onshore that are the probable continuation of the offshore
faults described above also show evidence of relatively young displace-
ment. The easternmost of these faults lies directly on the trend with
the main strand of the San Gregorio fault, which, as mapped by Clark (1970),
has juxtaposed the Pliocene Purisima Formation to the west against the
upper Miocene to early Pliocene Santa Cruz Mudstone. The westernmost
fault lies on trend with faults on Ano Nuevo Point, which the Miocene
Monterey Shale has thrust (northeast side up) over Pleistocene marine
terrace deposits (Clark, 1970a; J. G. Evans and K. R. Lajoie, written

commun., 1971). The presence of a shear zone several meters wide east
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of Ao Nuevo Point suggests that a third fault trends N30°W (K. R. Lajoie;
G. E. Weber and J. C. Tinsley, written commun., 1971) into the deformed
zone offshore, in what can be considered an extension of the San Gregorio
fault zone.

The easternmost fault of the San Gregorio fault zone at Aho Nuevo
Point could not be distinguished in seismic profiles offshore, to the
south, suggesting that it changes character or ends. Hoskins and Griffiths
(1971) show it terminating at about the same location as indicated on
Plate 5. The westernmost fault in this zone has been extended across
Monterey Canyon along linear topographic features on the sea bottom, and
is joined with the Carmel Canyon fault. According to this interpretation,
faults of the San Gregorio and Palo Colorado systems form a single zone

in the Monterey Bay region.

Monterey Bay Fault Zone

Southern Monterey Bay

The Monterey Bay fault zone is composed of many en echelon faults
identified both from high-resolution and intermediate-penetration seismic
reflection profiles south of Monterey Canyon {(Pls. 5 and 8, inter. pene-
tration sections J-J' through L-L'). About one-third of these faults are
1.6 km or more in length and have been correlated between two or more track
lines. Two-thirds of the faults, however, were identified on only one track
line and have been arbitrarily aligned with adjacent faults that have greater
continuity.

Recent mapping has demonstrated the onshore continuity of many of the
offshore faults of the Monterey Bay fault zone (Clark and others, 1974).
Three relatively continuous faults in southern Monterey Bay appear to extend

onshore between Fort Ord and Monterey; two are about 9 km long and the third
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is approximately 3 km. One of the 9 km-long faults may be the offshore
extension of the Chupines fault, which appears to enter the bay north of
Monterey near Seaside. Clark (written commun., 1976) is unable to map this
fault on shore near the coast. Seismic reflection profiles from the offshore
area and geophysical data on land indicate that the two 9 km-long faults
exhibit the same sense of separation as the Chupines and Tularcitos-Navy
faults on land. All four faults have Tertiary sedimentary rocks downthrown
on the northeast against Mesozoic granite on the southwest (Pl. 7, Section
K-K', fix 14.5, and Sections X-K' and L-L', between fixes 11 and 12). How-
ever, high resolution profiles across the nearshore part of the southernmost
fault offshore show drag folds indicating the opposite sense of displacement,
i.e., northeast side upthrown. This drag folding could be the result of
recent fault motion, which might differ from the predominant displacement,
or may indicate that the fault has a component of strike slip.

On land, the Chupines fault trends northwestward from the Sierra de
Salinas and extends beneath an area of alluvial deposits several kilometers
wide near the coast. The fault is well defined in the mountains, where the
Miocene Monterey Formation locally lies in fault contact with lower Pleistocene
Aromas Sand (Jennings and Strand, 1958; Bowen, 1969; California State Dept.
of Water Resources, 1970), and with granitic basement rocks at depth (Clark
and others, 1974). Sieck (1964) has interpreted gravity data to indicate
that the Chupines fault lies beneath the alluvium at the foot of the mountains,
and has suggested that dip-slip movement along the fault may have displaced
the Monterey Formation near Canyon del Rey. The fault exhibits a vertical
separation of about 300 m, upthrown to the southwest. The Chupines fault

is more than 26 km long if it is an on-land continuation of one of the
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more continuous faults in the Monterey Bay fault zone.

The Navy fault, a southwest-dipping reverse fault where exposed, is
a second major onshore fault that may be continuous with faults offshore
in southern Monterey Bay. The Navy fault has been mapped in a northerly
direction across Carmel Valley and the Meadow Tract area of the Monterey
Peninsula. It then passes beneath alluvium at the base of the mountains,
and finally trends out to sea near the U.S. Navy Postgraduate School (Clark
and others, 1974). The Navy fault may represent the northwestward continua-
tion of the Tularcitos fault, but the continuity of these fractures across
Carmel Valley is uncertain. If the Tularcitos-Navy fault continues into
Monterey Bay and joins the southernmost of the relatively continuous faults
offshore, its length would be more than 42 km. Dibblee (oral commun., 1973)
believes,based on his field studies in this area, that the Tularcitos fault
bends slightly west of the Meadow Tract area and dies out to the northwest,
in Carmel Valley; however, a zone of discontinuous faults may extend north-
westward from the Tularcitos fault across the Meadow Tract area toward Sea-
side.

The northeastern boundary of the Monterey Bay fault zone in southern
Monterey Bay is gradational and is formed by a relatively continuous fault
and several discontinuous en echelon faults (Pls. 5 and 7, Section P-P',
fix 10.5). This boundary may be the offshore extension of the King City
fault (Clark, 1930; Reed, 1933). Projection of the continuous fault shows
it to be aligned with the inferred trace of the King City féult (also called
Gabilan fault), as projected from the base of the Sierra de Salinas to the

ocean just south of the town of Marina.
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On land, the King City fault is a high-angle reverse fault along which
granitic rocks of the Sierra de Salinas are uplifted to form the western
border of the Salinas Valley (Reed, 1925, 1933; Clark, 1930; Sieck, 1964,
P. 20). Vertical separation along this fault decreases to the north, toward
Monterey Béy, where it may die out. The King City fault is presumed to
extend beneath the southwest margin of the Salinas Valley at least as far
southeastward as the area west of Greenfield (Clark, 1930, p. 204; Reed,
1933, p. 43-44; Schambel, 1943; Durham, oral commun., 1972). Gravity data
from the southern margin of the Salinas Valley suggest about 2500 m of ver-
tical separation (Fairborn, 1963), wheareas gravity data from the west end
of the Sierra de Salinas indicate between 900 and 1200 m of separation
(Sieck, 1964). If the King City fault and faults forming the northeast
boundary of the Monterey Bay fault zone are continuous, the vertical sepa-
ration decreases to about 240 m where the fault crosses Section J-J' off-
shore (Pls. 5 and 7).

The Reliz fault was first mapped as a branch of the King City fault
(Schombel, 1943); however, Durham (1970, p. 2) terminates the Reliz fault
about 4 km south of the King City fault near Olsen Ranch (Pl. 5). Other
workers, including Gribi (1967, p. 91), Walrond and others (1967), and
Tinsley (1975), believe that the Reliz fault extends northwestward along
the base of Sierra de Salinas into the King City fault, and refer to both
faults as the Reliz fault. Dibblee (1972) concurs with the latter inter-
pretation on the basis of the linearity and near alignment of the steep
front of the Sierra de Salinas with the Reliz fault south of Olsen Ranch.
Dibblee (1972) also considers the Reliz fault to be part of a system
including the Rinconada fault, which extends for more than 110 km farther

to the southeast.
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Projection of the King City fault beneath the alluvial cover of the
lower Salinas Valley near the Monterey coast is inferred from water well
data. These data also suggest that the fault has a probable post-Pleis-
tocene vertical separation of 30 m, south side up, near the town of Marina
about 3 km from the coast (California State Dept. of Water Resources,

1970, Sheet 5 of Pl. 2). Movement along the fault has juxtaposed the
Miocene Monterey Formation, on the southwest, with the upper Pliocene to
lower Pleistocene Paso Robles Formation. Farther southeast, at Fort Ord,
the Paso Robles Formation southwest of the fault occurs in the subsurface

at an elevation of 30 m above sea level. The Paso Robles is not encountered
to the northeast, across the fault, but deposits here occur at an elevation
of more than 160 m below sea level (R. S. Ford, written commun., 1972).

The southwest limit of the Monterey Bay fault zone in southern
Monterey Bay is formed by a series of parallel faults that trend north-
westward from Cypress Point (Pl. 5). Three of these faults displace the
sea floor by 1 m to 5 m; two show relative uplift on the southwest and the
other shows relative uplift on the northeast. The most continuous fault
in this boundary zone may connect with the on-land Cypress Point fault
that extends southeastward from Cypress Point to Pescadero Point, and
across Carmel Bay to connect with a fault on Abalone Point, just north

of the mouth of Carmel River (Bowen, 1969; Clark and others, 1974).

Northern Monterey Bay
North of Monterey Canyon, the Monterey Bay fault zone is composed of
many faults identified primarily from high resolution seismic records
(P1. 5 and 7, H. R. Sections A-A' through E-E'). Most faults are down-

thrown on the northeast, or landward, side. About one-third of these

faults are 1.6 km in length and have been correlated between two or more
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tracklines. Two-thirds of the faults cannot be correlated between adjacent
tracklines but are arbitrarily shown to be oriented parallel with adjacent
faults having greater continuity.

The longest fault is in the center of the zone and is at least 9.6 km
long (Pls. 5 and 7, Sections C-C' and B'E‘', between fixes 9 and 10). Drag
folds and offset, gently dipping reflectors associated with this fault can
be correlated from line to line on high resolution records, and the fault
can be traced on the basis of its seismic characteristics on intermediate
and deep penetration profiles.

The northeast edge of the Monterey Bay fault zone in northern Monterey
Bay is gradational, and is evident as a decrease in the number of discon-
tinuous faults. The Monterey Bay fault zone does not appear to continue
across the trace of the Palo Colorado-San Gregorio fault zone.

Faults probably continue beneath Monterey Canyon, but could not be
identified by the seismic reflection method used in this investigation.
Linear trends in the topography of the bay floor within the Monterey Bay
fault zone parallel the trend of the faulting; as do the large northwest
meander in Monterey Canyon and the channels of small valleys tributary
to the canyon. The position of all of these features may be fault con-
trolled.

Deep penetration (160 kj) seismic reflection profiles provide evi-
dence for the "Monterey Canyon fault", previously inferred to lie beneath,
and parallel to, the headward axis of Monterey Canyon (Greene, 1970).
Cretaceous granites forming the basement complex occur at shallower depths
on the south side of the canyon than on the north; the apparent vertical
separation is approximately 60 m to 150 m, south side up (Fig. 35), and

increases in amount farther offshore.
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'The Monterey Canyon fault is approximately 10 km long and follows
the axis of the canyon from the meander to the mouth of Elkhorn Slough
(P1. 5). The fault may extend onshore, and could be responsible for
the trough in basement rocks beneath Elkhorn Slough (Starke and Howard,
1968). Shallow reflectors are poorly defined in the 160 kj seismic pro-
files, and it is difficult to determine the youngest strata cut by the
Monterey Canyon fault. However, this fault probably does not extend

upward to the base of the modern canyon fill.

Ascension Fault

The Ascension fault lies about 5 km west of the Palo Colorado-San
Gregorio fault zone, paralleling it for almost 70 km to the southernmost
head of Ascension Canyon (Pls. 3 and 5). Seismic reflec£ion data collected
by the U.S. Geological Survey to the north indicate a northward continua-
tion of the fault for more than 20 km (D. S. McCulloch, oral commun., 1976).
The youngest rocks displaced by this fault appear to be Miocene, based on
the offset of reflectors of probable Miocene age, and the lack of offset
of reflectors in the overlying strata of probable Pliocene age, in seismic

reflection profiles.

Other Offshore Faults

West of the Palo Colorado-San Gregorio fault zone, four other faults
have been inferred from deep penetration seismic profiles (Pl. 3). The
youngest rocks displaced by these faults are probably of Miocene age,
making these faults older, in general, than those comprising the Palo
Colorado-San Gregorio and Monterey Bay fault zones. None of these faults

displaces the sea floor.
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Two other faults extend N50°W from the Point Sur shelf. These line;r
faults are the northeastern and southwestern margins of the basement ridge
that forms the Sur platform. The northeastern fault is at least 80 km
long; it passes about 1l km seaward of Point Sur and probably continues
to the south, paralleling the southern Sur coast.

The fourth fault is located along the east side of the unnamed sea-
knoll on the continental slope due west of Point Sur. This fault is
oriented nortn-south, as are structures to the south. 1t appears to be
only 15 km long, but may extend a greater distance to the south.

Proceeding from west to east, the orientation of most faults seaward
of the Palo Colorado-San Gregorio fault zone changes from northwest-south-
east to nearly north-south. The southern ends of the most nearshore
faults appear to approach a common juncture south of Point Sur. D. S.
McCulloch (oral commun., 1976) observes that faults seaward of the Sur
Coast trend northwest-southeast until they approach Point Sur, where their

trend appears to change abruptly to a nearly east-west orientation.

Sea Floor Scarps and Discontinuities Not Due to Faulting

Several sea floor scarps mapped in the Monterey Bay region resemble
faults but appear to have had other origins. These features are most
common in central Monterey Bay, in and around Monterey Canyon near Moss
Landing, and along the shelf break at the top of the continental slope.
The most abundant of these are slump scarps along most of the walls in
the headward part of Monterey Canyon (dashed single-hachured line on
Pl. 5; also see Pl. 7, Section 8-8'). Similar scarps occur at a depth of
about 125 m near the edge of the continental shelf. Hummocky topography
downslope from some of these scarps indicates that they are related to the

slumping of unconsolidated sediment.
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Other seaward-facing scarps at the edge of the continental shelf
appear to be erosional features at the landward edge of young sediments
deposited with foreset bedding on a prograding continental slope (dashed
double-hachured line on Pl. 5; also see Pl. 7, Section E-E', fix 14).

E. Silver (oral commun., 1971) attributes similar features along the
northern California coast to wave erosion and accompanying deposition
during lowered sea level; Dietz (1952, p. 1809) has advanced a similar
explanation for features on the shelf edge of the eastern United States.
However, some of these scarps may be associated with downslope creep of
continental shelf sediments.

An arcuate subsurface break, covered by about 10 m of sediment, is
present on the south side of the head of Monterey Canyon (Pl. 5). This
feature approximately parallels the canyon, and the north side is down-
dropped an unknown amount. This subsurface break appears to be the head
of an incipient slump that has moved toward Monterey Canyon. It may have
become stable and covered by late Holocene sediment, or the slump may

be active, in which case the break may be propagating toward the surface.

Seismicity and Evidence for Recent Faulting

Earthquakes in the Monterey Bay region indicate that the Palo Colorado-
San Gregorio and Monterey Bay fault zones are seismically active. Historical
accounts of earthquakes in the region date back to 1836. Information for
the period before installation of seismographs in 1934 is based on reports
of earthquakes noted by inhabitants of the area; the locations of these
earlier quakes cannot be determined accurately. The earthquake history of
the region from 1836 to 1968 has been summarized by Griggs (1973).

Sites of reliably located earthquakes recorded between October 1926

and June 1976 in the Monterey Bay area are shown on Plate 6 and listed on

121



Table 3. Epicenters of earthquakes east of the San Andreas fault are .
not plotted, nor are epicenters located east of the Salinas Valley in
the south, and east of the Zayante fault in the north. All epicenters
after November 1972 are located tentatively and their positions may
change with further refinement of pertinent seismic data. In addition,
only post-1972 earthquakes located west of the San Andreas fault zone
have been plotted; those associated with the San Andreas are not plotted
(see Table 4).

The largest recorded earthquakes in the Monterey Bay region occurred
in 1926. Steinbruége (1968, p. 77) has described these as follows:

1926 October 22, 4:35 A.M. Center on the continental shelf off

Monterey Bay. Intensity VIII at Santa Cruz, where many chimneys

were thrown down: VII at Capitola, Monterey, Salinas and Soquel.

Felt from Healdsburg to Lompoc (a distance of 250 miles or 450 km)

and east to the Sierra, an area of nearly 100,000 square miles

(180,000 square km). Another shock one hour later was similar to

the first in almost every respect.

Detection of earthquakes and determination of their locations and
focal depths (hypocenters) in the Monterey Bay area are difficult because
the area lies largely outside of the network of seismographic stations.
Epicenter locations for earthquakes that occurred before 1969 probably
are accurate to + 10 km. Epicenters of earthquakes since 1969, the year
during which additional seismographs were installed, probably are accurate
to + 5 km. Focal depths probably are accurate to + 10 km and most appear
to be shallow--within 15 km of the surface.

Eighty-two earthquakes of magnitude 0.9 to 6.1 occurred beneath
Monterey Bay and the adjacent bay margin (in the area bounded by latitude
36°30'N to 37°00'N and longitude 121°45'W to 121°30'W) between 1926 and

September 19, 1972. Ninety-six earthquakes of magnitude .06 to 2.9 occurred

in this area from September 20, 1972 to June 21, 1976. Earthquake activity
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Pable 3 .~~kar in the Bay area (within let 36°30°% to 3700°N and long 121%¢5°8 to 122930°W), October 23, 1926 through September 14, 1972

ear Second iatituh W) longitude (W) Pou.® bugth (Km) Ragnitude Reference
1926 ocT 22 12 35 1.0 w0 122° 0.0 6.1 Richter, 1956
1926 ocT 22 3 3% 2.0 36°¢5.0° 127° 0.0’ 6.1
1934 arz 2 16 [] 0.0 7° 0 122° o.0° California Department of
1935 L » L} 13 0.0 37 0.0° 222° o.0* Watar Rescurces (1964)
193¢ sz ) 16 12 0.0 3° 0.0 122° o.0'
1937 ocT n 18 3 0.0 I 0.0" 122° o.0'
193? "oV 12 2 %0 0.0 37° o.0° 122° 0.0’
1938 ~ 2 20 ° 0.0 37 0.0 122° 0.0
1939 UL 17 (] 24 0.0 3" o0.0° 122° 0.0’
1960 AR 2 13 27 0.0 37° o0.0° 122° o.0'
1% ar 1e 16 26 4.0 26048.0° 121048.0'
1%4) -y » . 23 8.0 37° 0.0' 322° 0.0'
1946 NG 1 . L] 4.0 %°81.0° 121947.0°
1947 am n n 3 0.0 37° 0.0' 1216.0*
1947 v 18 2 o 0.0 36%7.0' 122° 7.0*
956 "oV 22 73 Q $0.0 37 0.0' 122° 0.0*
1958 oV v a 3] .0 26°52.0° 121°8.0°
1962 - [ 1 20 . 26.) 2%952.7* 127917.8° 2.7 Bulletia of Seismographic
1962 - u [ ] " 36°38.¢° 1219¢6.7°¢ 3.0 Stations, Buiversity eof
62 - 3] k] 26 3.3 26°38.2° 1210%2.6* 2.6 California, Berheley (1962)
1962 oac ] o 16 23.4 36°50.9* 121047.¢° 3.7
1963 [ ] 1 » 2 5.0 36°56.6° 121945.8° 3.0
1964 =] n 2y 10 19.1 3058.1° 121907.0* 2.3
1968 ar [ *» n 9.1 36°48.0° 121°58.0° 3.3
1968 arz O u ) 10.4 2°49.6° 1220 6.7* 2.8
1966 ar 3 n 17 5.3 37° 0.0* 121046.0* 2.6
1966 -my [ 3 a8 v 20.8 360%.0° 122°13.0° 2.3
1966 Jom 2 1] 12 0.4 26°58.0° 122012.0° a.9
1966 ocT » 20 - @.5 36055.0° 121°¢8.2° 2.9
Y3 ™ 13 ? % 2.3 3697.8° 122° 1.¢" 2.6
1968 - ) L] 7] 6.0 6°%8.0" 122910.0' 2.9
1969 Jan 1 13 12 32.9 36%45.9* 122° S.¢* $.0 2.0 Lee and others, 1972s
1969 -y . ? [} Q.. 36%46.0" 1220 ).¢° 12.¢ 0.9
1969 - 1 . . 6.3 26°36.2' 12197.¢° $.0 1.1
1969 i » a L] 1.2 26953. 7 122° 0.9’ u.e 1.9
1969 ocY 2 1s 1 5. 36048.2* 1220 2.¢* 7.2 1.7
1969 v . 1 L) 2.6 26°51.0° 1220 0.8* .7 2.6
1970 () 2 19 23 1.5 26959.0° 122, ..7 2.2 Lee and others, 1972
1970 ~ n 2 a2 e5.6 36946.0° 121058, 5.0 2.2
1970 are 13 21 [ 16.1 36044.9° 121081.5° 5.0 1.2
1970 my ie [] 26 .6 26°44.3° 1220 3.7° 10.0 1.0
1970 ac . . 1 2.4 26°45.0° 1220 3.5° 9.0 ..y
1970 G . . o 7.4 36945.0° 122° 2.¢' 9.2 3.0
1970 G 0 ¢ ©® s3.e 1220 1.8° 3. 1.6
1970 [ b v o .6 36°58.4" 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>