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DEPOSITIONAL HISTORY AND FAULT-RELATED STUDIES,

BOLINAS LAGOON, CALIFORNIA

By Joel R. Bergquist, U.S. Geological Survey

ABSTRACT

Studies of core sediments and seismic reflection profiles elucidate
the structure_and depositional history of Bolinas Lagoon, Calif., which
covers 4.4 km“ and lies in the San Andreas fault zone at the southeast
corner of the Point Reyes Peninsula 20 km northwest of San Francisco.

The 1906 trace of the San Andreas fault crosses the west side of
the lagoon and was determined from (1) tectonically caused salt-marsh
destruction indicated by comparison of 1854 and 1929 U.S. Coast and
Geodetic Survey (U.S.C. & G.S.) topographic surveys, (2) formation of a
tidal channel along the border of destroyed salt marshes, and (3)
azimuths of the trend of the fault measured in 1907. Subsidence in the
lagoon of 30 cm occurred east of the San Andreas fault in 1906.

Near the east shore, seismic-reflection profiling indicates the
existence of a graben fault that may connect to a graben fault on the
Golden Gate Platform. Comparison of radiocarbon dates on shells and
plant debris from boreholes drilled on Stinson Beach spit with a
relative sea-level curve constructed for southern San Francisco Bay
indicates 5.8 to more than 17.9 m of tectonic subsidence of sediments
now located 33 m below mean sea level.

Cored sediments indicate a marine transgression dated at 7770+65
yrs B.P. overlying freshwater organic-rich lake deposits. Fossil pollen
including 2 to 8 percent Picea (spruce) indicate a late Pleistocene (?)-
Early Holocene climate, cooler, wetter, and foggier than at present.
Above the transgression are discontinuous and interfingering sequences
of transgressive-regressive marine, estuarine, and barrier sediments
that reflect rapid lateral and vertical shifts of successive
depositional enviromménts. Fossil megafauna indicate (1) accumulation
in a protected, shallow-water estuary or bay, and (2) that the lagoon
was probably continuously shallow and never a deep-water embayment.

Analysis of grain-size parameters, pollen frequencies, and organic
remains from a core near the north end of the lagoon indicates (1) that
mid-nineteenth-century redwood logging correlates with rates of sediment
accumulation of ‘1.3 to 1.9 cm/yr that are three to 6 times higher than
post-1906 rates of 0.3 to 0.4 cm/yr, (2) accumulation of up to 115 cm of
sediment since 1849, and (3) an anomalously coarse—grained sediment that
may correlate with the 1906 earthquake.



INTRODUCTION

The origin and evolution of Bolinas Lagoon are of increasing
interest because of its critical location in the San Andreas fault zone
and alternatively because of concern over its ecologic well~being in the
face of potential development. California coastal lagoons are few, and
Bolinas Lagoon is one of only several that today exist in essentially
pristine condition. The importance of Bolinas Lagoon as a spawning
ground, bird sanctuary, and part of our natural heritage make it
increasingly valuable as other California wetlands are destroyed. Much
of the lagoon is now either Marin County park land or under the
jurisdiction of the Audubon Society, and large areas of surrounding land
are incorporated into the Golden Gate National Recreation Area and Point
Reyes National Seashore.

The depositional history of Bolinas Lagoon has been a matter of
speculation and conflicting ideas for nearly 100 years. Nearby redwood
logging began in 1849 and resulted in increased sediment accumulation in
the lagoon, the effects of which are alluded to by Munro-Fraser (1880)
who wrote:

". « . When vessels first began to sail into the [lagoon],
a schooner drawing ten feet of water could pass over the bar
with ease at any stage of the tide, while now, the same
draught of vessel can barely pass at the highest stage; and
where those large vessels formerly lay at the wharf, the
depth of water will not admit of more than a fishing smack.
0ld sailers are free to assert that the day is not far
distant, at the present rate of filling in, when the
entrance of the [lagoon] will be entirely closed, and the
body of it will be mere tide and overflowed land open to
reclamation and cultivation."

Ritter (1969, 1970, 1973) shows a sequence of maps purporting to
demonstrate the development of islands and rapid shoaling of Bolinas
Lagoon during 1858-1950 and discusses rapid siltation of the northern
part of the lagoon following logging. Rowntree (1973, 1975) constructed
a different sequence of maps that indicates the early existence of
islands and extensive tidal flats, rejuvenation of the lagoon during the
1906 earthquake, and subsequent shoaling.

The period of time necessary to fill the lagoon naturally with
sediment to the mean-sea-level datum is estimated to be 90 to 160 years
and to the tighest high-water datum, 340 to 650 years (Ritter, 1973).
Wahrhaftig (1970) estimated filling to the high-~tide level in 500 to
2000 years. -



This study determines: (1) the depositional history of Bolinas
Lagoon, (2) the underlying structure, (3) vertical tectonic
displacement, and (4) the effects of 19th-century logging on rates of
sediment accumulation.
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Location, accessibility and culture

Bolinas Lagoon is located on the Pacific Coast in Marin County,
Calif., approximately 20 km northwest of San Francisco (fig. 1). From
U.S. Highway 101, the nearest thoroughfare, both California Highway 1
and the Panoramic Highway lead to Bolinas Lagoon. Highway 1 follows the
eastern shore of the lagoon and continues north to Tomales Bay. The
Bolinas-Olema Road leads south along the western shore of the lagoon to
the small town of Bolinas. Stinson Beach, a community of comparable
size, is situated at the southeast corner of the lagoon at the landward
terminus of Stinson Beach spit. On the spit, a development known as
Seadrift has been built.
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Figure 1. 1Index map showing location of Bolinas Lagoon in relation to other
features along the northern California coast.



Much of the area in and around the lagoon is publicly owned. The
western boundary of Point Reyes National Seashore is less than 2 km from
the north end of the lagoon. Much of the land around the lagoon,
including most of Kent Island, is owned by Marin County. The Audubon
Canyon Ranch owns tracts of land in the lagoon and on the east shore,
that it maintains as wildlife preserves. In 1972, lands east of the
lagoon, except the Audubon property and Stinson Beach, were incorporated
into the Golden Gate National Recreation Area.

Physical features

Bolinas Lagoon covers approximately 4.4 kmz, and 1is situated in the
California Coast Range province which consists of northwest-trending
mountain ranges that generally parallel the coastline. South of the
lagoon is a youthful submergent coastline characterized by comparatively
steep slopes that descend abruptly into the ocean. Northwest of the
lagoon the submergent coastline is in a more mature stage, and wave-cut
benches and cliffs characterize this part of the coast.

The most conspicuous and prominent topographic feature east of the
lagoon is Bolinas Ridge, an elongate northwest-trending ridge that
extends some 45 km from a point near the mouth of Tomales Bay to a point
several kilometers south of Bolinas Lagoon. The ridge rises steadily
from an elevation of approximately 150 m at the north end to over 600 m
at the south. The remarkable flatness of the ridge when viewed offshore
led to its 19th-century name, "Table Top Mountain." Several kilometers
east of the southern end of Bolinas Ridge is Mount Tamalpais, the
highest regional elevation at 793.7 m. Bolinas Ridge is dissected by
numerous streams, many of which flow into the lagoon. Some of these are
perennial, and others intermittent, flowing only during the rainy
season.

The Point Reyes Peninsula is west of the lagoon and is geologically
distinct from the mainland, though not topographically dissimilar. The
highest elevations on the peninsula are Point Reyes Hill at 407 m and
Mount Wittenberg at 428 m. The hills here, as on the mainland, are cut
by numerous streams, which have incised steep-walled gulches and
ravines. The part of the peninsula immediately north of Drakes Bay is
an area of comparatively low relief and is the location of Drake’s
Estero, Estero de Limantour, and Limantour spit.

The extreme southeast margin of the Point Reyes Peninsula, Bolinas
Mesa, 1s a broad flat area that extends 3 to 4 km from the hills that
rise behind it. The mesa is an elevated remnant of a marine terrace,
which, north of the town of Bolinas, has an elevation of approximately
60 m. The terrace gradually slopes toward Estero de Limantour where it
reaches mean sea level (MSL). Numerous streams have incised the terrace
on the top and margins. The marine terrace formerly was more extensive,
but has been cut back by wave erosion. Duxbury Reef, a navigational
hazard and unscheduled stop for many ships, is a wave-cut bench formed
concomitantly with wave-induced cliff recession.



Between the conspicuous topographic high of Bolinas Ridge and the
Point Reyes Peninsula lies the l-km-wide San Andreas fault zone, which
is topographically lower. The faulting and shearing within this zone
has shattered and pulverized the rocks, making them susceptible to
erosion, resulting in the characteristically low topographic profile of
the fault zone. Numerous small hills elongated parallel to the
direction of the fault occur in the fault zone and are small blocks or
slivers that have been subjected to differential vertical movements.
The low areas between these slivers often contain fault sag ponds or
creeks. These creeks coalesce with those coming into the valley from
the ridges to form the two major drainages in the fault zone. Olema
Creek flows north into Tomales Bay, and Pine Gulch Creek flows south
into Bolinas Lagoon. Pine Gulch Creek is perennial and is the largest
stream flowing into the lagoon in terms of both volume of water and
transported sediment. This creek enters the lagoon from the west and
has built a delta. The delta prograded rapidly after the 1906
earthquake because of increased amounts of sediment contributed to the
creek as the result of ground failure.

In addition to Pine Gulch Creek delta, there are smaller deltas at
the mouths of creeks flowing into the lagoon from the north and east.

The 13-km lagoon shoreline is ringed by intermittent salt marshes,
the largest of which occur (1) south of Pine Gulch Creek delta, (2) on
Kent Island, and (3) in the extreme southeast corner of the lagoon,
between the spit and the mainland.

Stinson Beach spit extends approximately 3 km from the eastern
shore across the southern end of the lagoon and separates it from
Bolinas Bay. The spit is separated from land on the west by an inlet
approximately 50 m wide that varies in width depending upon tidal stage
and season. In the mid-1960°s, the lagoon side of the spit was dredged
to form an extension for subdivision into lots for houses. Between this
extension and the original spit, an aritficial lagoon was created. Kent
Island lies north of the inlet and is largely above mean higher high
water (MHHW). A smaller island known as McKennan or Pickleweed Island
lies about 0.3 km from the east shore just south of the main tidal
channel in the lagoon. This island is being eroded by the southeast
migration of this channel. Other intersecting and anastomosing tidal
channels of varying size cut through and drain marsh and mudflat areas.

Extensive areas of tidal flats occur between Pickleweed Island and
Stinson Beach spit. Tidal flats north of Kent Island extend to the edge
of the main tidal channel, which courses along the eastern margin of the
lagoon. North of Pine Gulch Creek delta is the Upper Basin, most of
which lies below mean lower low water (MLLW) and does not completely
drain during normal tidal cycles.



Geologic setting

Bolinas Lagoon lies in the San Andreas fault zone at the southeast
corner of the Point Reyes Peninsula (fig. 1). The 1906 trace of the San
Andreas fault is near the west side of the lagoon (pl. 1) and apparently
forms the western edge of a graben that underlies the lagoon. Seismic
profiling indicates the existence of another fault along the east shore
of the lagoon (pl. 1), which is assumed to be the east boundary of the
graben (J. R. Bergquist, unpub. data). This fault may connect to a
graben fault located offshore by Cooper (1973).

East of the San Andreas fault zone are rocks of the Late Mesozoic
Franciscan assemblage including graywacke, chert, serpentinite, and
spilite.

The Miocene Monterey Formation crops out almost exclusively west of
the San Andreas fault zone, although faulted slivers lie within the
fault zone between Bolinas Lagoon and Tomales Bay. The western
three~fourths of the Point Reyes peninsula is Monterey Formation and is
in near-vertical fault contact with the Pliocene Merced Formation, which
forms the eastern side of the peninsula and borders the lagoon. In the
fault zone, approximately 6 km northwest of the head of the lagoon, the
Monterey lies in fault contact with Franciscan rocks. The Monterey
Formation generally consists of poorly bedded, tan to gray mudstones,
siltstones, shales containing sandstone lenses up to 50 cm thick and
high-angle cross-cutting sandstone dikes (Gluskoter, 1969).

The Merced Formation lies almost wholly within the San Andreas
fault zone and consists mostly of orange, buff, gray and brown,
argillaceous, poorly indurated sandstones containing abundant fossils
(Gluskoter, 1969). The faunal assemblages and gastropod/pelecypod
ratios indicate the Merced Formation was deposited in the littoral zone
of a sheltered, shallow marine basin (Glen, 1959), perhaps not unlike
Bolinas Bay and Lagoon.
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USE OF MAPS FOR DETERMINING MORPHOLOGIC
CHANGE IN BOLINAS LAGOON

Maps of Bolinas Lagoon are one source of evidence for historic
changes in lagoonal morphology. Although many of the early maps that
precede the first accurate survey~ of the lagoon in 1854 are
generalized, they yield some information on the large-scale features
around the lagoon. The early maps are essentially valueless for
quantitative comparisons, however, because most of them were drawn
freehand with no horizontal or vertical control points. Numerous maps
that include parts of the California coast were made during the Spanish
colonial period. Only a few of these include coastal features
identifiable as Bolinas Bay, and none is drawn with enough detail to
enable even general descriptions of large-scale features around Bolinas
Lagoon. Most of the early Spanish maps are small scale and show the bay
as merely a small indentation, omitting the lagoon completely.

Hondius map of 1589

Proponents of Bolinas Lagoon as the landing site of Sir Francis
Drake in 1579 argue that the Portus Novae Albionus (fig. 2) is a map of
the lagoon (Neasham and others 1974; Neasham and Pritchard, 1974). This
map, the Hondius map or Hondius broadside, was made by Jodocus Hondius
(1589) about 10 years after Drake’s landing and its exact location on
the California coast has long been a subject of controversy. It was
drawn from descriptions by a man who was not on Drake’s voyage; this,
coupled :

Feda corporum anh‘-uc-cnhi.: nmonbibus facrificis.
Mull’bﬁu’:f’m&l‘nn&hd{iu &)amaﬁdr;jlzﬁ (2} “

Figure 2. Portus Novae Albionus, the Hondius map
of 1589 depicting the Port of New Albion, possibly
the first chart of Bolinas Lagoon. Original scale.

lThe term survey refers specifically to the original field survey
made with a planetable whereas map refers to printed reproduction of a
compilation of one or more surveys published at a particular scale
(Shalowitz, 1964).



with its sketchy quality, makes the map useless for morphological
comparisons, even if it can be established that the map depicts Bolinas
Lagoon. So far the evidence is dubious, but the map and its association
with Bolinas Lagoon are historically interesting nonetheless.

'

Vancouver map, 1792

During the 1790°s, Vancouver explored and charted the Pacific Coast
from San Luis Obispo, Calif., to Alaska. A small-scale chart including
Bolinas Bay was made in 1792 by Vancouver (fig. 3) and is quite accurate
for maps of the time. It clearly shows Bolinas Bay and other coastal
landmarks including Bodega Bay and the sandspit in front of it. The
schematic depiction of terrain indicates the valley between Tomales and
Bolinas Bays, through which the San Andreas fault cuts. At the south
end of this valley, however, there is no indication of Bolinas Lagoon,
although the shoreline follows the approximate position of the
present—-day spit.

Briones’ Diseno, ca. 1841-42

Perhaps the earliest map of Bolinas Lagoon is the diseno (fig. 4)
that accompanied Gregorio Briones” petition to the Spanish Governor for
2 square leagues of land. In Mexican California, settlers desiring land
grants were required to submit a map or diseno describing as accurately
as possible the requested land. Because there was no official
government surveyor, each petitioner was responsible for having his map
drawn (Becker, 1969). 1In 1841 or 1842, Briones had William A.
Richardson, the grantee of Rancho Saucelito, draw the diseno (Mason and
Barfield, 1973).

The diseno was presumably drawn freehand and not surveyed, judging
from its stylized character as indicated, for example, by the double
skyline. In addition to the lagoon, Pine Gulch Creek, the spit, and
channel are clearly indicated. Interestingly, Pepper (Kent) Island and
McKennan (Pickleweed) Island are not shown where they might be expected
to occur. Nor is there any indication of a delta at the mouth of Pine
Gulch Creek. The lack of these features on the diseno is not really
significant though because the map contains a number of apparent
exaggerations and incorrect features. The Bolinas Cliffs west of the
channel appear to extend much too far south; Pine Gulch Creek is shown
too far south; the distal end of the spit indicates a reversed curvature
from its present form; and the channel is probably much too narrow.
Because of the exaggerations and omissions, the diseno is of little
value for comparative purposes.

Ringgold map, ca. 1849-50

The first published nautical chart that includes the Bolinas Bay
area is by Ringgold (1852). Charts of San Francisco Bay were previously
made by Capt. F. W. Beechey of H., M. S. Blossom in 1826-27 and
subsequently published (Buckland, 1839), but the westernmost point on

10
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the coast shown on these charts is near present-day Rodeo Lagoon.
Bolinas Bay and Lagoon are not shown on the Beechey charts. Commander
Ringgold, U.S.N., directed the 1849-50 surveys of San Francisco Bay and
nearby navigable waters in response to the needs of an area besieged by
gold-rush traffic and desperately in need of competent navigation
charts. Toward this end, Ringgold set channel buoys, and surveyed
shorelines and shipping channels within the bay by triangulation with
quite accurate horizontal control. In San Francisco Bay, the Sacramento
River and at selected points along the coast, careful hydrographic
surveys were also made. Outside the Golden Gate, the shoreline was
drawn as far north as Point Reyes, but was apparently drawn from
sightings, and not surveyed. Part of Chart 1 (Ringgold, 1852) is shown
in figure 5 and includes the area of Bolinas Bay presumably renamed
"Rialto Cove" by Ringgold. Ringgold (1852) described the coastline:

"Until reaching Duxbury Reef, (an extensive submerged ledge
of rocks, running off in a southern line, its limit not yet
thoroughly determined,) the north boundary of the entrance
is clear and free from dangers. Bolenus Bay, now Rialto
Cove, very frequently the safe resort of the hardy pilots,
lies east of, and is formed by, the point and reef.
Anchorage in five fathoms will be found, giving the reef a
good berth, in rounding its south extreme."

The soundings, which range from 5 to 10 fathoms, indicate that
Rialto Cove is present-day Bolinas Bay and not Bolinas Lagoon. The
diseno drawn about 8 years earlier indicated the presence of a spit in
front of the lagoon, and therefore Rialto Cove does not include the
lagoon area prior to spit formation. Because Ringgold“s purpose in
measuring bathymetry in Rialto Cove was to provide information for
anchorage, it can be speculated that had the lagoon offered adequate
anchorage, it too might have been investigated instead of ignored. The
lagoon is probably not shown on the chart because Ringgold spent little
time surveying the outer coast. In his words: "I had desired to occupy
the Farallones, and closely trace the shore line from Punto de los Reyes
to the Golden Gate. Circumstances entirely prevented me from attaining
so desirable a duty."

The maps made before 1854 were all approximately drawn, not
surveyed or otherwise accurately drawn. In some cases, they contain
enough detail to give indications of gross morphology; they cannot be
used for detailed comparative work to elicit changes in geomorphology
through time. For map and chart makers, Bolinas Lagoon seems to have
been of little interest. Drakes Estero, Bodega Bay, and Tomales Bay all
received more attention, probably because of their utility as anchorage.
This suggests that in historic times Bolinas Lagoon was probably never
deep enough to be a good port for ocean-going vessels.
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U.S5.C. & G.S. Topographic Survey

The U.S. Coast Survey published the first survey of the vicinity of
Bolinas Lagoon in 1854, as part of its work on the California coastline
(pl. 2, fig. 6, T452). This survey was made with good horizontal and
vertical control. New control points, at maximum intervals of about
2.5 km, were tied into the existing network of triangulation stations.
Geomorphic features including marshes, streams, dunes, and channels are
clearly depicted in detail, unlike previous maps.

USC & GS TOPOGRAPHIC SURVEYS

1854 T 452 e .
1881 T 1614
1929 T 4520 ——-—:—

~— BOLINAS LAGOON
T

5 0 5
[ soeasesseme |
km 0

-— ROCKY POINT

b
"

POINT BONITA —* JRE

Figure 6. Outline map showing areas encompassed by U.S. Coast and
Geodetic Survey topographic surveys that include Bolinas Lagoon.

In 1881, a second survey was done at Bolinas Lagoon by the U.S.
Coast Survey (fig. 6, T1614), but only cultural features were updated;
the configurations of geomorphic features were taken from the 1854
survey. If areas above mean high water (MHW) had changed markedly since
1854, this would presumably have been indicated. Because no major
changes were made, the 1881 survey confirms the existence of large-scale
features such as the islands.

In 1929 the lagoon was completely resurveyed for the first time
since 1854, at a scale of 1:10,000 (pl. 3), the same as the 1854 survey.
Geomorphic features including the shoreline configuration, which is the
MHW line, changed significantly since the 1854 survey. The nature of
the changes between 1854 and 1929 are subsequently discussed in detail.
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UsSeCe & GeSe charts

From the 1850°s to the present, the U.S. Coast and Geodetic Survey
has published a series of nautical charts which include Bolinas Lagoon
(U.S. Coast and Geodetic Survey, 1903-1939). The 19th-century charts
are entitled "Entrance to San Francisco Bay, California," and later
charts are simply "San Francisco Entrance, Calif." Under both titles,
this chart was published in 38 editions between 1856 and 1971. The
major sources of data for compiling these charts were the U.S.C. & G.S.
Topographic and Hydrographic surveys, including T452 and T4520.

A series of San Francisco charts was examined by the writer at U.S.
Army Corps of Engineers archives in San Francisco to determine
morphologic changes in the lagoon during the past 115 years. Each
edition of the chart included new data, though much of it was useful
only for navigation, such as changes or additions to buoys, whistles,
and lights. The chart was never completely resurveyed in successive
editions; topographic or bathymetric changes were made only for local
areas. Bathymetry indicated on the charts from 1856 to 1971 shows a
nearly constant depth of 1 to 2 feet below MLLW at the seaward edge of
the inlet between the spit and Bolinas Mesa and over the bar, which has
formed in front of the inlet. The 1903 and 1915 charts (Fig. 7) show a
depth of 10 feet at the north end of the channel, but in the 1939 chart
(fig. 8), the depth at this point is shown as only 3 feet.

The large-scale features of Bolinas Lagoon depicted on the charts
remained relatively constant from 1856 to 1929 and relied mainly on the
1854 topographic survey T452 (pl. 2) for configurations of geomorphic
features. The interior of the lagoon depicted on a 1915 chart (fig. 7)
is almost identical to the 1854 survey and gives no indication of
large-scale morphologic changes on Pepper (Kent) Island resulting from
the 1906 earthquake that were described by Gilbert (1908), although some
minor changes related to cultural features are shown. For example, a
road built on the west side of the lagoon, indicated first on the 1903
chart (U.S. Coast and Geodetic Survey, 1903-1939) resulted in minor
changes in the marshes south of Pine Gulch Creek delta. Road
construction on the east shore also caused marsh reduction there. From
1929 through at least 1941, the charts used updated data obtained from
the 1929 Topographic survey T4520 (pl. 3). From the 1950°s onward, the
shoreline and interior of Bolinas Lagoon shown on various editions of
Chart 5532 are generalized and much detail is omitted. The only
features shown in the lagoon interior are parts of Kent Island above
MHHW .

Relatively large-scale morphologic changes were not always made on
successive editions of the chart, diminishing their value for
comparative work. The appearance of a morphologic change in Bolinas
Lagoon depicted on a chart only establishes a minimum age for that
particular change. The date of a chart however does not necessarily
correspond to the date of the actual morphologic changes that may have
occurred much earlier.
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Map sequences showing changes in morphology of Bolinas Lagoon

The assumption that the lack of islands in the lagoon on
19th-century maps reflected existing morphology has led to erroneous
interpretation of the recent sedimentary history of Bolinas Lagoon. In
conjunction with studies of sedimentation and hydrology in Bolinas
Lagoon, Ritter (1969, 1970, 1973) published a sequence of four maps
(fig. 9a), which supposedly show changes in lagoonal morphology from
1858 to 1950. The map sequence seemingly demonstrates a decrease in
lagoonal area with the concomitant growth of several islands including
Pepper (Kent) Island and McKennan (Pickleweed) Island.

The 1950 map, taken from the U.S. Geological Survey Mount Tamalpais
157 topographic quadrangle, shows the shoreline at mean high water
(MHW), and is presumably accurately drawn. The 1941 U.S. Army Corps of
Engineers tactical map also may accurately show the configuration of the
lagoon and islands, although it is not known whether the shoreline on
this map represents a tidal datum. Different shoreline elevations on
these two maps would affect the apparent size of the islands and
shoreline configuration, and would mean the observed changes between the
maps are not real.

The 1897 map taken from the U.S. Geological Survey Mount Tamalpais
15° topographic quadrangle fails to indicate the islands in the lagoon,
that in fact existed at the time the map was made, as evidenced by (1)
their depiction on T452 (pl. 2), and (2) their description by Gilbert
(1908).

The 1858 map (fig. 9a) was originally drawn as a plat of Rancho Las
Baulines by R. C. Matthewson, October 1858, under the direction of the
U.S. Surveyor General (Ritter, 1970). Comparison with the 1854 U.S.
Coast Survey sheet T452 (pl. 2), which shows the islands, demonstrates
that the 1858 plat was not surveyed, only generalized. Omission of the
islands on the 1858 plat, therefore, is not evidence of their
nonexistence.

The map sequence in Ritter’s model (fig. 9a) implies that the
lagoon has been shaoling since 1858 and that the islands first appeared
between 1897 and 1941. As shown by other map evidence, and by
descriptions of islands in the lagoon in 1906 (Gilbert, 1908), this
four-map sequence misrepresents the sedimentary history of Bolinas
Lagoon.

The error of Ritter’s model was also recognized by Rowntree (1975)
who prepared another four-map sequence to show evolving lagoonal
morphology. The maps used in Rowntree’s model are: (1) U.S. Coast
Survey topographic survey T452, (2) U.S. Coast and Geodetic Survey
topographic survey T4520, (3) a map derived from a 1939 U.S. Army Corps
of Engineers bathymetric survey, and (4) a map drawn from an aerial
survey made by R. M. Towill Corp. in 1969. This sequence (fig. 9b) more
accurately represents changes in lagoonal morphology.
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BOLINAS
LAGOON

Figure 9a. Map sequence by Ritter (1969, 1970, 1973) in-
dicating changes in Bolinas Lagoon. Figure adapted from
Ritter (1973).

Bl ABOVE MHHW

Figure 9b. Map sequence by Rowntree (1975) showing evo-
lution of Bolinas Lagoon different from that by Ritter
(1969, 1970, 1973). Analysis of a core for grain-size
and pollen in this report indicates the north end of the
lagoon in 1854 was probably subtidal, not tidal flats as
shown here. Figure adapted from Rowntree (1975).
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Several inaccuracies in the delineation of marshes, channels and
tidal flats occur on some of the maps in Rowntree’s sequence. The upper
basin is shown on the 1854 map (fig. 9b) as tidal flats, and this
apparently results from interpreting a generalized drainage pattern on
the 1854 U.S. Coast Survey sheet (pl. 2) as a surveyed dendritic
tidal-flat drainage channel, which it probably is not. Evidence,
discussed in detail in a later section, from analysis of a core taken in
the margin of the upper basin indicates 110 to 115 cm of sediment
accumulation there since 1849, when redwood logging north of the lagoon
was started. Taking into account possible downdrop of as much as 30 cm
in this area during the 1906 earthquake (Gilbert, 1908), the bottom of
the lagoon would have been at least 80-85 cm lower than at present and
therefore probably subtidal basin rather than tidal flat.

The channels on the 1854 survey are delineated by the MLLW lines,
but the lack of these in the upper basin should not necessarily be used
as evidence of shoal conditions there because (1) the MLLW lines were
not always completely drawn on early U.S. Coast Survey sheets, and (2)
the positions of MLLW lines on the topographic surveys were estimated by
topographers (Shalowitz, 1964). The hydrographic surveys are the
authoritative sources for data below the high water plane
(Shalowitz, 1964). T452, a topographic survey, is thus reliable only
for features above the plane of high water, and conclusions based upon
quantitative analyses of areas below this plane on the topographic
surveys are tenuous. The early hydrographic surveys by the U.S. Coast
Survey in the vicinity of Bolinas Lagoon indicate no bathymetric data
for the lagoon itself and are limited to the inlet and offshore areas.
Hydrographic surveys H-456 made in 1855 and H-721 made in 1858-60 show
depths near the bar in front of the lagoon inlet, but not behind this
area. Apparently no accurate 19th-century bathymetric data exist for
the lagoon.

The 1939 map, done by the U.S. Army Corp of Engineers (Fig. 9b), is
essentially a hydrographic survey, and the indicated areas of marsh and
tidal flat are approximations because they were not accurately
delineated on the original map. The 1969 map (fig. 9b) is drawn from
aerial photography without ground-elevation controls, and the landward
edge of the marsh is only approximated. This map also fails to show the
Pickleweed Island marsh, which has existed at least since 1854.

Quantitative comparisons of increases or decreases in areas of
marshes, channels, and tidal flats based upon these four maps must
therefore be considered approximations because of (1) misinterpretation
of original surveys, and (2) the approximate locations of marsh-upland
boundaries and MLLW lines on the original surveys.
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Comparison of 1854 and 1929 topographic surveys

Composites of the 1854 U.S. Cost Survey topographic survey T452 and
the 1929 U.S. Coast and Geodetic Survey topographic survey T4520 were
made to provide accurate visual comparison of changes in the morphology
of Bolinas Lagoon and to locate the 1906 trace of the San Andreas fault.

The 1854 and 1929 surveys were accurately drawn within certain
limitations described below. They are the only comprehensive surveys
made of Bolinas Lagoon and the surrounding area, and because they are
separated by a significant time span, can be used to document changes in
lagoonal morphology.

The 1854 survey T452 (pl. 2) was published approximately 5 years
after large-scale redwood logging began in the hills around the lagoon.
Evidence from a core taken in the north end of the lagoon, discussed in
a later section of this paper, indicates a relatively rapid influx of
sediment resulting from damage to the watershed caused by logging
operations. Although changes in morphology subsequent to 1854 can be
determined from map comparisons, the problem of whether the 1854 survey
reflects changes wrought by sediment accumulation after the inception of
logging in 1849 is an unanswered question largely because, as discussed
previously, earlier maps are of little help in determining morphology of
the lagoon prior to 1854. T452 is the only survey of the lagoon made
before the 1906 earthquake, and T4520 is the first post-1906 survey.
Comparison of these two surveys thus offers the best available
topographic evidence for morphological changes in the lagoon caused by
the 1906 earthquake. The surveys, in conjunction with descriptions by
Gilbert (1908), can be used to determine the 1906 trace of the San
Andreas fault through part of the lagoon. Comparison of the two surveys
shows, in addition to tectonically induced changes, cumulative
morphologic changes from 1854 to 1929 in (1) marshes, (2) channels, (3)
cliffs, (4) shoreline, (5) Pine Gulch Creek delta, and (6) the spit.

Methods and accuracy of surveying

The U.S. Coast and Geodetic Survey sheets T452 and T4520 were made
as part of a general survey of the United States coastline, which began
as early as 1807 when Thomas Jefferson persuaded Congress to adopt a
resolution for a 'Survey of the Coast" (Shalowitz, 1964). The purpose
of the survey was to delineate accurately the coastline including
islands within 20 leagues (60 nautical miles) of the shore primarily for
the purpose of producing nautical charts. The California coast survey
began around 1850, the date of California’s admission into the Union.
The first areas surveyed included Monterey Bay and the major harbors,
San Francisco and San Diego. The surveys moved out from these points,
up and down the coast.

Before the use of aerial photography in the 1920°s, the surveys
were made with planetable and alidade. Before 1880, ground distances
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were measured by chaining. For places inaccessible to chainmen, and
large extents of sandy and marshy coast, the map linework was sketched.
After 1880, the stadia rod was used to determine distances optically
(Shalowitz, 1964). Thus, on the 1854 survey, distances were measured by
chaining; and on the 1929 survey by use of the stadia rod, a more
accurate method.

For shoreline mapping, standard practice was to set the planetable
at a prominent point with a view of a least 400 meters, the minimum
distance between measured points as outlined in instructions to
topographers (Shalowitz, 1964). The rodman walked the shoreline,
stopping at suitable intervals for fix points at which time the
topographer plotted the azimuth and distance. The shoreline was
subsequently sketched between the fix points. Unless the fix points are
indicated on the surveys, there is no way of recovering them, and there
is no way of determining the measured points on a given shoreline. Fix
points are not indicated on either T452 or T4520. Usually the salient
shoreline points were located accurately and the concave portions of the
shoreline or bights were sketched.

Accuracy of 19th-century surveys including T452 is generally quite
good because they were mapped at relatively large scale (often 1:10,000)
and because they were based on a geodetic network, which minimized the
possibility of accumulating large errors.

High-water line

The boundary between land and water on the surveys is delineated by
the line of MHW. Accurate determination of this line would have
involved detailed spirit-levelling along the coast, but for purposes of
constructing navigation charts, the investment of time and effort
required by such painstaking work was not justified, hence not done. In
practice, the MHW line was determined by reference to the line of drift
left by the preceding high water. On the Pacific Coast, where there are
unequal high tides, there are often two lines of high water drift, and
the MHW line was drawn somewhere between them (Shalowitz, 1964). The
accuracy of shoreline delineation done by this method is somewhat
variable depending upon the type of shoreline surveyed and the skill and
care of the topographer, but Shalowitz (1964) indicates that these lines
are generally horizontally accurate within 10 m of their true position.
The figure of 10 m includes the cumulative effects of (1) the normal l-m
control in measuring distances, (2) the determination of the planetable
within 2 to 3 m of its actual position, and (3) the error attendant in
determining the position of the MHW line on the ground. Also, the 10-m
accuracy refers to the location of the fix points but does not include
the error inherent in sketching the shoreline between fix points, which
may result in linework more than 10 m in error. Because of
triangulation control, however, no large errors were allowed to
accumulate, and general accuracy remained within the above limits. The
relative accuracy of the MHW line makes it generally acceptable for
large-scale quantitative work, although the fact that it is sketched
between rod stations or fix points must be kept in mind.
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Low-water line

Both the 1854 and 1929 surveys show a dotted low-water line
(pl. 2, 3; figs. 7, 8). On the Pacific Coast, this represents the
topographer’s estimate of the MLLW line rather than mean-low-water (MLW)
line (Shalowitz, 1964). The reason for this is that topographic surveys
were intended for compilation into nautical charts which used the MLIW
line as a plane of reference. The position of the MLLW line on the
Pacific coast surveys is generally only an approximation of its true
position inasmuch as U.S. Coast Survey topographic surveys were made
primarily to delineate the high-water line. The MLLW line was not
always shown, but if so, it was often incidental to the survey and
served merely as a guide for subsequent hydrographic surveys
(Shalowitz, 1964).

The MLLW line on the 1854 survey was presumably done according to
the instructions to topographers issued about 1840, which directed that
the proper time for determining the low-water line was "a couple of
hours before the end of the ebb and the same time during commencement of
the flood tides" (Shalowitz, 1964). Two hours on either side of a low
tide could shift the water/land interface considerably, especially on
gently sloping tidal flats, and the resultant map line would not then
truly represent the intersection of a tidal plane with the land. Hence,
the survey MLLW line is only an approximation and not accurately
positioned.

The topographers of the 1929 survey, T4520, may have followed the
instructions given in a 1928 topographic manual (Swainson, 1928) which
directs that "the low-water line [should be located] so far as the
latter can be determined or estimated without waiting for low tide."
This is a clear mandate for an approximation. Some topographers
surveyed points on the MLIW line, but no distinctions are made between
surveyed and sketched lines; therefore, the MLLW line for a given map
must be considered an approximate position of the line and not an
accurate delineation.

The fact that MLLW lines on the topographic surveys made by the
U.S. Coast and Geodetic Survey, including T452 and T4520, are only
approximately located makes them unsatisfactory for use in quantitative
comparisons of a given location through time. Nevertheless, the MLLW
lines are very useful for comparisons of their relative positions
through time in a given area, provided that small irregularities and
minor changes are ignored.

Marsh areas

The MHW line was not usually determined for shoreline marsh areas
because the physical characteristics of marshes make that line difficult
to determine with any degree of accuracy. Shalowitz (1964) states that
unless there is evidence to the contrary indicated on the survey, it
must be assumed that the MHW line was not determined in marsh areas.
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Instead of the MHW line, the outer or seaward edge of the marsh was
surveyed, and there is n? way to determine elevations of marsh areas
relative to tidal datums™ on the topographic surveys.

The inner edge of the marsh on the 1929 survey is indicated simply
by truncation of the marsh symbol (pl. 3) and not by a drawn line. This
indicates the dividing line between marsh and upland and bears no
relationship to any tidal datum, except that areas shoreward of this
demarcation are generally above the highest tides (Shalowitz, 1964).
Instructions to topographers (Swainson, 1928) indicate that the inner
edge of a marsh when clearly defined on the ground may be drawn by a
line distinctly lighter than the MHW line. The absence of such a line
on T4520 at most implies that the marsh/upland boundary was indistinct
or transitional.

On the 1854 survey, the inner edges of the marshes are indicated by
a thin line. This does not necessarily imply greater accuracy than the
unlined position shown on the 1929 survey T4520, but merely implies that
the topographers distinguished marsh and upland areas. The line drawn
at the landward marsh boundary does not necessarily correspond to a
tidal plane, although on some surveys it may partly or entirely coincide
with the MHW line. The accuracy of the position of the inner edge of
marshes often depended upon accessibility, and there was a tendency for
topographers to generalize this feature. Thus for surveys such as T452
and T4520 the position of the outer edge of the marsh was rendered with
perhaps the accuracy of the MHW line, whereas the inner edge of the
marsh may have been merely approximated. This permits quantitative
comparisons of the outer edge of the marsh through time but restricts
the utility of the inner marsh edge for similar purposes. Because of
this, quantitative comparisons of marsh areas on successive maps will
also be only approximations. Where no inner edge of a marsh exists, as
on Pepper (Kent) Island and McKennan Island, quantitative comparisons of
marsh area will of course be tenable.

Horizontal control on 1854 and 1929 topographic surveys

The North American 1927 Datum is the geographic or geodetic datum
presently in use as the basis for computation of horizontal control for
surveys in which the curvature of the earth is considered. The
reference point or triangulation station for this datum is in Meades
Ranch, Kansas, and is defined by latitude and longitude coordinates on
the Clarke Spheroid of 1866 (Shalowitz, 1964). This is now the point to
which all features in the horizontal plane must be referred in order to
make accurate comparison. In short, the position of the Meades Ranch
station and one azimuth from that point determine the latitude and
longitude net for North America. This net must itself refer to the

lln geodetic work, datums is the accepted plural of datum where the
meaning of the term is geometrical rather than statistical
(Shalowitz, 1964).
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approximate shape of the surface of the earth, but because the geoid is
such an irregular surface, it was determined nearly 200 years ago that a
geometrical surface was needed for systematic horizontal control of
points on the globe. For geodetic work, the two most important
geometric surfaces devised were the oblate spheroids termed the Bessel
Spheroid of 1841 and the Clarke Spheroid of 1866. Each of these
spheroids approximates the shape of the earth with the minor axis
coinciding with the axis of rotation. The Clarke Spheroid of 1866 is
slightly larger and based upon more precise calculations than the Bessel
Spheroid of 1841. The U.S. Coast Survey used the Bessel Spheroid of
1841 between 1844 and 1880 at which time the Clarke Spheroid of 1866 was
adopted (Shalowitz, 1964). Despite the existence of a more accurate
spheroid, the International Spheroid of Reference, the Clarke Spheroid
of 1866 is still used for work in North America largely because of
economic reasons. Converting to a different spheroid would necessitate
recomputing all existing triangulation with no real advantage to
geodetic or cartographic work (Shalowitz, 1964).

The changes in the position of latitude and longitude lines on maps
prior to 1927, the date of adaptation of the present geographic datum,
are the result of (1) changes in the spheroid of reference, (2) changes
in longitude values, and (3) changes in the geographic datums
(Shalowitz, 1964). On the 1854 survey (pl. 2) several sets of
projection line intersections (tick marks) are drawn. The last set of
projection lines were plotted on T452 in 1914, and represent the United
States Standard Datum on the Clarke Spheroid of 1866. A second set of
projection lines on T452 were plotted northeast of the United States
Standard Datum lines. A notation on T452 cropped from the area of plate
2 indicates that this set of lines was "based on Clarke’s Spheroid" and
added in 1904. The geodetic datum which formed the basis for these
lines is not known. The United States Standard Datum had been adopted
as early as 1901 (Shalowitz, 1964), yet if this set of projection lines
were based upon the United States Standard Datum on the Clarke Spheroid
of 1866 it would coincide with those added in 1914 discussed above. The
fact that they do not coincide indicates that the 1904 ticks are based
upon an independent datum. A third set of projection lines, which lies
between the sets added in 1904 and 1914 is of unknown origin, but
archaic printing on some of the lines cropped from plate 2 suggests that
these were added at an early date, and they may be the original
projection lines of an independent geographic datum on the Bessel
Spheroid of 1841.

The 1929 survey T4520 (pl. 3) has only one set of projection lines

corresponding to the North American 1927 Datum on the Clarke Spheroid of
1866.
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Mechanics of compositing surveys

Plate 4 with linework from both the 1854 and 1929 surveys was
photographically composited. Prior to compositing, the two surveys and
the modern base map were brought to scale by measuring distances between
selected points on each map, computing enlargement factors, and
rephotographing each of the original base maps -- 1854, 1929, and 1971.
The original publication scale of both the 1854 and 1929 maps was
1:10,000, and was retained in this study because it is a metric scale
and because it shows the detail of the originals.

Stable~base cronaflex copies of the 1854 and 1929 surveys were
obtained from the U.S. Coast and Geodetic Survey (NOAA) archives in
Washington, D.C. First, the scale accuracy of these maps was checked.
Using a micro-rule capable of accurately measuring 0.001 inch (2.5a),
map distances between various combimations of triangulation stations
were measured. Next, the latitude and longitude coordinates of the
triangulation stations were obtained as well as back azimuths and
distances to other nearby triangulation stations (table 1). In order to
check map scales, ground distances and azimuths between triangulation
station pairs were calculated for maps T452 and T4520 with the use of a
geodetic-inverse program. The geodetic-inverse program used was
developed at the U.S. Geological Survey for use on a Hewlett-Packard
model 9810A calculator and utilizes Robbin’s formula (Bomford, 1962) for
computation of azimuths and back azimuths between triangulation
stations. The accuracy of this formula is very high for long distances,
being 1x107°at 1600 km. The error is greater for closer stations;
however, it is still only 0.5 seconds at 30 m, well outside the limits
of measurement on the 1:10,000 scale maps. The distance formula used
computes meridian distance and a plane curve in the prime vertical,
which are then used in conjunction with Legendre”s Theorem to yield arc
distance between two points. The ground distances obtained were then
converted to scale distances and compared with the measured distances on
the stable-~base surveys. The mean ratio of distance calculated divided
by distance measured yielded enlargement factors for the stable-base
surveys.

A corroborative determination of enlargement factors was made by
measuring map distances between United States Standard Datum projection
lines on T452 and North American 1927 Datum projection lines on T4520
with the micro-rule and comparing these values with values of latitude
and longitude intervals published for checking polyconic projections
(U.S. Geol. Survey, 1964). The enlargement factor based upon the
graticules was determined as the mean ratio of measured value to book
value. The discrepancy between the two mean enlargement factors
determined by measuring distances between (1) triangulation station
paris, and (2) graticule pairs was only 0.001, well within accepted
limits of accuracy determined by map line width. An average of the two
mean ratios determined for each map was used for the final enlargement
factor.
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The U.S. Geological Survey topographic map of the 7-1/2° Bolinas
quadrangle, the modern base used in this study, published at 1:24,000,
was enlarged to 1:10,000 scale on a stable base, and the accuracy of the
enlargement was checked by the method just described. The surveys T452
(1854) and T4520 (1929) were photographically enlarged to a scale of
precisely 1:10,000 to match that of the modern base. Negatives were
then made of the accurately scaled 1:10,000 surveys and base map.

Not all triangulation stations used for the 1854 and 1929 surveys
are printed on the modern base. Some stations were abandoned whereas
others were lost or unrecoverable. Ballenas Reef Point station, for
example, was In 1854 located on the cliffs above Duxbury Reef, an area
that wave attack had eroded away by 1929. The Ballenas Beach station
once located on Bolinas spit was washed away between 1854 and 1929.
Station Ledge was physically moved and resurveyed. One station, Rocky
Point, is shown on both T452 and T4520, but its utility for registration
is diminished because its original location was mislocated by
approximately 50 m (Swainson, 1929). The station was reestablished in
1929 to correct the original error, but by 1952 was lost, the pyramidal
rock on which it was fixed having been blasted away (U.S. Coast and
Geod. Survey, 1963). The station was subsequently established as "Rocky
Point 2."

In order to use the old triangulation stations for registration,
their positions were measured on the modern base from the U.S.
Geological Survey graticules with the micro-rule and inked. Next, the
United States Standard Datum graticule was measured and inked on the
modern base. Positives of the 1854 and 1929 surveys and the modern base
were then registered by alining triangulation stations and the U.S.
Standard Datum graticules. Each positive was then registered to its
corresponding negative. The negatives were then used in
photographically compositing (1) the 1854 survey with the modern base,
(2) the 1929 survey with the modern base, and (3) the 1854 survey with
the 1929 survey. The stable-base copy of T452 obtained from U.S. Coast
and Geodetic Survey archives was photographed from the original survey,
which had been folded and torn. Portions of the original survey along
the fold are missing (pl. 2); and in order to fill in missing linework,
especially in the channels north of McKennan Island, reference was made
to 19th- and early 20th-century U.S. Coast and Geodetic Survey charts of
the San Francisco Entrance (for example, fig. 7). These charts were
originally made from T452 and are now the best source for the missing
linework. For each of the composited plates, the modern base was
screened 50 percent to produce contrasting line weights with the survey
linework.

After registration, each of the maps used in compositing the plates
was cropped to include the immediate area surrounding Bolinas Lagoon.
Figure 6 shows the original area encompassed by (1) the 1854 survey
T452, and (2) the 1929 survey T4520.
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Accuracy of registration of topographic surveys with
modern base map

Registration of T4520, the 1929 survey by U.S. Coast and Geodetic
Survey with the modern base (pl. 3), is good; and shorelines, cultural
features and triangulation stations coincide. On plates 2 and 4, the
1854 survey appears to be shifted approximately 55 m northwest. This
moves its position northwest with respect to T4520 and conclusions
regarding quantitative changes in marsh areas, channels and other
features must allow for this discrepancy. The misregistration may
result from (1) misplaced projection lines, (2) erroneous triangulation
station coordinates, or (3) unknown changes in locations of
triangulation stations. Apparently this cannot be corrected by
calculati@L&K& A 930+Spartina optimal fit with existing topography
could only be done by visually fitting T452 with the modern base, or by
superimposing graticules added to the 1854 survey with those on the
modern base.

This indicates that composites of old and new surveys may in some
cases at best be approximately fitted. Problems in horizontal control
were also encountered by Nichols and Wright (1971) in their study of
historic margins of marshland in San Francisco Bay. They noted that in
some places their control points were askew and "arbitrary decisions,
based upon interpretations of local morphology, were made on how the
data were to be adjusted. Compilations made by others would very likely
differ in these areas." For purposes of their study, this was perhaps
the best solution to the problem of misregistration.

This is an illustration of the philosophical dilemma of whether it
is better to be vaguely right -or precisely wrong. In the present study,
the latter course was chosen because it is felt that the precision of
registration is as important here as the accuracy of the fit. Because
of the careful calculations used in obtaining the present registration
of T452 to the modern base, it would be difficult to improve the
precision, whereas merely by moving the 1854 survey (pl. 2) over either
the 1929 survey (pl. 3) or the modern base on a light table, the
accuracy of the registration may be instantly improved. In this study,
the misregistration of T452 does not materially affect delineation of
the 1906 fault trace on Pepper (Kent) Island or conclusions regarding
changes in the lagoon from 1854 onward. The misregistration of T452
despite careful horizontal control is interesting in itself as an
illustration of the problems encountered in registering 19th-century
surveys to modern bases.
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COMPARISON OF 1854/1929 U.S.C. & G.S. TOPOGRAPHIC SURVEYS
OF BOLINAS LAGOON WITH REFERENCE TO THE 1906 EARTHQUAKE

The composited 1854 and 1929 surveys (pl. 4) reveal significant
morphological changes in Bolinas Lagoon over a 75-year period. Many of
the changes are very likely the result of cumulative effects of natural
processes including erosion, sedimentation, marsh advance, deltaic
progradation, and so forth. Human activity is also responsible for some
of the observed changes. The most dramatic changes, evident in the
island marshes, are tectonically caused.

Because Bolinas Lagoon is situated over the San Andreas fault, the
1906 earthquake caused numerous topographical changes within the lagoon
as well as in the immediately surrounding areas. These changes are of
interest because the sedimentary history of the lagoon is inextricably
intertwined with the tectonic history of the area. Movements along the
San Andreas fault, especially vertical movements, affect the sedimentary
and stratigraphic record of the lagoon back to its nascent state.
Observation and analysis of surface phenomena associated with the 1906
earthquake yielded clues regarding subsurface structure of the lagoon.

After the 1906 earthquake, G. K. Gilbert studied its effects in the
region from Bolinas Lagoon to Tomales Bay and described the fault trace
and various types of ground failure (Gilbert, 1908). Evidence from
Bolinas Lagoon and surrounding areas indicated subsidence of parts of
the lagoon and spit east of the 1906 fault trace. There may also have
been coeval uplift of areas west of the fault, although evidence for
this was equivocal. Gilbert’s observations lead to the hypothesis that
Bolinas Lagoon overlies a graben in the San Andreas fault zone.

Marsh changes on Pepper and McKennan Islands as
indications of subsidence

Subsidence was reflected in subsequent changes in salt marshes east
of the 1906 fault trace on Pepper (Kent) and McKennan (Pickleweed)
Islands. Gilbert (1908) described the trace of the fault and the
occurrence of landslides at the point where the fault trace left the
lagoon and moved onshore. On land the fault was relatively easy to
follow because of the evident mole track and offset linear features.
Within the lagoon, however, the fault trace was more subtle, owing to
(1) the plastic nature of the sediments, (2) the obscuring effect of
marsh plants, and (3) the erosional effects of tidal currents. The most
revealing sign of the fault trace within the lagoon occurred on the
Pepper Island salt marshes. Nearly 5 months after the earthquake, Dr.
S. S. Southworth of Bolinas indicated to Gilbert botanical evidence of
subsidence of portions of Bolinas Lagoon east of the fault. Gilbert
enlisted the aid of Willis L. Jepson, a botanist, in examining these
marshes. On Pepper Island, the fault trace was clearly indicated by
sharply contrasting differences in the color of Salicornia (pickleweed)
salt marshes on either side (fig. 10). East of the fault trace, lowered
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Bay, a 30-cm minimum downdrop of part of Pepper Island in 1906 would
have lowered the marshes to a level 15 to 30 cm below MHHW. This
effectively increased tidal residence time over the depth-sensitive
high-marsh plants, resulting in slow necrosis.

High-marsh plants such as Salicornia typically lack air storage
tissue that has developed, for example, in the low-marsh plant Spartina
(cordgrass), and as a result they are unable to endure extended periods
of submergence. High-marsh plants also suffer from extended submergence
because of the loss of osmotic pressure. During submergence, water
moves out of the plant cells into the surrounding seawater, which has a
higher concentration of solutes, and this water loss eventually kills
the cells (Teal and Teal, 1969) and leads to the observed marsh-plant
mortality.

1906 trace of San Andreas Fault within Bolinas Lagoon

A composite of surveys T452 and T4520 (pl. 4) can be used to
relocate the 1906 trace of the San Andreas fault as well as to show
cumulative changes in lagoonal morphology over the 1854-1929 period.

The extensive marshes shown on Pepper Island in the 1854 survey
were greatly reduced by 1929. The only Pepper Island marshes indicated
on the 1929 survey are (1) an elongate strip near the west side of the
lagoon, and (2) a small area approximately 150 m long north of the tip
of the spit. The combined area of these two marshes is only about
one-third of the 1854 marsh area. Reduction of total marsh area
apparently resulted primarily from deleterious effects of the 30 cm
downdrop east of the 1906 fault trace. The unhealthy and dying marshes
on Pepper Island described by Gilbert (1908) were subsequently
completely destroyed, as seen on the 1929 survey. From this, it can be
inferred the the 1906 trace lies at approximately the line of overlap of
the Pepper Island marshes shown on the composite of the 1854 and 1929
surveys (pl. 4). The fault trace is also approximately defined by a
major channel that formed through Pepper Island between 1906 and 1929.
This channel is seen immediately east of the larger Pepper Island marsh
on the 1929 survey (pl. 3). The inferred line of the 1906 trace is
drawn on plates 1 and 5 along the marsh boundary and parallel to the
channel trending N.34°W., the direction of a 1907 sighting on the fault
trace on Pepper Island by Gilbert (1908).

The 1906 fault trace between Pepper Island and the northwest shore
cannot be located accurately because there are no offset features either
on the ground or shown on the 1854 and 1929 composite (pl. 4) that can
be used to establish its position. Gilbert (1908) inferred that the
fault trace crossed Pine Gulch Creek delta "between the lines of high
and low tide," but he could not be sure because he did not examine that
area until after deposits from the floods of March 1907 obscured the
fault trace. Northward projection of the N.34°W. trend of the fault
trace on Pepper Island results in placement of the fault too far east,
at the head of the lagoon. Gilbert (1908, p. 67) recognized that the
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fault was either offset, or curved westward between Pepper Island and
the northwest shore.

Horizontal displacement along the 1906 fault trace on
Pepper Island

Horizontal fault displacement on Pepper Island was indicated by (1)
offsets along the south shore, (2) the extent of marsh plants on the
north part of the island, and (3) dead and dying marshes offset from
healthy ones (Gilbert, 1908). These changes were observed 5 to 12
months after the earthquake and were then too indefinite to use for
accurate measurement. In his field notes, Gilbert (1906) wrote: "At
junctions of floras and at water edges the horizontal throw can be seen,
but not measured -- 10-15 [ft]." Gilbert (1908) inferred that the
horizontal displacement on the island was greater than the displacement
at the nearest measured point on land, located about 1.5 km northwest of
the lagoon. Here, just outside the boundary of plate 5, a line of
eucalyptus trees was offset 3 to 4 m during the 1906 earthquake
(Gilbert, 1908).

Fault-related features north of Bolinas Lagoon

The fault-related features north of the lagoon shown on plate 5
were discerned by ground observation and analysis of aerial photographs
(series MRN 74, 7-27-65). The most prominent observable features
consist of northwest-trending ridges bounded by generally steep scarps
and troughs that include wet depressions and sag ponds. The linear
features are discontinuous in places and form bifurcating patterns
around the elongate ridges, resulting in large lens-shaped slivers in
the San Andreas fault zone immediately northwest of the lagoon.

The description of the 1906 fault trace north of the lagoon by
Gilbert (1908) follows the lineations plotted on plate 5. Near the
point where the fault intersects the shore of the lagoon, several
landslides obstructed the road following the earthquake (Gilbert, 1908).
Just north of the landslides debris, the fault trace was followed and
described by Gilbert (1908) as follows:

". . . beyond «+ « . the landslides the trace consists of a
number of subparallel cracks occupying a belt several yards
in width. There is also a nearly parallel branch of the
trace in a fault-sag lying a little farther west, but this
could be followed only a short distance . . . Mr. Nunes, who
cultivated this sag, states that it once contained a pond or
marsh, and this he had drained, but the water stood there
agailn after the earthquake, showing that the earthquake had
caused a depression of the bottom of the sag. The diffused
cracks on the main line soon gather into a narrow belt and
descend into a narrow sag, containing the barn and other
farm buildings of the Steele place. After following the sag
for a short distance, the trace generally rises on its
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eastern wall, crosses obliquely an intervening ridge and
enters a parallel sag toward the east. In this sag, which
also is narrow, the trace intersects one of the roads
leading from Bolinas to Woodville and immediately begins to
ascend the narrow ridge bounding the sag on the east."

A map by Brown and Wolfe (1972) showing recently active breaks
along the San Andreas fault between Bolinas Bay and Point Delgada
indicates in a more generalized way topographic evidence of faulting in
the area immediately north of the lagoon. Herd, Helley, and Rogers
(1977) also plotted fault-related features in the vicinity of Bolinas
Lagoon, although some of their interpretations differ from those shown
on plate 5 in this report.

McKennan Island

McKennan (Pickleweed) Island lies entirely east of the 1906 fault
trace, and the marshes there also deteriorated after the earthquake. A
broad, sharply defined zone of dead and dying Salicornia marsh
surrounded the island in the spring of 1907 (Jepson, 1908). A single
measurement indicated at least 25 cm of subsidence; although it was
noted that if lag time in plant response to extended submergence were
taken into account, the amount of displacement could have been "several
inches more" (Gilbert, 1908). Subsidence of McKennan Island was
corroborated by a local resident who reported that after the earthquake
he could sail over part of the island previously unnavigable
(Gilbert, 1908).

Plate 4 shows a reduction of approximately 60 percent of the
McKennan Island marshes between 1854 and 1929, probably mostly due to
subsidence during the 1906 earthquake.

East shore of the lagoon

There was no clear-cut evidence for subsidence of the east shore of
the lagoon. Jepson (1908) found little evidence of deterioration in the
discontinuous marshes along the 5.5-km-long eastern edge of the lagoon.
Gilbert (1908) found equivocal evidence of downdrop, noting that some
marshes on the east shore appeared entirely healthy, whereas low-lying
parts of other marshes exhibited deterioration. Other evidence of
subsidence on the east shore was also contradictory. For example, the
road along the east shore in places followed the strand between high and
low water, and wagons forded water when crossing at high tide. After
the earthquake, these fords apparently deepened and had to be crossed at
lower tide levels. However, an east-shore resident, who daily crossed
the lagoon by boat, noticed no change in bathymetry along his water
front (Gilbert 1908). Because the east boundary fault of the Bolinas
Graben apparently lies within the lagoon (pl. 5), evidence of subsidence
along the east shore may be related more to liquefaction or slumping
than to tectonic subsidence.
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Plate 4 indicates reduction of marsh area along the eastern shore
in the 1854-1929 period. Records of marsh deterioration resulting from
the 1906 earthquake indicate that only a small part of marsh reduction
along the east shore in the 1854-1929 period was earthquake related.
Much of the marsh loss appears to be from fill for road construction and
other purposes. The east-shore marshes generally occur near stream
deltas, and from 1854 to 1929, the marshes in several places (pl. 4)
advanced toward the lagoon. This suggests progradation of the stream
deltas, which may be due in part to man’s increasing activity in the
watershed during the 1854~1929 period.

Marshes on Pine Gulch Creek delta

The progradation of Pine Gulch Creek delta from 1854 to 1929
(pl. 4) apparently provided areas of sufficient elevation to permit
establishment of depth-sensitive salt marshes. From 1854 to 1929, the
marshes on the west side of the lagoon, including the Pine Gulch Creek
delta marshes, advanced as much as 200 m into the lagoon. During the
same period, landward areas of this marsh were reduced along a zone 1 km
long 50 to 250 m wide (pl. 4). The marsh reduction may have resulted
from several causes including: (1) progradation of Pine Gulch Creek
delta, (2) increased sedimentation due to plowing of fields immediately
west of the marshes, and (3) road construction through the marsh prior
to 1903 (U.S. Coast and Geod. Survey, 1903). It is also possible that
the marshes were uplifted during the 1906 earthquake, although this is
not documented. Gilbert (1908) described inconclusive evidence which
suggests that some areas west of the fault were in fact uplifted.
Barnacle mortality on pilings in the Bolinas waterfront indicated the
possibility of a maximum of 15 to 20 em uplift there (Kofoid, 1908).
Local residents reported shoaling of the channel between Pepper Island
and the distal end of the spit (Gilbert, 1908). However, channel
shoaling does not necessarily imply uplift, because it may have resulted
from liquefaction and lateral shifting of unconsolidated,
water-saturated sediments.

A wave-cut platform or clam patch located about 1 km west of the
channel entrance to the lagoon was accessible for clamming about 4 low
tides per month prior to the earthquake, but accessible during about 20
low tides per month afterward (Gilbert, 1908). The inferred uplift of
the clam patch was 30-35 cm.

To determine whether land west of Bolinas had been uplifted,
Gilbert examined marshes in Limantour Bay for new Salicornia growth
around raised salt-marsh regions. Gilbert did find new marsh growth in
June 1907, extending 33 to 40 cm below former marsh edges
(Gilbert, 1908). The new marsh growth seemed to confirm other evidence
for uplift west of Bolinas (not west of the fault trace, because there
was no evidence of uplift on Pepper Island). However, several months
later, it was reported that the clam patch was again accessible only a
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few days per month. To check this subsidence, Gilbert returned to
Limantour Bay where he found the new Salicornia growth had deteriorated
in a 25-cm vertical zone (Gilbert, 1908). It appeared there had been
rapid uplift during the 1906 earthquake, and subsequent subsidence of
land west of Bolinas. The problems of conflicting evidence for uplift
were never satisfactorily resolved, and whether there was uplift of
broad areas of land 1s not known.

Marshes at the north end of Bolinas Lagoon

Comparison of surveys T452 and T4520 indicates that the marsh at
the north end of the lagoon was eliminated between 1854 and 1929
(pl. 4). Marsh loss there appears to be largely caused by man. By
1903, approximately 200 m of roads had been built through the marsh
(U.S. Coast and Geod. Survey, 1903). Deposits from Wilkins Gulch Creek,
which flows into the lagoon about 100 m south of the apex of the lagoon,
have also contributed to marsh destruction. An area east of Highway 1
that was marsh in 1854 is today covered by angular to subrounded, poorly
sorted clastic debris, most of which appears to be stream deposited.
Debris from a road cut near the foot of the ridge northeast of the
former marsh may also have partially filled the marsh.

Marsh reduction at the apex of the lagoon also resulted from the
1906 earthquake. Gilbert (1908) noted that low-lying parts of the
Salicornia marsh deteriorated in an irregular pattern after the
earthquake. He described series of anastomosing surficial cracks in the
marsh there, as well as in the marshes on Pine Gulch Creek delta.
Surficial cracks formed in other marshes near the fault trace too,
although not as distinctly. Individual cracks were approximately 2 to
8 cm wide, and showed no evidence of vertical or lateral displacement.
Larger secondary cracks formed in a marsh north of Pine Gulch Creek
(fig. 11). The cracks may have resulted from liquefaction and lateral
movement of sediment during the 1906 earthquake. Liquefaction may also
explain the irregular pattern of marsh destruction, which may result
from uneven lateral flow of liquefied sediments.

Spit marshes and morphology

Marsh areas north of the spit were destroyed after the 1906 earth
quake by washover sands. Near the west end of the spit, the fault trace
consisted of a series of enechelon cracks (pl. 5), and residents of the
Dipsea Inn, then located near the center of the spit, reported that
after the earthquake the spit east of the fault was more frequently
over topped by waves, indicating subsidence (Gilbert, 1908). Because
sands had shifted in the area of the fault trace on the spit, reliable
measurements of vertical displacement could not be made.

By 1929, marshes destroyed as a result of the 1906 earthquake were
reestablished intermittently along the north side of the spit and were
more extensive than those of 1854 (pl. 2 and 3). The 1929 marshes were
positioned farther toward the lagoon than those of 1854 and reflect (1)
widening of the lagoon side of the spit during the 1854~1929 period, and
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(2) an apparent landward recession of the MHW line on the ocean side of
the spit noted by Swainson (1929).

During the 1854-1929 period, the largest increases in spit width,
up to 150 m, occurred near the middle of the spit in the place which is
now occupied by man-made Seadrift Lagoon (pl. 3 and 4). The extreme
southeast part of the spit, which in places was only 100 m wide in 1854,
had doubled in width by 1929. Along a distance of approximately l-km at
the western end of the spit, the width decreased as much as 100-m from
1854 to 1929. The narrowing of the spit here appears to be related to a
southern shift of part of the main tidal channel, but may also be due in
part to spit subsidence during the 1906 earthquake.

Widening of the spit is probably due in part to the build-up of
washover fans or storm deltas on the lagoon side after the 1906
earthquake. Subsidence of the spit east of the 1906 fault trace
facilitated overwash. Prior to the earthquake, overwash occurred only
during storms with high winds, but after the earthquake, overwash was
frequent (Gilbert, 1908). The last overtopping of the spit occurred in
1913 (Thomas J. Barfield in Ritter, 1973).

Overwash generally results only from storm waves that overtop the
storm beach ridge or dune field on a barrier. Water passing the highest
point of a barrier has residual kinetic energy as well as potential
energy resulting from its elevation above the water level of the lagoon
and thus flows toward the lagoon (Pierce, 1970). As the water flows
down the backshore, it transports sediments which are deposited at lower
elevations as water velocity decreases. Formation of washover fans is
favored by a gently sloping, broad backshore with extensive adjacent
barrier flats, because (1) the water maintains a low velocity and
therefore does not erode deeply and (2) the width of the barrier
dissipates water energy by friction (Pierce, 1970). Deposition thus
occurs on gently dipping, back-barrier slopes and on the adjacent tidal
flats, and forms broad fans. As these deposits build up, they further
decrease the slope of the back-barrier, facilitating further deposition.
This process apparently occurred on Stinson Beach spit, especially after
the 1906 earthquake, as evidenced by (1) the descriptions by Gilbert
(1908) regarding more frequent overwash after the earthquake, and (2)
the widening of the eastern two-thirds of the spit during the 1854-1929
period (pl. 4). Figures 27a and 28a show washover fans behind the spit
in 1907.

The eastern two-thirds of the spit were largely bounded by tidal
flats on the lagoon side in the 1854 survey, whereas the west third was
bordered closely to the north by the main tidal channel (pl. 2). The
elevation of the spit was apparently sufficient to prevent overwash west
of the fault after the earthquake. However, part of the spit bordered
by the main channel on the lagoon side may have been overtopped. Where
the spit is bordered by the channel, the back-barrier slope steepens at
the channel edge. When water from overtopping waves reaches this point,
its velocity is increased, enabling increased sediment transport. Most
of this sediment is deposited in subtidal lagoon water and hence does
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not build up the back-barrier. Because of this, water from succeeding
waves attains greater velocities, and the slope is increased because of
erosion (Pierce, 1970).

Erosion of back-barrier areas that adjoin channels can thus occur
from overtopping waves and may account for narrowing of this part of the
spit. It cannot be established that this occurred, but it is one
possible mechanism that explains narrowing of the west part of the spit
and simultaneous widening of the remainder in the 1854-1929 period
(plo 4)0

West end of spit

Changes in MHW line in the western 200 m or so of the spit from
1854 to 1929 are not especially significant because the configuration
above MHW in this area changes markedly depending upon year, season, and
tide levels. Figure 12 shows a series of superimposed outlines of the
distal end of the spit to illustrate the variablility of morphology
there. The outlines are taken from various aerial photographs and thus
cannot be directly compared with the surveyed MHW lines on the 1854 and
1929 U.S. Coast and Geodetic Surveys.

Swainson (1929) noted that the inlet widened about 40 m in the
1854-1929 period, but his is also not significant because inlet width is
largely controlled by configuration of the distal end of the spit.
Widening of the west side of the inlet is restricted by the cliffs; but
the east side which is composed of unconsolidated sand and gravel
fluctuates laterally. Measurements along the ocean side of the west end
of the spit indicated about 49 m of northeast movement of the high-water
line between January and August 1968, and a 90 m widening of the inlet
between August 1967 and December 1968 (Ritter, 1973). Because
short-term fluctuations of inlet width exceed the change from 1854 to
1929, the long-term change is not significant in terms of lagoonal
sedimentary history.

Outer MHW line on Stinson Beach spit

Changes in the position of the MHW line on the ocean side of
Stinson Beach spit indicated on the 1854 and 1929 surveys may not show
the actual magnitude of shoreline recession, because the MHW line shifts
according to season. The report accompanying the 1929 survey indicates
slight spit recession during the 1854-1929 period (Swainson, 1929), but
gives no quantitative measure. Small shifts of the MHW line are
generally insignificant because the amount of change is within the
limits of (1) the seasonal range of MHW shifts, and (2) drafting and
survey accuracy (Interstate Electronics Corp., 1968).

Data from surveys of the MHW line on the ocean side of Stinson
Beach spit from 1948 to 1970 were plotted by Johnson (1971) and are
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shown in figure 13. Distance of the MHW line from reference points on
land were plotted against time of year. The resulting graph indicates
that the position of the summer MHW line on the spit may be shifted over
45 m southward from the winter MHW line.

Beach profiles, and corresponding MHW lines, are closely related to
wave steepness, which is the ratio of wave height to wave length
(Johnson, 1971). During periods of low wave steepness, beaches build
low berms with associated steep beach-face profiles; during periods of
high-wave steepness (storm conditions), beaches become less steep
(Johnson, 1971). In Bolinas Bay, wave steepness is greatest during
winter and early spring and corresponds to recession of the MHW line.
Because the MHW line on the ocean side of the spit is a fluctuating
line, its position on a survey fails to indicate its dynamic character.

The best quantitative measure of spit recession may come from
analysis of recession of the Bolinas Cliffs west of the inlet. Stinson
Beach spit is in a state of dynamic equilibrium, although the exact
nature of the controls is not fully understood (Interstate Electronics
Corpe., 1968). A major factor controlling the position of the spit is
the position of the Bolinas Cliffs that extend from the inlet to Duxbury
Reef. As the cliffs recede because of wave attack, the equilibrium
conditions of the spit are altered, and spit recession ensues as
equilibrium is reestablished. In short, cliff recession causes
consequent spit recession.

Erosion of Bolinas cliffs

The cliffs between the inlet and Duxbury Point (fig. 14) eroded
approximately 30 m during the 1854-1929 period (Swainson, 1929). This
figure may thus represent the distance of spit recession during that
period as well, assuming the maintenance of the approximate
logarithmic~spiral shoreline configuration (Yasso, 1965) from Duxbury
Reef to Rocky Point.

A more recent rate of cliff erosion of 0.45 m/yr between the inlet
and Duxbury Point was calculated by Alan J. Galloway (in Ritter, 1973)
and is only slightly higher than the 0.40 m/yr average for the 1854-1929
period.

Other measurements of cliff retreat west of Bolinas from 1854 to
1929 (fig. 14) are: (1) 50 m at Bolinas Point, (2) 40 m 1 km north of
Bolinas Point, (3) 70 m in the bight between Bolinas Point and Duxbury
Point (part of which may be due to errors on T452), and (4) 60 m at
Duxbury Point (Swainson, 1929).

Examination of aerial photographs indicates that erosion of the
cliffs west of the inlet provides one source of sediment that is
deposited in the lagoon. Most of the suspended sediment along the shore
near the cliffs comes from the Monterey Shale, and assuming an erosion
rate of 0.45 m/yr, approximately 28,000 m” of sediment per year are
carried away by ocean currents (Ritter, 1973).
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Figure 13. Seasonal variation of the mean high water (MHW) line
on the ocean side of Stinson Beach spit relative to fixed ref-
erence points, 1948-1970. Figure modified after Johnson (1971).
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Figure 14. Map of Bolinas Lagoon and outer coast showing net cliff recession
during the period 1854-1929. The 70 m figure for the bight between
Bolinas and Duxbury Points may be excessive because of error in the
original survey. Measurements from Swainson (1929).

Channels

Changes in the larger channels in the lagoon from 1854 to 1929 are
shown on plate 4. In addition to the slight southward migration of the
main tidal channel near the distal end of the spit, discussed above,
examination of plate 4 reveals several other significant differences in
channel positions.

The tributary channel immediately north of the central point of the
spit in 1854 was eliminated by 1929, The reason for this may be
inundation by washover after the 1906 earthquake.

From 1854 to 1929 the main channel migrated approximately 200 m
southeast near McKennan Island, causing erosion of as much as 100 m of
the northwest side of the island.
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The north-south channel across Pepper Island shown on the 1929
survey is not evident on the 1854 survey, even in rudimentary condition.
It is thought that this channel developed after 1906, in the sheared
sediments along the fault trace. Aerial photographs show that this
channel progressively narrowed after 1939, and by 1967 was almost
completely filled with sediment (Gilroy, 1970). Figure 15 shows the
changes in this channel since 1929. Today the Kent Island channel is
almost completely filled and overgrown with high-marsh plants.

Progradation of Pine Gulch Creek delta from 1854 to 1929 eliminated
the small channel shown on the west side of the lagoon on the 1854
survey. Much of this deltaic growth came after the 1906 earthquake.
Extensive ground failure in the watershed facilitated erosion, and
floods in the spring of 1907 apparently deposited large volumes of
sediments in the delta.

Summary

Comparison of the composited 1854 and 1929 surveys indicates
significant changes in lagoonal morphology as well as an accurate
location of the 1906 trace of the San Andreas fault as determined by (1)
changes in salt-marsh configurations, (2) the position of Kent Island
channel, and (3) azimuths recorded by Gilbert (1908).

Observed morphologic changes include (1) extensive decrease in
marshes on Pepper (Kent) Island, McKennan (Pickleweed) Island, and the
lagoon side of the spit, due largely to subsidence during the 1906
earthquake, (2) minor decreases in marshes at the apex of the lagoon and
along the eastern shore, due in part to the 1906 earthquake, (4) cliff
recession between the inlet and Duxbury Point, (5) recession of the MHW
line on the ocean side of the spit, probably related to cliff recession
west of the inlet, and (6) southeast migration of the main channel near
McKennan Island.
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Figure 15. Map showing progressive shifting and narrowing of Kent Island
channel 1929-1948. The 1906 earthquake downdropped the island east of
the fault trace 30 cm, and the channel originally developed along the line
of displacement. By the early 1960's this channel was almost completely
filled with sediment. Linework taken from aerial photographs in Gilroy
(1970), and from U.S. Coast and Geodetic topographic survey T4520.



SUBSURFACE STRUCTURE OF BOLINAS LAGOON

Tectonic, seismic, and topographic evidence strongly suggested the
presence of a graben beneath Bolinas Lagoon, and seismic profiling was
recently done to verify its existence and to determine its limits.
Previous evidence of a graben included (1) subsidence of part of the
lagoon east of the San Andreas fault during the 1906 earthquake, (2)
truncation of the interdrainage ridges east of the lagoon, (3) the horst
and graben topography of the area between Bolinas Lagoon and Tomales
Bay, and (4) identification of an offshore graben by Cooper (1973).
Seismic profiling by the writer indicates the presence of a fault that .
parallels the east shore of the lagoon and that is very likely a graben
boundary fault.

Subsidence during 1906 earthquake

Evidence discussed in detail above indicates 25-35 cm of subsidence
in the lagoon east of the 1906 fault trace (Gilbert, 1906, 1907, 1908).
On Pepper Island vertically offset Salicornia marshes along the fault
trace indicated averages of 30 to 35 cm subsidence to the east, and no
vertical movement of the island west of the fault (Gilbert, 1906, 1908).
The single measurement on McKennan Island indicated subsidence of at
least 25 cm (Gilbert, 1908). Increased post-earthquake overwash on
Stinson Beach spit east of the fault trace indicated subsidence; and
although the subsidence could not be measured, it was estimated to be as
nuch as 60 cm (Gilbert, 1907). Evidence from marshes generally
indicated no subsidence of the east shore of the lagoon
(Gilbert, 1908; Jepson, 1908; Kofoid, 1908). Together, this evidence
suggested that the boundary between the downdropped part of the lagoon
and the stationary areas lies between McKennan Island and the east
shore. Gilbert (1908) suggested that the limit of subsidence was:

"an old line of dislocation which coincides approximately
with the northeast side of the lagoon. This dislocation has
not been determined by a study of the geologic structure,
but is indicated by the physiography, and was presumably
concerned in the making of the basin occupied by the
lagoon."

There was no clear-cut evidence of subsidence in marshes at the
apex of the lagoon, and on a stretch of level ground 1.5 km north of the
lagoon there was evidence of no vertical offset (Gilbert, 1908).

Pepper and McKennan Islands are approximately 1 km apart, and using
values of 30 and 25 cm subsidence respectively, the slope of the graben
is less than 0°2°w, indicating nearly level downdrop along this
east-west line. Evidence of no vertical offset north of the lagoon,
25-30 cm on the island, and as much as 60 cm on the spit indicates (1)
that the graben was hinged on the north, or (2) that the graben is
broken by E-W trending faults along which there was differential
vertical movement during the 1906 earthquake.

46
















































With few exceptions, the fauna are characteristic of protected,
open-coast, bay and estuarine enviromments. Ricketts and Calvin (1968)
subdivided bay and estuarine enviromments into major subenvironments
including (1) sand flats, (2) mud flats, (3) eelgrass flats, and (4)
rocky shores. Taxa recovered from boreholes and commonly found in
subtidal sand flats include (1) Clinocardium, (2) Macoma secta, (3)
Tellina, (4) Transenella, (5) Olivella and (6) Dendraster. Those that
typically inhabit intertidal mud flats include (1) Cryptomya, (2) Macoma
nasuta, (3) Saxidomus, (4) Tresus, and (5) Nassarius. Typical dwellers
of eelgrass flats include (1) Lacuna, (2) Mitrella, and (3) Nassarius.
Several species that are generally restricted to a protected outer coast
enviromment but not necessarily a bay or an estuary include (1)
Hinnites, (2) Penitella, (3) Platyodon, (4) Nassarius, and (5) Tegula.

Some of the epifaunal species identified from boreholes typically
live on a hard substrate, which may include compact sediments, rounded
cobbles, other shells, or bedrock. The rock-clinging species include
(1) Hinnites, (2) Mytilus, (3) Diodora, and (4) Balanus. A number of
species typically inhabit rocky coastal areas, and these include (1)
Modiolus, (2) Protothaca, (3) Acanthina, (4) Ceratostoma, (5) Diodora,
(6) Nucella, (7) Searlesia, and (8) Tegula. Rock-boring or nestling
bivalves are represented by (1) Penitella, (2) Petricola, (3) Platyodon,
and (4) an undetermined pholadid fragment. Together these taxa indicate
the proximity of a rocky shore or substrate. At present, Duxbury Reef,
a wave-cut platform, lies approximately 2 km southwest of Stinson Beach
spit; and a rocky, boulder-strewn coastline lies approximately 2 km
southeast of the spit toward Rocky Point. Both these areas could have
supported the species listed above that inhabit rocky shores and may
have been source areas for transported shells. Rocky areas closer to
the present site of Stinson Beach spit may now be buried under sediments
in Bolinas Bay.

The taxa, considered both individually and in assemblages, indicate
accumulation in shallow to very shallow water in a protected fully
marine bay or estuary. The ubiquity of shallow-water species suggests
that the Bolinas Lagoon area was never a deep-water embayment but
continuously shallow. From this it can be inferred that for the past
8,000 years, sediment accumulation has generally kept pace with rising
sea level in Bolinas Lagoon.

Borehole 2

Borehole 2 was drilled over the man-made extension of Stinson Beach
spit that until the mid-1960°s was a back-barrier area (fig. 17).

The bottom 19 m of borehole 2 consists of moderately to very poorly

sorted, fine to medium sand with variable amounts of clay and silt that,
because of their texture, appear to be mostly lagoonal deposits (pl. 8).
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Above the l4-m level, gravelly sands are interbedded with fine to
coarse sand and may indicate interfingering of lagoonal deposits with
washover and beach~-berm sediments. Sandy gravel and gravelly coarse
sands occur in the 5.5 to 6.5 m segment and are probably beach or
channel deposits. This gravel is overlain in the 2~ to 5.5-m segment by
pebbly, medium to coarse sand that may be washover, beach~berm, and dune
deposits. The l.5-to 2-m segment consists of organic-rich silty,
clayey, medium sand that is interpreted as a back-barrier marsh deposit.
The top 1.5 m of the borehole is dredged fill.

Borehole 3 & 6

The location of borehole 3 & 6 is approximately 0.5 km east of the
inlet and 0.5 km west of the 1906 trace of the San Andreas fault
(fig. 17).

The 22~to 36-m segment of borehole 3 & 6 consists of clayey, silty,
fine to medium sand and clayey, sandy silt (pl. 9) deposited in a
freshwater lake or pond. These deposits lack shells or other organic
remains characteristic of the overlying sediments. The oyster Ostrea
lurida was found in borehole 4 at the transgressive boundary; in
borehole 3 & 6, 0. lurida occurs at about the 20-m level, 2.5 m above
the probable transgressive boundary. 0. lurida was found nowhere else
in any of the four boreholes. The textural differences between the
deposits from 22 to 36 m and the finer grained lake or pond deposits in
borehole 4 may be explained by the proximity of borehole 3 & 6 to Pine
Gulch Creek, the major source of fluvial sediments from the Bolinas
drainage. There is no evidence that indicates whether the freshwater
areas in these two boreholes were connected.

Above the 22-m level is a complex series of shallow bay, lagoon,
marsh and channel or beach deposits that extends up to the 8-m level.
Immediately overlying the transgressive boundary at the 22-m level are
pebbly, fine to medium sands that are overlain at the 17.5-m level by a
0.5~m~thick bed of clayey sandy silt that may be marsh deposits. These
in turn are overlain by extremely poorly sorted clayey, silty, gravelly,
fine to medium sand, which may be a mixture of beach or channel deposits
and the underlying marsh(?) deposits. This 2-m—thick sequence of marsh
deposits overlain by beach or channel deposits indicates a temporary
shallowing of the depositional environment and may indicate that rates
of sediment accumulation temporarily exceeded rates of sea-level rise.

In the 8-to 16-m segment, above the relatively coarse grained beach
or channel deposits, the sediments become finer grained and consist of
fine to medium sand with varying proportions of clay and silt.
Texturally, these appear to be lagoonal deposits.

The 7~to 8-m segment consists of pebbly medium sands that may be
washover or beach-berm deposits. Immediately overlying these are 3.5-m
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of gravelly, medium to coarse sand and sandy gravel containing rounded
clasts up to 8 cm in diameter. These very poorly sorted deposits are
similar to present-day deposits near the inlet and probably represent a
similar high-energy environment.

The O~ to 4~ m segment consists of interbedded channel gravels,
washover, beach-berm and dune sand.

Borehole 4

Borehole 4, the deepest of the four boreholes at 44 m, is located
at the eastern edge of the man-made lagoon on Stinson Beach spit

The bottom 9 m of borehole 4 consists of very fine grained,
organic-rich freshwater lake or pond deposits that are from 7,770+65 to
perhaps more than 13,000 years old (pl. 10).

At about the 35-m level, there is a l-m-thick segment of
interbedded sandy, silty clay and clayey, silty, fine to medium sand
that very likely represents interfingering freshwater and marine
deposits and marks the transgressive boundary. A single radiocarbon
date from shells at the 34.5-m level (USGS=-171) places the marine
incursion at approximately 7,770+65 years B.P.

Above the 34-m level in borehole 4 is a 12-mthick sequence of fine
to medium sand that may be lagoonal or nearshore to offshore deposits
from a relatively shallow embayment.

Marine sediments from Bolinas Bay were taken with an orange-peel
grab sampler and analyzed for grain size by Isselhardt, Osuch, and Wilde
(1968). Their values for sorting and skewness were calculated according
to formulae by Trask (1932), and kurtosis from the formula of Krumbein
and Pettijohn (1938). These formulae are different from those derived
by Folk and Ward (1957), which are used in this report, and result in
different values for a given sample. Hence, values for grain-size
parameters calculated in this report cannot be readily compared with
those of Isselhardt Osuch, and Wilde (1968).

The average median grain size for 48 samples from Bolinas Bay is
3.25 phi (fine sand) with extremes ranging from 1.25 phi (medium sand)
to 3.75 phi (very fine sand), and median grain size generally decreases
seaward from Bolinas cliffs and Stinson Beach spit (Isselhardt and
others, 1968; Wilde and others, 1969). Degree of sorting in most of
these samples showed a negative correlation with increasing grain size.
Skewness and kurtosis values, however, showed unsystematic geographic
distribution (Wilde and others, 1969).

The 22-to 34-m segment of borehole 4 includes sediments with grain

size and sorting similar to those for the samples from Bolinas Bay
(append. A). This may indicate that for an undetermined period, the

70



deposits overlying freshwater lake sediments in borehole 4 accumulated
in a shallow marine embayment not unlike present-day Bolinas Bay.

This segment may thus represent a transgressive sequence with
generally deepening water. The layer of clayey, silty, fine to medium
sand at the 27-m level may indicate deposition either in (1) deeper,
quiet water, or (2) shallow quiet water, for example, lagoonal. Above
the 22-m level is a 3-m—thick layer of clayey, silty, fine to medium
sand that indicates slightly lower energy conditions. This also may be
interpreted as (1) sediment deposited in a deeper water environment than
that of the underlying sands, or (2) deposits from a shallow-water,
protected environment. The latter interpretation appears more tenable
in view of the appearance of gravel-sized clasts above the 19-m level.
Thus these fine-grained deposits may be lagoonal. It appears that a
shallowing sequence begins at an undetermined point below the 22-m level
and continues upward in the borehole. The medium to coarse sands that
occur in the 7.5~ to l4-m segment may be nearshore, beach-berm, or
washover sediments. These are overlain by sandy gravel and gravelly,
coarse sand in the 6- to 7.5-m segment that may be channel gravels
similar to deposits presently found in Bolinas Lagoon inlet. At the
5.5 m level is a 15-cm~thick layer of organic-rich clayey silt that may
represent back-barrier marsh deposits buried by indistinguishable
sequences of beach-berm, washover, and dune sands. The top meter of the
borehole consists of aeolian crossbedded dune sand.

Borehole 5

Borehole 5 is located approximately 2 km east of the lagoon inlet
(fig. 17).

Below the 17-m level, the sediments are interbedded, fine to coarse
sands that contain variable proportions of clay and silt (pl. 11). Most
of these deposits contain marine and estuarine mollusks and have
textures suggesting accumulation in quiet-water, low-energy, probably
lagoonal enviromments. Organic-rich, very fine grained deposits at the
20~-, 22.5-, and 25-m levels contain woody fragments and may have
accumulated in marshes. The alternating fine-grained and
very-fine-grained deposits below the 17-m level suggest fluctuating
bathymetry or energy but continuously shallow water.

The 2-to 17-m-borehole segment contains mostly interbedded fine to
coarse sand, gravelly coarse sand, and sandy gravel. Textural
parameters (append. A) suggest that these are very likely interbedded
washover, beach, and berm deposits. The 7- to 8-m segment contains
rounded clasts up to 10 cm in diameter, which may be channel gravel.
The very well sorted, medium sands in the 0.5- to 2Z-m segment are
probably aeolian deposits. The top 0.5 m of the borehole apparently
consists of mixed aeolian and washover deposits.
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FIGURE 19. EXPLANATION OF SYMBOLS
SHOWN ON BOREHOLE LOGS
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Barrier Formation

Using borehole lithologies, it is difficult to determine the point
at which a barrier first formed, creating the initial coastal lagoon.
The deposits overlying the transgressive boundaries in boreholes 4 and 3
& 6 are similar to present-day sediments sampled in Bolinas Bay by
Isselhardt, Osuch, and Wilde (1968). There is no evidence however to
indicate that these could not also be lagoonal. Hence, it is possible
that at the time of the marine transgression recorded in sediments below
Stinson Beach spit, a barrier already existed.

The first lagoonal deposits in borehole 4 are younger than the
freshwater-marine boundary dated at approximately 7,770+65 years B.P.
In borehole 3 & 6, the first lagoonal deposits are at or below the 15-m
level dated at 6,450+100 years B.P. Therefore, if the barrier did not
exist prior to the time of transgression recorded in borehole 4,
7,770465 years B.P., it apparently formed no later than 6,450+100 years
B.P. It is possible that the barrier first formed when the strand line
reached the terrace or hills that once extended southeast from Duxbury
Point. The rising sea would then form a partly closed embayment or
lagoon between this topographic high and Bolinas Ridge. The hills
southeast of Duxbury Point have been eroded to form Duxbury Reef, a
wave—-cut platform that now extends approximately 3 km into Bolinas Bay,
although only about 1 km of the reef is exposed at low tide. As the
hills west of the ancient lagoon were eroded northward, forming Duxbury
Reef and Bolinas Cliffs, the barrier presumably also migrated in that
direction, in equilibrium with the adjacent coastline. With continual
sea-level rise and coastal erosion, the lagoon and spit are moving
landward and upward in space and time (Kraft and Allen, 1975).

The general upward changes in depositional enviromments are similar
for the four boreholes, yet the detailed lithology of each is unique.
Deposits differ widely in thickness, texture, and sequence. No two
boreholes have the same sedimentary sequences, indicating geographic
fluctuations of spatially restricted environments that left deposits
having no lateral persistence along time planes.

Depositional enviromments are affected by numerous factors
including: (1) changes in eustatic sea level including short-term
oscillations, (2) tectonic or isostatic subsidence, (3) configuration of
the barrier(s) and inlet(s), (4) coastline configuration, (5) size,
location and sediment discharge of local streams, and (6) shoaling due
to accumulation of sediments.

Each of the preceding factors presumably has caused changes in
sedimentation through time at Bolinas Lagoon. This has resulted in
complex sequences of transgressional-regressional deposits observed in
the boreholes beneath Stinson Beach spit and explains why none of the
boreholes shows an idealized transgressional sequence of deposits.
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The ubiquity of shallow-water fauna, together with the
preponderance of lagoonal or other shallow-water deposits beneath
Stinson Beach spit, suggests that for the past 8,000 years accumulation
of sediment has generally kept pace with rising sea level in the drowned
valley.

Figure 22 shows an interpretive cross section through the four
boreholes and indicates the relationship between the major faults,
tectonic subsidence and major lithologic units determined from drilling.

Depositional record from small-diameter cores

Small-diameter cores were taken by hand in the lagoon and
surrounding marshes that are inaccessible to the truck-mounted drill rig
(fig. 20). Consolidated and sandy deposits were sampled with hand
augers that consisted of (1) 2-inch and 4-inch diameter auger buckets,
(2) 4-foot sections of pipe, and (3) a handle. Two types of buckets are
used: sand buckets have a solid cylindrical wall and closed blades,
whereas mud buckets have the cylinder walls partially cut away and open
blades. Good lithologic and faunal samples can be obtained with this
sampling technique, although sedimentary structures are usually
obliterated by shearing. Effective sampling can only be accomplished
when borehole walls resist collapse, and ends when layers of large
gravel or cobbles are reached.

A Davis corer was used to sample unconsolidated silt and clay.
This device consists of a sampler and 4-foot sections of detachable rod.
The sampler consists of a pointed piston that fits inside a metal sleeve
2.5 cm in diameter. When the sampler is pushed down through sediments,
the pointed end of the piston extends slightly beyond the enclosing
tube. At the desired sampling depth, the piston is pulled up inside the
sleeve by lifting the rod. The piston is then caught by a spring-loaded
catch. The entire device is then pushed down into the sediment to a
depth equal to the length of the sleeve, about 25 cm. The sampler is
then withdrawn and the core extruded.

The Davis corer permits continuous or discontinuous sampling; the
cores recovered are relatively undisturbed, and good lithologic and
faunal samples can be obtained.

Cross section A-A’

The sediments cored along transect A-A” (fig. 21) are all
fine-grained lagoonal deposits that locally contain bivalves including
Macoma sp. Cores 9-6-75-1, 9-6-75-2, 9-6-75-3, and 9-6-75-4 (fig. 20)
consist of 1 to 2 m of clayey silt overlying sandy, clayey silt that
grades downward into silty sand. The two westermmost cores have a thin
layer of relatively clean fine sand at a depth of approximately 3 m. In
core 9-6-75-4, this horizon is underlain by at least 5 m of silty clay
that contains few bivalve fragments.
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Figure 20. Locations of boreholes and cores. Coordinates and elevations

of tops of boreholes and cores are listed in Appendix C.

Number I.D. Number & Core Type

Number I.D. Number & Core Type
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1 8-1~74-4 (Davis) 12 9-6-75-6 (hand auger)
2 6-76 (plastic tube) 13 9-9-75-3 ~do-

3 9-6~75-4 (Davis) 14 9-9~-75-2 ~do-

4 9-6~75-3 ~-do- 15 9-9~75-1 -do-

5 9-6~75-2 -do- 16 2-21-76-2 -do-

6 9-6~75-1 -do- 17 2-21-76-1 ~do-

7 8-24-75-1 (plastic tube) 18 2-21-76-3 ~-do-

8 8-1-74-3 (Davis) 19 Borehole 3&6 (rotary drill)
9 8-1-74-1 -do- 20 Borehole 5 -do-

10 9-20-75-1 (hand auger) 21 Borehole 2 ~do-

11 9-6-75-5 -do-~ 22 Borehole 4 ~do-



TS 9T
A PR A
10g @SW 6 © o ¢ NE® DEPOSIT _TYPE
& o oo
= BOLINAS LAGOON [a<] marsH mup
M —MSL
st — LAGOONAL SAND & SILT
. [ LacoonaL muo
10 em—
— INDEX
20 MAP
30 -— PRE-
_ TRANSGRESSION
— SURFACE
40 1 i | )| 1
0 T 500 1000
B B/
200 wsw BOLINAS LAGOON ENES
=0 -
al - 9—20-75-1 "
10 g . :.—
0 D e—96-75-5 z53 9-9-75-1
= 2=976-756 Xz« 9-9-75-2y
o v\. Ngu. 9‘9"75"3\
MsL ‘§ ) Ol ‘ul i

o/

-
o

il — MSL
e, ‘ . . *

20l .
0o mi 0.1 .
PRE-TRANSGRESSION SURFACE — ] .
DEPOSIT TYPE S
INDE X MARSH MUD - m ) ] )
B MAP’ FLUVIAL SAND & GRAVEL it Py Py
8 N LAGOONAL MUD AND SAND — —
E LACUSTRINE MUD AND PEAT - J"_’_‘
Figure 21. Interpretive cross sections showing Holocene environments of

deposition in Bolinas Lagoon and nearshore areas.
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The 1- to 2-m—thick sandy deposits indicate an environment of
deposition different from the finer grained overlying and underlying
deposits. This temporary, higher energy depositional environment may
have been caused by (1) changing patterns of fluvial discharge, (2)
changes in the configuration of the bay mouth barrier, or (3) a relative
sea-level change whether eustatic or tectonically induced.

Cross section B-B’

The cores at the west end of transect B-B’ (fig. 21) include
complex sequences of lagoonal, marsh, and fluvial deposits. Marsh
deposits are characterized by fine-grained sediments containing abundant
roots and rhizomes, and occasional wood fragments. Lagoonal deposits
are also fine grained, but lack roots and rhizomes, and generally
contain bivalves and gastropods. Fauna identified from these cores
include Macoma nasuta and Nassarius sp. The taxa indicate the prior
existence of intertidal mud flats at the west end of cross section B~B’
(fig. 21) and indicate that the lagoon once extended at least 350 m west
of its present shoreline south of present~day Pine Gulch Creek delta.

The lagoonal and marsh deposits are interbedded with fluvial
deposits that consist of (1) sandy and silty gravels, (2) pebbly, silty
fine sand, and (3) gravelly, sandy silt. The apparently unsystematic
sequences of fluvial deposits suggest they were deposited by a migrating
stream, perhaps in a paleo-delta of Pine Gulch Creek.

Cores 9-6~75-5 and 9-6-75-6 (fig. 20) located near the west end of
transect B-B® (fig. 21) bottomed in clayey, sandy pea gravel that
contained rounded clasts and weathered lithic fragments up to 2 cm in
diameter. These poorly sorted deposits are apparently weathered,
well-consolidated, and varigated with reddish-brown iron straining that
suggests subaerial exposure. These deposits may thus represent a
paleo-soil developed on fluvial or deltaic deposits. The physiography
of the low, flat area south and west of present Pine Gulch Creek delta
and extending to the edge of Bolinas Mesa (pl. 1) indicates that it may
be stream cut and suggests that this area may be largely underlain by
stream deposits.

Transgressive-regressive sequences are indicated in cores 9-6-75-5
and 9-6~75-6. 1In each of these, the gravelly paleo-soil is overlain by
a succession of (1) marsh deposits, (2) lagoonal deposits, and (3) marsh
deposits (fige. 21). It can be inferred that as sea level rose, the
paleo-soil was covered first by fringing salt marshes; then as the water
deepened at least to iIntertidal levels, the salt marshes were inundated
and covered with muds in which typical shallow-water estuarine species
of mollusks thrived. After a short period of time, rates of sediment
accumulation apparently exceeded deepening due to sea-level rise, and
the area filled with sediments, once agailn becoming salt marsh. 1In
turn, the most recent salt marshes were in part covered by stream
deposits and slope wash.
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Farther east along tramsect B-B°, at core 9-9-75-3 (fig. 21), a
regressive sequence is evident and consists of approximately 2.5 m of
discontinuous marsh deposits overlying silty fine sands and sandy silts.
The underlying deposits locally contain abundant bivalve and gastropod
shells and indicate lagoonal, perhaps intertidal conditions.
Intermittent thin sand lenses in the cores may be fluvial sediments from
Pine Gulch Creek deposited during periods of exceptional flow.

The underlying paleo-soil that developed on stream gravel lies from
1.5 to 2.5 m below present MSL in cores 9-6-75-5 and 9-6-75-6, and this
shallow-lying surface suggests that the incursion of the lagoon in this
area occurred relatively recently. The extremely thin lagoonal deposits
here, from 0.5 to 1.2 m, further indicate that this western extension of
Bolinas Lagoon was relatively short-lived. The effects of tectonics on
the depositional sequences in these cores is not known.

Cross section D-D’

A cross section extending southeast from the head of the lagoon
through Stinson Beach spit passes through cross sections A-A’ and B-B*
and indicates relationships among major sediment types identified in
small-diameter cores and boreholes (fig. 23). 1In general, it shows a
transgressive sequence of marsh, lagoonal and beach-barrier sediments
overlying the pre~transgression surface that is in part underlain by
lake or pond deposits. In the central part of the lagoon, Pine Gulch
Creek and associated fringing marshes are interpreted as generally
increasing in extent upward through time. With continued erosion of the
Bolinas Cliffs and rising sea level, the shoreward progression of
sedimentary units will continue.
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TECTONIC SUBSIDENCE

Comparison of the elevations of radiocarbon-dated subsurface
samples from boreholes, with a curve of relative sea level for the past
10,000 years, permits measurement of apparent vertical displacement.
Several authors have constructed curves of eustatic sea level
(Fairbridge, 1961, 1966; Shepherd, 1964; Milliman and Emery, 1968;
Bloom, 1970; Scholl and others, 1969; Emery and others, 1971), but the
curve by Atwater and others (1977) is best suited for use in this study
because of the proximity of the area for which it was constructed. This
relative sea-level curve (fig. 24) was made on the basis of 13
radiocarbon dates from deposits beneath southern San Francisco Bay.
Shifting sea level may account for part of the point-scatter, but
because of the relatively few points and the magnitude of the
uncertainties in elevation and age, no resolution of low-amplitude
sea=level oscillations was possible (Atwater and others, 1977). A
smoothed curve was thus visually fitted to the data points.

From approximately 8,500 to 6,500 years B.P., the slope of the
sea-level curve changes from -4.6 to -0.3 (fig. 24) and indicates a
decreasing rate of sea-level rise. The apparent reason for this change
is the completed melting of the Laurentide, Cordilleran and Scandinavian
ice sheets by 6,500 years B.P. (Bloom, 1971). Sea level in southern San
Francisco Bay rose an average of 2 cm/yr from 9,600 to 8,000 years B.P.
and rose 0.1 to 0.2 cm/yr from 6,000 years B.P. to the present (Atwater
and others, 1977). The determination of tectonic displacement of
sediments underlying Stinson Beach spit rests on the assumption that
eustatic sea-level histories of Bolinas Lagoon and southern San
Francisco Bay are similar.

Each box shown in figure 24 represents one radiocarabon date. The
width represents the analytical uncertainty, one standard deviation (J7)
on either side of the apparent age. Other uncertainties discusssed
below may affect the age of samples, but because they are indeterminate
and probably small, they are ignored in this study.

Elapsed time between death of the organisms used for dating and
their accumulation will result in a date older than the enclosing
sediments. The nature of the materials dated for this study and their
enviromments of accumulation indicate that any hiatus is probably very
short, and therefore negligible.

Carbon exchange after deposition will result in younger apparent
ages. For this study it is assumed that exchange of carbon between
shells or peat and their enviromments did not occur after death,
although in fact such exchange may have occurred. In samples of
equivalent age, carbon exchange will be greater for shells than for peat
because CaCO3 is chemically more reactive (Mangerud, 1972). Whole
shells were burned for USGS-71, USGS-72, and USGS-171. This may result
in slightly younger apparent ages because carbon exchange during
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recrystallization probably occurs first in the exterior parts of shells
(Mangerud, 1972). Practicality aside, the accuracy of shell dates
theoretically would have been enhanced if only interior parts of shells
were dated.

Uncertainties in relating sample elevation to the relative
sea—-level curve come from three principal sources: (1) uncertainty in
determining present sample elevation, (2) uncertainty in determining
sample elevation at time of deposition, and (3) uncertainty in
determining amount of postdepositional subsidence (Atwater and
others, 1977).

Total uncertainty of present sample elevation probably does not
exceed +0.5 m and is the sum of uncertainties in (1) surveyed elevation
of the tops of boreholes, (2) depth of sampling intervals in the
borehole, and (3) position of dated material within each sampling
interval (Atwater and others, 1977).

The elevation of shell samples relative to coeval sea level is
determined primarily by depth ranges and habitats of similar living
species. USGS-171 consisted entirely of shell fragments of Ostrea
lurida (native Pacific oyster), which commonly lives in the low
intertidal zone on hard or rocky substrates (Ricketts and Calvin, 1968;
Keen and Coan, 1974). The intertidal range at Bolinas Bay is
approximately 2.5 m today (National Ocean Survey, 1976) and is assumed
to be the same at the time of accumulation of the shell samples.

USGS~71 and USGS-72 both contained shells of Macoma nasuta and
Tresus sp. Both species typically inhabit intertidal to shallow-water
subtidal environments (Moore, 1958; Ricketts and Calvin, 1968). USGS-72
also included shells of Clinocardium nuttalli and Protothaca staminea.
C. nuttalli is an intertidal species, which commonly inhabits sand flats
of bays and estuaries (Ricketts and Calvin, 1968); P. staminea inhabits
the middle-intertidal zone, being commonly found in tide pools along
rocky coasts or beneath the surface of packed mud or sandy to clayey
gravel in protected areas of the outer coast (Ricketts and
Calvin, 1968). Thus, the habitat of both USGS~71 and USGS-72 is likely
intertidal, yielding an uncertainty in elevation of about 2.5 m. The
additional species in USGS-72 render the interpretation of an intertidal
habitat more certain than for USGS-71. To account for possible subtidal
habitats of the dated bivalves, 1.5 m is added to the uncertainty in
elevation of USGS~72, and because of its less certain intertidal
habitat, 3.0 m is added for USGS-71l. The uncertainty in elevation at
the time of accumulation for USGS-71 is thus approximately 5.5 m, and
4.0 m for USGS-72.

Postdepositional compaction of sediments

Postdepositional compaction of sediments underlying the dated
samples lowers their elevation relative to coeval sea level. Two major
variables determine the amount of postdepositional compaction: (1) the
degree of compaction for each underlying type of sediment, and (2) the
thickness of each sediment type.
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The top 22 m of deposits in borehole 3 & 6 consist primarily of
silty sand, sand, and gravel. Below 22 m the sediments are finer
grained and comnsist of clayey, silty sand and clayey, sandy silt that
apparently lack both megafauna and peaty material (pl. 9). Sand is
almost incompressible under moderate pressures (Weller, 1959), although
Athy (1930) reported that vibrations can cause a reduction in volume of
up to 11 percent in loose sand. The compacted, or equilibrium, state of
sand is probably achieved rapidly in a seismically active area such as
Bolinas where episodic seismic vibrations occur.

The interstices in sands below the uppermost-dated horizon of
borehole 3 & 6 are filled with silt-sized particles and minor amounts of
clay (pl. 9, append. A). The compressibility of these sediments will
likely be lower than that of sand. Therefore, for this study, the
effects of compaction of sediments above 22 m in borehole 3 & 6 in
decreasing the elevation of dated samples are considered to be
negligible.

Silt and clay will compact in varying degrees and result in
elevations of samples lower than at the time of accumulation, and
allowances must be made for this when using radiocarbon dates to
determine vertical tectonic displacement.

The finest grained sediments in borehole 4 below the
uppermost-dated horizon (USGS-171) are silty clay and clayey silt.
Silty clay has a porosity of between 40 and 50 percent prior to
compaction (Weller, 1959). Using one-half the compressibility of mud
with 80 percent por