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GEOLOGY OF THE SAN FRANCISCO NORTH QUADRANGLE, CALIFORNIA

By JuL1US SCHLOCKER

ABSTRACT

The San Francisco North quadrangle, about 58 square miles
in area, includes the north half of the city of San Francisco, the
south tip of Marin and Tiburon Peninsulas, Belvedere, Angel,
and Alcatraz Islands, and part of Treasure Island. The topog-
raphy of San Francisco proper is characterized by rolling hills,
rounded slopes, and broad valleys, whereas other parts of the
quadrangle are characterized by steeper and more rugged
slopes, rounded ridges and spurs, and steep-sided V-shaped
canyons. San Francisco Bay covers nearly half the quad-
rangle. It is connected to the Pacific Ocean by the Golden Gate
channel. Water depths in the tidal channels generally range
from 100 to more than 360 feet below mean sea level; else-
where water depths are generally less than 30 feet.

Two distinct groups of rocks, bedrock and surficial deposits,
differ greatly in age, lithology, and topographic expressions.
The bedrock consists of the Franciscan Formation and asso-
ciated intrusive serpentine and gabbro-diabase of Jurassic(?)
and Cretaceous age. The Franciscan Formation is at least
16,000 feet thick and consists mostly of graywacke sandstone,
shale and siltstone, and mafic volcanic rocks, and lesser
amounts of radiolarian chert, conglomerate, limestone, and
glaucophane schist. Exposures of the Franciscan constitute 15—
20 percent of the land area of the quadrangle, generally on
hills, The surficial deposits, of Quaternary age, consist largely
of unconsolidated dune sand and water-laid sand, mud, and
clay. However, slopewash deposits, alluvium, landslide debris,
and artificial fill are fairly extensive. Above sea level, surficial
deposits mantle slopes and fill valleys to depths of a few feet
to more than 100 feet. In San Francisco Bay, surficial deposits
range in thickness from 100 to about 300 feet.

The major rock types of the Franciscan Formation in this
quadrangle which are mappable at a scale of 1:24,000 are
clastic sedimentary rocks, greenstone, radiolarian chert, meta-
morphic rocks, and sheared rocks.

The clastic sedimentary rocks of the Franciscan Formation
consist predominantly of massive graywacke sandstone beds
separated by segquences of shale and thin-bedded sandstone.
Conglomerate lenses and zones, as much as 10 feet thick, are
common on Angel and Belvedere Islands and on Tiburon
Peninsula. Pillow lava and radiolarian chert are interbedded
with the clastic rocks. Metamorphic equivalents of these rock
types are present on Tiburon Peninsula and Angel Island.
Although the clastic rocks of the Franciscan Formation con-
sist mostly of alternating massive and thin beds, two excep-
tionally thick sections of predominantly thin-bedded shale and
sandstone, each totalling more than 1,000 feet, crop out in the
northeastern part of San Francisco.

The clastic rocks of the Franciscan Formation probably
were deposited by turbidity currents in deep water in an
orogenically active eugeosyncline lying west of a continental
mass. A source area including metamorphic rocks is indicated
by the clasts in the sandstones and conglomerates. Rocks whose

composition is similar to the sand-size detritus in Franciscan
sandstone are exposed in the Coast Ranges, Klamath Mcun-
tains, and Sierra Nevada. The pebbles in some conglomerates
are very similar to sandstones and shales of the Franciscan,
indicating that the conglomerates may have been derived from
topographically high areas created by orogeny during Fran-
ciscan time,

The term “greenstone” is used to include all volcanic and
related intrusive rocks in the Franciscan Formation. Ttese
consist mostly of fine- to medium-grained metabasalts, in letge
part altered to pumpellyite-albite-chlorite rock. Most basalts
show pillow structure; a few are pyroclastic. Pillow structrire,
the presence of marine chert and limestone between pillows,
and the interbedding of flows and marine sediments through-
out the formation suggest a long history of submarine vol-
canism.

Thin chert and shale beds and less common massive chert
bodies are closely associated with the greenstones. Radiolaria
are common in the chert, less common in the shale. The larger
deposits of radiolarian chert are closely associated with green-
stone, which is believed to be the ultimate source of the silica
from which the chert was formed.

Metamorphic rocks include slate, phyllonite, phyllite, fne-
to coarse-grained schist, and granofels, commonly having relict
textures, Many masses of metamorphic rocks occur along the
borders of serpentine bodies or as tectonic inclusions from
diapiric movement in the serpentine. They are believed to be
metamorphic equivalents of Franciscan rocks and may hrave
been formed under high shearing stresses or by hydrothermal
alteration.

The map unit termed ‘“sheared rocks” consists of a soft
intensely sheared matrix of shale or serpentine that has mcved
plastically. Tt encloses hard blocks, as much as hundred= of
feet in diameter, of various rock types found elsewhere in the
Franciscan Formation. The blocks are rounded and slicl-en-
sided externally, but most are relatively unsheared internally.
Blocks greater than 20 feet in diameter are generally shattered
internally.

The map unit designated serpentine also includes a few
small bodies of calc-silicates (rodingites), pyroxenite, and
gabbro. Serpentine intrudes the Franciscan Formation anA is
widely associated with it. The serpentine was derived from
peridotite, and its present position is probably due to tectonic
movement at relatively high pressures and low temperatures.
Shearing is widespread within the serpentine bodies.

Unconsolidated late Pleistocene and Holocene surf cial
deposits cover about 80-85 percent of the land area of the
quadrangle. These deposits are mostly sand, but they include
rubbly slope debris and ravine fill, bay mud and clay, land-
slide deposits, and artificial fill.

The Colma Formation is the oldest of the surficial depo-sits.
It includes a group of marine and dune sands that have gro<sly
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2 GEOLOGY OF THE SAN FRANCISCO NORTH QUADRANGLE

similar physical properties and that occupy approximately the
same stratigraphic position; however, the formation probably
includes several marine deposits related to different sea levels.
It also contains alluvial and colluvial deposits. The Colma
Formation generally is horizontally bedded. The formation
lies stratigraphically below latest Pleistocene and Holocene
deposits.

A raised beach sand, probably deposited during a warm
interglacial epoch when sea level was higher than it is now,
has been exposed on the Presidio Military Reservation. This
deposit was mapped separately from the Colma Formation
because it is less cemented than the Colma Formation and its
grains appear to be less weathered.

Surficial deposits mapped as alluvium are very restricted in
extent and distribution, largely because of low surface runoff
due to low rainfall and a cover of highly permeable material
over large areas. Most of the alluvium in the quadrangle is
related to old drainage systems and is now moderately dis-
sected. The alluvium is composed of medium sand mixed with
silt and clay.

Beach sand and coarser beach deposits occur along all
shores except along the east edge of San Francisco and at
Sausalito. Beach deposits vary seasonally—even hourly—in
thickness and extent, depending on the nature of the waves
and the supply of sediments. Along the Pacific shore of San
Francisco, the probable sources of the beach sand and the
related onshore dunes are the poorly consolidated Pliocene
and Pleistocene Merced Formation, the younger formations
along the shore to the south, and the sands of the continental
shelf. The sands of the continental shelf probably were
deposited by the ancestral Sacramento-San Joaquin River,
during the Wisconsin Glaciation, when sea level was lower.

Dune sand, swept by prevailing westerly winds, underlies
more than half the city of San Francisco and extends as far
east as the area between Telegraph and Rincon Hills. It has
been deposited more than 600 feet above sea level and attains
a thickness of about 150 feet. The chief source of dune sand
was the Ocean Beach area.

Slope debris derived largely from weathered rock mantles
most slopes and fills the adjoining ravines. The slope debris
as mapped locally includes soils developed on bedrock and
minor amounts of alluvial, eolian, and landslide materials. The
debris thickens downhill and locally is as much as 60 feet
thick. The ravine-fill deposits, locally, are interbedded with
and grade into alluvium.

Bay mud, the youngest deposit in San Francisco Bay, con-
sists of soft unconsolidated sediment generally containing more
than 90 percent of clay- and silt-size detritus. A similar
deposit, bay clay, is nearly the same in texture but is more
consolidated and contains less water. Bay mud and clay are
found on the eastern shores of San Francisco and Sausalito,
under surficial deposits and artificial fill adjoining the Bay,
and under San Francisco Bay.

Landslides are among the chief agents of erosion in the
quadrangle. Sheared rocks and serpentine are the most sus-
ceptible materials. The numerous landslides have resulted
from combinations of hilly terrain, unconsolidated surficial
deposits or sheared bedrock, abundant highly plastic and
swelling clay, occasional periods of prolonged rainfall, fre-
quent earthquakes, and disturbance and alteration of the
terrain by man.

Artificial fill is extensive along the margins of San Francisco
Bay, more than 3 square miles of land having been created
by dumping artificial fill on the gently shelving tidal flats. The

average thickness of the fill in San Francisco, north of China
Basin, is about 10 feet; south of China Basin it is about 60
feet. The fill consists of dune sand, alluvium, debri~ from the
bay, and manmade debris. Serious engineering problems in
areas of artificial fill have been caused by differential sub-
sidence.

The San Francisco North quadrangle lies in tl2 western
part of the Coast Ranges near the west edge of the North
American crustal plate. The oldest exposed rocks in this part
of the plate are those of the Franciscan Formation and its age
correlative, rocks of the Great Valley sequence. The plate is
bounded on the west by the San Andreas fault zone and far-
ther south on San Francisco Peninsula by the Pilarcitos fault
(both faults outside the map area), which separate the Fran-
ciscan Formation from granitic and associated metamorphic
rocks. The Hayward fault zone is nearly parallel to and about
20 miles east of the San Andreas fault zone in this area. East
of the Hayward fault, the Coast Ranges consist mostly of
Cenozoic marine and nonmarine sedimentary rocks snd marine
sedimentary rocks of the Mesozoic Great Valley sequence.
Movement along the San Andreas and Hayward faults is right
lateral and has been responsible for the great eartl'nuakes in
this area.

The major faults and shear zones within the quadrangle are
the northwest-trending Fort Point-Hunters Point ard the City
College shear zones. The major folds are a syrcline that
plunges northwest between Russian and Telegrapl Hills, an
anticline on Marin Peninsula whose axis lies in Pichardson
Bay, and a broad northwest-plunging syncline on Angel Island
and Tiburon Peninsula.

The engineering properties of the natural foundation mate-
rials in the quadrangle vary greatly over short distances; so,
some building sites are in part on soft bay mud and in part on
hard bedrock. Almost every site on the Franciscan Formation
encompasses shear zones less than 1 inch to several feet wide.
Unconsolidated surficial deposits, which generally contrast
greatly in engineering properties from bedrock, cover more
than half the land area of the quadrangle. The location of the
bedrock surface is therefore important in engineering work.
As each construction site presents a unique combinaton of
natural conditions, such as slope, hydrology, and foundation
materials, detailed geologic investigations and slope stability
analyses are needed in the design of specific structvres.

The San Francisco North quadrangle is in a regi»n of high
seismic activity. Structures have been seriously demaged by
three major earthquakes since 1865.

INTRODUCTION
PURPOSE

San Francisco is a heavily built up city in a region
of active faults and is subject to earthquakes and land-
slides. In such an area careful selection of building
sites and foundations is imperative. This geologic
investigation of the San Francisco North quadrangle
was carried out to obtain basic geologic data to aid
in construction and other civil engineering problems.
The study also contributes to a better understanding
of the geology of this part of the Coast Ranges in
general and of the Franciscan Formation and surficial
deposits in particular.

"



INTRODUCTION 3

On the geologic map (pl. 1), consolidated rocks are
delineated by their composition, age, and origin, Such
a classification also gives an approximate indication
of the engineering properties of each formation. To
make the map more useful to the civil engineer, un-
consolidated deposits are shown where thick enough
to be depicted. This report and the accompanying
map should be a useful guide for planning foundation
studies necessary in engineering design.

LOCATION AND TOPOGRAPHY

The San Francisco North quadrangle includes the
north half of the city of San Francisco, part of San
Francisco Bay, the south tip of Marin and Tiburon
Peninsulas, Angel Island, Belvedere Island, Alcatraz
Island, and part of Treasure Island (fig. 1).

San Francisco Bay covers approximately half of the
quadrangle. The bay is connected to the Pacific Ocean
by the Golden Gate channel, a deep narrow waterway
between the San Francisco Peninsula on the south and
Marin Peninsula on the north. The Golden Gate chan-
nel and much of the bay are drowned parts of the val-
leys of the Pleistocene Sacramento—San Joaquin River
and its tributaries, and the Santa Clara Valley. Water
depths in the quadrangle vary from shallows of less
than 60 feet located south of Rincon Point, north of
Treasure Island, southwest of Angel Island, in Rich-
ardson Bay, and along a narrow shoal between Alcatraz
Island and Fort Point to deeps of more than 300 feet in
the Golden Gate channel. The deepest point, approxi-
mately 360 feet below sea level, is in the bottom of a
hole near the middle of the Golden Gate Bridge (Carl-
son and others, 1970).

The present topography of the San Francisco North
quadrangle has resulted principally from erosion of a
lithologically complex terrain and from deposition of
sand dunes. Marine and estuarine processes and late
Quaternary tectonism also have affected the topo-
graphic evolution of the quadrangle. In general, the
city area consists of bedrock hills surrounded by broad
valleys underlain by dune sand and other unconsoli-
dated deposits. Hills along the north (Golden Gate)
border of the city reach heights of approximately 375
feet above sea level above Point Lobos, in the Presidio,
and at Lafayette Square park; heights of approxi-
mately 325 feet are attained on Russian Hill, and
heights of 275 feet on Telegraph Hill at the northeast
edge of the city. Hills on the north border vary in relief
from about 150 feet in the Richmond District on the
west to 200-225 feet in Russian and Telegraph Hills on
the east. Potrero Hill, in the southeast, has a relief of
about 225 feet. The central and western parts of the
city rise to the south border of the quadrangle to a

small group of hills including Sunset Heights, more
than 750 feet in altitude, Mount Sutro, 908 feet in
altitude, and South Twin Peak, 922 feet in altitude.
The central hills of Mt. Sutro and Twin Peaks have a
relief of about 850 feet on the east and about 500 feet
on the west. Approximately one-third of the city area,
the central and western parts, is more than 200 feet
above sea level.

The topography varies from gently rounded hills
with broad basins between to the sheer sea cliffs that
border the Golden Gate. The rolling terrain of Golden
Gate Park and the moderate slopes in the central part
of the city in part are modifications by the deposition
of tremendous quantities of dune sand.

The strong northwesterly trend of ridges and valleys
that characterizes most of the Coast Ranges is ob-
scured in the city itself, although it is suggested by
such minor features as Russian and Telegraph Hills
and the valley between them, by Hayes Valley between
the hills at Lafayette and Alamo Square parks, and by
Potrero Hill.

The gradient of abandoned channels filled with old
alluvium in the Twin Peaks area appears to be much
more gentle than that of present-day surface runoff
channels. Evidently, Twin Peaks formed by dissection
of a gently rolling surface.

The shoreline of San Francisco Peninsula has a
varied topographic form. The west shore along the open
sea is alternately low and high, marked by sandy
beaches, such as Ocean and Bakers Beaches, and irreg-
ular bedrock cliffs such as those of the Point Lobos—
Lands End area and the Fort Point area. Except for
Black Point, the north and east shores are low and
mostly made land. Prior to filling, high cliffs were
present along the shore at Telegraph Hill and at Rin-
con Hill.

The topography of Marin Peninsula, Belvedere
Island, Tiburon Peninsula, and Angel Island is gen-
erally steeper and more rugged than that of San Fran-
cisco, and the shorelines are generally high bedrock
cliffs (fig. 2). Rounded ridges and spurs and steep-
sided V-shaped canyons characterize these areas,
although a few of the larger canyons widen near their
mouths into flat-floored debris-filled valleys. Marin
Peninsula has an average relief of 800-900 feet. The
highest point in the quadrangle — 1,125 feet above
mean sea level — is on a ridge half a mile west of Sausa-
lito (fig. 3).

The typical northwesterly structural and topo-
graphic trend of the northern California Coast Ranges
is well shown by Belvedere Island and Tiburon Penin-
sula (fig. 4) and by Alcatraz Island, Richardson Bay,
and Corinthian Island. This trend can also be found in
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FIGURE 2.—Angel Island, Raccoon Strait, and Tiburon Penin-
sula, viewed northwest. Prominent point in middle distance
is Stuart Point, Angel Island. White building at right
bottom is the lighthouse at Knox Point. Both points are
greenstone of the Franciscan Formation.

FIGURE 3—Marin Peninsula and part of Sausalito. Highest
point in the quadrangle, with an altitude of 1,125 feet, is the
broad peak right of center. View northwest.

FIGURE 4.—Belvedere Island and Tiburon Peninsula, view
north. The island is elongated northwestward along the
regional structural trend. Cliffs above the shore of Belvedere
Island expose Franciscan sandstone to right of trees at the
shore, Franciscan greenstone to left.

the ridges of Marin Peninsula, although somewhat
modified by the erosional features associated with a
large transverse stream valley whose mouth is drowned
by Rodeo Lagoon.

Angel Island is the upper part of a drowned moun-
tain cut off from Tiburon Peninsula by Raccoon Strait,
a former channel of the Sacramento River. The rounded
summit, 781-foot Mount Caroline Livermore, and the
broad radial spurs are modified by sharp ridge crests
and by steep shorelines (fig. 5).

F1cURE 5—Mount Caroline Livermore and southwestern slope
of Angel Island. Viewed toward the northeast. Serpentine
and metamorphic rocks are exposed in cliffs above the shore.

CLIMATE

The influence of the Pacific Ocean keeps the temp-
erature moderate and the air breezy, especially in the
vicinity of the Golden Gate channel and in those parts
of the quadrangle not separated from the ocean by
high hills. The following climatic data were obtained
from the U.S. Weather Bureau in July 1968: The
average annual rainfall (1931-60) in San Francisco
(Civic Center) is 20.78 inches, falling mostly from
November through March. About 10 days per month
in this period are rainy. Maximum precipitation meas-
ured at the Civic Center in 1 hour is 1.07 inches (for
the period 1889-1950) ; maximum for 24 hours is 3.65
inches. Drought conditions exist during the summer.
Snow is exceedingly rare. The mean annual number of
days of frost in the quadrangle is zero. Mean relative
humidity for 4 a.m., noon, and 4 p.m. is 85, 67, and 71
percent respectively. Annual mean temperature (1931—

60) is 56.8°F. Highest temperature recorded is 101°F; B

lowest is 27°F. Highest monthly mean temperatures
are 59.4°F, 62°F, and 61.4°F for August, September;
and October, respectively. Highest wind velocity re-
corded at the San Francisco Civic Center is 51 miles
per hour, for Mount Tamalpais, 120 m.p.h., and for the
San Francisco International Airport, 62 m.p.h. (from
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the southwest). During the rainy season, highest winds
are southeast through southwest at 53—62 m.p.h. with
gusts to 74 m.p.h. The average storm lasts 3 days.

The summer climate is greatly influenced by the
constant presence of an anticyclonic high-pressure air-
mass west of the quadrangle, associated with the cold
California Current and a zone of even colder upwelling
water in the Pacific Ocean. Summer air temperatures
along the ocean shore are among the coldest within the
United States (excluding Alaska), though maximum
temperatures 60 miles inland are among the hottest in
the United States outside the Sonora—Mojave Desert
(Patton, 1956, p. 113). In the summer high relative
humidity, precipitation, and thunderstorms are exceed-
ingly rare. Summer fog, from late afternoon through
the night to late forenoon, is common in many parts of
the quadrangle, especially in western San Francisco,
Sausalito, and places reached by marine air in the
vicinity of the Golden Gate channel. Winter fog of an
inland origin is common also; at times it covers much
of San Francisco Bay and connected bays and rivers
into the Sacramento-San Joaquin Valley.

EARLY SETTLEMENT

When first discovered by Europeans in 1769, the
area was inhabited by two Indian tribes, the Costanoan
on San Francisco Peninsula and the Coast Miwok on
Marin and Tiburon Peninsulas (Heizer, 1951, p. 40).
The Indians used a variety of natural materials, such
as seashells, rocks, and plants, for making tools and
ornaments. They subsisted on plants and especially on
marine life, as is shown by the contents of their refuse
mounds (“kitchen middens”) which are numerous on
the shores of the bay and somewhat less common on
the ocean shore (Nelson, 1909, map 1; Kroeber, 1911,
p. 27-28). Some of the mounds are thought to have
been started 3,500 years ago.

The first Europeans to visit the site of San Fran-
cisco were a small party of men led by Sergeant José
Ortega. They were trying to reach Point Reyes from a
base camp of the Portolad expedition (1769) in San
Pedro Valley, near the ocean 11 miles south of the
quadrangle. The main expedition, led by Gaspar de
Portold, started in Baja California and was the first
attempt by Spain to colonize Alta California. Portold
planned to settle at Monterey Bay but failed to recog-
nize it and continued northward. On November 1, 1769,
the Ortega scouting party left the sand dunes of Ocean
Beach behind and climbed Point Lobos only to find
their way to Point Reyes, which they had sighted
earlier, blocked by the Golden Gate. They then turned
eastward across the ridge and from a high hill saw San
Francisco Bay. Point Lobos was visited again in 1773

or 1774 by Commandante Rivera with the Father
Palou party.

In August 1775 a small boat from the ship San
Carlos, under the command of Juan Manuel de Ayala,
was the first vessel to enter the Golden Gate. The San
Carlos sailed into the Golden Gate at night, searching
for the boat, and dropped anchor off Sausalito. Using
Hospital Cove on Angel Island as its main anchorage,
the expedition made the first survey of San Francisco
Bay and gave names to many of the landmarks in the
quadrangle, such as Angel Island and Alcatraz Island.

In 1776, Captain Juan Bautista de Anza brought a
group of colonists to the area. Captain Anza first left
the settlers to rest in Monterey while he and a small
party went on to San Francisco. On March 27, 1776,
they camped at Mountain Lake and the next day
erected a cross at Fort Point to mark Anza’s choice for
the site of the military post, or presidio. Fort Point at
that time was bounded by high unstable cliffs of ser-
pentine. In 1853 these cliffs were cut back in connec-
tion with the construction of Fort Scott by the United
States, and the surface on which the cross had been
erected was lowered.

Anza selected a mission site about 3 miles southeast
of Fort Point, near a small creek flowing from the slopes
of Twin Peaks into a lake. The position of this lake is
indicated on the geologic map (pl. 1) by the area of
artificial fill that extends westward from about 17th
and Mission Streets.

The Presidio was established on September 17, 1776,
about half a mile southeast of Fort Point. Neglected by
Spain and later by Mexico, it never became an impor-
tant military post. The mission, however, became a
prosperous agricultural and industrial community.
Mexico won its independence in 1821 and acquired
California as a province in September 1822. In 1834
the mission in San Francisco was secularized.

Captain William A. Richardson selected the Yerba
Buena Cove area, now artificial fill between Telegraph
Hill and Rincon Hill, as a port site in 1835. The port
settlement growth soon outstripped that of the Presidio
and mission.

In 1846 the United States flag was raised in Yerba
Buena. In 1847, when the name San Francisco was
formally adopted, the population was approximately
400. In May 1848 the town was abandoned by most of
its inhabitants, who became gold seekers, but world-
wide immigration brought its population to 20,000 by
1849; the dune sand west of the cove started to acquire
its cover of manmade structures. In 1850 more than
500 ships were in the bay, many of them abandoned by
their crews. Some of them in the cove became stores
and hotels and eventually became part of the artificial
filling of the cove, which by 1851 was largely reclaimed.
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Scott (1959) gave additional information on the city’s
expansion. The population of San Francisco in 1960
was 750,000; its land area is 46.5 square miles.

Sausalito was long a port for whalers and other
mariners where fresh water was obtained. In 1960 its
population was 5,500.

PREVIOUS WORK

The first known geologic observations in the quad-
rangle were made in the early 1800’s by voyagers on
foreign exploring vessels visiting this remote Spanish
port. In 1816 the Russian ship, Rurik, under the com-
mand of Otto von Kotzebue, brought Adelbert von
Chammisso, a botanist who collected and described
serpentine, sandstone, flinty slate (chert?), and quick-
sand (dune sand?) in San Francisco (VanderHoof,
1951, p. 110). The first geologic map of any part of
California was one of this quadrangle and vicinity on a
scale of 1:217,000 made in 1827 by Edward Belcher
and Alex Collie of H.M.S. Blossom, sailing under the
command of Captain F. W. Beechey. The map, repro-
duced in the popular “Geologic Guidebook of the San
Francisco Bay Counties” (VanderHoof, 1951, p. 110),
also shows a sketch of the Needles islets, located near
Lime Point, and the general distribution of “serpentine,
jasper, clayslate, sandstone, and alluvial.” It was
accompanied by a two-page text (Buckland, 1839, p.
174-176), which states that Angel Island is “of very
confused formation” and identifies the hill west of
Mission Dolores as serpentine.

The base for the geologic map was a hydrographic
and topographic map prepared by the Beechey expedi-
tion and published in 1833 by the Hydrographic Office
of The British Admiralty. It was used with minor revi-
sions until the 1850’s, when the U.S. Coast and Geo-
detic Survey maps were issued (Lincoln, 1969, p. 6-8).

In connection with a survey for railroad routes to the
west Blake (1857, p. 145-162) in 1853 prepared a geo-
logic map on a scale of 1:211,000 of the area from San
Francisco to Richmond, including most of the San
Francisco North quadrangle. He recognized and gave
fair descriptions of the principal rock types of the
Franciscan Formation (except greenstone) in chapter
12. His geologic cross section from Point Lobos to
Yerba Buena Island can be used today with only minor
changes. He interpreted the serpentine in the Fort
Point—-Hunters Point shear zone as an eastward-
dipping sill in the sandstone. He also described num-
erous artesian wells in the surficial deposits on the
flanks of the hills in the northeastern part of present-
day San Francisco and in the vicinity of Mission
Dolores. Unfortunately, he gave no information on
rate of flow or on declining water levels, except for the

following vague statement (p. 162): “and when the
borings first commenced, an overflow was generally
obtained.”

The report of the 1860-64 Geological Survey of Cali-
fornia, led by J. D. Whitney (1865, p. 76—79), includes
observations probably made by Brewer (1930, p. 365—
373), Whitney’s principal assistant, on the geologic
features in the San Francisco area. Unfortunately, this
survey did not carry out its stated intention to begin
‘““a map of the city and its vicinity, on a large scale, ***
on which all the varieties of strata and of the superficial
covering of soil and sands will be laid down.” (Whitney,
1865, p. 78).

In 1891 Professor A. C. Lawson of the University of
California and his students began geologic mapping
that led to the publication of the monumental San
Francisco Folio (Lawson, 1914) with a geologic map
scale of 1:62,500. Other papers that resulted from their
work include those of Ransome on Angel Island (1894)
and Point Bonita (1893) and Palache (1894) on the
serpentine of Potrero Hill. An earlier, more detailed
report, “Sketch of the geology of the San Francisco
Peninsula” (Lawson, 1895), included a geologic map
of the peninsula from San Francisco almost to Half
Moon Bay on a 1:113,000-scale shaded-relief base
made by photographing a relief model. The field note-
books and field maps for the San Francisco Folio were
not available to me for examination as a part of my
study.

A report by Crandall (1907), “The Geology of the
San Francisco Peninsula,” which is accompanied by a
map on a scale of 1:126,000, is of interest because it
includes a few geologic details not mentioned by
Lawson.

The 1906 earthquake was a great stimulus for geo-
logic study within the quadrangle because of the great
havoc it wrought. Many geologists contributed to the
voluminous report of the California State Earthquake
Investigations Commission, edited by Lawson (1908).
Map 17 of the atlas is a fine geologic map of the City
of San Francisco and Yerba Buena Island on a scale of
1:40,000. It differs from the geologic map in the San
Francisco Folio in having a more legible base, in show-
ing more detail in bedrock areas, and in showing areas
of land reclaimed from San Francisco Bay.

The “Report on the Underground Water Supply of
San Francisco County” (Bartell, 1913), popularly
known as the “O’Shaughnessy Report,” is a valuable
source of borehole logs and well data. It contains a
geologic map of the City of San Francisco by Lawson
at a scale of 1:37,500, the base for which, apparently
made by the City Engineer’s office, shows streets and
topography by contours. The geology depicted differs
slightly from that on other geologic maps of the city.
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“Hydraulic-Mining Debris in the Sierra Nevada”
(Gilbert, 1917) contains much information on sedi-
mentation in San Francisco Bay. A report on “Subsi-
dence and the Foundation Problem in San Francisco”
(American Society Civil Engineers, 1932) is a rich
source of data on engineering, geology, and the histori-
cal development of the city.

G. D. Louderback was greatly interested in the geol-
ogy of San Francisco Bay as well as in the Quaternary
geology of the bay area. Early in his career, Louderback
participated in a survey of the bay sediments (Sumner
and others, 1914). Later he published a short paper on
bay sediments (Louderback, 1939) and a geologic
history of the bay (Louderback, 1951).

Studies in connection with constructing bridges
across the bay have given valuable data on the geology
of the east edge of the quadrangle. An early effort was
reported by the Hoover-Young San Francisco Bay
Bridge Commission (1930). Trask and Rolston (1951)
presented data based on logs of holes bored to investi-
gate the route of a bridge parallel to, but 300 feet north
of, the present San Francisco-Oakland Bay Bridge and
on holes bored to investigate a site for another bridge
between the island of Alameda and the south edge of
the quadrangle.
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FIELDWORK

Fieldwork was started in August 1947 by C. A. Kaye,
who mapped approximately 2 square miles of the south-
ern Marin Peninsula. In November, Kaye was joined
by M. G. Bonilla, who began systematically combing
streets and alleys in San Francisco for rock exposures.
The project was recessed from May 1948 to November
1948, when the author and Bonilla resumed geologic
mapping and started a program of collecting, from pri-
vate and public agencies, logs of boreholes and engi-
neering and geologic reports of specific construction
sites in the San Francisco Bay area. D. H. Radbruch
started work on the project in June 1949. W. I. Kon-
koff assisted in geologic mapping during part of 1950
and 1951. Fieldwork was largely completed by the close
of 1952. The geologic map (pl. 1), however, contains
data obtained at a few excavation sites as recently as
1964.

Results of this study are published reports on the
geology of the quadrangle (Schlocker and others,
1958), on a Cretaceous ammonite found in the Fran-
ciscan Formation in San Francisco (Schlocker and
others, 1954), on the engineering geology of Islais
Creek Basin, located at the southeast corner of the
San Francisco North quadrangle (Radbruch and
Schlocker, 1958), and on rodingite on Angel Island
(Schlocker, 1960).

METHODS OF MAPPING

Because the land surface of much of the quadrangle
is hidden by streets, buildings, and other manmade
structures, geologic observations were confined largely
to undeveloped lots and to excavations opened for
utility lines and building foundations. These observa-
tions were supplemented by data from boreholes and
earlier foundation construction. Several thousand logs
of boreholes drilled by private firms and Federal, State,
county, and municipal agencies provided data that
were invaluable in preparing the geologic map.



FRANCISCAN

Aerial photos taken in 1946 were used extensively in
relatively open areas such as the Presidio, the Mount
Sutro—Twin Peaks area, Marin Peninsula, Angel Island,
Belvedere Island, and Tiburon Peninsula. The most
commonly used scales were 1:12,000 and 1:6,000.
Excellent aerial photographs, at a scale of 1:2,400 —
made available by the San Francisco City Engineer’s
office — were used for part of the Twin Peaks-Mount
Olympus—Corona Heights area. The topographic quad-
rangle map enlarged to 1:6,000 scale was used for parts
of San Francisco covered with a dense street network.

STRATIGRAPHY

The geologic formations of the San Francisco
North quadrangle fall into two distinct groups, bed-
rock and surficial deposits, that differ greatly in age,
lithology, and topographic expression (pl. 1). The
older group, the bedrock, comprises the sedimentary,
igneous, and metamorphic rocks of the Franciscan For-
mation of Jurassic(?) and Cretaceous age, and the ser-
pentine and gabbro associated with them. Areas of
exposed Franciscan Formation are generally hilly.

The younger group, unconsolidated surficial deposits
of Pleistocene and Holocene age, are predominantly
dune sand and water-laid sand, mud, and clay, but they
include some fairly extensive deposits of slope wash,
alluvium, landslide debris, and artificial fill. The sur-
ficial deposits above sea level mantle and extensively
modify the lower slopes and fill the valleys between the
bedrock hills; their thickness varies from a few feet to
more than 100 feet. In the bay, borings show that the
pre-Tertiary bedrock is overlain by deposits of sand,
clay, and mud ranging in thickness from 100 to 300
feet. In some of the channels cut in the bay floor,
unconsolidated material is locally absent.

BEDROCK
FRANCISCAN FORMATION

The Franciscan Formation is a complex assemblage
of various rock types, predominantly sedimentary, but
also volcanic and metamorphic, exposed in southwest-
ern Oregon and along much of western California from
the Oregon border at least to Santa Catalina Island
(fig. 6). Its exposures in California are generally
bounded on the east by the Klamath Mountains and
the Coast Range thrust fault (Bailey, 1970), which
lies near the west border of the Great Valley, and on
the west by the Pacific Ocean. It is exposed over
roughly 15,000 square miles of the Coast Ranges, and
its total extent on land and offshore may be as much
as 75,000 square miles. The Franciscan Formation and
its possible correlatives in Baja California, California,
Oregon, Washington, Canada, and Alaska are typical

534-039 O - 74 -2

FORMATION 9

of rocks deposited in orogenically active borders be-
tween oceanic and continental crustal plates.

The Franciscan Formation ranges in age from Late
Jurassic to Late Cretaceous; however, rocks deposited
during the entire age span generally are not present in
any one area. The rocks were folded, shattered, and
sheared many times after they were deposited. Be-
cause of the lack of key marker beds, the scarcity of
fossils, and structural complexities, a standard section
has not been established, and the total thickness is not
known. Thickness measurements of part of the Fran-
ciscan at several places show that it is probably more
than 50,000 feet thick.

A comprehensive description of the Franciscan For-
mation throughout its entire distribution and a discus-
sion of its significance to the geology of the Coast
Ranges is contained in a report by Bailey, Irwin, and
Jones (1964). A detailed discussion of the history of
the study of the formation is also contained in this
1964 report and in a report by Taliaferro (1943, p. 112—
122).

In the San Francisco North quadrangle, the Fran-
ciscan Formation may be as much as 10,000 feet thick,
and it consists of about 80 percent graywacke sand-
stone, 10 percent shale and siltstone, 6 percent mafic
volcanic rocks, 3 percent radiolarian chert, and less
than 1 percent conglomerate, limestone, and glauco-
phane schist. All these rocks have been intruded by
ultramafic rocks, mostly serpentine. Fossils found in
the Franciscan Formation in the San Francisco North
quadrangle are Cretaceous in age.

The Franciscan Formation is exposed in the north-
eastern part of San Francisco where it is 3,650 feet
thick and in the sea cliffs from the Cliff House to
Bakers Beach where it is about 2,350 feet thick. In these
places, the formation consists mostly of graywacke
sandstone and shale. The formation also occurs as
tectonic inclusions in a shear zone that extends from
Hunters Point to Fort Point. An unknown thickness of
graywacke sandstone, greenstone, and radiolarian
chert forms the central highlands area of the city,
which includes Sunset Heights, Mount Sutro, Twin
Peaks, and the adjacent hills to the east.

The Franciscan Formation is estimated to be
about 17,000 feet thick in a southwest-dipping section
between Richardson Bay and Point Bonita (southeast
tip of Marin Peninsula; not in quadrangle). Here the
formation includes 8,000 feet of greenstone, more than
6,000 feet of sandstone and shale, and about 3,000 feet
of radiolarian chert, which is more abundant here than
in most Franciscan terranes (fig. 7).

On Angel Island and Tiburon Peninsula, the Fran-
ciscan Formation consists of sandstone and shale, with
a minimum thickness of 1,850 feet, interbedded green-
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FIGURE 6.—Distribution of Franciscan Formation, related rocks, and principal structural features of western California
(modified from Bailey and others, 1964, fig. 29).

stone 350 feet thick, and minor radiolarian chert. Most
of the Franciscan here has been metamorphosed.
Lawson (1895, p. 415) named the Franciscan Series
and later (1914, p. 4) employed the name Franciscan
Group. He designated San Francisco as the type area,
stating that “the Franciscan group was named from
San Francisco, where it occurs in extensive exposures
**% 7 He believed that two radiolarian cherts inter-
bedded with the sandstone constituted “well-defined
and easily recognizable stratigraphic horizons,” and
he used these cherts to divide the Franciscan into five
formations. He named these formations, in ascending
stratigraphic order, the Cahil Sandstone, the Sausalito

Chert, Marin Sandstone, Ingleside Chert, and Bonita
Sandstone. These were later reduced to members with-
in the Franciscan Formation. All but the Bonita were
recognized by Lawson in this quadrangle. The present
writer found numerous sections of lithologically indis-
tinguishable radiolarian chert interbedded with sand-
stone and for the most part was unable to use them as
stratigraphic marker beds as suggested by Lawson.
These five names are therefore considered obsolete and
are abandoned.

Because the Franciscan Formation in this quad-
rangle consists of a very complex assemblage of rocks,
with no marker beds, the formation has been divided

u
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FIGURE 7.—Horseshoe Bay and vicinity, southern Marin Penin-
sula. Franciscan Formation dips about 50° westward (to
left). In the photograph, greenstone terranes appear nearly
white; radiolarian chert, sandstone, and shale appear medium
to dark gray. The large cut along U.S. Highway 101 exposes
sandstone and shale on left (west) and radiolarian chert on
right. Parking area at level of freeway was (1949) site of 75-
foot-high hill of radiolarian chert and shale. (See figs. 10, 18).

into its major rock types for purposes of discussion:
clastic sedimentary rocks, greenstone, radiolarian
chert, metamorphic rocks, and sheared rocks.

CLASTIC SEDIMENTARY ROCKS

Clastic sedimentary rocks of the Franciscan Forma-
tion consist of massive sandstone beds, commonly more
than 10 feet thick and as much as 35 feet thick, sections
of alternating thin-bedded shale and sandstone, and
rare thin conglomerate beds.

Sandstone of the Franciscan Formation generally
fits the description of graywacke (in Williams and
others, 1954, p. 297) as “aggregates of sharply angular
fragments of every size between sand or fine gravel and
impalpable particles.” The grains are mostly angular
and range in size from coarse sand to clay. The most
common sandstone consists predominantly of fine to
medium grains. The sandstone has other attributes
characteristic of graywacke, such as poor sorting, 10
percent or more clayey matrix, low porosity, and dark
color.

On the geologic map (pl. 1), units consisting of mas-
sive sandstone and minor amounts of interbedded shale
are shown as sandstone. In the northeastern part of

San Francisco, two exceptionally thick sequences of

shale and thin-bedded sandstone are separated from
the massive sandstone. The shale and thin-bedded
sandstone sequences vary considerably. In some places
they are predominantly shale with a few 1-3-inch-thick
beds of sandstone. In other places they are predomi-
nantly 2-3-foot-thick beds of sandstone separated by
3—4-inch-thick beds of shale. Where exposures in the
city are too poor to determine which combination of
lithology and bedding predominates, the clastic rocks
are shown as sandstone and shale, undifferentiated.

Structural and stratigraphic relations between dis-
continuous exposures of clastic rocks are generally
obscure, owing to poor exposures, scarcity of fossils,
lack of bedding in sandstone, and absence of key
marker beds. Some separated exposures evidently are
stratigraphically continuous, but only in a few places
could sandstones be recognized in distinguishable
stratigraphic positions.

Soils developed on the clastic rocks vary from
slightly sandy clay to clayey sand, but most are sandy
silty clay of low permeability. The soils swell greatly
and are highly plastic when wet and shrink greatly
when dried. Distinct soil horizons are poorly devel-
oped. Thickness of the soil (A and B horizons) above
weathered rock (C horizon) varies from 3 to 20 feet.
Total thickness of soil and moderately weathered rock
is between 5 and 30 feet in most places but as much as
70 feet in some places.

Most slopes underlain by clastic rocks of the Fran-
ciscan Formation are rounded or only moderately steep
because of the thick cover of clayey soil. Landslides of
surface debris are common on these slopes. Where ero-
sion is rapid, such as along shorelines, the sandstone
maintains natural cliffs by landsliding.

SANDSTONE

Bedding within the massive sandstone beds generally
is absent or obscure even in good exposures. In some
sandstone, bedding is indicated by the orientation of
detrital mica, shale flakes, or carbonaceous matter.
Some of the sandstone beds, as much as 25 feet thick,
appear to be lenses that fill channels in the shale and
thin-bedded sandstone sequences. Beds 14—4 inches
thick show grading from fine- to medium-grained sand-
stone at the base to shale at the top (fig. 8). The top
few inches of massive sandstone beds also grade up-
ward to shale and show channeling, ripple-type cross-
bedding, and, in places, distortion of beds that suggests
preconsolidation slumping. In some localities stria-
tions, grooves, and spatulate depressions are preserved
as casts on the underside of bedding planes.

Most of the structural attitudes shown on the geo-
logic map (pl. 1) were observed on shale and thin-
bedded sandstone sequences that separate the massive
beds.

The color of fresh sandstone, according to the rock
color chart (Goddard and others, 1948) is dark gray
(N3) to medium gray (IN5), with rare tinges of blue
(5B 5/1). Weathered sandstone ranges from dark
greenish gray (5GY 4/1) and olive gray (5Y 6/2)
when slightly altered to grayish orange (10YR 7/6)
when greatly altered. Hydrothermally altered sand-
stone is white (IN9) with streaks of yellowish orange
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FIGURE 8.—Shale and thin-bedded sandstone of the Franciscan
Formation showing graded and distorted bedding and
laminae. Broadway Tunnel excavation, Russian Hill, San
Francisco.

FIGURE 9.—Jointed thick-bedded sandstone and interbedded
3-foot-thick section of shale and thin-bedded sandstone,
Franciscan Formation. Northeast side of Telegraph Hill, San
Francisco.

(10YR 7/7). Chloritized sandstone is light olive (10Y
5/2) to dark greenish gray (5GY 4/1).

Closely spaced joints are common in the sandstone
beds (fig. 9). Most joints are randomly oriented and
have plane or curved surfaces, but many joints are in
poorly to moderately well defined parallel sets. Some
joint systems consist of one set parallel to the bedding
and two or more perpendicular to the bedding.

Closely spaced joints are especially prominent in ir-
regular shear and mylonite zones, which consist of
thoroughly mashed shale and crushed sandstone (fig.
10). Such zones are commonly found in exposures that
also contain less fractured sandstone in which the joints

are from 4 to 48 inches apart. Joints in unsheared sand-
stone are most commonly 2-3 inches apart.

Some massive sandstone beds are adjacent to large
bodies of dark-gray soft thoroughly sheared shale, in
which rounded sandstone fragments, 1 irich to 25 feet
in diameter, are embedded (fig. 11). The contact be-
tween the sheared shale bodies and the enclosing sand-
stone is usually sharp. Tabular shale bodies in the sand-
stone (1-6 in. thick) also have intruded fractures at all
angles to the bedding; these condition indicate that
shale apparently becomes very plastic under shear
stresses. The mineralogy of some of these shale segre-
gations is given in a later section.

Grain size of sandstone in the Franciscan Formation
in this area ranges from coarse sand to clay; however,
fine to medium sand sizes predominate. The predomi-
nant grain-size range in any one bed is fairly narrow
and is a parameter that can readily be assigned in the
field.

Nearly all the sand-size grains are angular. In a few
sandstone beds, as much as 3 percent of the grains are
subangular to round; in some tuffaceous sandstone, as
much as 25 percent of the volcanic rock grains and
about 3 percent of the quartz and feldspar grains are
subround to round. In one unusual sandstone found in
the excavation for the foundation of the Masonic
Temple at California and Taylor Streets, about 25 per-
cent of the grains were subround to round. The Douvil-
leiceras-bearing sandstone west of James D. Phelan
Beach contains 1-2 percent well-rounded grains and
about 5 percent of grains that are well rounded on one
side and angular on the other side. Evidently, these
grains were once well rounded and subsequently were
broken.

In 50 percent of the sandstone specimens that were
examined for grain sphericity, about 90 percent of the
grains were equidimensional and 10 percent were elon-
gate. In the other specimens, 50-65 percent of the
grains were equidimensional and the remaining grains
were elongate. The long axes of elongate grains gener-
ally lie in the plane of the bedding.

Dark-gray to black angular gravel-size fragments of
shale, commonly oriented in the plane of the bedding,
occur in some sandstone, especially coarse-grained
sandstone (fig. 12). The largest fragments, as much as
4 by 41 inches in size, were found in the Douuville-
iceras-bearing sandstone. In a few places, large abun-
dant paper-thin flakes of coaly material, 1 or 2 square
inches in area, parallel the bedding.

MATRIX

The amount of matrix (detritus smaller than 0.02
mm) in sandstone beds of the Franciscan Formation
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FIGURE 10.—Sheared and shattered sandstone and shale of the Franciscan Formation. Continuity of beds, seen near bottom of
cut, is uncommon in the Franciscan Formation. Sandstone and shale at right edge of cut are especially strongly sheared.
0OId deposit of slope debris and ravine fill at top of cut. West side of U.S. Highway 101, three-quarters of a mile north of
Golden Gate Bridge.

varies irregularly over short distances but generally
constitutes 15-20 percent of the rock. Dikelike segrega-
tions of matrix-rich sandstone, generally less than 1
inch thick, are common. The amount of matrix in such

FIGURE 11.—Sheared shale of the Franciscan Formation con-
taining large hard sandstone masses. Exposure is near top of
blanket (melange) of sheared Franciscan rocks, approxi-
mately 1,000 feet thick, that covers many squares miles
northwest of the San Francisco North quadrangle. Note
berms and pipes draining water from nearly horizontal holes
in slope used to prevent and control landslides along Cali-
fornia highways. West side of U.S. Highway 101, 1 mile west
of Sausalito Point, Marin Peninsula.
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FIGURE 12—Shale fragments (black) in coarse-grained gray-
wacke sandstone of the Franciscan Formation. Section
parallel to bedding. Laguna Honda Reservoir area, San
Francisco.

segregations in sandstone beds on Marin Peninsula is
so great that the rock is more properly called sandy
mudstone.

Microscopic examination shows the matrix to be ag-
gregates of silt- and clay-size crystals with equigran-
ular, acicular, and micaceous habits. In some places,
the matrix consists of shale clasts squeezed around
harder grains. Constituents that can be easily identi-
fied are quartz, plagioclase, muscovite, biotite, and lig-
nitic material. Exceedingly fine-grained micaceous
minerals with moderate to high birefringence are very
abundant.

To investigate the clay minerals in the matrix, the
rock was crushed; the < 2-micron fraction of the mate-
rial passing a 65-mesh (0.210 mm) screen was assumed
to be largely matrix and was used to prepare oriented
aggregates for X-ray diffractometer analyses. This
material from unweathered sandstone collected from
widely separated localities consists mostly of mica and
chlorite which are fairly well ordered, though some
contain a low percentage of expandable layers. Mica is
both the dioctahedral (muscovite) and trioctahedral
(biotite, phlogopite) type; kaolinite is absent.

The matrix of the sandstone from Alcatraz and
Yerba Buena Islands, Quarry Point on Angel Island,
Telegraph and Russian Hills in San Francisco, and
from north of Lime Point contains fibrous aggregates
of acicular pumpellyite crystals. Some of the adjoining
voleanic, feldspar, and quartz clasts also contain pum-
pellyite. The pumpellyite in the matrix and adjoining
clasts appears to be metamorphic. Some isolated clasts
of pumpellyite in radial fibrous sheaves with or without
quartz may be detrital.

GEOLOGY OF THE SAN FRANCISCO NORTH QUADRANGLE

DETRITAL GRAINS

The lithologic composition of the sandstone beds
varies from arkose to volcanic graywacke, but most
beds are arkosic and lithic graywacke (fig. 13). The
plotted positions of sandstone samples shown in figure
13 are estimates based on examination of thin sections
and cut surfaces. Results of point-count analyses of
thin sections of some of the sandstone samples are
given in table 1.

With one exception, data are insufficient to suggest a
correlation between sandstone composition and strati-
graphic position or geographic location. The mineral
and chemical composition of sandstone beds west of
Corona Heights and east of Twin Peaks and their
megascopic appearance suggest that this belt of sand-
stone is largely volcanic graywacke. In several other
places throughout the quadrangle, greenstone grades
into volecanic graywacke.

STABLE GRAINS
(Quartz, chert, and quartzite)

QUARTZ GRAYWACKE

FELDSPATHIC GRAYWACKE

10e9]
ITHIC GRAY
®38 90°
88

62e
CHIEFLY VDLCANIC GRAYWACKE

80 83e
NV VNV VNV
UNSTABLE GRAINS RDCK

FRAGMENTS

IVARVERVERVER VRV VER VL VALVERY,
FELDSPARS

Fi1cURE 13.—Classification of sandstone samples of the Fran-
ciscan Formation. Location of samples is shown in figure 14.

TABLE 1.—Modal composition of sandstone samples
of the Franciscan Formation

Approximate volume percent determined by point-
count analyses of thin sections
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—~ Ed

= C
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U‘E‘? . g -Ed-a = SR
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s 7 & § g g5 ¢ afs
2 B E £ & a8 ) 2 % E EE
5 E 5 § % <€ @9 & 38 § gS§
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1649 325 149 125 149 3.6 105 7.6 02 3.3

1228 55.7 184 176 1.6 15 16 2.0 - 15

1899 244 350 162 104 41 43 4.4 - 12

1934 17.7 137 192 195 164 29 9.4 .8 6

50.8 202 151 3.0 6.8 36 — — 5

1Grains smaller than about 0.03 mm, but matrix also includes all sizes of
mica crystals and carbonaceous material.
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Mineral grains are mostly quartz and feldspar. About
one-half to three-fourths of the quartz grains found in
the sandstone of the Franciscan Formation show slight
strain effects at extinction under crossed nicols. A small
number of quartz grains show strong strain effects and
brecciation. Most of these grains were classed as quart-
zites in the grain composition studies. The slight strain
effects shown by most of the quartz grains are much
less intense than those shown by quartz in semischis-
tose sandstone of Angel Island but are of slightly
greater intensity than those shown by quartz crystals
in veinlets cutting the sandstone.

Most of the feldspar grains are plagioclase. They
range in composition from albite (An,) to sodic labra-
dorite (An.,). Andesine, An,;;—An;,, is the plagioclase
in two-thirds of the sandstone. In some sandstone,
andesine is accompanied by oligoclase, An;,—An,,. Even
in sandstone containing large amounts of basic volcanic
rock fragments, the predominating feldspar detritus is
andesine. Less than 1 percent of the plagioclase shows
zoning.

A remarkable aspect of the sandstone is the scarcity
of potassium feldspar grains (fig. 14; table 2). An ex-
ception is the sandstone of Point Lobos, which contains
5-10 percent potassium feldspar. Sandstone from a few
other localities also contains small but persistent
amounts of potassium feldspar; these are unsheared,
unmetamorphosed sandstone beds of Quarry Point on
Angel Island, the Douvilleiceras-bearing sandstone and
adjoining sandstone in the cliffs of South Bay and
Bakers Beach, and the sandstone of Alcatraz Island.

Heavy mineral determinations of nine sandstone
samples were made, using procedures outlined by Hut-
ton (1950, p. 639). The approximate proportions of
heavy minerals in the sandstone (table 3) are weighted-
average frequencies (Hutton, 1950, p. 650) from esti-
mates made by counting grains in the 20-74- and 74—
149-micron-size ranges identified under the petro-
graphic microscope. The weighted-average frequencies
also include less accurate estimates for coarser sizes,
for which only representative grains were subjected to
petrographic and X-ray diffraction analysis.

Biotite, chlorite, vermiculite, and, to a lesser extent,
nontronite predominate in the heavy fraction of almost
all sandstone. X-ray diffraction analysis shows that
these minerals are present together in composite grains.
Individual flakes of chlorite and muscovite are fairly
abundant. The epidote group minerals, epidote, clino-
zoisite, and zoisite, the related mineral pumpellyite,
and sphene and garnet are present in conspicuous pro-
portions.

The heavy-mineral analyses show some slight, incon-
sistent differences between sandstones containing po-
tassium feldspars and those that do not. Because potas-

sium feldspar in a sandstone suggests that granitic
rocks were components of the source area, minerals
characteristic of a granitic source, such as zircon and
tourmaline, would also be expected to be more abun-
dant in the potassium feldspar-bearing sandstone, but
the results do not show this. Sandstone sample 1931
from the Golden Gate Bridge area in Marin County
contained rare grains of the chromian spinel, picotite,
as did a sample of semichistose sandstone near the west
shore of Angel Island 1,000 feet south of Point Ione,
suggesting that ultramafic rocks were in the source
area.

All the sandstones contain sedimentary, volcanic,
granitic, and metamorphic rock grains. Shale is con-
spicuous in many sandstone samples, and silty, clayey,
and carbonaceous varieties can be seen in a single thin
section. Chert grains, in which no Radiolaria have
been found, are common in all sandstones. Graywacke
sandstone grains are sparse; quartz sandstone or ortho-
quartzite grains are somewhat more common. Detrital
carbonaceous matter, probably representing plant re-
mains, is also common.

Altered volcanic rocks are found in almost all sand-
stone. Many sandstones contain grains of chlorite or
vermiculite-chlorite-nontronite aggregates that appear
to be altered glassy basalts. Some of these grains con-
tain microlites of albite-oligoclase and rarely labrador-
ite. Grains of greenstone with spherulitic, hyaloophitic,
intersertal, and pilotaxitic textures are common, as are
what appear to be grains of acidic felsites. Acidic to
intermediate volcanic grains are abundant in coarse-
grained sandstone at California and Taylor Streets.

Small amounts of lithic grains with fine-grained
granitic textures are found in most sandstones. Most of
these grains are quartz-plagioclase in composition,
but grains of quartz-plagioclase-orthoclase, quartz-
perthite, and quartz-microcline rocks are present in
small amounts in a few sandstone beds. For example,
the Douvilleiceras-bearing sandstone on the cliffs of the
South Bay part of Golden Gate channel is distinguished
by the presence of such lithic granitic grains as well as
by a more-than-average amount of mica quartzite and
graphite quartzite. Thin sections of sandstone from the
Presidio, Nob Hill, and southern Marin Peninsula con-
tain a small percentage of serpentine grains.

Grains of fine-textured metamorphic rocks, such as
quartzite or what appears to be metachert, are com-
mon in almost all sandstones. These consist largely of
quartz, generally with suture texture, with one or more
of the following minerals: Epidote-group minerals,
particularly epidote and clinozoisite, rarely zoisite;
amphiboles, generally hornblende pleochroic in brown
hues, pumpellyite in radial-fibrous sheaves; micas, com-
monly muscovite, rarely brown biotite; and graphite.
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FIGURE 14.—Locations of sandstone samples of the Franciscan Formation and annotations as to potassium feldspar content.
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TABLE 2.—Potassium feldspar in sandstone of the
Franciscan Formation
[Grain size: VF=very fine, F—=fine, M=—medium, C—coarse, and VC=very
coarse. Samples are fresh except as noted. Massive sandstone samples are
from beds more than 3 ft thick, and thin-bedded samples are from beds
less than 4 in. thick. Bedding indications not noted where exposures are
poor. Tr.—=trace]

S s 2
“ % E 3 o
&~ o Eaa Descriptive remarks 4
I ;%—“.E $
8 a8
28 4 <gkh &

Angel Island

1 S5 F-M Sheared by faulting

2 S64 M-C  Semischistose

3 S39 C a

4 828 M Semischistose, slightly to moderately
weathered.

5 S27 M-C  Semischistose

6 S33 C Semischistose, slightly to moderately
weathered

7 S23 M do

8 B48 C Semischistose

9 S74 F-M 4

...... S75 F Thin bedded, graded bedding, laminated

10 B40 M Massive - 2

11 B34 M-C  Semischistose .

12 1879 F-M o
...... 1879 VF Laminated

13 1667

14 B55 VF Semischistose

15 S47 F do

16  B56 -C do

17 S13 C do

18 S52 VF JERUSY s (-] ettt eneet e eneenneanenaenne

19 S71 C do

Tiburon Peninsula and Belvedere Island

20 704 vC Much detrital shale, semischistose...........ccccceooeeiiinnes

21 709 F

22 710 M Moderately weathered

238 692 C Moderately weathered, semischistose...................ccooeenee.

24 735 F-M  Semischistose

25 739 C

Marin Peninsula

26 594 B OSSR

27 598 M Moderately weathered ...........ocoooooioeoeeneeeees Tr.

28 602 M

29 2026 M Massive
- 2027 M do ... Tr.
...... 2028 M do ... Tr.
...... 2029 M do Tr.
,,,,,, 2031 F Thin-bedded, laminated

30 612 VC s
...... 621 M

31 619 F-M

32 627 M-C

33 2000 Massive

34 2041 F-M Graded bedding, thin bedded, small-scale

channeling

35 2039 M Massive .......

36 2035 M Massive Tr.
444444 2036 F-M  Thin bedded, small-scale channeling........................
...... 2037 M-C Massive
‘‘‘‘‘‘ 2038 M do

37 1931 C do
...... 2032 C-M do Y
...... 2033 M-C Thin bedded, small-scale channeling............. %

2034 do 1%

38 1980 M-C Massive, moderately weathered.........................

39 1979 M-C  Massive Tr.

Alcatraz Island
40 1899 M Massive 1

Pyritic orthoquartzite, mica schist, amphibolite, and
epidote-albite rocks are also present in some sand-
stones.

Chemical composition.—Franciscan sandstone con-
tains less Si0, and more Al.O;, FeO, MgO, and Na,O
than Clarke’s (1924, p. 30) average sandstone (table
4, column 6a). Taliaferro (1943, p. 136) showed the

TABLE 2.—Potassium feldspar in sandstone of the
Franciscan Formation—Continued

: b
S <
S a3
“« 2 E g o
&~ © R e Descriptive remarks 2
g8 B ggs g
Q =
] a%E . )
a5 ] <Ew [
San Francisco
41 2042 M Massive
42 1250 M do
43 2083 F-M
44 1135 F Thin bedded, small-scale channeling..............................
...... 1149 M Massive
...... 1363 F Thin bedded, small-scale channeling.
45 1195 M Massive
...... 1228 M eeeeeeeeee doO
...... 1230 M .. do
46 1934 VO et eeen
...... 1935 M
47 149 M
48 38 M Laminated ... e e
49 834 M Massive
50 2082 F Laminated
51 148 M Moderately weathered
52 358 M
53 2005 F Very coarse grained muscovite flakes.....................
54 vC Semischistose, slightly to moderately
weathered.
55 1272 F-M
56 1263 M .
57 1345 M MasSIVe .. —eaenas
58 117 vC Semlschlstose .......
...... 118 C ceeeeeemee dO
59 1276 F-M
60 150 M Massive
61 341 C
62 110 C Massive Tr.
63 131 M
64 173 F U
65 923 F - Tr(?).
66 1275 M Massive
...... 1275 F Thin bedded
67 112 M Massive 1
68 147 M
69 407 Vs e
70 348 M Moderately weathered ......
71 36 M
72 213 M Moderately weathered
73 109P VF ...
...... 1778 C
74 108P F
75 107P FoM e et e s
76 104P VF
77 185 M Moderately weathered, thin bedded
2018 F do
78 1556 C -
79 1624 F Moderately weathered, laminated.........coooiieieiiniicnnne
80 1442 F Slightly altered
1442 C e do
81 1666 F-M Tr(?).
82 1461 M-C Slightly altered
83 1466 M d Tr(?)
84 510 M
85 340 F .
86 95 M Moderately altered, laminated, tuffaceous.....................
87 96 M do .. Tr.
88 374 M
89 1882 M Carbonaceous partings
90 313 M-C Massive 2
91 1566 M-C 2
...... 1566 FM ... 2
...... 1649 M-C Massive, Douvilleiceras sp.-—- bearing .......... 2
92 405 F 1
93 1906 M Massive
94 769 F-M o
95  2155-2 M Massive, hydrothermally altered ... ... 15
96  2155-1 M Massive, hydrothermally altered much
potassium feldspar veining ................. 5
97  2156-17 M Massive 7
98 2155—6 M-C -Massive, hydrothermally altered ... 5
99 2155-5 M-C  Massive 7
100 2155-8 do 7

chemical composition of Franciscan sandstone is close
to that of granodiorite, but microscopic observation
shows that in this area sandstones contain substartial
amounts of other rock types. The composition of a
representative graywacke from the sandstone belt west
of Corona Heights and east of Twin Peaks (table 4
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TABLE 3.—Frequency of heavy minerals in sandstone of the Franciscan Formation
[Modified from Evans and others (1934, p. 39 ff.)]

Frequency Approximate __Frequency Approzimate
percent

6 18-22

6— ... 14-17

5 ..

4

3

2

1

1—
Map No. (fig. 14) 30 37 45 45 88 91 40 ) 74
Sample NO. ot 621 1931 1195 1363 374 1649 1899 1938A 180
Andalusite 1— 1I— 1— 1— e
Apatite ... 1— 1— 1— 2 1 1 1— 2
Biotite-chlorite-nontronite-vermiculite composite ........ 8 8 5 8 4 7 6— 6 T+
Brookite 1—
Cassiterite .o I— s s
Chlorite 3 4 5 5 4 6+ 1 5
Clinopyroxene 2
Clinozoisite 1 3 e 4 3 5 2 e
Calcite . 5
Epidote 3 2 5 . 1 3 5 5 2
Garnet 3 1 3 1 5 1 2 2
Hornblende 1— 1— 1— 1— 1—
Hypersthene-enstatite . . 1—
Kyanite 1—
Magnetite-ilmenite 1 2 1 e 2 2 2 1 1
Monazite 4 1— 2 1 3 1— 3
MUSCOVITE .o e 3 2 5 1 1 4 3 4
Picotite ....... 1— -
Pumpellyite 1— 1 2 1 5 5
Pyrite 3 1—
Rutile 1— 1—
Saussuritie rock 7+ 6— 7 6+
Sphene 4 3 4 4 5 1— 3
Spinel (see picotite for chromian spinel) 1— s
Tourmaline 1— 1— 1— 1— 1 1— 1— 1—
Tremolite-actinolite 3 2 e 1 1 1— 2
Zircon 1— 1 1 2 2 3 1— 1—
Zoisite 4 1— 5 4 4 4
Percent of heavy minerals (by weight) ... .. 4.6 1.5 1.2 1.5 1.2 1.6 10.3 1.5 3.1

1East shore Yerba Buena Island, 0.8 mile east of San Francisco North quadrangle.

column 5) substantiates its identity as a volcanic gray-
wacke.

Specific gravity.—The specific gravity of fresh sand-
stone ranges from 2.62 to 2.69; most samples are 2.68.
Fresh sandstone from the Laguna Honda area, with the
lowest specific gravity, contains a more-than-usual
amount of shale detritus. Specific gravity of semischis-
tose sandstone on Angel Island, Belvedere Island, and
Tiburon Peninsula ranges from 2.68 to 2.83. Sand-
stones containing jadeite generally have a specific grav-
ity greater than 2.72. Specific gravity of fresh laminated
siltstone and sandstone from the excavation for the
Broadway Tunnel in Russian Hill is 2.69-2.70, though
the value for fresh laminated siltstone and sandstone
1 mile north of the Golden Gate Bridge on Marin Pen-
insula is 2.64.

Weathering and alteration.—Weathering reduces the
sandstone to a sandy silty clay containing detrital
quartz and the clay minerals montmorillonite, vermi-
culite, and mixed layered minerals of expansive clay
minerals with mica and chlorite. The high vermiculite
and montmorillonite content causes the clayey soil to
swell and become highly plastic when wet and shrink
and crack when dry.

Hydrothermal alteration locally produces laolinite-
group clay minerals and iron oxides by replac ment of
quartz, feldspar, and other silica-bearing minerals.
Joints in altered sandstone are commonly coated or
filled with a brown waxy clay mineral that varies in
thickness from a film to nearly one-fourth inch and
composed randomly mixed layered mica, chlorite, ver-
miculite, and montmorillonite. Within or near the edge
of serpentine bodies, some sandstone blocks retain the
textural and structural appearance of sandstone, but
their grains have been completely replaced, mostly by
chlorite and randomly mixed layered mica-chlcrite, and
minor talc, calcite, and pyrite.

SHALE

Shale beds are massive, banded or laminated, silty
and clayey layers. Fissility is poor even in the lami-
nated variety, and the shale breaks along irregular
slickensided shear surfaces that are commonly parallel
to the bedding. The color of fresh shale is dark gray
(N2), and the colors of altered shale are similar to
those of altered sandstone described elsewhere. Joint-
ing is generally more pronounced and more closely
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TABLE 4.—Analyses of sandstone, shale, and a phosphate nodule from the Franciscan Formation

[Chemxcal analyses (rapid rock methods) by Paul Elmore, Samuel Botts, I. H. Barlow, and Gillison Chloe. Semiquantitative spectrochemical analyses by
‘W. Worthing. Looked for but not found: As, Au, Bi, Cd, Cs, Dy, Er Eu, Gd, Ge, Hf, Hg, Ho, In, Ir, Lu, Nb, Os, Pd, Pr, Pt, Rb, Re, Rh, Ru, Sb, Ta,

Tb, Te, Th, T1, Tm, U, W, Zn]

>

Phosphate
Sandstone Shale noiule
1 2 3 4 5 6 6a 7 7a 8
Chemical analyses (weight percent)
SiO: 70.8 68.9 67.0 67.1 60.9 67.3 8.7 63.2 58.4 43.4
AlO; 14.0 12.7 14.1 14.9 16.4 15.5 4.8 16.1 15.5 9.2
Fe:0s .6 1.5 .9 1.0 1.4 4 1.1 N 4 1
FeO 2.5 2.8 4.0 2.9 4.4 3.8 3 4.9 2.5 11.2
MgO 1.7 2.5 2.8 1.6 3.1 1.9 1.2 3.1 2.5 2.6
Ca0 1.5 1.9 1.3 2 3.9 .61 5.5 1.1 3.1 15.3
Na20 3.7 2.7 3.4 3.1 4.2 4.2 45 2.4 1.3 .52
K20 2.2 2.1 1.6 2.3 .58 3.2 1.3 2.5 3.3 .54
H.0+ 2.2 2.8 2.8 2.6 3.7 1.8 1.3 3.7 3.7 4.6
H.0- 22 .68 .59 .18 .50 .18 .31 .49 1.3 52
TiO2 .42 .68 .60 .51 65 .60 25 .68 .65 32
P20s 10 .13 12 .12 15 .15 .08 .20 A7 9.8
MnO .05 .06 .08 .06 10 .08 Trace .09 Trace 12
CO:z 28 .14 17 10 <.05 5.04 <.05 2.64 34
100 99 99 100 100 100 99 99 99
S (aqua regia soluble) . 0.06 0.03 0.22 0.08 0.02 0.01 0.22 0.18
Specific gravity (powder) ... 2.70 2.68 2.66 2.69 2.13 2.66 2.70 2.83
Semiquantitative spectrochemical analyses (weight percent)

Ag 0.000015 0.000015 0.000015 0 0 0
B .003 .007 .007 .007 .007 .003
Ba .03 .03 .03 .03 007 .15
Be .00015 .00015 .00015 .00015 0 0
Ce 0 0 0 0 0 0
Co .0015 .003 003 .0015 .003 .003
Cr .007 .007 007 .003 .003 .003
Cu .0015 .0015 .003 .0015 .0015 .0007
Ga .0007 .0007 .0007 .0007 .0007 .0007
La 0 0 0 0 0
Nd 0 0 0 0
Ni .003 .007 .007 .003 007 .007
Pb .00015 .0003 .0007 .0003 .0001 0
Se .0007 0007 .0007 .0007 .0007 .0007
Sn 0 0 0 0 0
Sr 015 .007 .007 .015 .007 015
Sm 0 0 0 0 0 0
v .003 .007 .007 .003 007 .003
Y 0015 .0015 .0015 .0015 .0015 .0015
Yb .00015 .00015 .00015 .00015 .00015 .00015
Zr .007 .007 .007 .007 .007 .007

1. Graywacke, northeast base of Telegraph Hill, 200 ft west of Kearny St.,
50 ft south of Francisco St., San Francisco (sample No. SF-2148).

2. Lithic graywacke, west of James D. Phelan Beach State Park, fresh rock
!S“I?r?, 7%9,)3 level below Douvilleiceras-bearing graywacke (sample No.

3. Graywacke, Marin Peninsula, 5,050 ft northwest of Lime Point light-
house, north end of roadcut west side of U.S. Highway 101 (sample
No. SF-2114).

4. Graywacke, south base of Mount Sutro, east end of Laguna Honda
(sample No. SF-2141).

5. Volcanic graywacke, 1,000 ft south of top of Buena Vista Park, San
Francisco (sample No. SF-2140).

spaced in shales of the Franciscan Formation than in
sandstones.

The shales are made up mostly of micaceous min-
erals in the silt sizes (2-62 microns). However, the
shales range from those containing no material greater
than silt size to those containing substantial amounts.
Most contain more than 15 percent silt-size quartz and
feldspar. Carbonaceous material is in sand- to clay-
size plates and fibers that are nearly opaque, dark
brown in transmitted light, and dark gray to black in
reflected light. Pyrite is often found in tiny crystals
disseminated in large carbonaceous particles and layers.

The mineral composition of shale is similar to that of
the sandstone matrix. Predominating constituents are
mica, clay minerals, quartz, feldspar, and carbonaceous
material. About half the shale consists of quartz and

6. Arkosic graywacke, San Francisco South quadrangle, 4,100 ft east cf peak
é314, San Bruno Mountain, Macco-P.C.A. quarry (sample No. SF-
122).

6a. Average sandstone, Clarke (1924, p. 30).

7. Shale near east end of Broadway Tunnel, Russian Hill, San Francisco
(sample No. SF-1140).

7a. Average shale, Clarke (1924, p. 30).

8. Phosphatlc nodule in shale, southeast side of Laguna Honda, San Fran-
ciseo (sample No. SF-101).

feldspar. The micaceous cleavage surfaces and the car-
bonaceous plates and fibers are roughly parallel. The
mica crystals are generally not alined in @ and b crystal-
lographic directions. In a slaty shale obtained fror the
excavation for the Broadway Tunnel in Russian Hill,
San Francisco, the mica plates appear to be thicker
than those in nonslaty shale.

Microscopic examination shows that the micaceous
minerals in the shale contain abundant unidentified
inclusions of colorless generally equidimensional crys-
tals, about 15-1 micron in diameter, of mod-rate
refractive index and birefringence. The mica mey be
partly or wholly authigenic. X-ray diffraction analyses
of the smaller-than-2-micron fraction of pulverized and
deflocculated fresh unsheared shale show that mica
predominates, though chlorite is abundant. Randomly
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mixed layers of mica, chlorite, vermiculite, or mont-
morillonite are present in some shales. Kaolinite is gen-
erally absent or minor.

Soft, sheared, and plastically deformed shale within
shear zones consists predominantly of clay minerals
and smaller amounts of pyrite-bearing carbonaceous
streaks, nonclay minerals, and sheared rock pieces.
Clay minerals are mostly chlorite or randomly mixed
layered chlorite-montmorillonite and randomly mixed
layered mica-montmorillonite. Some sheared shales are
mostly montmorillonite and randomly mixed layered
montmorillonite-mica-chlorite.

The chemical composition of shale obtained from the
excavation of the Broadway Tunnel is given in table 4.
As compared with the average shale, most of the differ-
ences are similar to the differences between Franciscan
graywacke-type sandstone and Clarke’s (1924, p. 30)
average sandstone.

Weathered shale consists 'of mica, montmorillonite
and (or) vermiculite, and randomly mixed layered
mica-montmorillonite. Hydrothermally altered shale
contains these minerals and abundant kaolinite-group
clay minerals.

CONGLOMERATE

Conglomerate lenses and pebbly zones, 1 or 2 feet
thick and interbedded with sandstone, are rare in San
Francisco and on Marin Peninsula but are common on
Angel Island, Belvedere Island, and Tiburon Penin-
sula, where some reach a thickness of about 10 feet. At
the north end of Simpton Point on Angel Island, con-
glomerate beds in sandstone are well exposed. The
thickest is a 12-foot bed composed by volume of about
one-third well-rounded large clasts and two-thirds
matrix of coarse-grained graywacke. The average diam-
eter of the large clasts is approximately 214 inches and
the maximum is 12 inches. Sandstone beds above and
below the conglomerate bed contain isolated well-
rounded clasts 2-3 inches in diameter.

Conglomerate at approximately the same strati-
graphic position is also exposed about 2,400 feet east
of Stuart Point. Here it is about 10 feet thick and con-
sists of about 20 percent well-rounded large clasts and
80 percent coarse-grained graywacke matrix. The aver-
age diameter of the large clasts is 114 inches, and the
maximum is 4 inches.

Along the beach on Angel Island, halfway between
the north end of the serpentine exposure and the point
west of Hospital Cove, a pebbly sandstone which is
probably at the same stratigraphic position as the con-
glomerates was described by Ransome (1894, p. 197)
as follows: “The pebbles are usually disposed as bands
in the sandstone, and not as separate sharply defined
beds. They are generally rather flattened and of all

sizes up to 10 inches (25 centimeters) in diameter, and
4 inches (10 centimeters) thick.”

Pebbles in the conglomerate at Simptor Point,
Angel Island, consist of graywacke, 30 percert; shaly
sandstone and shale, 20 percent; red, brown, and black
chert, 15 percent; black orthoquartzite, 15 percent;
and felsite, porphyry, and intermediate volcanic rocks,
20 percent. The pebbles in the conglomerate exposed
east of Stuart Point are largely black or dark-gray
chert and orthoquartzite and a small amount of gray-
wacke.

Phosphate nodules were found in a shear zone in
Franciscan clastic rocks near the east end of Laguna
Honda. Nodules are 1-12 inches in diameter. T™2 small
nodules are massive. The largest one found consisted
of concentric layers, 2-5 mm thick, of brown phos-
phatic material around an angular chert fragment (2
by 5 by 5 in.) and angular pieces of gray limestone.
Both phosphatic material and limestone ccmtained
abundant Radiolaria. X-ray diffraction analysis showed
the phosphatic layers to consist mostly of csrbonate
fluorapatite and smaller amounts of chlorite, calcite,
quartz, and mica. The chemical composition of a small
massive nodule is given in table 4, column 8.

METAMORPHOSED SEDIMENTARY ROCKS

Although their clastic, sedimentary nature i unmis-
takable, most of the sandstone, shale, and conglom-
erate of Angel and Belvedere Islands and Tiburon
Peninsula are semischists of low metamorphic grade
with a foliation more or less parallel to the bedding
(fig. 15). They have been metamorphosed under con-
ditions of the zeolite to glaucophane schist facies. The
semischists are associated with sedimentary rocks that
are not sheared and that otherwise appear to be
unmetamorphosed; however, the boundaries hetween
the two types are vague, and to show them separately

FIGURE 15.—Semichistose coarse-grained graywacke sandstone
of the Franciscan Formation. Campbell Point, Ange'. Island.
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on the geologic map (pl. 1) was impractical. Sedimen-
tary rocks in the vinicity of Quarry Point on Angel
Island and on Corinthian Island are unfoliated and
relatively unmetamorphosed, though weak metamor-
phism has formed pumpellyite in part of the matrix
and in some of the quartz, feldspar, and volcanic clasts.
Metamorphic pumpellyite is also found in the Fran-
ciscan sandstone of Alcatraz and Yerba Buena Islands
and scattered localities in San Francisco and Marin
Peninsula.

The semischists show several degrees of metamor-
phism. Those most strongly affected that retain sedi-
mentary textures are tough and have a bluish or
greenish cast. Foliation in the sandstone is shown by
light-colored hard detrital grains of quartz and feld-
spar, which are commonly elongated and lens and
spindle shaped. Foliation is also shown by darker mate-
rial, representing easily deformed and chemically
unstable detritus, and by carbonaceous and micaceous
matrix, which appears as crenulated wisps wrapped
around the larger harder grains. The shales are gen-
erally slaty. Semischistose conglomerates show charac-
teristics of the semischistose sandstones with sheared
lens-shaped pebbles.

Variations in degree of metamorphism are best shown
in thin section. In the least affected sandstones, some
large detrital grains of quartz and feldspar may have
undulose extinction, internal cracks, or a fine-grained
mosaic texture and a sutured lens-shaped outline. All
the matrix and unstable detritus such as shale, green-
stone, and micaceous minerals show marked effects.
The unstable detritus is flattened and squeezed into
streamlined clots, thin layers, veinlets, and complex
plications around and between quartz and feldspar
grains. Most of this material appears to be recrystal-
lized largely to stilpnomelane, muscovite, and chlorite.
In the least metamorphosed rocks it may be difficult
to distinguish recrystallized micaceous material from
mechanically distorted detrital micaceous material.
Sparse biotite is believed to be distorted detrital mate-
rial, but the microscopic evidence is inconclusive. Mag-
netite and other iron oxides, as well as ilmenite, leu-
coxene, and sphene, are commonly found in the mica-
ceous layers. In interlaminated shale and fine-grained
sandstone, the laminations are crenulated into tiny
folds in which the shale is squeezed into the sandstone
at the fold axes. Although much relict quartz and feld-
spar is present in the sandstone laminae, the shale is
recrystallized largely to stilpnomelane, muscovite,
quartz, and albite (?), and the rock hasa phyllitic sheen.

In some weakly metamorphosed sandstones, some
of the matrix and unstable detrital grains are converted
to fibrous bundles of exceedingly small amphibole
crystals of the riebeckite-glaucophane series, partly

replaced by chlorite and containing laths of lawsonite.
In places, fibrous amphibole has been recrystallized to
large euhedral crystals. Bluish-gray slaty shale consists
mostly of fine-grained amphibole needles of the glauco-
phane-riebeckite series, small amounts of platy stilp-
nomelane, and albite veinlets.

In sandstones that have been subjected to more
severe metamorphism, most of the detrital qu-rtz
grains are recrystallized and elongated into a mosaic
of small crystals. The dark micaceous aggregates, rep-
resenting the matrix and unstable detrital grains, are
replaced by varied mineral assemblages. Lawsorite-
jadeite aggregates are common, and lawsonite-quartz-
chlorite aggregates are also present. Stilpnomelane
commonly replaces biotite and chlorite. Clots of stilp-
nomelane-muscovite studded with lawsonite laths are
common in sandstones that contain much unmetrior-
phosed plagioclase. Leucoxene-magnetite aggreg-tes
are commonly associated with stilpnomelane. One semi-
schistose sandstone shows jadeite replacing stilpnome-
lane in aggregates of stilpnomelane and lawsorite.
Some metasiltstones near Knox Point consist of law-
sonite, stilpnomelane, albite, and quartz. In other send-
stones that are closer to serpentine borders where mag-
nesium metasomatism was affective, tremolite instead
of lawsonite is present.

A conglomerate exposed at Blunt Point on Angel
Island contains bluish sheared pebbles enclosed in a
pale-blue-green matrix with a micaceous sheen. Iso-
lated bluish pebbles are also found in semischistose
sandstone along the main road on the west-facing slope
southwest of Hospital Cove. The conglomerate con-
tains a large variety of low-grade metamorphic mineral
assemblages that vary with the composition and texture
of the pebbles and their matrix. Lawsonite, in isolated
laths and in clots of randomly oriented laths, is widely
distributed. Bundles of fine-grained amphibole of the
glaucophane-riebeckite series and muscovite plates are
common in the matrix. Chlorite, jadeite, hornblende
with glaucophane rims, and intergrowths of muscovite-
stilpnomelane, zoisite-lawsonite, lawsonite-stilpnome-
lane are found in some of the pebbles, whereas meta-
quartzite pebbles have little or none of these minerals.
The pebbles and the matrix appear to have been meta-
morphosed after the conglomerate was deposited, for
both appear to be of the same metamorphic grade and
metamorphic mineral crystals traverse the boundary
between pebbles and matrix.

Jadeite occurs in sandstone on Angel Island as
porphyroblasts and as tiny stumpy prisms intergrcwn
with lawsonite. The sandstone also contains quartz,
muscovite, biotite, chlorite and, locally, glaucophane
and veins and clots of aragonite (Coleman and lLee,
1962, p. 581). Detrital plagioclase is generally absent.
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Jadeite-bearing rock is abundant at or near intrusive
greenstone. Point-count analyses of thin sections of
sandstones between Campbell Point and Simpton Point
and west of Quarry Point show 34-56 percent jadeite.
Jadeite is also found in some of the semischistose
sandstone near Knox Point. Bloxam (1956, p. 489)
reported that “Franciscan graywackes are locally jade-
itized***” on the shore midway between the point
west of Hospital Cove and a greenstone exposure to
the south.

Chemical analyses for three sandstones, including a
jadeite-bearing semischist, a jadeite-free semischist,
and a jadeite-free unmetamorphosed sandstone, are
given in table 5. The analyses show that the three sand-
stones are remarkably similar in composition and indi-

TABLE 5.—Chemical composition of sandstone samples of the
Franciscan Formation from Angel Island

[Rapid-rock analyses by Paul Elmore, 1. H. Barlow, S. D. Botts,
M. S. Mack, and Gillison Chloe. N.d.=not determined]

1 2 3
68.2 69 729
13.0 11.7 11.3
1.6 1.0 1.1
2.7 4.2 2.8
24 3.8 2.7
2.0 1.3 .60
2.2 2.0 3.8
2.2 2.3 .90
3.2 3.3 2
.50 .30 39
.62 70 .56
.10 17 12
.08 .09 .20
1.0 .05 .15
100 100 100
S (aqua regia soluble) ...... N.d. 0.02 N.4d.
Specific gravity (powder) 2.75 2.72 2.62

1. Semischistose; estimated 20 percent jadeite by volume. Collected at shore-
line 950 ft southeast of Campbell Point at the boundary line of state
park (sample No. 80-RGC-58).

2. Semischistose, jadeite free; contains detrital quartz and plagioclase,
authigenic muscovite, stilpnomelane, chlorite, lawsonite, and pumpel-
lﬁr{ite.s %%lltz:’;ed at shoreline 750 ft southeast of Campbell Point (sample

0. D—0J-. .

3. Massive, unsheared, unmetamorphosed, jadeite free. Collected 4,000 ft N.
26° W. of Blunt Point lighthouse (sample No. 80-RGC-58-1).

cate that jadeitization and metamorphism took place

under isochemical conditions and that sodium meta-

somatism was notrinvolved.

Jadeite porphyroblasts consist of single anhedral to
subhedral equant crystals as much as 1.5 mm in diam-
eter or of slightly larger clots of several crystals. The
average diameter of most of the porphyroblasts islarger
than what is believed to have been the diameter of the
largest detrital grains. Jadeite porphyroblasts are dis-
tributed fairly evenly and randomly in the sandstone.

Several stages in the development of jadeite por-
phyroblasts may be seen in thin section. In an early
stage, the jadeite appears in straight-sided masses
(suggesting relict plagioclase) of a fine-grained aggre-
gate with considerable amounts of finely divided

quartz. In a later stage, it is less clouded with quartz

inclusions but occurs in single crystals or in clots of a
small number of crystals showing prominent cleavage
fractures. At a still later stage, it is mostly transparent
and free of inclusions, except for large lawsonite laths
in some, and appears as large crystals or clots with
irregular borders.

Detrital plagioclase is sparse or completely lacking
in semischistose sandstone rich in jadeite, whereas
jadeite porphyroblasts are sparse or absent in semi-
schistose sandstone having approximately the usual
complement of detrital plagioclase. This relationship
strongly indicates that plagioclase is involved in the
formation of jadeite porphyroblasts; however, the
change is evidently not a direct, simple replacement of
the albite component of plagioclase by jadeite and
quartz, as suggested by de Roever (1955, p. 289) for
jadeitized sandstones from the Celebes. Coleman
(1965, p. C27) showed that the Angel Island jadeite
contains acmite, diopside, and hedenbergite compo-
nents. Plagioclase can furnish only part of the elements
needed to form the jadeite of Angel Island; thus other
detrital minerals must have been involved in its
formation.

The chemical composition, physical proper‘ies, and
paragenesis of the jadeite in the metagraywace sand-
stones of Angel Island were given by Coleman (1965,
p. 25-34). Coleman found that the jadeite cortains 86
percent jadeite molecule (NaAlSi,O;) and that its unit
cell volume is larger than pure jadeite. He suggested
that this is evidence that the formation of impure
jadeite in the metagraywackes of Angel Island requires
less pressure than is required to form pure jadeite.
Additional evidence of less pressure is the preservation
of clastic textures and other sedimentary fectures in
the jadeitized sandstone (Bloxam, 1956, p. 49F).

The metamorphic grade under which the serischists
formed—though it varied in intensity from place to
place—was that of the greenschist facies, corparable
with Hutton’s (1940, p. 28, 60-61) subzones Chlorite
1 and 2 of the chlorite zone of the Otago area of New
Zealand. Blake, Irwin, and Coleman (1967, p. C3-C5)
described metagraywackes in northern California and
southwestern Oregon similar to those of the San Fran-
cisco North quadrangle and placed them in their tex-
tural zones 1 and 2. Some of the rocks shown on the
geologic map (pl. 1) as metamorphic rocks are also
low-grade schists and in addition may have bean gray-
wacke-type sediments. These metamorphic rocks, how-
ever, differ from the semischists in having b=en sub-
jected to more intense metamorphism, though nowhere
more intense than that of the greenschist or albite-
epidote-amphibolite facies. These schists are generally
coarser in texture than the semischists, are wholly
crystalloblastic, and are without obvious sedimentary
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features, such as detrital grains. They contain well-
developed amphibole crystals of glaucophane-riebeck-
ite and tremolite-actinolite, in addition to lawsonite,
muscovite, albite, quartz, and other minerals. They
correspond to metagraywackes of textural zone 3 of
Blake, Irwin, and Coleman (1967). These schists are
unevenly disposed through the semischists, generally
at or near intrusive greenstone or serpentine, but many
of them are too small to be shown on the geologic map
(pL 1).

Such an erratic distribution of metamorphic inten-
sities is to be expected in an area where rocks that are
heated to temperatures in the lower part of the meta-
morphic range by burial during orogeny are subject to
local shearing or to reaction with chemically active
waters (Turner, in Williams and others, 1954, p. 209).
Evidently, the presence of the greenstone body
influenced the formation of jadeite for the sandstone
richest in jadeite lies near or at the border of the green-
stone. Semischistose sandstones elsewhere generally
lack jadeite. Conceivably, the border zone sustained
high pressure during orogeny and also provided access
for fluids needed to jadeitize the sandstone. The sodium
content (table 5) of jadeite-bearing and jadeite-free
sandstones from Angel Island indicates that sodium
metasomatism was not significant in the formation of
jadeite. Bloxam (1956, p. 493—-494) found similar evi-
dence at Valley Ford, Calif.

Inasmuch as the semischists have a greater bulk
density than unmetamorphosed rocks, pressure prob-
ably also was a factor in jadeitization and metamor-
phism. High pressure is suggested also by veins and
clots of aragonite in the jadeitized sandstone, for cal-
cite is converted to aragonite under pressures greater
than 4,000 bars (Coleman and Lee, 1962). Nonschis-
tose sandstone contains calcite rather than aragonite.

Blake, Irwin, and Coleman (1969) suggested that
the lawsonite- and jadeite-bearing metagraywackes
formed at high-pressure low-temperature conditions
below a regional low-angle thrust fault. The presence
on Angel Island and Tiburon Peninsula of metagray-
wackes similar to those of textural zones 2 and 3 of
Blake, Irwin, and Coleman (1967) suggests that the
metagraywackes were not far below the postulated
thrust fault.

Hard dark-gray siliceous beds are abundant in sand-
stone near some greenstone bodies. The siliceous beds
are silicified shale beds and quartz veins following
bedding planes. They are 34114 inches thick and are
separated by three-fourth of an inch of sandstone in
some places and 3—5 feet of sandstone in other places.
Where they are abundant and closely spaced, they are
cut by abundant white quartz veinlets as much as
one-half inch thick.

Weathering of metamorphosed sedimentary rocks
produces sandy silty soils as much as 20 feet thick and
weathered rock as deep as 70 feet. The chief clay min-
eral of the soil and weathered rock is vermiculite, which
causes the soil to become plastic and lose considerable
shearing strength when wet.

OCCURRENCE
NORTHEASTERN SAN FRANCISCO

Clastic rocks of the Franciscan Formation are the
predominating bedrock in northeastern San Francisco.
Russian, Nob, and Telegraph Hills consist of two
sequences of massive sandstone and of two thick
sequences of shale and thin-bedded sandstone. The
observed thickness of the four units is 3,650 feet. The
basal 400 feet of the youngest sequence, a massive
sandstone, is exposed on the north side of Russian Hill.
It overlies a shale and thin-bedded sandstone sequence,
1,350 feet thick, exposed on the south side of Russian
Hill and on the west side of Telegraph Hill. The shale
and sandstone sequence in turn overlies a lower mas-
sive sandstone 700 feet thick, exposed on the north side
of Nob Hill and over most of Telegraph Hill (fig. 16).
The oldest sequence is shale and thin-bedded sand-
stone of which the upper 1,200 feet is exposed. It con-
stitutes most of Nob Hill.

Bedrock on hills such as Rincon Hill and the hills
west of Van Ness Avenue is so poorly exposed, primar-
ily because of intense urban development, that recog-
nition of the predominant lithology was impossible.
Consequently, the bedrock in those areas has been
mapped as undifferentiated sandstone and shale of
the Franciscan Formation.

FIGURE 16.—Massive sandstone of the Franciscan Formation.
0Old quarry face on the northeast side of Telegraph Hill, San
Francisco.
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CENTRAL HIGHLANDS OF SAN FRANCISCO

The sandstones exposed in the central highlands of
San Francisco also appear to be in two separate strati-
graphic positions. The older sandstone is found at the
south base of Mount Sutro and south of Laguna
Honda. Radiolarian chert, which forms Mount Sutro,
separates it from younger sandstone exposed in the
hills south of Mission Dolores. The younger sandstone
sequence may be the same sandstone as that exposed
to the northwest between Buena Vista Park and Mount
Olympus. In other parts of this area, thin sandstone
lenses are found interbedded with radiolarian chert
and greenstone.

The sandstone at Laguna Honda evidently lies
nearly horizontal, judging from the attitude of its con-
tact with overlying radiolarian chert; if so, no more
than 200 feet of sandstone is exposed here. The sand-
stone in the hills south of Mission Dolores dips north-
eastward and is at least 1,000 feet thick. In the area
between Buena Vista Park and Mount Olympus, the
sandstone is only about 400 feet thick.

CLIFF HOUSE TO BAKERS BEACH

Clastic rocks of the Franciscan Formation form the
100- to 200-foot-high cliffs along the shore from Cliff
House to Bakers Beach and also occur at the north
border of Bakers Beach (fig. 17).

In the cliffs from Cliff House to the shear zone west
of Lands End, massive sandstone is interbedded with
100-foot-thick sequences of shale and thin-bedded
sandstone. The estimated total thickness is 750 feet.
Because of its high potassium feldspar content, the
sandstone here is believed to be correlative with sand-
stone exposed at San Bruno Mountain, 6 miles to the
southeast. Mapping by Bonilla (1961) in the San
Francisco South quadrangle disclosed the northwest-
trending City College fault, which separates the
potassium feldspar-bearing sandstone at San Bruno
Mountain from the potassium feldspar-free sandstone
northeast of San Bruno Mountain. The shear zone at
Lands End is thought to be an extension of the City
College fault and similarly is the east boundary of
potassium feldspar-bearing sandstone. East of the

FIGURE 17.—Thick-bedded sandstone, laminated sandstone, siltstone, and shale of the Franciscan Formation. Note a small offset
in closeup view (right). Near the north end of Bakers Beach, San Francisco.

i3



CLASTIC SEDIMENTARY ROCKS 25

shear zone, the sandstone exposed from the east side
of the landslide east of Lands End to Bakers Beach is
approximately 2,400 feet thick, if the section is a con-
tinuous homocline, and dips 30°. This thickness
excludes the serpentine at Phelan Beach. In a few
places near Bakers Beach, sedimentary features, such
as small-scale channels and graded bedding, suggest
that part or all of this sequence is overturned.

ForTt POINT TO POTRERO HILL

Sedimentary rocks — mostly sandstone — and vol-
canic and metamorphic rocks occur as tectonic inclu-
sions in a northwest-trending zone of sheared rocks
between Fort Point and Potrero Hill. The largest ex-
posed sandstone body is the northeast spur of Potrero
Hill. Sandstone predominates in the sheared-rock zone
between the U.S. Mint and the Presidio, although most
of this area is shown by Lawson (1914) as a continuous
body of serpentine.

MARIN PENINSULA

On Marin Peninsula sandstone occurs in at least
three separate sections. The oldest sequence, Lawson’s
(1914) Cahil Sandstone, now abandoned, is about
1,700 feet thick and is exposed along the northeast
shore in a narrow belt that widens on the ridges to the
northwest of Sausalito. It is overlain by greenstone and
radiolarian chert beds 1,000-3,000 feet thick, which in
turn are overlain by younger sandstone, about 1,000
feet thick, exposed from near Lime Point nearly con-
tinuously for more than 2 miles along its strike. The
roadcut on the west side of U.S. Highway 101, about
three-fourths of a mile north of the Golden Gate
Bridge, contains an excellent exposure of the lower
part of this sandstone (fig. 18). The youngest sand-
stone sequence crops out about one-third mile west of
the second sandstone. It is largely concealed by slope
debris and ravine fill, but it is nearly continuous for
about one-third mile from the large exposure shown on

FiGURE 18.—Thick-bedded sandstone interbedded with shale and thin-bedded sandstone of the Franciscan Formation. West side
of U.S. Highway 101, three-fourths of a mile north of Golden Gate Bridge, Marin Peninsula.
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the geologic map (pl. 1) northwest toward the build-
ings in Fort Baker. Thin belts of sandstone are also
exposed to the west and southwest.

ANGEL AND ALCATRAZ ISLANDS AND TIBURON PENINSULA

Sandstone is exposed over about two-thirds of Angel
Island and makes up the crest of Mount Caroline
Livermore (fig. 5). Almost all the clastic rocks here,
however, are semischistose. (See page 20.) The south-
westward-dipping section from Campbell Point to Hos-
pital Cove is approximately 1,300 feet thick. The
northward-dipping section from the south shore, west
of Blunt Point, to the top of Mount Caroline Liver-
more is estimated to be at least 1,850 feet thick. An
Intervening greenstone body, 350 feet thick, was
excluded from this total. Ransome (1894, p. 198)
believed that 2,000 feet is a conservative estimate for
the exposed thickness of the sandstone on Angel Island.

In the 1860’s, sandstone of the Franciscan Forma-
tion was quarried on Angel Island and used extensively
as a building material. The rock is described as being
‘“used chiefly for purposes where beauty and strength
are not absolutely required, for this rock possesses
neither qualification in a high degree, although it
answers very well for ordinary uses in the mild and
equable climate of San Francisco.” (Whitney, 1865,
p-77).

Conglomerate is interbedded with sandstone at the
north end of Simpton Point on Angel Island. It also is
exposed about 2,400 feet east of Stuart Point. A pebbly
sandstone crops out along the west shore, north of the
serpentine body. All these occurrences probably have
the same stratigraphic position. (See p. 20.)

Alcatraz Island, except for a few patches of surficial
material, is entirely sandstone and a few minor shale
beds. The exposed thickness of rocks is approximately
500 feet.

On Tiburon Peninsula exposed sequences of sand-
stone and shale are 5-30 feet thick. Much of the south-
eastern part of Belvedere Island, as well as a narrow
belt along the southwest shore, is sandstone that con-
tains small amounts of shale. The exposed thickness of
clastic rocks on Belvedere Island is estimated to be
1,000 feet. Most sandstone and shale on Tiburon Penin-
sula and Belvedere and Corinthian Islands are semi-
schistose.

ORIGIN

ENVIRONMENT OF DEPOSITION

A marine environment of deposition for the Fran-
ciscan Formation is indicated by fossils and the inter-
bedded greenstones. Though sparse, marine Mollusca
are found in clastic rocks, and Radiolaria, today exclu-
sively marine, are found in chert and in some limestone.

Radiolarian chert is also found interbedded with green-
stone flows which generally show pillow structure, a
characteristic of subaqueous eruption.

Formations equivalent in age to the Franciscan, such
as the Knoxville Formation of Late Jurassic age and
the Lower and Upper Cretaceous beds of the Great
Valley sequence, represent slope and shelf sedimenta-
tion in the less orogenically active parts of the conti-
nental crustal plate that existed in Franciscan time
(Irwin, 1957, p. 2292). The juxtaposition of the eugeo-
synclinal facies and the shelf and slope facies in the
modern Coast Ranges is a result of movements of the
oceanic and continental crustal plates.

Turbidity currents are thought to be capable of car-
rying sand to deep-sea basins (Kuenen, 1950, p. 360,
367; Shepard, 1951, p. 53-65). Kopstein (1954, p. 63)
suggested also that the high velocities measured on
submarine turbidity currents render them capable of
carrying “large pieces of gravel.” The materials for the
sparse conglomerate beds and for the massive non-
graded or poorly graded graywacke sandstone beds and
the interbedded shale and thin-bedded sandstone
sequences were probably transported by turbidity cur-
rents. A mass of unconsolidated detritus of various
sizes from clay to sand or possibly gravel, lying on a
nearshore submarine slope, could be set in motion by
an earthquake or by storm waves (Heezen and Ewing,
1955, p. 2505-2514). The ensuing slump or mudflow
could become a turbidity current of sufficient energy
to transport most of the material en masse (Kuenen,
1951, p. 31). Thin graded beds of sand and mud would
be deposited by weaker turbidity currents. Many of the
lithologic features of the Franciscan clastic sedimen-
tary rocks, such as graded bedding, small-scale chan-
neling, ripple marks, and cross-bedding, can also be
produced by turbidity currents. Thus preponderant
evidence suggests a deepwater turbidity current origin
for the Franciscan Formation.

As compared with Kopstein’s (1954, p. 92-93) tabu-
lation of evidence for deepwater accumulation of gray-
wacke in Harlech Dome, Wales, further evidence for
deepwater accumulation in the Franciscan includes
the following: (1) Shale layers between graded beds;
(2) extremely rare fossils; (3) abundant small-scale
current bedding; (4) current-ripple marks; and (5)
graded bedding, load casts, flow markings, slump struc-
tures, and associated features in some sections. Fur-
thermore, Sanders and Swinchatt (1957, p. 1791)
believed that the deepwater hypothesis is correct for
the origin of the radiolarian cherts of the Franciscan
Formation.

Local large masses of greenstone in the Franciscan
Formation have been compared with seamounts
(Bailey and others, 1964, p. 43), and limestone asso-
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ciated with greenstone may represent corals and other
shallow-water calcareous organisms that grew on the
tops of seamounts (E. H. Bailey, oral commun., 1966).
Gradation of greenstone agglomerate and tuff into
tuffaceous sandstone and nontuffaceous sandstone
could have been brought about by reworking and mix-
ing of detritus from land and from pyroclastic rocks
erupted during Franciscan time.

SOURCE AREA OF DETRITUS

Clasts in the conglomerates and sandstones provide
a few clues to the kinds of rocks present in their source
area. The coarse clasts consist of (1) sandstone, shale,
and volcanic rocks similar to those of the Franciscan
Formation and (2) cherts, quartzites, volcanic, or dike
rocks unlike those of the Franciscan Formation. The
sandstones of the quadrangle also contain clasts of
granitic rocks, metamorphic rocks, and serpentine as
well as clasts of the same rock types as the conglom-
erates. Heavy mineral grains in the sandstone are pre-
dominantly mica, chlorite, vermiculite, epidote, clino-
zoisite, pumpellyite, sphene, and garnet, which are
common in low-grade metamorphic rocks and altered
volcanic rocks. The heavy mineral fraction of the sand-
stones contains only small amounts of zircon, rutile,
and tourmaline, which are minerals characteristic of
granitic and related metamorphic rocks. Chromian
spinel found in sandstone near the Golden Gate Bridge
and on Angel Island was probably derived from ultra-
mafic rocks or from an older sedimentary rock contain-
ing ultramafic-rock detritus.

Abundant clasts of Franciscan-type sandstone, shale,
and volcanic rocks in the sandstones and conglom-
erates suggest “self digestion” of topographically high
areas above or below sea level created by local orogeny
during the time of accumulation of the Franciscan For-
mation. The clasts may also have been derived, how-
ever, from pre-Franciscan sedimentary and volcanic
rocks. In addition, sandstone and conglomerate clasts
suggest a source area containing metamorphic and non-
Franciscan volcanic rocks. Rocks similar to the clasts
are exposed in the Coast Ranges, Klamath Mountains,
and Sierra Nevada (fig. 6). Bailey, Irwin, and Jones
(1964, p. 39-41) are in agreement with these conclu-
sions.

Taliaferro (1943, p. 136-139, 141) suggested that
granodiorite was a prominent rock in the landmass
from which the Franciscan Formation was derived.
Granodiorite or other granitic rock types, however,
were not seen in the Angel Island conglomerates and
are rare in other conglomerates in the quadrangle. If
detrital grains had been derived from a granodiorite ter-
rane, their composition would be similar to the con-

stituents of the granodiorite and would be present in
similar proportions. The freshness of the plagioclase
grains and their angularity indicate that mechanical
weathering predominated over chemical weathering.
The composition of detrital grains is more similar to
metamorphic and volcanic rocks.

The average granodiorite, according to Johannsen
(1932, p. 321), contains 22 percent potassium feldspar.
The granodiorite or quartz diorite of Montara Moun-
tain (14 miles south of the mapped area), which would
be typical of a possible local source rock, contains as
much as 10 percent potassium feldspar. The complete
absence of detrital potassium feldspar in most of the
Franciscan sandstones in the map area precludes
granodiorite as a prominent rock type in the source
area. And as potassium feldspar is generally more
stable than plagioclase feldspar, which is present in the
sandstone, the absence of potassium feldspar cannot be
attributed to differential alteration of the sand grains.

The mapped area is too small and the data are too
sparse to determine the direction of the source area
from textural coarsening and thickening of conglom-
erate beds. A few linear structures suggest a westerly
current flow, such as casts of striations and grooves on
the bottom of sandstone beds in the section nearest
the Golden Gate Bridge in Marin County.

AGE
FossiLs

Fossils have been found at only five localities in
clastic rocks of the Franciscan Formation in this quad-
rangle. The only ones useful for age determination are
Cretaceous in age.

At an unnamed point along the shore of the South
Bay of the Golden Gate, 800 feet west of James D.
Phelan Beach State Park (pl. 1), the ammonite Dou-
villeiceras sp. was found in beds called Marin Sand-
stone by Lawson. This ammonite is thought to be of
late Early Cretaceous (Albian) age (Schlocker and
others, 1954, p. 2373). At this same locality, the writer
found a gastropod resembling the holotype of Palad-
mete perforata and an undetermined pelecypod, but
neither was useful for age designation.

On the beach north of the Needles on Marin Penin-
sula near the Golden Gate Bridge, Mantelliceras sp.
was found in float probably derived from nearby sand-
stone beds. This ammonite is thought to be of Early or
early Late Cretaceous age “a little later than that given
for the specimen of Douvilleiceras®**”” (Hertlein, 1956,
p. 1987.).

Pelecypod casts from an unrecorded locality on Alca-
traz Island were described by Gabb (1869, p. 193), by
Stewart (1930, p. 106), and by Anderson (1938, p.
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121). According to Stewart, Inoceramus ellioti Gabb is
probably Cretaceous in age. Anderson assigned an
Early Cretaceous(?) age to Lucina alcatrazis.

Bailey, Irwin, and Jones (1964, p. 115-123) dis-
cussed fossils in the Franciscan Formation in localities
outside the quadrangle.

Gray limestone lenses found in sheared sandstone
and shale north of Sausalito contain Radiolaria pre-
served in calcite and pyrite. Similar Radiolaria are
abundant in phosphate nodules found in sheared sand-
stone and shale near the southeast end of Laguna
Honda Reservoir. The Radiolaria are similar in appear-
ance to some of those in the chert and shale described
by Hinde (1894, p. 235-240) and by Riedel and
Schlocker (1956, p. 357-360). The Radiolaria indicate
a Jurassic or Cretaceous age.

In a discussion of the phosphate nodules just men-
tioned, Dickert (1966, p. 292) attributes to W. R. Evitt
the identification of Marthasterites tribrachiatus [recte
Discoaster tribrachiatus Bramlette and Sullivan], a
calcareous nannofossil known from the California Eo-
cene. Evitt reexamined the thin section studied by
Dickert and reported (W. R. Evitt, oral commun.,
1966) that the objects referred to are not Marthaster-
ites or triradiate discoasters but are probably radio-
larian spines with conspicuously triradiate cross
sections. Similar fossils are common in Franciscan
cherts north of the Golden Gate in association with
abundant Radiolaria. According to Evitt, no age sig-
nificance should be attached to these triradiate objects;
certainly they should not be the basis for suggesting
that Tertiary fossils have been identified from Fran-
ciscan sedimentary rocks.

Lawson (1914) thought that the oldest formation of
his Franciscan Group was the Cahil Sandstone; he
thought this sandstone was separated from the over-
lying Marin Sandstone by the Sausalito Chert. Law-
son’s Cahil Sandstone contains the foraminiferal Calera
Limestone Member, whose type locality is along the
Pacific Ocean shoreline 915 miles south of the map
area. Foraminifera from the Calera Limestone are con-
sidered to be early Late Cretaceous in age (Kupper,
1956, p. 41). Inasmuch as Lawson referred to the Dou-
villeiceras-bearing sandstone of late Early Cretaceous
age as his Marin Sandstone, paleontologic data suggest
that his Cahil Sandstone is younger than his Marin
Sandstone.

SIGNIFICANCE OF POTASSIUM FELDSPAR CONTENT

Bailey and Irwin (1959) and Bailey, Irwin, and
Jones (1964, p. 138-141) determined the potassium
feldspar content of the thick shelf and slope facies
(miogeosynclinal) in the Coast Ranges (Great Valley

sequence) along the west border of the Sacramento
Valley. This facies represents almost continual depo-
sition from Late Jurassic to Late Cretaceous time. The
same workers determined the potassium feldspar con-
tent of Mesozoic miogeosynclinal sandstone in other
parts of the Coast Ranges. They found that the potas-
sium feldspar content increased systematically with
decreasing age of the rocks. The median potassium
feldspar content of Upper Jurassic rocks was found to
be less than 0.5 percent, Lower Cretaceous rocks 1.1
percent, and Upper Cretaceous rocks 13 percent.
Bailey, Irwin, and Jones (1964) suggested that all the
sediments were derived from the same source—the
ancestral Sierra Nevada and the Klamath Mountains
of northwestern California, which were created during
the Nevadan orogeny. As the granitic rocks emplaced
during the orogeny became increasingly exposed and
eroded, the potassium feldspar content of the sedi-
ments derived from them increased. Thus the potas-
sium feldspar content should roughly indicate the age
of the sediments.

Contradictions unfortunately arise, however, when
this dating technique is applied to the Franciscan For-
mation in the mapped area, with the assumption that
the rocks have all been derived from the same source
area. Thus, the complete absence of potassium feldspar
in most sandstones (fig. 14, table 2) would indicate a
Jurassic age; yet, the fossils are of late Early or early
Late Cretaceous age. Bailey, Irwin, and Jones (1964,
p. 141) suggested, therefore, that the assumption of a
similar source for all the rocks is invalid and that the
absence of potassium feldspar is not necessarily diag-
nostic of age.

A notable exception to the general absence of potas-
sium feldspar in Franciscan sandstone is the sandstone
in the Point Lobos area, which averages 5-10 percent.
On the basis of its high potassium feldspar content and
its location southwest of a shear zone thought to be
part of the City College fault (see section “Cliff House
to Bakers Beach”), this sandstone may be part of the
Great Valley sequence sandstone of San Bruno Moun-
tain (Bailey and others, 1964, pl. 1).

The high (about 20 percent) potassium feldspar con-
tent of the sandstone of San Bruno Mountain together
with such features as well-developed bedding, abundant
flow casts and load casts, and general absence of shear-
ing and interbedding greenstone and chert suggest that
this sandstone is part of the miogeosynclinal (Great
Valley sequence) facies. Lawson (1914, p. 17) also
noted that this sandstone “differs from the usual sand-
stone of the Franciscan.”

Thus, until more is known of the structure of the
Franciscan Formation and better indications of its age
are found, the age of the Franciscan in the quadrangle
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must be considered to range from probable Jurassic to
Early and Late Cretaceous. The probable Jurassic age
is suggested by the Jurassic or Cretaceous age of the
Radiolaria and by the presence of a great thickness of
Franciscan Formation lying structurally below the
sandstones containing the Cretaceous fossils.

GREENSTONE

Greenstone is a term often used for dark igneous
rocks of indeterminate composition and origin having
green alteration products. The greenstone of the San
Francisco area is mostly fine- and medium-grained
basalt that has been subjected to little or no alteration
and basalt that has been subjected to a variety of local
and regional conditions of alteration and metamorph-
ism. The most common types are unmetamorphosed
moderately fresh basalt and rocks of basaltic chemical
composition that consist mostly of pumpellyite, primary
pyroxene, albite, and chlorite. Some of these are rich
in albite and could be called spilite. The metamor-
phosed greenstone of Angel Island, Belvedere Island,
and Tiburon Peninsula also contains epidote, lawsonite,
glaucophane, hydrogarnet, vesuvianite, and pyroxene.
The field identity of many of these rocks is obscured by
their dense, aphanitic texture, by close fracturing, and
by a variety of chemical and mineralogical alterations.
The bulk of the greenstones are probably flows and
commonly show pillow structure. Pyroclastic rocks are
present in smaller volume. Except for thin intrusive
rocks in radiolarian chert, intrusive greenstone could
not be distinguished from flows.

A long history of volcanism during Franciscan time
is indicated by the large masses of greenstone that
occur throughout thick sections of clastic rocks and
radiolarian chert.

Like other rocks of the Franciscan Formation, green-
stone forms the hilly parts of the quadrangle. The wide-
spread alteration of greenstone to rock containing
substantial proportions of clay minerals and the almost
universal randomly oriented close fracturing of green-
stone are important influences on its natural slopes.
With a few notable exceptions, greenstone slopes are
smooth and subdued. Small landslides of weathered
greenstone debris are common.

On Marin Peninsula several large valleys, such as the
one draining into Horseshoe Bay and the one draining
into the Golden Gate channel west of Lime Point, are
bordered by greenstone and presumably have been cut
into it (fig. 7). Fresh greenstone is very resistant to
erosion in such places and forms the steep sea cliffs and
stacks at Stuart, Knox, and Blunt Points on Angel
Island, Point Diablo along the Golden Gate channel,
Marin Peninsula, and Lands End (figs. 19, 20).

Fi1cure 19.—High cliff of greenstone in the Franciscan Forma-
tion. Lime Point, Marin Peninsula, viewed north. The cliff
rises 400 feet above the water in the Golden Gate. In the
middle distance, greenstone underlies white to light-gray
slopes; radiolarian chert or graywacke sandstone and shale
underlie dark slopes. West (left) side of Golden Gate Bridge
tower rests on greenstone; east side rests on radiolarian chert
and shale.

F1cURE 20.—Greenstone and radiolarian chert of the Francis-
can Formation. Point Diablo, north shore of Golden Gate,
Marin Peninsula, on the west edge of the quadrangle. The
top of the cliff is 625 feet above sea level. Conspicuously
jointed rock at the extremity of the point is greenstone
(KJg). It is separated by an east-west shear zone from radio-
larian chert (KJc) that makes up the ridge and the light-
colored base of the cliff. Greenstone also makes up the
central part of the cliff.

MEGASCOPIC FEATURES

Fresh greenstones is dark gray or greenish gray.
Moderately altered greenstone is grayish green and
grayish olive. The greenstone most commonly exposed
is weathered or hydrothermally altered rock of mod-
erate brown, dark yellowish-brown, or moderate red-
dish-brown colors. Hydrothermally altered greenstone
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is also grayish orange and light yellow green at and
near radiolarian chert contacts.

Iron and manganese oxidation and hydration prod-
ucts are commonly found as thin films of bluish black,
brownish black, yellow, orange, or brown on joints in
altered greenstone. Brown and yellow-green waxy
scaly deposits of nontronite, 14—4 mm thick, are also
commonly found in joints. Moderately fresh green-
stone may have the deceptive appearance of being
highly altered, owing to the presence of thin earthy
coatings of nontronite and iron oxides on joints. Most
of the freshest pillow basalt near Horseshoe Bay has a
unique greenish-gray vitreous or pitchy luster that is
caused by a thin film of slightly sheared chlorite on
slickensides, joints, or small faults. Fresh fractures in
this rock usually reveal a medium- to fine-grained holo-
crystalline rock.

On Angel and Belvedere Islands and on Tiburon
Peninsula, bright blue joint flllings of crocidolite, as
much as one-eighth inch thick, are conspicuous in
exposures of reddish-brown altered metamorphosed
greenstone.

Closely spaced fractures are the most conspicuous
structural feature of greenstone (fig. 21). Most of the
greenstone is so thoroughly fractured that it shatters
easily into pieces 14-1/4 inch across. Only rare expo-
sures yield coherent pieces more than 2 inches across.
Examples of the latter rock are the aphanitic and
porphyritic greenstone on Anza Street on the north-
west side of Lone Mountain in San Francisco and the
fresh aphanitic pillow greenstone exposed in the west
roadcut on U.S. Highway 101, 400 feet northwest of
the Waldo Tunnel in Marin County. Fracturing may
have resulted from violent steam explosions during

FIGURE 21.—Close random fracturing in greenstone of the
Franciscan Formation. South side of road to Sausalito, 0.1
mile east of U.S. Highway 101, 0.8 mile north of Lime Point,
Marin Peninsula. The wood stake lying on the cut is 1 foot

long.
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submarine eruptions, rapid cooling-shrinkage of the hot
lava and pyroclastic deposits, or severe and repeated
stresses during several orogenic episodes.

Tectonic breccias occur in 5-40-foot-wide zones
bordering some faults. In these zones the rock has been
fractured, sheared, and crushed and now consists of
rock pieces, ¥;—-1 inch in diameter, in a matrix of
crushed rock of sand and smaller sizes. It is difficult to
distinguish such breccias from agglomerates and vol-
canic breccias. Because of small-scale random fractur-
ing, massive and pillow greenstone at many exposures
shows rough surfaces that consist of irregularly shaped
14—14-inch projections, which give the rock the appear-
ance of a tectonic or volcanic breccia.

In some exposures of massive greenstones, in con-
trast with randomly oriented fracturing, fractures at
intervals of 14—1 inch are open, parallel, and straight
sided. Subparallel, irregular, and discontinuous vesicles
also occur in such exposures. Both the fractures and
vesicles have drusy linings of calcite, doubly terminated
quartz, zeolites, and hematite. These fractures and
vesicles apparently formed during and shortly after
solidification of the lava.

Pillow structures occur in basalts, in altered rocks of
basaltic composition, and in spilites. Pillow structures
are rounded bodies 6 inches to 10 feet across in great-
est dimension. About half the observed pillows are 8-10
inches thick, 12-18 inches wide, and 18-24 inches long,
although some exposures consist predominantly of
pillows several times as large. Exposures consisting
predominantly of large pillows also contain some
smaller more spherical pillows, 6—10 inches in diameter.
Small pillows tend to be spheroidal rather than ellipsoi-
dal, although spheroidal pillows 4 feet in diameter have
been seen.

The surfaces of adjacent pillows are closely conform-
able in shape to one another, like mold and cast, but
are separated by gaps of clayey material 14-12 inches
thick. Pillows are generally shaped like a stretched-out
bun and usually have a convex top and a flat or concave
bottom (fig. 22). The bottom of some pillows projects
downward between adjacent underlying pillows. The
middle of the upper surface of some pillows is depres-
sed; such pillows commonly are overlain by pillows
with convex bottoms that conform in shape to the pil-
lows below. Commonly, a pillow may consist of a thick
central part and a thinner appendage.

In the Fort Baker area of Marin County, the bottom
surfaces, top surfaces, and longest axes of the pillows
are roughly parallel to the bedding of the enclosing
rocks (fig. 23).

The outer surface of a fresh pillow commonly con-
sists of a rind of slickensided chloritic material about
one-fourth inch thick, evidently derived from glass
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FIGURE 22.—Basalt pillows. The basalt here consists of pumpellyite, pyroxene, albite, and chlorite. West side of U.S. Highway 101,
114 miles north of Golden Gate Bridge, Marin Peninsula.

formed by rapid cooling. Shallow chlorite-lined joints
about %%-2 inches apart thoroughly dissect the sur-
face and probably also formed during cooling. Other
pillows have a rough, knobby surface. Some pillows
show a slight increase in grain size from rim to center,
although many fresh pillows are wholly aphanitic or
consist wholly or partly of fine- to medium-grained
varioles. Many pillows are cut by strong radial joints
and veins. The radial joint pattern is considerably
modified in many pillows by a swarm of randomly
oriented onionskinlike fractures that cut the pillow
into pieces not more than one-half inch thick (fig. 24).
Although most pillows are not vesicular, the outer
3—4 inches of a few are spotted with sparse vesicles or
amygdules as large as three-eighths inch in diameter.
Still others have vesicular cores and solid rims.

Pillow structure is readily discerned in fresh and
moderately altered greenstone, but it can also be
recognized even in highly altered greenstone by strong
curving joints that follow the surface of the pillows.
Intense shearing and brecciation, however, destroy
pillow structure.

Most pillows are separated from each other by soft
sheared chloritic or nontronitic clay, which may be
easily dug out with the fingers. Rarely, the material
between the pillows is massive red or green chert or

green, gray, or brown limestone, The separation of the
pillows averages 1 inch or less; a greater spacing is not
uncommon, but a spacing as great as 1 foot is rare.

Massive greenstone is second to pillow greenstone
in abundance. Although its altered and fractured con-
dition does not permit positive identification of flow
surfaces or flow jointing or banding, much of this
greenstone is believed to have originated as submarine
lava flows, for it is closely associated with pillow
greenstone, radiolarian chert, and marine sandstone.
The better exposed contacts show that the association
of massive greenstone with these rocks is probably
depositional, although many contacts are abrupt faults
perpendicular to the bedding. Tabular bodies of mas-
sive and pillow greenstone, 2-5 feet thick, intrude
radiolarian chert and shale. At some places they con-
nect with irregular intrusive bodies 10-15 feet in
diameter. In a few localities massive greenstone is
moderately vesicular or amygdaloidal.

Pyroclastic greenstones are minor in bulk, but they
occur in small volume in nearly every greenstone
terrane. One of the largest exposures of pyroclastic
greenstone is on Marin Peninsula facing Golden Gate
channel at the west end of a small elbow beach, 3,500
feet west of Lime Point (fig. 34). The rocks are bedded
tuffs, lapilli tuff, agglomerate, and pillow lava, all dip-
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Ficure 23.—Pillow basalt of the Franciscan Formation, Fort
Baker, Marin Peninsula. Dip down to the right (southwest)
is suggested by the orientation of the pillows.

ping 35°-45° southwest. The lowermost bed, about
130 feet thick, is mostly grayish-orange laminated tuff
containing a few lenses and nodules of red and green
chert and a few agglomeratic beds made up of 1-4-
inch ejecta. The overlying bed, about 40 feet thick, is
predominantly agglomerate, but it contains a few thin
flows of pillow lava and a few beds of lapilli tuff. The
topmost part of the section, about 80 feet thick, is
mostly pillow lava with a minor amount of lapilli tuff.
Reddish-brown tuff, lapilli tuff, and agglomerate beds,
closely associated with pillow lava, can also be seen
at Stuart Point, Knox Point, and northwest of Simpton
Point on Angel Island, on Sunset Heights (near 16th
Avenue and Moraga Street) in San Francisco, and on
Twin Peaks at the south edge of the quadrangle.

In the volcanic breccias and agglomerates, pieces as
much as 1 inch in diameter are most abundant; pieces
1-4 inches in diameter are common, but larger pieces
are uncommon.. Greenstones at the shore between
Campbell and Simpton Points on Angel Island con-
tain rounded blocks, as large as 1 foot in diameter,

that appear to be ejecta that may be transitional
between volcanic breccia and pillow lava.

Tuff beds are sparse. They are of fine to medium
grain size. Some of them may have been mapped inad-
vertently with sandstone and shale of the Franciscan
Formation, which they resemble closely and into which
many of them grade.

Pipelike bodies of greenstone consisting of unsorted
breccia pieces as much as 8 inches in diameter may
be volcanic vent fillings.

MINERALOGY-MICROSCOPIC FEATURES

The greenstones of San Francisco are aphanitic to
fine-grained altered basalts or altered rocks of basaltic
chemical composition. The most common textures in
basalt are intergranular, intersertal, or subophitic.
Ophitic and hyaloophitic textures are less common.
One thin section may show several textures. Glomero-
porphyritic clots of pyroxene ophitically enclosing
plagioclase laths are common in some pillow basalts.
Other pillow basalts contain intergrowths of plagio-
clase and pyroxene laths that are arranged radially as
varioles in the outer half of the pillow. Plagioclase
laths in basalt reach lengths of 2 mm and vary from
andesine to labradorite (Ans—Ang). Pyroxene is
mostly augite and pigeonitic augite; pigeonite and
titaniferous augite are less common. One rock con-
tains aegerine microphenocrysts, whereas the ground-
mass pyroxene is plumose augite. Magnetite and
ilmenite are abundant in basalt. Olivine, now replaced
by chlorite, is found in a few basalts. Pyrite is com-
mon in small amounts in the freshest basalts; apatite
is rare. A medium-grained basalt northwest of Horse-
shoe Bay contains about 5 percent quartz; its major
constituents are labradorite and augite.

The basalts are all altered to varying degrees. Non-
tronite, chlorite, and leucoxene are common altera-
tion products. Plagioclase cores in some basalts are
altered to epidote and micaceous minerals. Veinlets
of secondary minerals are abundant and include non-
tronite, chlorite, calcite, aragonite, quartz, stilpno-
melane, hematite, leucoxene, zeolites, pumpellyite, and
albite. The occurrence of veinlets of pumpellyite, albite,
and laumontite indicates a gradational metamorphism
to the zeolite facies (Turner and Verhoogen, 1960, p.
532). Tiny amygdules, about 1 mm in diameter, are
found sparsely disseminated in most basalts. Most of
them are chlorite and (or) nontronite. Larger amyg-
dules are abundant in some rocks and consist of
prehnite, calcite, and mordenite, enclosed and veined
by chlorite and nontronite.

The altered rocks of basaltic composition (zeolite
facies) contain relict basalt textures preserved mostly
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by primary pyroxene and by albite (Ans<An),
chlorite, and pumpellyite. Some rocks contain abun-
dant altered olivine phenocrysts; others may be spil-
ites (Turner and Verhoogen, 1960, p. 258). Pyroxene
is generally pigeonitic augite or titaniferous augite,
though it is absent in some rocks. Nontronite, stilpno-
melane, quartz, calcite, epidote, sphene, amphiboles,
zeolites, iron oxides, and leucoxene are also present.
Calcic plagioclase is generally sparse.

Greenstones on Rincon Hill, Russian Hill, Lone
Mountain, and a few other locations are porphyritic
with plagioclase (albite, An,;, to andesine, An,;)
phenocrysts as much as 5 mm long set in a dense,
cryptocrystalline groundmass. Albite is also in the
groundmass as microlites or as clear rims on cloudy
plagioclase microlites.

Another common type of greenstone is typified by
the dense pillow lavas exposed in cuts along U.S.
Highway 101, 1,000 feet north of the twin vehicular
tunnels in Marin County; this rock consists largely
of varioles, a few microphenocrysts, and abundant
veinlets. Most of the varioles are radially arranged
laths of pumpellyite, diopsidic augite, and albite, small
amounts of opaque ores, and sphene. Pyroxene and
olivine microphenocrysts are replaced by chlorite and
pumpellyite; calcite, quartz, albite, and pumpellyite
veins cut the rock, Veinlets of quartz with borders of
pumpellyite needles are very common.

WEATHERING AND HYDROTHERMAL ALTERATION

Most exposed greenstone is weathered or hydro-
thermally altered to brown and orange rock. Fresh
gray and green greenstone is rarely seen in natural
exposures except at steep shores that are being
actively washed by waves. At such places on Marin
Peninsula and on Angel Island, the weathered zone
is a band 10-40 feet thick. The base of the weathered
band is a 1-2-foot-thick transitional zone that is
parallel to the configuration of the ground surface at
the top of the exposure. Hydrothermally altered
greenstone masses generally do not conform to the
configuration and may be much thicker than the zone
of weathered greenstone. In many places weathered
greenstone is hard to distinguish from hydrothermally
altered greenstone. The rocks in many natural expo-
sures, moreover, have been affected by both processes.

Hydrothermal alteration in greenstone is most
intense in and adjacent to faults and at contacts with
radiolarian chert. The zone of hydrothermal alteration
along faults may be as much as 50 feet wide. Intense
hydrothermal alteration along many contacts with
radiolarian chert has converted the greenstone, in an
irregular zone 5-20 feet wide, to a soft clayey and

sandy material of a distinctive grayish-orange color
(fig. 24). Because of its light color and softness, this
material resembles an acid tuff; however, hand-lens
examination reveals a relict intergranular texture.
Wide, gradational, and irregular contacts with fresher
massive or pillow lavas also suggest altered greenstone.

The mineralogy of the altered greenstones is vari-
able. In weathering, the chief alteration product is
generally nontronite, an iron-bearing member of the
swelling-clay group montmorillonite. An early effect
of weathering is the conversion of chlorite to vermicu-
lite and nontronite. At a further stage of weathering,
feldspars, pyroxene, and other minerals are converted
to nontronite.

Hydrothermally altered greenstone contains one or
more of the following minerals in the clay-size frac-
tion (smaller than 2 microns): Vermiculite, halloy-
site, hydrous mica, chlorite, and nontronite. Random
mixed-layering of mica, chlorite, and vermiculite is
common, In many localities halloysite or hydrous mica
is the predominating mineral in the greenstone at con-
tacts with radiolarian chert. The formation of halloy-
site, a common mineral in hydrothermally altered
greenstone, is favored by an acidic environment during
alteration (Keller, 1956, p. 2701). Radiolarian chert
at contacts with greenstone is often replaced almost
entirely by oxidized manganese minerals in a zone a
few inches thick. Joints in the adjacent chert and in
highly altered greenstone are lined with films of con-
spicuous black manganese oxide minerals.

The chemical composition of greenstones is given
in table 6. The composition of the basalt (analysis 1)
is similar to that of the pumpellyite-pyroxene-albite-
chlorite rocks (analyses 2, 3, 4), and compositions of
both rock types generally fall within the composition
range for basalts as given by Kuno, Yamasaki, Iida,
and Nagashima (1957, p. 213), Turner and Verhoogen
(1960, p. 208, 220), Poldervaart (1955, p. 134), and
MacDonald and Katsura (1961, p. 362).

OCCURRENCE
MARIN PENINSULA

On Marin Peninsula, the greatest thickness of
greenstone in the quadrangle, totaling 4,800 feet, is
exposed at several stratigraphic positions in the thick
southwestward-dipping section of the Franciscan
Formation. Here the greenstone consists predomi-
nantly of pillow lavas but also includes massive
greenstone and pyroclastic rocks. The lowermost mass
exposed along the shore of San Francisco Bay west
of Yellow Bluff is at least 1,700 feet thick; it may be
as much as 2,700 feet thick if it underlies the Quater-
nary deposits in the valley north of Horseshoe Bay.
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Ficure 24.—Radiolarian chert, KJc, overlying basaltic greenstone, KJg, all within the Franciscan Formation. The contact is
offset by a small fault. Light-colored greenstone at the contact is almost completely altered to clay minerals. North roadcut
on lateral road to Sausalito, 400 feet east of U.S. Highway 101, 1.2 miles north of Lime Point, Marin Peninsula.

Radiolarian chert north of Horseshoe Bay is inter-
bedded with this greenstone. The chert increases in
thickness northward, and at a point 114 miles north-
west of Yellow Bluff, the greenstone lenses out (pl.
1). Such large variations in thickness over short dis-
tances and close association with radiolarian chert
are characteristic of greenstone. Unaltered basalt
containing augite and labradorite is especially abun-
dant, though erratically distributed, near Lime Point
and west of Horseshoe Bay.

SaN FraNcIsco

The largest mass of greenstone in San Francisco,
approximately 2,400 feet thick, is exposed from Twin
Peaks southward into the adjoining quadrangle. Two
greenstone bodies, 700-1,000 feet thick, are found in
the hills between Portola Drive and Valencia Street.
Unaltered basalt containing augite and labradorite is
also erratically distributed in this area.

A large mass of greenstone may underlie the cover

of dune sand at Buena Vista Park hill. Small exposures
of greenstone are found widely scattered in other
parts of San Francisco.

A small body of porphyritic dacite breccia near
Lands End and one of medium-grained hornblende
quartz keratophyre along Market Street east of Twin
Peaks are included with the greenstones, but nothing
is known of their field relations with other rock types.

In contrast with the great volume of greenstone
interbedded with the sedimentary rocks elsewhere,
greenstone is almost completely absent from the
clastic rocks exposed between Rincon Hill and the
Presidio. Volcanism, therefore, was largely inactive
when these rocks were deposited; these rocks prob-
ably are not the same age as the Franciscan Forma-
tion a short distance to the north on Marin Peninsula
and a short distance to the south at Twin Peaks and
vicinity, unless—as seems unlikely—volcanic centers
were so localized that erupted material did not reach
this area.

{
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TABLE 6.—Analyses of greenstone samples of the Franciscan Formation
[Chemical analyses (rapid rock methods) by Paul Elmore, Samuel Botts, I. H. Barlow, and Gillison Chloe. Semiquantitative spectrochemical analyses by
H. W. Worthing. Looked for but not found: As, Au, Be, Bi, Cd, Ce, Cs Dy, Er, Eu, Gd, Ge, Hf, Hg, Ho, In, Ir, La, Lu, Nb, Nd, Os, Pd, Pr, Pt, Rb,
Re, Rh, Ru, Sb, Sn, Sm, Ta, Tb, Te, Th, TI, Tm, U, W, Zn]

1 2 3 3a 4 4a b

Chermical analysis (weight percent)

SiO; 47.8 493 42.6 45.6 449 46.2 433
- I & S ———— 12.5 173 152 16.3 15.9 16.4 144
FelOs o 4.8 2.6 5.7 6.1 3.9 4.0 4.0
FeO 11.7 5.5 4.4 4.7 6.6 6.8 5.6
MgO e 48 3.7 4.8 51 7.9 8.1 10.9
Ca0 8.3 10.8 15.8 13.3 8.5 7.2 5.2
Na:O e 3.0 3.8 3.1 3.3 2.7 2.8 .14
K.0 .30 .25 .02 .02 .76 .78 2.0
) = 5 0 R — 23 3.8 3.8 4.1 5.0 5.2 74
. 22 A4 4 1.2 1.2 1.7
1.6 .76 .81 95 .98 .62
22 .08 .09 .08 .08 .04
.14 18 .19 .22 .23 .20
<.05 Y 1.2 e 1.2
99 100 100 100 100 100
S (aqua regia soluble)..  0.22 0.01 008 s 0.01 e 0.02
Specific gravity
(powder) ... 3.04 2.97 302 2.86 . 2.76
Semiquantitative spectrochemical analyses (weight percent)
Ag 0.00003 0 0.000015 0
B .003 .003 .007 .003
Ba .015 .003 .003 .015
Co .007 .007 .007 .003
Cr .0015 .03 .03 015
Cu .007 .003 .003 007
Ga .0007 .0007 .0007 .0007
Li .03 0 0
Mo .0007 0 0003 0
Ni 015 .015 015
Pb 0 .00015 0 0
Sc .0015 .0015 .0015 .0015
Sr .015 .003 .03 .015
\ .03 015 .015 .007
Y .003 .0015 0007 .0007
Yb .0003 .00015 0 0
Z .015 .007 .003 .0015
1. Ba(ss(jal§004 mile north of Lime Point, Marin Peninsula (sample No. 3a. Analy:.eis No. 3 recast by subtracting CaCOs corresponding to CO:z
2. Pumpelly)lte-pyroxene-alblte-chlonte-quartz rock. prllte(?) northwest 4. Ri(r:;)mofnstz:;me pillow as rock of analysis No. 3 (sample No. 60-806).
slope of Lone Mountain, San Francisco (sample No. SF-97 4a. Analysis No. 4 recast by subtracting CaCOs corresponding to CO2
3. Pumpellyxte-pyroxene-alblte-chlorlte rock. Core of pillow 1.565 miles north content.
of Lime Point, Marin Peninsula; west cut along U.S. Highway 101 5. Matrix between pillows of locality of analyses No. 3 and 4 (sample No.
(sample No. 60-805). 60-808).

ANGEL ISLAND AND VICINITY

The exposed thickness of greenstone on Belvedere
Island is approximately 1,800 feet. Greenstone at
Stuart and Knox Points on Angel Island may be a
southeastern extension of this body, which may have
been separated from the greenstone on Marin Penin-
sula by folding and erosion. The arcuate exposure of
greenstone in the central part of Angel Island ranges
in thickness from 100 feet at its western exposure to
a maximum of 600 feet southwest of Mount Caroline
Livermore and about 400 feet near Simpton Point,
its eastern exposure. This eastern exposure may be a
northeastern extension of the greenstone of Stuart and
Knox Points, it may be stratigraphically higher, or
it may be partly intrusive.

Ransome (1894, p. 201) believed that the central
Angel Island greenstone body intrudes sandstone of
the Franciscan Formation, but the presence of pyro-
clastic and pillow-form phases at several widely
scattered places suggests that it is partly or wholly
volcanic or a shallow plutonic body intrusive into soft
sediments on the sea floor. Unfortunately, the only
well-exposed contact between this body and sandstone
is near Campbell Point, where faulting obscures their
relations. Intrusion, admittedly, is suggested by the
swarms of 14—114-inch-thick calcite-quartz veins in
the sandstone and the increase in size and abundance
of these veins as the greenstone body is approached.
Ransome (1894, p. 201) also suggested that “the
irregular shape of the*** (greenstone body) and the
accompanying contact metamorphism, prove it to be
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a true sill and not an interbedded flow.” He evidently
believed it was a sill rather than a dike because of
the general conformity of the greenstone-sandstone
contact with the sandstone bedding. The rocks
ascribed by Ransome (1894, p. 211) to contact meta-
morphism are glaucophane-bearing metagreenstones
that are found sporadically in small isolated masses
along greenstone borders, but also within the green-
stone body. Jadeitization of Franciscan sandstone also
seems to be strongest at and near the greenstone
border. The author believes that similar metamorphic
processes affected the entire greenstone body and
other rock masses far from its borders after emplace-
ment. The extensive calcite-quartz veining may also
be related to a later action.

Pillow lavas and volcanic breccia are seen at sev-
eral places in the sill-like body. These features are
more likely to develop under extrusive conditions than
under intrusive conditions. East of the large valley
between Campbell and Simpton Points, the green-
stone is a breccia containing reworked, rounded pieces
as much as 10 inches in diameter. The largest part of
the greenstone body, however, does not show pillow
or breccia development and may indeed be intrusive,
but evidence for its intrusive nature is inconclusive.

The central Angel Island greenstone body is mostly
metagreenstone, but it also contains dense variolitic
greenstone. Chemical composition of the central Angel
Island greenstone body is given by Ransome (1894,
p. 231) and Bloxam (1960, p. 564). They showed that
greenstones and metagreenstones of this body are
generally similar in composition and that they are
similar in composition range. (See table 6.) This
similarity suggests that the formation of metagreen-
stones from greenstones was mainly isochemical.

The greenstone in central Angel Island, and most
other greenstones in these areas, are either similar in
texture and mineralogy to the dense variolitic green-
stone (see greenstone discussion on ‘“Mineralogy-
Microscopic Features”) or they are slightly more
metamorphosed or hydrothermally altered.

The metagreenstones generally consist of pheno-
crysts or large feathery plates of pyroxene as much
as 3 mm in diameter in a matrix of small feathery
pyroxene plates, lawsonite, blue amphibole of the
glaucophane-riebeckite series, stilpnomelane, opaque
ores, and sphene. Pyroxene is augite, titanaugite,
diopsidic augite, and diopside-jadeite. In some rocks
it is partly or almost completely replaced by blue
amphibole of the glaucophane-riebeckite series, chlor-
ite, lawsonite, pumpellyite, iron oxides, stilpnomelane,
nontronite, clinozoisite, zoisite, muscovite, albite, cal-
cite, and quartz. These secondary minerals are also

found in the matrix. Skeletal pyrite is commonly inter-
grown with pyroxene.

ORIGIN

Greenstone of the Franciscan Formation is a prod-
uct of volcanism. It was emplaced as lava flows, tuffs,
agglomerates, and associated dikes, sills, and plugs.
Volcanism was active repeatedly during Franciscan
time. Most if not all the volcanic rocks were erupted
on the sea floor, for pillow structure is widespread,
marine chert and limestone are found in the space
between some pillows, and the greenstone flows and
pyroclastics are interbedded with marine sediments.
Pillow structure is also developed by shallow intru-
sion of flows into wet unconsolidated sediments; small
sills and dikes, 2-10 feet thick and showing pillow
structure, intrude radiolarian chert at several local-
ities. Such intrusives may have been parts of flows
that sank into the soft siliceous ge! that later hard-
ened into chert.

Tuffaceous greenstone grades into graywacke at sev-
eral localities where ash was deposited concomitantly
with graywacke. Volcanic graywackes are largely re-
worked ash and lapilli.

Coarse lapilli and ejecta greater than about 4 inches
in diameter are evidence of local vents. Indeed, some
masses of brecciated greenstone may be plugs or necks
of Franciscan volcanoes.

Metamorphosed and altered basalt is present in
almost every greenstone body shown on the geologic
map (pl. 1). Its erratic distribution, however, indi-
cates great local variations in conditions of alteration
and metamorphism, including (1) deuteric or hydro-
thermal alteration from the action of volcanic emana-
tions (Williams and others, 1955, p. 59), (2) the
reaction of hot volcanic rocks with hot sea water, and
(3) low-grade metamorphism of the zeolite, green-
schist, and glaucophane schist facies (Turner and
Verhoogen, 1960, p. 531-544). The common green-
stone mineral assemblage of primary pyroxene and
pumpellyite, albite, and chlorite would probably be
created if basalt were subjected to zeolite-facies
metamorphism (Turner and Verhoogen, 1960, p. 532).
Much of the greenstone of Angel and Belvedere
Islands and Tiburon Peninsula probably was meta-
morphosed under the slightly greater pressures and
temperatures of the greenschist and glaucophane
schist facies, as indicated by lawsonite, glaucophane,
epidote, and metamorphic pyroxene.

RADIOLARIAN CHERT AND SHALE

The radiolarian chert and shale of the Franciscan
Formation consist predominantly of thin alternating
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beds of chert and siliceous shale. In places these sedi-
mentary rocks make up sections more than 1,000 feet
thick. Radiolarian remains are common in the chert
and less common in the shale. Massive generally iso-
lated shale-free bodies of chert 4-25 feet thick, as well
as thin-bedded shale-free cherts, are also included in
this map unit. Interbedded chert and shale predomi-
nate, however, and in this report the term ‘“chert” is
occasionally used for all three types. The larger
deposits of radiolarian chert are closely associated
with greenstone. Like other map units in the Fran-
ciscan Formation in this quadrangle, this unit is
primarily lithologic and has limited stratigraphic signi-
ficance, for it occurs at several stratigraphic positions
in the Franciscan Formation. Moreover, rocks at
various stratigraphic positions are similar in appear-
ance; no distinct characteristics distinguish one radio-
larian chert section from another.

Davis (1918b, p. 239-408) and Bailey, Irwin, and
Jones (1964, p. 55-68) include descriptions of deposits
outside the San Francisco North quadrangle.

The radiolarian chert and shale unit generally forms
topographically high areas because the chert resists
weathering and hydrothermal alteration. The contact
of radiolarian chert and shale with other rock types
usually is easily recognized, for this unit commonly
stands 3-10 feet higher than the adjoining rock. All
the peaks in the central highland area of San Fran-
cisco are underlain by radiolarian chert and shale.
Most of the higher ridges of Marin Peninsula, includ-
ing the highest point in the quadrangle, are also under-
lain by this rock.

MEGASCOPIC FEATURES

Color of the radiolarian chert and shale varies with
the content and state of oxidation of iron and man-
ganese. The most common colors of fresh thin-bedded
radiolarian chert are dusky red to dark reddish brown.
Grayish-green chert is found in small volume. Gen-
erally, the associated shale has the same color as the
chert, except where it is altered.

Under hydrothermal reducing action, the red and
brown chert becomes grayish green, dark greenish
gray, or grayish yellow green. Hydrothermal activity
and weathering may also remove iron and manganese,
giving the chert and shale a white, very light gray,
grayish-orange, or light-bluish-gray color. In many
places hydrothermal activity and weathering were
limited and variable from place to place, and only
part of the rock was affected. Mottled cherts are
formed in this manner; they commonly are green,
gray, and white adjacent to joints and along the bed-
ding surfaces. The joints themselves and the shale

between the chert beds are often stained with yellow
and brown iron oxides or black or bluish-black man-
ganese oxides.

Some single chert beds in a chert and shale
sequence contain distinctly colored blebs of red,
orange, yellow, and brown chert elongated parallel
to the bedding with irregular but sharp and tightly
bonded borders (fig. 25). Other red chert beds con-
tain pale-gray and pale-green irregular color bands
that are generally parallel to the bedding and
probably are formed by hydrothermal alteration or
weathering.

Near some greenstone bodies, radiolarian chert that
is enriched in manganese is colored very dusky red;
the associated shale is dusky brown or almost black.
Chert colors, however, are difficult to distinguish
because of the masking effects of numerous fractures
lined with black manganese oxides. Bright red, bright
orange, bright yellow, and brown mottling of chert
and shale beds may be heat effects caused by contact
with molten basalt.

Massive chert interbedded with thin-bedded chert
is generally paler in color than the associated thin-
bedded chert and shale. Gray, white, pale green, and
yellowish orange are common colors of massive chert.

Metacherts of Angel Island and Tiburon and Belve-
dere Peninsulas are commonly medium dark gray,
brownish gray, and bluish gray.

Radiolarian chert consists typically of alternating
thin beds of chert and shale. Chert beds are generally
1-5 inches thick. Some beds, however, are much
thicker. Rare single chert beds, 1-25 feet thick, are
interbedded with chert and shale of normal thickness.
Shale beds range from mere films to beds about three-
fourths inch thick (fig. 26); they seldom exceed 1 or
2 inches in thickness. Very rare ones exceed 1 foot.

The chert is aphanitic and hard. Fresh unfractured
chert is difficult to break and, on breaking, yields sharp
edges and conchoidal to hackly surfaces. Fractures,
however, are almost universal in chert of the Fran-
ciscan Formation. In most places the fractures are
cemented, and the rock as a whole is fairly tough;
nevertheless, it readily breaks to coherent pieces
generally 1-3 inches in diameter. In a few places
adjoining faults, the rock is severely fractured and
breaks down to small splinters. Individual chert beds
generally lack fissility, for fractures or surfaces of
weakness parallel to the bedding are uncommon.

Clastic micaceous silt-size and smaller particles
occur on bedding surfaces of the shale. These particles
give the shale its poor to moderate fissility. The shale
is fairly well indurated, although somewhat brittle;
however, some of it can be scratched with the finger-
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FIGURE 25.—Internal structure of radiolarian chert bed of the
Franciscan Formation, 6% inches thick. Isolated blebs that
appear to be light gray on the photograph are really moderate
yellow (5Y 7/6) in a moderate-reddish-brown (10R 4/4) to
dusky-red (5R 3/4) matrix. Structural features are elongated

nail and all of it with a steel blade, in contrast with
the chert, which cannot be scratched with a steel
blade. Most shale remains hard when soaked in water
for long periods of time. Where shale between chert
layers is 1 inch or more thick, it often contains thin
distinct layers rich in Radiolaria; these layers are
somewhat harder than the average. Most chert beds
are sharply bounded by interbedded shale, although
some highly ferruginous chert grades into shale.
Pinching, swelling, and lensing of chert beds are
very common and take many forms. An individual
chert bed may have bulges two to three times its
minimum thickness a few inches to 1 foot apart (fig.
27). The underlying and overlying chert beds are

) -‘

eale “e

parallel to bedding. Structure suggests this rock formed from
silica gel masses that differed in amount, particle size, and
state of oxidation and hydration of iron and manganese oxides.
From quarry on Sausalito lateral, one-half mile northwest of
Yellow Bluff, Marin County.

generally pinched at the point of the bulge, but the
thickness of the interlayered shale beds is affected only
slightly. As a chert bed lenses out and terminates,
adjacent chert beds thicken or bend towards each
other, whereas the two shale beds enclosing a wedged-
out chert bed merge into one shale bed only slightly
thicker than either of the individual shale beds. Or,
the lensing ends of two chert beds may overlap; so,
the thickness of adjacent chert beds remains un-
changed. Each shale bed is generally less than 25 feet
long in horizontal exposure. Bedding irregularities are
also described and illustrated by Davis (1918b, p. 248—
252), Taliaferro and Hudson (1943, p. 227-229), and
Bailey, Irwin, and Jones (1964, p. 55-68).
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FI1GURE 26.—Radiolarian chert and shale of the Franciscan For-
mation. Note pinching, swelling, and wedging out of indi-
vidual chert beds. Twin Peaks, San Francisco.

F1GURE 27.—Pinching and swelling in radiolarian chert beds of
the Franciscan Formation. Raveled shale bed (undercut
zone in shadow between the man’s hands) is unusually thick.
On lateral road to Sausalito from U.S. Highway 101, three-
fourths mile north of Lime Point, Marin Peninsula.

Small tight rounded folds and sharp chevron folds
are common in radiolarian chert and shale, although
many exposures show only nonfolded bedding or a
gentle waviness of bedding (fig. 28). Bedding surfaces
of chert are generally curved rather than flat because
of the small-scale tight folding and because of pinch-
ing and swelling. Attitude measurements on small
exposures of radiolarian chert beds, therefore, must be
used with caution in deciphering the broad structural
features of the Franciscan Formation. Where expo-
sures are extensive, as on Twin Peaks and in Fort
Baker on Marin Peninsula, local contortions as well
as consistent attitudes can be recognized.

Ficure 28.—Chevron folds in radiolarian chert of the Fran-
ciscan Formation 2 miles northwest of Golden Gate Bridge,
Marin Peninsula.

The most common cause of contorted bedding in
chert probably is submarine slumping of beds prior
to hardening. In places, disturbance of incompletely
hardened beds may have been caused by volcanic
activity, such as flow movement or intrusive action.
In other places, crumpling of chert appears to have
preceded volcanic activity. Contorted bedding also
occurs in the vicinity of large faults. Small faults that
show displacements of a few inches to 1 foot are con-
fined to the axis of small folds and evidently ruptured
during folding. Possible drag folding related to the
formation of major folds in the Franciscan Formation
can be seen in some localities, particularly on Marin
Peninsula (fig. 29).

Massive chert generally produces large bold bare
exposures. In favorable exposures it is seen to be inter-
bedded with thin-bedded radiolarian chert and shale.
In less favorable exposures it commonly is isolated
and is surrounded by slope debris and other surficial
deposits that obscure its relation to other rock units.
Massive chert bodies are generally wedge shaped with
blunt ends and may have very irregular borders within
thin-bedded radiolarian chert and shale sections. At
many exposures thin-bedded chert and shale terminate
abruptly against massive, thick-bedded, or obscurely
bedded chert lenses.

The largest known exposure of a single chert bed
in a section of thin-bedded chert and shale is on Sunset
Heights in San Francisco along 14th Avenue, 600 feet
east of the intersection of Noriega Street and 16th
Avenue (fig. 30). It is approximately 500 feet long
and 25 feet in maximum thickness. It has an irregular
bottom and lies partly on thin-bedded chert and
partly on pale-green shale. The shale is as much as
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Fi1cure 29.—Radiolarian chert containing possible drag folding.
Above, Radiolarian chert at Lime Point, as seen looking
northwest along the strike of the Franciscan Formation.
Greenstone lies under the left side of the Golden Gate Bridge
tower and the high cliff on the left of the tower. Chert lies
below the right side of the bridge tower and is exposed in the

1 foot thick where it fills the irregular space between
massive and thin-bedded chert, and its bedding is
parallel to that of the underlying thin-bedded chert.

Some chert immediately adjacent to greenstone or
chert completely enclosed by greenstone differs from
typical bedded chert. The differences may be from
heat and chemical effects of the erupting molten
greenstone acting on the typical thin-bedded chert or
on siliceous gel prior to consolidation. The effect on
some chert is brecciation and quartz veining, the
absence of the shale partings, and no change in color
(fig. 31). The chert layer next to greenstone is gen-
erally 1 foot or more thick; adjoining chert beds are
less than 4 inches. Stronger effects, usually seen on
chert enclosed by greenstone, are extensive breccia-
tion, quartz veining, a color change to pale or bright
red, orange, yellow, green, and brown, and a drusy
coating of tiny quartz crystals on joints. Microscopic
examination of thin sections of this rock show that
new minerals have formed.

cliff to the right of the tower. A light-colored zone in the cliff
across the road from the buildings is chert containing jarosite
derived from the alteration of pyrite. Opposite, Possible drag
folding in the chert exposed in the cliff to the right of the bridge
tower. Chert beds are 1-4 inches thick. Dark part at upper
right-hand corner is bottom of bridge.

Fractures are numerous in thin-bedded chert and
shale, especially in the chert. They are commonly
nearly perpendicular to the bedding. Fractures inter-
sect each other at various angles up to 90°, but most
of them are more or less alined in a limited number of
directions, Parallel fractures are generally 14-14 inch
apart.

Some fractures are slightly open fissures and com-
monly are lined with manganese and (or) iron oxides.
The rock splits readily along such fractures. Other
fractures are tightly cemented, generally with quartz,
or less commonly with calcite, gypsum, zeolites, and
other minerals. About half the fractures in a typical
chert bed are filled with white quartz veins that are
generally less than one-eighth in thick. Thicker quartz
veins penetrate the interbedded shale about an eighth
inch; thus bedding surfaces of many chert beds from
which the shale has been removed have a prominent
reticulate pattern of raised quartz veins. Chert rarely
breaks along quartz-cemented fractures; the brittle-
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FIGURE 29.—Continued.

ness of chert stems from its tendency to break along
incipient uncemented fractures. At faults, chert may
be so minutely fractured that it can easily be shat-
tered by the fingers into small splinters generally
elongated perpendicular to the bedding.

Fractures parallel to the bedding in chert are un-
common, They do appear in some chert beds as one
or two conspicuous uncemented joints. Many cherts
contain numerous tiny discontinuous quartz veins or
possible fossil spicules, either in a plane parallel to
the bedding or very irregular in shape but generally
parallel to the bedding. They are generally less than
0.5 mm wide and less than 10 mm long, but they give
the chert a laminated appearance.

Most massive chert bodies are not as brittle as thin-
bedded chert. On close examination massive chert
bodies are generally found to be highly brecciated and
thoroughly recemented with one or more generations
of quartz and chalcedony. Massive chert at most con-

534-039 O- 74 - 4

tacts with greenstone contains numerous quartz veins
as much as 1-2 inches thick. These veins are more
irregular than quartz veins in thin-bedded chert.

CHEMICAL COMPOSITION

The chemical composition of chert and related shale
is given in table 7. Silica is the predominant constitu-
ent. In chert, silica is almost entirely chalcedony and
quartz. In shale, the content of silica, chalcedony, and
quartz varies with the Radiolaria content. In shale
containing no Radiolaria, only about half the silica is
represented by these minerals and the rest is com-
bined in silicates. In the cherts, SiO, content is well
above 90 percent; a massive chert at Grand View Park
is nearly pure SiO. (table 7, analysis 6).

Fe,0; and Al,O; are generally next in order of abun-
dance, except in green chert which evidently was
subjected to iron leaching and reducing conditions
(analysis 4). The three constituents, SiO., Al,Os, and
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FIGURE 30.—Massive chert in the Franciscan Formation. The
bottom of a massive chert bed, 25 feet thick, interbedded with
thin-bedded chert and shale. Material between massive chert
and thin-bedded chert is green hydrothermally altered shale

FIGURE 31.—Quartz veins in radiolarian chert lying on altered
greenstone. Twin Peaks, San Francisco.

containing quartz, mica, and kaolinite. The chert bed below the
shale in the middle of the photograph is about 2 inches thick.
West side of Sunset Heights, San Francisco; 14th Avenue near
Ortega Street.

Fe,0;, make up more than 97 percent of the cherts.
Besides Si0,, the shales contain substantial quantities
of Al,O,, Fe,0s;, and K.O. As in the red cherts, iron
is mostly in the ferric state of oxidation, though FeO
is nearly 1 percent in a green shale which appears to
have been a red shale reduced by hydrothermal fluids.
Shale differs from chert in having less Si0, and more
Fe.0., FeO, MgO, K.O, H0, P,0O;, and MnO. Minor-
element content as measured by spectrochemical
analysis also differs. Shale contains more Cr, Sr, V,
Y, and Zr and contains the following elements which
are either absent from chert or are below the limits
of detection: Be, Ce, Ga, La, Mo, Nb, Nd, Pb, Sc, and
Yb. Minor-element content of chert generally sub-
stantiates Krauskopf’s (1955, p. 427) statement that
the few analyses available to him indicate negligible
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TABLE 7.—Analyses of radiolarian chert and shale samples of the Franciscan Formation

[Chemical analyses (rapid rock methods) by Paul Elmore, Samuel Botts, I. H. Barlow, and Gillison Chloe. Semiquantitative spectrochemical analyses by
H. W. Worthing. Looked for but not found: As, Au, Bi, Cd, Cs, Dy, Er, Eu, Gd, Ge, Hr, Hg, Ho, In, Ir, Li, Lu, Os, Pd, Pr, Pt, Rb, Re, Rh, Ru, Sb,

Sm, Ta, Tb, Te, Th, T], Tm, U, W, Zn]

1 2 3 4 5 6 7 8 9 10 11
Chemical analyses (weight percent)
Si02 93.5 95.9 94.7 96.5 93 97.4 40.1 60.9 58.4 66.7 66.3
AlOs .96 1.1 1.1 1.5 2 47 10.9 13.1 14.3 14.1 15.9
Fe:03 2.8 1.7 2.7 34 2.4 1.3 27.6 9.2 7.4 6.5 3.3
(0] <.05 .34 22 .38 <.056 .26 <.05 1 <.05 .68 .96
MeO A1 .10 .14 .16 .13 <.05 3.5 2.3 3.3 1.6 1.8
Ca0 .42 .06 .06 A7 A1 .05 .53 <.05 2 .05 <.05
NazO e 01 02 .01 1 11 .01 12 .08 1.7 .10 .18
K20 .08 .26 37 .26 .41 .04 4.5 4.9 8.9 3.8 4.9
H:0+ 12 .70 .63 .65 1 .55 4.8 4.6 3.1 4 4.3
H0- 22 11 .16 15 .26 .07 2.2 2 2 1.2 1.3
TiO- .04 .06 .06 .08 12 .03 .76 92 .66 .81 .76
P20s5 .03 .02 .03 .04 .05 .04 14 14 1.3 .09 27
MnO 1.8 .05 .06 .03 .40 .02 4.8 11 1.4 .10 .08
CO: <.05 <.05 <.05 <.056 <.056 <.05 .08 <.05 <.05 <.05 <.05
100 100 100 100 100 100 100 99 99 100 100
S (aqua regia soluble) ... 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.02 0.03 0.01 0.02
Specific gravity (powder 2.68 2.66 2.65 2.63 2.64 2.64 2.97 2.73 2.66 2.69 2.66
Semiquantitative spectrochemiczl analyses (weight percent)
Ag 0.00007 0 0 0 0.000015 0 0.0007 0 0.00015 0.000015 O
B ] .003 0 .003 .003 .003 007 003 .003 .007 .015
Ba .07 .03 015 .15 .15 .007 3 .03 .15 .07 .015
Be 0 0 0 0 .00015 .00015 00015 .00015 .00015 0
Ce 0 0 0 0 .015 015 .03 015 .015
Co .0003 0 .00015 .00015 .003 .0007 .003 0015 .03 0015 .0038
Cr .0003 .0003 .0003 .0003 .0003 .0003 .003 007 .0015 .003 .003
Cu .015 .0015 .0015 .0015 .003 .003 .03 015 .015 007 .0015
Ga ... 0 0 0 0 0 0 .0007 .0007 .0007 .0007 0007
La 0 0 0 0 0 0 007 .007 015 .003
Mo (1} Q 0 0 0 0 .0015 0007 .0003 0 0
Nb 0 0 0 0 0 0 .0003 0003 .0003 .0007 .0003
Nd 0 0 0 0 0 0 .015 .015 015 0
Ni .007 .003 .003 .003 .007 .003 .07 .007 .03 .007 .016
Pb 0 0 0 0 .00015 0 .015 .003 .0015 .0003 0
Se 0 0 0 0 .0007 0 .0015 .0015 .008 .0015 .0015
Sn 0 0 0 0 .0007 0 .003 0007 .0003 0 0
Sr .0007 .0003 .0003 .0015 0 0 007 0007 .15 .15 .007
v .0015 .0015 .0015 .0007 .0015 .0007 007 15 .003 .007 .03
Y .0007 0 0 0 .0003 0 .003 .003 .015 .003 -0015
Yb 0 0 0 0 0 0 .0003 0003 .0015 .0003 .00015
Zr .0007 .0015 .0015 .0015 .0015 .0007 015 015 .015 .015 .015
1. Chert, thin-bedded; much iron and manganese oxides on joints; Twin 6. Chert, massive; 600 ft east of 16th Ave., 500 ft north of Ortega St., San
Peaks, San Francisco (sample No. 60-800). Francisco (sample No. SF-2143).
2. Chert, thin-bedded; on Sausalito Lateral, 3,500 ft west of Yellow Bluff, 7. Shale bedded with chert of analysis 1 (sample No. 60-801).
Marin Peninsula’ (sample No. 60-802). 8. Shale bedded with chert of analysis 2 (sample No. 60-803).
3. Chert, thin-bedded; on Sausalito Lateral, 3,000 ft northwest of Yellow 9. Shale bed; 1 ft thick; bedded with chert; east cut U.S. Highway 101, 3,750
Bluff, Marin Peninsula (sample No. SF-1970). ft west of Yellow Bluff (sample No. SF-2111).
4. Chert, thm-bedded green; west cut U.S. Highway 101, 8,500 ft northwest 10. Shale bedded with chert of analysis 5 (sample No. SF-2145A).
of Yellow Bluff (sample No. SF-2043). 11. Shale, green; 1 ft thick; below massive chert of analysis 6 and above thin-

5. Chert, thin-bedded; 600 ft east of 16th Ave., 1,100 ft north of Ortega St.,
Grand View Park San Francisco (sample No. SF-2145).

amounts of rare metals (minor elements) in chert.
However, the shales interbedded with chert of the
San Francisco North quadrangle show the following
maximum enrichment factors (the ratio of the minor
element content to the crustal abundance of the ele-
ment, see Krauskopf, 1955, p. 417-428): Ba, 12; Co, 13;
Cu, 4; Mo, 15; Ni, 11; Pb, 9; rare earths including Y, 5;
Sr, 5; V, 10. The shales interbedded with cherts differ
from gray shales interbedded with sandstones of the
Franciscan Formation (table 7, analysis 8) mostly in
having more Fe,O; and K.O and less FeO and Na.O.

MICROSCOPIC FEATURES
CHERT

Thin-bedded chert consists of a matrix of chalce-
dony and cryptocrystalline to microcrystalline quartz

bedded chert (sample No. SF-1941).

enclosing Radiolaria and a small amount of spicules.
The fossils also consist of chalcedony and quartz.
Veinlets that cut the matrix and the fossils consist of
quartz, chalcedony, and subordinate amounts of cal-
cite, gypsum, stilpnomelane, chlorite, kaolinite, rare-
earth phosphates, and zeolites. In some cherts the
matrix appears to be isotropic or shows only scattered
specks of light under crossed nicols. This material is
thought to be largely quartz of exceedingly small
grain size for the following reasons: (1) The index
of refraction is approximately 1.535, slightly lower
than those of quartz, but far above that of opal and
(2) X-ray diffraction powder analysis shows only
quartz spacings and does not contain spacings of beta-
cristobalite, which are obtained by X-ray diffraction
analysis of most opals. Previously, Lawson (1895, p.
422), Davis (1918b, p. 255), and Taliaferro and Hud-
son (1943, p. 231) reported that some cherts of the
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Franciscan Formation are composed of amorphous
silica.

Most grains of chalcedony and quartz in the fossils
and veinlets are at least 3 and generally more than
10 times larger than grains in the matrix. The veinlets
contain the largest grains of quartz, some being more
than 0.5 mm in diameter. Veinlets in some chert are
calcite or gypsum with a thin border of quartz. Small
patches of stilpnomelane and chlorite are common.
Iron and manganese oxides and rare-earth phosphates
rich in cerium coat joints in some cherts.

The matrix of the typical red thin-bedded chert is
heavily charged with tiny brownish-red particles. The
fossils and the veinlets are relatively free of these
particles.

The proportion of fossils to matrix varies within a
single chert bed and from bed to bed. In some chert
beds fossils are so crowded that they touch each other.
Few if any are seen in light-colored pigment-free chert
beds or in the pigment-free parts of otherwise red
chert beds rich in fossils. Radiolaria generally appear
in thin sections as sharply defined clear circular or
conical areas, 0.04-0.5 mm in diameter, of relatively
coarse chalcedony and more rarely of microcrystalline
quartz. The rim of many fossils is equigranular micro-
crystalline quartz enclosing a large core of one or
several grains of chalcedony, each grain consisting of
a sheaf of fibers of negative optical elongation (length
fast) radiating from the edge or center of the grain.
The chalcedony and quartz that preserve the former
chambers and pores within radiolarian tests usually
contain some red pigmentation, in contrast with the
clear parts of the rest of the test. Spines and other
delicate surface ornamentation are generally absent.

As would be expected, the color of the chert varies
with the amount of pigment in the matrix: the dusky
cherts contain more pigment than the light-colored
ones. Parts of the matrix of dusky-red chert appear
opaque under the microscope because they are so
heavily charged with pigment. The pigment particles
are mostly embedded in chalcedony and quartz grains
and to some extent between these grains. At high
magnification the pigment in red chert is seen to con-
sist mostly of equidimensional and elongated rounded
transparent reddish and brownish crystals that aver-
age 1 micron in diameter. They have a moderate to
high index of refraction. Most of them appear iso-
tropic under crossed nicols, but some, particularly the
thin laths, show a moderate to high birefringence.
Definitive studies of the pigment have not been re-
ported, but published descriptions of these red chert
beds identify the pigment as hematite or iron oxide
(Davis, 1918b, p. 254; Taliaferro and Hudson, 1943,
p. 150, 227, 231; Williams and others, 1954, fig. 124A,

p. 363). Taliaferro and Hudson (1943, p. 232) found
that manganese oxide and carbonate are also coloring
agents. Davis (1918b, p. 258, 260) reported finding
pyrite in green and gray chert and a glauconitelike
mineral in chert from Point Richmond, 3.5 miles north
of Angel Island.

X-ray diffraction powder patterns of typical red
thin-bedded shale-free chert show much quartz, small
amounts of hematite (alpha-Fe.0;), goethite, possibly
lepidocrocite, and small amounts of minerals with
spacings suggestive of poorly crystalline micalike and
chloritelike structures. These minerals no doubt
account for much of the Al,0;, MgO, K,O, Na,0O, and
H.O, and for some of the iron shown in table 7. Talia-
ferro and Hudson (1943, p. 232) suggested that “the
alumina, magnesia, lime, and alkalies represent the
small amount of fine clayey detritus mechanically
entangled when the colloidal silica was flocculated.”
Silicates in the veinlets also account for part of these
components.

Microscopic examination of thin sections of the
brown cherts of Angel Island and vicinity reveal
abundant Radiolaria remains in the form of clear
circular quartz-crystal aggregates that are slightly
coarser in texture than the inclusion-filled quartz
crystals that surround them. Also, some radiolarian
structures are outlined by lepidocrocite, which may
represent altered pyrite. The quartz surrounding the
Radiolaria is crowded with tiny pale-yellow-green to
colorless slightly pleochroic hornblende (rarely aeger-
ine) needles, 2-20 microns long, and stumpy, euhedral
hexagonal prisms of apatite, 3—10 microns in diameter.
The apatite may be recrystallized from the chitinous
organic remains found in shale interbedded with un-
metamorphosed chert. Veins of magnetite, mostly
altered to lepidocrocite, and of stilpnomelane are
common.

Pale-blue chert is interbedded, or irregularly inter-
spersed, with the brown variety. It appears to be
slightly more metamorphosed than the brown variety,
for no radiolarian remains were found in it and much
of the quartz appears to be recrystallized. It also con-
tains abundant hornblende needles, some of them
partly altered to stilpnomelane, and small amounts of
epidote, crossite, and lepidocrocite pseudomorphing
magnetite. Shale, interbedded with either pale-blue
or brown chert, is dark blue in color and is completely
recrystallized. It consists predominantly of various
types of blue amphiboles of the glaucophane-riebeckite
series and stilpnomelane and minor amounts of aeger-
ine, hornblende, sphene, and lepidocrocite.

The metacherts described here probably formed
under conditions similar to those for Hutton’s (1940,
p. 27-28) subzone Chlorite 1 of the chlorite zone.
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Microscopic examination of baked chert shows
differences from unbaked chert. Most of the baked
rock consists of microcrystalline quartz or large
spherules of chalcedony. Radiolaria are generally
obliterated but are recognized in some baked cherts.
Colorless isotropic material is absent. Baking tended
to recrystallize the pigment into larger particles than
exist in the unbaked chert. The particles may take
the form of long irregular veinlets of magnetite, 0.4
mm in maximum thickness, or of euhedral crystals of
magnetite, and unidentified opaque or deep yellowish-
brown isotropic crystals of high refractive index. The
pigment in the baked cherts is generally segregated
into sharply defined clots and concentric shells leav-
ing nearly clear irregularly shaped masses of quartz
crystals between the pigmented clots. The pigment
is generally confined to chalcedony and cryptocrys-
talline quartz of the finest grain size in the chert,
whereas relatively unpigmented quartz is the coarsest
in grain size, some crystals being nearly 1 mm in
diameter.

Silicate minerals are common products of baking.
Unidentified microlites and unidentified long hairlike
crystals, as well as larger crystals of hornblende,
pumpellyite, epidote, aegerine, and stilpnomelane, are
often found in these rocks. Hornblende with Z — dark
to moderate yellow brown, X — Y — pale yellow
brown to pale brownish yellow, Z A ¢ = 15°, bire-
fringence — 0.010 is common in chert found lying
between pillows of basalt in a roadcut 2,000 feet north-
west of Horseshoe Bay.

Massive chert lenses are petrographically different
from the thin-bedded chert that encloses them. Micro-
scopic examination shows that massive chert consists
largely of microcrystalline quartz and relatively coarse
chalcedony spherules; the pigment appears to be in
crystals larger than those in the typical red thin-
bedded chert. Taliaferro and Hudson (1943, p. 260),
however, found some massive chert to be partly opa-
line. Irregular veins and clots of unpigmented rela-
tively coarse anhedral to euhedral quartz crystals, as
large as 1 mm in diameter, are found throughout the
massive chert; so, the rock appears to be a breccia of
older pigmented rock recemented with the clear coarse
quartz. Radiolaria are not recognized with the hand
lens and are obscure and sparse in thin sections
examined under the microscope. Their apparent
scarcity may be explained by the difficulty of seeing
them against generally pale background of massive
chert. Their scarcity, however, may be real and may
be related to the origin of massive chert. Massive
chert may contain a greater proportion of chemically
precipitated silica than is found in typical thin-bedded
chert.

SHALE

A few thin sections of shale interbedded with chert
from the Twin Peaks area show that shale there con-
sists mostly of (1) flakes and wavy veins of a micaceous
mineral showing dark-reddish-brown (Y, Z) to mod-
erate-reddish-brown (X) colors and (2) lens-shaped
aggregates of tiny micaceous crystals that show a weak
aggregate pleochroism in moderate brown hues. Pres-
ent in smaller but variable amounts are veins and dis-
seminated particles of dark-red-brown nearly opaque
hematite and silt-size grains of quartz and colorless
mica. The mica flakes and micaceous crystals, the lens-
shaped aggregates, and the veins parallel the bedding,
except in shale containing Radiolaria and spicules
where their orientation near the fossils is parallel to
the surface of the fossils.

X-ray diffraction analysis of the shale indicates the
presence of large amounts of mica, most of which is
poorly crystallized or randomly interlayered with other
micaceous minerals, moderate amounts of a chlorite-
like mineral, and hematite, goethite, and quartz. No
expanding-lattice clay mineral was detected. Feldspar
is present in very small amounts or is absent.

Radiolaria and spicules are sparse in most shale, but
thin beds of shale containing as much as 70 percent
Radiolaria and spicules are interbedded with Radio-
laria-free shale. Radiolaria range in diameter from 0.2
to 0.05 mm. As in the chert, the Radiolaria are pre-
served in microcrystalline quartz and chalcedony which
contain red pigment inclusions in former chambers of
the test. Radiolaria replaced by calcium carbonate
were also found in the chert of a phosphatic nodule near
Laguna Honda. Taliaferro and Hudson (1943, p. 260)
found that Radiolaria in their “Franciscan-Knoxville”
radiolarian shales collected at a number of localities in
the Coast Ranges are invariably replaced by calcium
carbonate.

Most shales also contain a small amount of carbon
having relict plant-cell structures. Some red shales
contain a small amount of light-bluish-white curved
thin shells, as much as 1 mm in size, that resemble
chitinous parts of arthropods and tiny shark’s teeth.
These remains are preserved as carbonate fluorapatite.

Green shale found between massive and thin-bedded
chert on Sunset Heights in San Francisco consists of
about 40 percent hydrous mica, 40 percent quartz, and
20 percent kaolinite.

HYDROTHERMAL ALTERATION

Radiolarian chert and shale are hydrothermally
altered along faults and along greenstone bodies. Chert
becomes either grayish orange or light gray, and shale
generally is grayis<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>