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Section 1 - Introduction Bolinas Lagoon Watershed Study

1 INTRODUCTION

Whether considering a large drinking water supply reservoir, a small backyard
pond, an urban recreational lake, or a small coastal lagoon, the issues of infill and
sedimentation of water bodies have challenged community decision-makers and
natural resource managers for decades. Countless natural factors, including
watershed geology, hydrology, vegetation, and climate, along with anthropogenic
influences spanning the spectrum from current policy and management practices
to centuries of historic land use activities, come together to affect sediment
mobilization and transport. Sediment budgets are based on careful analysis of the
relationship among the above-listed factors, potential sediment sources, and the
observed rate of sediment delivery to the water body. The Bolinas Lagoon
Watershed Study is a partial sediment budget based on inputs from the watershed
only. In addition, the Bolinas Lagoon Watershed Study was conducted to identify
potential restoration projects in the watershed to reduce the amount of sediment
entering the lagoon.

A full watershed sediment budget is a mass balance (I + AS = O) that includes
estimates of sediment input from the watershed (I), changes in sediment storage
within the watershed (AS), and sediment discharge from the watershed to the
waterbody (O) (Reid and Dunne 1996). It is the nature of sediment in steams to
remain mobile for a period of time and then to be stored within a stream reach
(AS) (sometimes for decades or longer) and then remobilize and continue on.
Determining the mechanisms behind storage and re-release is known as sediment
routing and can be extremely complex, taking years to understand for a given
watershed. Partial sediment budgets, based on sediment inputs only, assume that
over long periods of time, all sediment released to the stream network is
eventually delivered to the downstream body of water; the amount of sediment
stored in the watershed remains fairly consistent. Partial sediment budgets are an
efficient way of assisting decision-makers in determining the best course of long-
term preventative or remedial action when years of data collection time are not
feasible.

U.S. Army Corps of Engineers (USACE) commissioned the Bolinas Lagoon
Watershed Study to evaluate the sources and magnitude of sediment delivered to
the lagoon via erosional processes within the watershed. Though there are several
potential sources of sediment to the lagoon, including tidal transport and
windborne deposition, this study focuses on watershed sources. A thorough
literature review was conducted to determine sediment transport rates from wind,
tidal, and watershed sources established in previous studies. Historical land use
data was collected and used to establish correlation with rates reported in the
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Section 1 - Introduction Bolinas Lagoon Watershed Study

literature. Land use history of the watershed and the results of our reviews are
presented in Section 2. Extensive field surveys of the watershed were conducted
to capture a representative sample of sediment sources throughout the watershed.
Both qualitative and quantitative information about landslides, earthflows, gullies,
road-related erosion and other erosional processes was collected and used together
with regional values for soil creep and stream bank erosion to create an account of
the relative significance of each. Field survey data and published rates for soil
creep and bank erosion were input into an empirical sediment source model,
which was used to normalize the data and produce the resulting annual sediment
input rates. These data, calculations, and results were checked against land use
history and previous studies of the lagoon, as well as literature values for similar
watersheds, to establish the reliability of the results.

The empirical sediment source model was selected because of the unique
character of the lagoon and its surroundings. A soil loss modeling approach, such
as Generalized Watershed Loading Functions (GLWF), based on surface erosion
and the Universal Soil Loss Equation, is often used to calculate sediment budgets
where erosion in a watershed is uniform, deterministic, and linked closely to the
volume of storm water runoff over areas of bare soil. However, low road density,
absence of tracts of bare soil, and dominance of stochastic landslide activity
precluded the ability to accurately model the system with a classical soil loss
model. In addition, the intensive field survey approach allowed the project team
to take advantage of the unique opportunity to survey a fluvial terrace that had
formed behind a debris dam that was in place on an unmanaged tributary in the
watershed from 1906 to the mid-1950s. This survey was used to determine the
amount of material stored in the temporary lake over a 50-year period for
comparison to the sedimentation rate calculated for the rest of the watershed.
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Section 2 - Background Bolinas Lagoon Watershed Study

2. BACKGROUND

2.1

Bolinas Lagoon is an estuarine lagoon approximately one by three miles in size,
located 12 miles northwest of San Francisco Bay, and south of Point Reyes
(Figure 2-1) (MCOSD 1996). The lagoon’s watershed covers an area close to 17
square miles. Bolinas Ridge, which runs northwest to southeast at about 2,000
feet above mean sea level (MSL), serves as the eastern boundary of the
watershed. On the west side of the watershed is the Point Reyes Peninsula. The
San Andreas Fault runs directly through the lagoon itself along its northwest-
southeast axis (MCOSD 1996).

One major tributary and a number of minor tributary streams feed into Bolinas
Lagoon. Pine Gulch Creek drains the west side of the watershed and feeds into
the lagoon at a point north of the unincorporated town of Bolinas. At the mouth
of Pine Gulch Creek is an extensive delta that supports a wide assortment of bird
life. Several smaller creeks drain into the east side of the lagoon from Bolinas
Ridge.

History of Bolinas L agoon

The Bolinas Lagoon was formed as a result of tectonic movements along the San
Andreas Rift Valley more than 7,700 years ago (Atwater 1978). A sand spit
developed, isolating the lagoon waters from the larger Bolinas Bay. While there
have been reports over the past 150 years that Bolinas Lagoon has progressed
from a deep water embayment to a shallow lagoon, evidence from sediment cores
indicate that it was never a deep water embayment (Bergquist 1978). Rather,
Bolinas Lagoon remained in equilibrium over the past 7,700 years as
predominantly intertidal mudflats or shallow subtidal areas (Williams and Cuffe
1994).

The evidence that Bolinas Lagoon was always fairly shallow is contradicted by
Munro-Fraser’s early account (1880) indicating that the Bolinas Lagoon was
originally a deep-water embayment where, “when vessels first began to sail into
the port, a schooner drawing ten feet of water could pass over the bar with ease at
any stage of the tide.” It is not clear what exact time period Munro-Fraser is
referring to, but it could not have been much earlier than the 1830s when the
Spanish first settled in the area (Van Kirk 2001).
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Section 2 - Background Bolinas Lagoon Watershed Study

Beginning in 1849, the slopes of the Bolinas watershed were a source for timber,
particularly redwood for the San Francisco area. Mills reportedly generated
nearly 15 million board feet of lumber during the 1849 to 1858 logging boom
(Munro-Fraser 1880). Within only 5 to 20 years from Munro-Fraser’s initial
description of the bar at the entrance to Bolinas Lagoon being at least 10 feet deep
(i.e., by 1854) the depth of the entry bar of the lagoon was measured as only one
foot deep at low tide (Rowntree 1973).

Lands harvested of timber along the steep slopes on the Bolinas Ridge were
converted to cattle grazing or agricultural uses when logging activities ceased.
Several mining operations were also active in the area by 1863 (Compas 1997),
including a copper ore mine (Mason 1973).

The land-use practices of the late nineteenth century, including logging, mining,
and ranching, are assumed to have increased the rate of sedimentation in Bolinas
Lagoon. The 1849 to 1858 logging boom in particular has been pointed out as the
cause for the accelerated filling of the lagoon during the mid-nineteenth century
(Rowntree 1973; Ritter 1973; Bergquist 1978).  Munro-Fraser, however,
attributed the filling in of Bolinas Lagoon to early farming in the area, not the
timber boom of the 1849 to 1858 time period (Van Kirk 2001).

It is unclear what the configuration of Bolinas Lagoon was prior to settlement or
if it changed much during the nineteenth century. However, there is little
evidence that the lagoon became deeper after the 1906 earthquake caused the
floor of the lagoon to subside (Gilbert 1907). There is also photographic evidence
that the lagoon changed between 1906 and 1977; Bergquist (1979) noted 8
primary changes in his comparison of 1906 and 1977 photographs:

1. Anincrease in exposed tidal flat areas since 1907
2. Enlargement of Kent Island, especially the northeast part

3. Sediment accumulation and marsh overgrowth of the nearshore areas
south of Pine Gulch Creek delta

4. Advancement (progradation) of Pine Gulch Creek delta
5. Man’s destruction of the washover fans north of the spit
6. Dune growth along the axis of the spit

7. Lateral erosion of Picleweed Island
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Section 2 - Background Bolinas Lagoon Watershed Study

2.2.

8. Cliff recession at Duxbury Point

The effects of land use changes on sedimentation rates and lagoon configuration
are difficult to link over short time periods. While increased sediment rates have
been reported for various periods and there is anecdotal evidence of
corresponding changes in lagoon depth, there are conflicting opinions over when
rates have been highest. This disagreement arises in part because sediment
routing through the watershed is affected by factors that are difficult to measure.
For instance, a debris dam, which formed during the 1906 earthquake, led to the
deposition of 50 years worth of sediment in a temporary lake on McCormick
Creek. After the debris dam breached in a 1955 storm the deposited sediments
began releasing as the stream cut down through the deposit forming the terrace
that exists today. Such situations make predicting the time from the initial
mobilization of material from a specific landslide or road failure to its deposition
in the lagoon difficult.

Hydrology and Groundwater
2.2.1. Surface Water Drainage

The watershed of Bolinas Lagoon (Figure 2-1) covers 16.7 square miles. Average
annual rainfall in the watershed ranges from about 22 to 50 inches, depending on
elevation. Most of the precipitation occurs from November through April.

Pine Gulch Creek, the principal drainage to the lagoon, is a perennial (year-round)
stream. Most of the drainage area of Pine Gulch Creek lies on the west side of the
San Andreas Fault and is underlain by Monterey Formation geology. The
drainage area of Pine Gulch Creek is approximately eight square miles (5,120
acres), representing about 50 percent of the Bolinas Lagoon watershed. Pine
Gulch Creek and the drainage of Copper Mine Gulch originally followed the trace
of the older western boundary of San Andreas Fault, and they continue to follow
this course even after lateral movement on the younger 1906 trace shifted their
channels northward. Pine Gulch Creek joins McCormick Creek, flows through
Paradise Valley west of Horseshoe Hill, and enters Bolinas Lagoon about midway
between the head of the lagoon and Kent Island. Pine Gulch Creek discharges on
the west side of the lagoon and represents a major source of sediment inflow to
the lagoon in wet years.

Easkoot Creek, the second largest sub-basin in the watershed, drains an area
roughly 1.7 square miles (1,062 acres) on the south end of the lagoon. This is
roughly 10 percent of the total calculated watershed area (Fong 2000b). The
drainage areas of the next two largest streams on the east side of the San Andreas
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Section 2 - Background Bolinas Lagoon Watershed Study

Fault, Morses Creek and Audubon Creek, are 0.70 square miles, and 0.46 square
miles, respectively. The remainder of the watershed drains the east side of the
San Andreas Fault, which is underlain by Franciscan geology. The streams are
steeper on the east side than on the west side of the fault and flow intermittently.
Numerous steep, straight, perennial and intermittent streams drain the
approximately 1.5-mile long slope from the ridge top to Bolinas Lagoon. The
four northern-most of the east side drainages (i.e., Cottingham Gulch, McCurdy
Gulch, Cronin Gulch, and Copper Mine Gulch) drain to Pine Gulch Creek. These
four streams are culverted under Highway 1; the culverts at Cottingham and
McCurdy gulches serve as barriers to fish passage.

Figure 2-2 shows historical flows measured at a stream monitoring station at Pine
Gulch Creek operated by the U.S. Geological Survey (USGS) between June 1967
and September 1970. Although the data shown in the figure represent only a brief
period of time, it can be seen that flows varied in magnitude over a wide range
during the period. The total annual discharge from Pine Gulch Creek from
October 1, 1967 to the end of September 1968 (i.e., the 1968 water year) was
3,670 acre-feet. During the following water year, the total discharge was 12,110
acre-feet. The total inflow during the 1970 water year was 14,080 acre-feet. The
total annual discharge from Morses Creek in 1968 and 1969 was just 159 acre-
feet and 813 acre-feet, respectively (Ritter 1973)."

Figure 2-2. Average Daily Flows in Pine Gulch Creek (1967-1970)
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! Recent data on annual discharges from Pine Gulch Creek exist and will be incorporated into the Administrative

Draft EIS/EIR.
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Section 2 - Background Bolinas Lagoon Watershed Study

2.2.2. Circulation and Tidal Flows
Elevation Datums

Historical changes in water depth and land elevation figure prominently in the
discussion of sedimentation and hydraulics in Bolinas Lagoon. It is important to
keep in mind that a number of different elevation datums have been used in
studies of the lagoon. The most commonly used land elevation datum in the U.S.
is the National Geodetic Vertical Datum (NGVD) of 1929. This is the land datum
typically used on USGS topographic maps, and is the datum used to calculate
habitats in the lagoon. It is commonly referred to as mean sea level, because it
was based on the average of the mean tide levels at selected locations. It has been
replaced, for some applications, by the more precise North American Vertical
Datum (NAVD) of 1988. Navigational charts, however, typically reference mean
lower low water (MLLW), which is the average of the lowest daily tidal stands.
The shoreline on USGS topographic maps and on navigational charts typically
represents MLLW, and underwater depths are typically reported as depths below
MLLW. The relationship between tidal averages and land elevation datums
varies locally, and tidal averages reported in different historical documents may
vary widely from each other. Since bathymetric data, or soundings, are typically
reported relative to tidal averages, such as MLLW, this variability makes it
difficult to accurately interpret historical water depth information.

Table 2-1 presents the relation between the NGVD and NAVD land elevation
datums and the respective tidal averages at gages at the Presidio in San Francisco
Bay and at Point Reyes. In this report, if not otherwise noted, elevations above
and below water are referenced to the 1929 NGVD, and the term mean sea level
(MSL) 1s assumed to be equivalent to NGVD. A detailed discussion of elevation
and tidal references that have historically been used as the basis for depths and
elevations reported for Bolinas Lagoon is presented in Bergquist’s (1978) study of
the depositional history of Bolinas Lagoon.
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Section 2 - Background Bolinas Lagoon Watershed Study

Table 2-1. Comparison of Tidal Averages and Land Elevation Datums
(1929 NGVD and 1988 NAVD)

SF Presidio Pt. Reyes,
Elevation Bolinas Bay  Drakes Bay
relative to NGVD relative to
Description NGVD (ft) (estimated) NGVD (ft)
Highest Observed Water Level 5.74 5.82
Mean Higher High Water (MHHW) 2.70 2.92
Mean High Water (MHW) 2.10 2.26
Mean Tide Level (MTL) 0.05 0.30
Mean Sea Level (MSL) 0.00 0.3877 0.00
National Geodetic Vertical Datum (NGVD) 0.00 0.3877 0.00
Mean Low Water (MLW) -2.00 -1.67
North American Vertical Datum-1988 (NAVD) -2.99 -2.61
Mean Lower Low Water (MLLW) -3.13 -2.85
Lowest Observed Water Level -5.80 -5.33

Source: Bergquist 1978

Lagoon Configuration and Bathymetry

Bolinas Lagoon covers an area of about 1,100 acres at mean high water (MHW).
There are two main channels within the lagoon: Bolinas Channel and the East
Channel (also called the Main Channel). Bolinas Channel extends between
Bolinas and Kent Island. The East Channel follows a course eastward between
the channel inlet and Kent Island and then turns north and generally hugs the east
shore of the lagoon toward the Upper Basin. The Upper Basin lies north of the
delta of Pine Gulch Creek. Sediment deposition on the delta apparently prevents
the Upper Basin from draining via the Bolinas Channel.

Figure 2-3 shows the evolution of Bolinas Lagoon between 1854 and 1969, and
Figure 2-4 shows the current configuration of the lagoon (Rowntree 1973). The
lagoon morphology has been influenced by a number of geologic and hydrologic
features; it is likely that the most important factors are: changes in sea level,
uplift, and subsidence related to movement on the San Andreas Fault; erosion and
sediment transport in the watershed; and wave and tidal action. Superimposed on
these natural processes are human actions that influence the shape of the lagoon,
including dredging and filling, and shoreline erosion protection. These processes
occur at different rates, with different cycles of periodicity, and with different
degrees of predictability. The ways in which these processes overlap determines
the shape and depth of the lagoon. During the past 5,000 years sea level has been
rising at an average rate of about one-half foot per century. Rising sea levels
invaded the rift valley of the San Andreas Fault, forming a deep tidal inlet. As it
did so, a sand spit formed in the shallow waters across the mouth of the inlet. The
rift valley is a zone in which the land tends to subside due to movement along the
San Andreas Fault. The subsidence occurs episodically. The 1906 earthquake,
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for example, caused the lagoon east of the active trace of the fault to subside
about one foot. Based on evidence from sediment cores, the combination of
subsidence and sea level rise was approximately equal to the rate at which
sediment accumulated in the lagoon until about 1849 (Berquist 1978).

Figure 2-3. Historic Change in Configuration of
Bolinas Lagoon (1854-1969)
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Source: Rowntree (1973)

In addition to natural processes that played a role in the configuration of the
lagoon, human activities are also suspected to have helped shape the lagoon
(Ritter 1973). Munro-Fraser (1880) estimated that about 15,000,000 board feet of
lumber was cut in the immediate vicinity of Bolinas between 1849 and 1858.
Munro-Fraser also noted that the same ships that could pass into Bolinas port in
the mid-1800s were unable to do so by 1880 due to decreasing water depth. In
addition, decreasing water depth caused by siltation forced shipbuilders in the bay
to move their operations three times before being discontinued entirely in the late
1870s (Munro-Fraser 1880). Quantitative data indicates that the bay, which had a
high volume of 210 million cubic feet before 1849, decreased to a low volume of
90 million cubic feet by 1906 (Bergquist and Wahrhaftig 1993).

Despite the fact that historical evidence indicates that human logging activity
corresponds with a decrease in total water volume of the lagoon, the direct cause
of the sedimentation in the late 1800s has not been firmly established.
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Figure 2-4. Current Configuration of Bolinas Lagoon

Note: Slight color differences seen on this figure are the result of splicing multiple aerial photographs.

Sediment Deposition and Tidal Prism Change

The size of the tidal prism is an important factor in maintaining sufficient tidal
exchange to support many of the existing functions of the lagoon and preserve the
dynamic equilibrium of the lagoon configuration, including sediment removal and
keeping the inlet channel open.

Figure 2-5 shows the change in the tidal prism since the early 1800s. Prior to
1849, when European settlement of the watershed began in earnest, the tidal prism
is believed to have been relatively stable, at about 210 million cubic feet. After
1849 it decreased at a rate of about 2 million cubic feet per year (cf/yr) and
reached a low point of about 90 million cubic feet in 1906. Subsidence from the
1906 earthquake abruptly increased the tidal prism to about 175 million cubic
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feet. Sedimentation continued, however. From the 1930s to the 1960s
sedimentation resulted in the loss of tidal prism at a rate of about 0.7 million cf/yr.
Since the 1960s, the rate of loss is believed to have doubled to about 1.4 million
cf/yr. Bergquist and Wahrhaftig (1993) estimated that the tidal prism was 96
million cubic feet in 1988. In 1993, a causeway and dump were removed from
the southern end of the lagoon. This directly increased the tidal prism by 248,000
cubic feet and led to an estimated increase in tidal prism of 435,000 cubic feet
because of increased tidal circulation (MCOSD 1996).

Figure 2-5. Estimated Change in Tidal Prism
of Bolinas Lagoon Over Time
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A USGS study conducted between 1967 and 1970 (Ritter 1973) found that more
sediment was carried out of the lagoon on outgoing tides (ebbtides) than was
carried in by incoming tides (floodtides). However, the variability in the daily
observations was high, suggesting that even if the measured values are highly
accurate, the long-term sediment balance in the lagoon is difficult to predict. The
rate of discharge of sediment from the lagoon on ebb tides was estimated at
approximately 123,000 cubic yards per year (cy/yr) (Ritter 1973).

Other sources of sediment inflow to the lagoon estimated in the USGS study
included inflows from streams (primarily Pine Gulch Creek), wind-blown sand,
and shore erosion. The total inflow of sediment from all streams was estimated to
average about 4,083 cubic yards per year. Nearly all of this sediment comes from
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Pine Gulch Creek. By contrast, the sediment load from Morses Creek averages
about 28 cy/yr (Ritter 1973). Average rates may be misleading, however. The
USGS study showed that the rate of sediment inflow varies considerably with the
rate of discharge. For the 1968 water year, when stream discharge was relatively
low, the total annual suspended sediment inflow from Pine Gulch Creek was
estimated to be about 318 cubic yards. In 1969, the suspended sediment load was
6,292 cubic yards. Nearly half of the sediment inflow in 1969 (about 2,822 cubic
yards) was carried by runoff from one storm occurring on December 28, 1969,
when the daily discharge was 320 cubic feet per second (cfs).

What happens to sediment when it enters Bolinas Lagoon from Pine Gulch Creek
depends mainly on the tidal elevation and the rate of stream discharge. The tidal
elevation determines the location of the mouth of Pine Gulch Creek. At lower
tidal stands, the creek discharges further along its delta, and more of the sediment
load is deposited toward the east side of the lagoon. When the tide is high, the
sediment enters the lagoon to the west and disperses over a wider portion of the
delta. Higher stream flows not only carry more sediment but also larger sized
sediment particles. The larger sediment particles are more likely to remain in the
lagoon, while fine-grained particles remain suspended and can be carried out of
the lagoon on ebb tides.

Other sources of sediment loading to the lagoon are probably not as significant as
tidal inflow and stream inflow. The USGS study concluded that erosion from the
lagoon-side of the spit adjacent to Seadrift lagoon, which was built in the early
1960’s, contributes an average of about 1,250 cubic yards of sediment per year,
and wind-blown sand accounts for about 31,000 cubic yards of sediment annually.
The estimated quantity of wind-blown sand entering the lagoon is nearly 10 times
the average rate of sediment estimated to enter the lagoon from streams.
According to the USGS, however:

That value probably is high because houses and fences may interrupt sand
movements. Also, the general absence of drifting sand on access roads
suggests that sand movement may not be great. However, local residents
affirm that substantial quantities of sand are moved across the spit by
winds (Ritter 1973).

Based on these observations, and estimates by other methods, it was concluded
that the rate of sediment accumulation during the period from about 1939 to 1969
was about 25,800 cubic yards per year. Extrapolating these results to the future, it
was concluded that the lagoon would fill to the elevation of mean sea level within
90 to 160 years (Ritter 1973). However, as noted above, this prediction is
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sensitive to errors in measurement and assumptions about the rates at which
sediment enters the lagoon.

USACE (1999) evaluated annual sediment infilling rates and changes in lagoon
volume based on bathymetric surveys conducted in 1968, 1978, 1988, and 19982,
The results of this analysis are shown on Figure 2-6, which shows the change in
volume of the lagoon over time. Figure 2-6A shows the change in volume with
elevation, and Figure 2-6B shows the average annual rate of loss of volume
plotted at the midpoint between each survey date (1973, 1983, and 1993) for
elevations corresponding to the typical spring and neap high tide elevations®. The
figure indicates that the volume of the tidal prism declined dramatically between
1968 and 1978, and the rate of tidal prism loss slowed between 1978 and 1998.
The tidal prism decreased 18 million cubic feet between 1968 and 1978, 10
million cubic feet between 1978 and 1988, and 4 million cubic feet between 1988
and 1998 (USACE 1999). The USACE estimates of tidal prism for 1968 and
1988 are very close to the values calculated by Bergquist and Warhaftif (1993) in
a separate study based on the same data. The USACE estimate of tidal prism for
1998 is 88.9 million cubic feet, indicating a tidal prism loss of 31 million cubic
feet since 1968.

* The bathymetric survey data for 1968 and 1988 used in the USACE 1999 report is the same as was used in the
Bergquist and Warhaftig 1993 study.

? Spring tide is the tide cycle with the greatest difference between high and low tides during a lunar month; the neap
tide is the tide cycle with the least difference between high and low tides. The typical spring and neap tides were
defined as the 1998 average spring and neap tides and were calculated to be 3.15 feet NGVD and 2.25 feet NGVD,

respectively.
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Figure 2-6. Change in Tidal Prism based on
Bathymetric Data 1968 to 1998
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Tidal Exchange and Channel Inlet Size

The entrance channel to the lagoon is an opening in the sand spit that is formed
when water rushes in and out on flood and ebb tides; water elevation in the sea
and that inside the lagoon move towards equilibrium. The size of the entrance
channel is related to the size of the tidal prism and the rate at which the sand spit
is built up. The rate at which the sand spit beach is built up is a function of wave
power and the availability of sediment. If there is no shortage of sediment, then it
is simply a function of wave power. As the tide changes, the elevation inside the
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lagoon always lags somewhat behind the water elevation of the sea outside the
lagoon. It is this difference in elevations that creates tidal inflow and outflow.

There is a dynamic relationship between several factors that results in a particular
channel entrance configuration. The smaller the channel opening, the faster the
water must move through the entrance channel to equilibrate the elevations. The
greater the velocity of the water through the entrance channel, the more sediment
scouring can occur. The smaller the tidal prism, the less water needs to be moved
through the entrance channel during a tidal cycle, and the lower the velocity will
be through a channel of a given size. At some point, if the tidal prism decreases
enough, the sand spit will build up enough to close the inlet channel (Williams
and Cuffe 1994). Williams and Cuffe (1994) estimated that inlet closure could
occur in about 50 years. The USACE (1999) arrived at similar results, concluding
that it was possible that the lagoon would close as early as 2033 or sometime
beyond 2058, depending on a range of conditions. Historically, however, the ratio
of tidal prism to wave power has been large enough that the inlet channel does not
close.

Tidal exchange is much more important, overall, in keeping the inlet channel
open, than is freshwater flow out of the lagoon; although at times freshwater
outflow may be significant (Ritter 1973). For example, during Ritter’s study of
Bolinas Lagoon in 1968 and 1969 he calculated that maximum daily combined
inflow of freshwater from the watershed was approximately 500 cfs, while the
maximum flow measured for the tide was 4,000 cfs (with a minimum of 700 cfs).
Based on these discharge measurements Ritter concluded that tidal flow far
exceeded freshwater in-flow most of the time and that freshwater in-flow was
minor compared to the volume of saltwater in the lagoon (Ritter 1973).

Hydrodynamics

The highest tidal current velocities occur in tidal channels and velocities tend to
decrease with distance from the inlet channel. Ritter (1973) concluded that except
in the Upper Basin and the extreme southeastern portion of the lagoon, nearly
every part of the lagoon is subjected to tidal currents strong enough to transport
sediment particles of the size most prevalent in the lagoon (silt-size particles).
However, more energy is required to erode particles once they have been
deposited than is needed to transport particles once they are suspended. Most of
the erosion in the lagoon takes place in the tidal channels, which remain inundated
longest and where the velocities are highest. Only very fine-grained sediments
tend to be deposited in the Upper Basin and southeastern area, where current
velocities are lowest.
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2.3.

The pattern of distribution of current velocities and the magnitudes of the
velocities vary depending on the height of the tides and on the tidal difference. At
higher stands, the flow that passes through the inlet channel is distributed over a
wider area of lagoon, so that velocities tend to be lower at higher stands.
However, as the tide rises, the inlet channel widens, allowing more water to enter.
Floodtide inflows initially follow the courses of tidal channels and then become
less constrained by the channels as the tide rises. During ebbtides, the currents
initially move as sheet flow over the tidal flats and gradually become channelized
as the tide ebbs. Wind-generated wave action can resuspend sediments in shallow
areas, and the ebbtide currents then move the resuspended sediment toward the
channels, where it is transported out of the lagoon.

Geology, Soils, and Seismicity
2.3.1. Geology and Geomor phology
Geology

Figure 2-7 is a regional geologic map showing the study area in relation to
geologic features. One of the most important geologic features affecting the
formation of the lagoon is the San Andreas Fault, which runs along the Pacific
Coast from near the Gulf of California to Cape Mendocino. The fault zone is
about 1.25 miles wide at the mouth of the lagoon and narrows to about 1,500 feet
wide along the Rift Zone between Bolinas Lagoon and Tomales Bay.

On the west side of the lagoon the basement rocks are granite similar to that of
southern California, and are overlain by younger sedimentary rocks. The
basement rocks on the east side of the San Andreas Fault consist of an assemblage
of oceanic crustal rocks similar to those that underlie most of Marin County and
the San Francisco Bay Area. Together, these basement rocks are known as the
Franciscan Complex. Franciscan geology is exposed in the study area, but in
some places they are also overlain by younger sedimentary deposits.

The lagoon itself occupies a graben, a geological structure resulting from
subsidence of the land that lies between traces of the San Andreas Fault. The
most westerly trace, which marks the western edge of the San Andreas Fault
Zone, is also the oldest. The San Andreas Fault forms the eastern edge of the
Fault Zone. The 1906 Trace of San Andreas Fault, that ruptured in the 1906
earthquake, lies about midway between these two (Figure 2-8) (Wagner 1977,
Bergquist 1979).
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Figure 2-7. Geology of the Bolinas Lagoon Area
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The oldest exposed rocks on the Bolinas Peninsula are less than 26 million years
old and belong to the Monterey Formation. The Monterey Formation is
composed of siltstone and light-colored silica-rich shale. The rock is highly
fractured and crumbles easily. The bedding in these rocks is tilted down to the
west at an angle of about 40 to 60 degrees. As a result, steep unstable slopes tend
to form on the eastern uptilted side of the peninsula, and unstable cliffs form
where wave action erodes the material at the foot of the slopes. The south-facing
cliffs of the Bolinas peninsula are estimated to be retreating at an average rate of
about 0.3 to 0.6 meters (1 to 2 feet) per year (Wagner 1977).
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Figure 2-8. Principal Regional Faults in the San Francisco Bay Area
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Overlying the Monterey Formation on the east side of the older trace of the San
Andreas Fault are massive blue siltstones, clays, buff-colored sandstone, and
gravels of the Merced Formation. The Merced Formation is more than 90 meters
(292 feet) thick in the study area and forms cliffs along the west side of Bolinas
Lagoon. The bedding in the Merced Formation slopes down to the east at an
angle of between 5 and 35 degrees. The deposits are not well consolidated and
erode easily, making them susceptible to debris-flow landslides (Wagner 1977).
The cliffs between Brighton Avenue and Wharf Road, on the Bolinas peninsula
opposite the Stinson Beach sand spit, are estimated to be retreating at a rate of
about 0.5 meters (1.6 feet) per year (Wagner 1977).

Filling depressions in the Monterey Formation on the Mesa are relatively thin
unconsolidated deposits of silt, sand, and gravel derived mainly from erosion of
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the Monterey Formation. In some areas, these terrace deposits contain boulders
of Franciscan rocks that must have originated from the slopes east of the San
Andreas Fault. The terrace deposits were formed during the last Ice Age (less
than about 2 million years ago) when the Mesa was partially submerged below
sea level.

At about the same time the terrace deposits were formed, stream gravels derived
mainly from Franciscan geology, but also containing Monterey and Merced
formation material, were being deposited. These older stream gravels, in a sandy
matrix, have been named the “older alluvium” and are common in former
streambeds within, or immediately adjacent to, the San Andreas Fault Zone.
These deposits are easily eroded.

The east side of the San Andreas Fault Zone is underlain by rocks that are quite
distinct from those on the west side. While the rocks on the east side of the fault
share some general characteristics, they represent a variety of materials that were
scraped onto the North American continental plate as it slid beneath the Pacific
plate near the end of 