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Abstract

Analysis of a series of historical bathymetric surveys has revealed large changes in morphology and sedimentation from 1856 to 1983 in San
Pablo Bay, California. In 1856, the morphology of the bay was complex, with a broad main channel, a major side channel connecting to the
Petaluma River, and an ebb-tidal delta crossing shallow parts of the bay. In 1983, its morphology was simpler because all channels except
the main channel had filled with sediment and erosion had planed the shallows creating a uniform gently sloping surface. The timing and patterns
of geomorphic change and deposition and erosion of sediment were influenced by human activities that altered sediment delivery from rivers.
From 1856 to 1887, high sediment delivery (14.1� 106 m3/yr) to San Francisco Bay during the hydraulic gold-mining period in the Sierra
Nevada resulted in net deposition of 259� 14� 106 m3 in San Pablo Bay. This rapid deposition filled channels and increased intertidal mudflat
area by 60% (37.4� 3.4 to 60.6� 6.2 km2). From 1951 to 1983, 23� 3� 106 m3 of sediment was eroded from San Pablo Bay as sediment
delivery from the Sacramento and San Joaquin Rivers decreased to 2.8� 106 m3/yr because of damming of rivers, riverbank protection, and
altered land use. Intertidal mudflat area in 1983 was 31.8� 3.9 km2, similar to that in 1856. Intertidal mudflat distribution in 1983, however,
was fairly uniform whereas most of the intertidal mudflats were in the western part of San Pablo Bay in 1856. Sediment delivery, through
its affect on shallow parts of the bay, was determined to be a primary control on intertidal mudflat area. San Pablo Bay has been greatly affected
by human activities and will likely continue to erode in the near term in response to a diminished sediment delivery from rivers.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The spatial and temporal distribution of sedimentation,
including the processes of deposition, transport, and erosion,
is fundamental information for making sound decisions on a
wide variety of management issues for estuaries. Sedimenta-
tion changes bathymetry and therefore habitat extent and distri-
bution. Bathymetric changes, in turn, affect flow patterns and
tidal exchange, which are important in sediment, salt, larval,
and nutrient transport (e.g., Uncles and Peterson, 1996;
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Monismith et al., 2002). Predicting natural and anthropogenic
changes to ecosystems and designing successful restoration
projects require knowledge of patterns of deposition and ero-
sion. For example, intertidal mudflat extent is controlled by
sedimentation. Planning maintenance of shipping channels
and disposal sites for dredged material is better done with the
knowledge of the distribution of natural sediment accumulation
and erosion. Contaminant transport and cycling are also influ-
enced by sedimentation (Marvin-DiPasquale et al., 2003;
Schoellhamer et al., 2003). Deposition of clean sediment can
isolate contaminated sediment, or conversely, erosion may
expose contaminated sediments deposited at some time in the
past (Higgins et al., 2005, 2007). At a longer time scale, plan-
ning for estuarine ecosystem change requires understanding
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how natural changes in the environment (e.g., sea-level rise,
drought periods) and human activities, such as water manage-
ment, affect sedimentation.

Although knowledge of long-term trends in deposition and
erosion are important for proper management of estuarine eco-
systems, it is difficult to gain this knowledge from short field
experiments or other traditional methods. A long-term, large-
scale perspective of the sediment system is possible, however,
by analyzing a long sequence of bathymetric surveys.

This paper presents a history of bathymetry, deposition,
erosion, and intertidal flat change in San Pablo Bay, California
from 1856 to 1983 and relates it to changes in sediment deliv-
ery to the bay. This history was developed using computer
analysis and display of hydrographic and topographic surveys
made by the U.S. Coast and Geodetic Survey and the National
Ocean Service (NOS). This study is not the first one address-
ing bathymetric change in San Pablo Bay (Gilbert, 1917;
Smith, 1965; Ogden Beeman and Associates and Ray Krone
and Associates, 1992) but is the most comprehensive to date.

2. Setting

San Pablo Bay is a circular bay in the northern part of the
San Francisco Estuary, California (Fig. 1). The bay is shallow e
two-thirds of it is less than 2 m deep at mean lower low
water (MLLW). The average depth of San Pablo Bay at mean
tide is 3.7 m. A deep (11e24 m, average 12 m) main channel
in its southern part connects Central San Francisco Bay in
the west to Carquinez Strait in the east. This channel, which av-
erages about 2.5 km in width, is an important control on San
Pablo Bay’s hydrodynamic regime (Gartner and Yost, 1988)
and sediment-delivery pattern (Ruhl et al., 2001).

Winds are predominantly northwesterly and are strongest
during the spring and summer, with average wind speeds of
approximately 3 m/s on the west shore (Hayes et al., 1984).
Winter storms, which occur about twice a month, cause south-
easterly and southerly winds that can exceed 18 m/s in velocity
(Conomos and Peterson, 1976). Diurnal winds are strongest
during the summer, with typical afternoon wind speeds of
9 m/s, which is three times faster than morning winds (Miller,
1967).

Forcing at time scales ranging from seconds to decades
influences the hydrodynamic regime of San Pablo Bay. Waves
generated by moderate winds have heights of 0.5 m and periods
of 2 s (Klingeman and Kaufman, 1965). Because of the short
wave periods, wave orbital velocities decay rapidly with depth
and interact with the bottom only in the shallow parts of the bay
(e.g., water depths of less than 3 m for a 2 s period wave).
Winter storms can generate larger waves with periods of 5 s
in the San Francisco Bay system (Putnam, 1947). Besides gen-
erating waves, winds generate mean currents that persist for
hours or days. At a longer time scale, tides and tidal currents
are important. Tides in San Pablo Bay are mixed semidiurnal
(form numbers of 0.71e0.77; Cheng and Gartner, 1984). Tidal
currents are greatest in the main channel, with spring tide ve-
locities of more than 1 m/s, decreasing in shallower water to
0.4 m/s in 2-m water depth (Cheng and Gartner, 1984; Gartner
and Yost, 1988). The average tidal range is 1.8 m (National
Oceanic and Atmospheric Administration, 1986). Water level
in the study area also varies at a longer time scale. Sea level,
measured by a tide gauge near the entrance to the San Fran-
cisco Estuary (Golden Gate) (Lyles et al., 1988), rose at an
average rate of about 1.3 mm/yr, or about 17 cm, during the
period of hydrographic surveys (1856e1983).

Bottom-sediment grain size in San Pablo Bay reflects local
hydrodynamics and sediment source. Median grain size ranges
from 2.3 mm at a low-energy point in the center of the bay to
430 mm in the energetic main channel near Carquinez Strait
(Locke, 1971). Except for the main channel and several shal-
low areas, sediment consists predominantly of mud e more
than half of the bay contains sediment with a median grain
size of less than 5 mm.

Sediment deposited in San Pablo Bay is transported from
the Sacramento and San Joaquin Rivers (after passing through
Fig. 1. Location of study area in the San Francisco Estuary, California.
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Suisun Bay and Carquinez Strait), from Central San Francisco
Bay, and from local streams. From 80 to 90% of the sediment
reaching the San Francisco Estuary is delivered by the Sacra-
mento and San Joaquin Rivers (Smith, 1965; Krone, 1979;
Porterfield, 1980).

3. Methods

Data from six bathymetric surveys were modeled using
surface modeling software with similar methods as have been
reported by Sherwood et al. (1990), Hopkins et al. (1991),
List et al. (1994), Jaffe et al. (1998), Cappiella et al. (1999),
and Gibbs and Gelfenbaum (1999). A continuous surface repre-
sentation (surface grid) of each bathymetric survey was created
by using Topogrid, an ArcInfo module that utilizes a discretised
thin plate spline interpolation technique (Wahba, 1990). Topo-
grid is designed for modeling drainage basins and represents es-
tuarine morphology well. Input data were a combination of
point soundings and hand-drawn depth contours (Jaffe et al.,
1998). Topogrid uses an iterative interpolation technique where
the contours are first used to establish general morphology of
the surface and then both contours and point soundings are
used to refine the grid. Each historical bathymetric surface is
defined by more than 300,000 grid cells (each 50-m square).

Creation of accurate surface grids involved several steps
(Jaffe et al., 1998). For the 1856, 1887, 1898, and 1922 surface
grids, data were taken from Mylar copies of the original
1:20,000 NOS Hydrographic Sheets (H-sheets). Contours
from these sheets were checked for accuracy, and additional
contours were added in areas where point soundings were
sparse. The annotated H-sheets were scanned and registered to
a common horizontal datum (NAD27), using latitude/longitude
graticules and hard shoreline features on a National Wetlands
Inventory digital map (http://wetlands.fws.gov/). Point sound-
ings and depth contours were digitized from the registered
image. For the 1951 and 1983 surface grids, digital soundings
from the NOS Geophysical Data System for Hydrographic
Survey Data (National Oceanic and Atmospheric Administra-
tion, GEODAS v. 3.3) were used. For all years, input data
were gridded, and the grids were compared with the input data
to check for problem areas. The final step was another gridding
after adding point soundings and contours so as to force grids to
accurately represent historical bathymetry.

Once surface grids were revised to meet an acceptable level
of error, change grids were generated by differencing surface
grids and applying a vertical correction to bring surveys to
a common vertical datum. The vertical correction was necessary
because MLLW, the reference for soundings of each bathymetry
survey, was not constant because of relative sea-level change
and different averaging periods for the tidal data. In general,
the averaging period was 19 years, which is the 18.6-year tidal
epoch extended to an entire year to remove bias from seasonal
water level fluctuation. However, tidal records in San Pablo Bay
were not continuous for the entire study period, and it was
necessary to use the longer tidal record at the Golden Gate
tide station to determine vertical-datum corrections (Dedrick,
1983; Jaffe et al., 1991). These change grids were used to
identify patterns of change and to calculate the volumes and
rates of deposition, erosion, and net sedimentation for each sur-
vey period.

4. Error analysis

4.1. Grid errors

Two types of error are associated with the grids e bias and
random error. Bias enters from inaccuracies in determining the
relation of MLLW datums for different surveys and from grid
representation differing from the sounding values because of
modeling algorithms. Random error is associated with sound-
ing inaccuracy. Sounding errors are randomly distributed in
space and independent of each other.

Uncertainty in the MLLW datum varies with the calculation
method. For the last two bathymetric surveys, 1951 and 1983,
MLLW datums are known (calculated from data collected for
a tidal epoch at the long-term tide station near the Golden
Gate). For the first bathymetric survey, in 1856, a 2-month
average of MLLW measured at temporary tide staffs located
in San Pablo Bay was used, and the relation of this datum to
subsequent datums is more uncertain. By examining tidal
records at the Golden Gate tide station, which was operational
during the 1856 bathymetric survey, the relation of the 1856
datum to the datums used in later surveys can be estimated.
For example, the 1887 H-sheets include notes indicating that
a temporary tide station was operational in San Pablo Bay dur-
ing the survey (February and March). If this 2-month-long re-
cord was used to establish the MLLW datum, and the tides
behaved similarly to those at the Golden Gate, the datum would
be 1.68 m (values from the Golden Gate tide staff used for
reference). An alternative method for calculating the MLLW
datum is to compare simultaneous measurements at the tempo-
rary tide station in San Pablo Bay with those at the Golden Gate
tide station to establish a 19-year epoch (Swanson, 1974). This
method yields an MLLW datum of 1.64 m referenced to the
Golden Gate tide staff. The difference between the two methods
is 0.040 m. To be conservative, because we do not know which
method was used, we assume the error in the MLLW datum
from 1856 to 1887 to be 0.040 m. Using similar reasoning,
the errors in the MLLW datums for the periods 1887e1898,
1898e1922, and 1922e1951 are 0.094, 0.061, and 0.006 m,
respectively.

The second source of bias, grid representation differing from
the sounding values because of modeling algorithms, was esti-
mated by comparing the modeled surface to original soundings.
The average bias for all soundings during each survey period
ranged from �0.07 to �0.01 m. The magnitude of this error
indicates how well the grids honor the soundings. The differ-
ence between grid bias for each survey period is included in
the error for net sedimentation even though it was removed.

The magnitudes of sounding errors are larger than the biases.
Because sounding errors are random and have a zero mean, they
do not influence estimates of net sedimentation. The sum of
a large group of soundings that are both deeper and shallower
than the actual depths results in cancellation of error and

http://wetlands.fws.gov/
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a true average depth, although, each individual sounding
contains some errors. The error criteria for bathymetric surveys
have changed over time (Adams, 1942; Schalowitz, 1964;
Sallenger et al., 1975). For example, in the early surveys, sound-
ing error, determined by comparing independent estimates at
trackline crossings, was not allowed to exceed 8 cm in water
depth of less than 1.5 m. Trackline-crossing errors were exam-
ined in the field. Lines with trackline-crossing errors exceeding
the error criteria were resurveyed (Schalowitz, 1964).

4.2. Intertidal mudflat area error

The error in intertidal mudflat area was estimated by assum-
ing that MLLW (bayward edge of intertidal mudflat) could be
either 0.076 m (1/4 foot) too deep or too shallow. This estimate
is conservative e the actual error is probably less because of
stringent sounding-error criteria for shallow soundings (Scha-
lowitz, 1964; Sallenger et al., 1975).

5. Results

5.1. Historical bathymetric and sedimentation
change in San Pablo Bay

San Pablo Bay changed markedly between 1856 and 1983.
The resultant changes in morphology and sedimentation
patterns are depicted in images of the bathymetry and sedi-
mentation grids, which are based on more than 215,000 depth
soundings (Fig. 2a, b).

5.1.1. Change from 1856 to 1887
In 1856, San Pablo Bay had a complex morphology with

several channels and small river deltas (Figs. 2a and 3). A broad
main-channel system connected the Point San Pedro pass (off-
shore of San Pablo Point) in the west to Carquinez Strait in the
east. The main-channel system had a northern branch (average
depth, approximately 8 m; maximum depth, 12 m) and a more
developed southern branch (average depth, approximately
13 m; maximum depth, 27 m). The channel system had a maxi-
mum width of 5 km (Figs. 2a and 3). A well-developed channel
connected the main channel to the Petaluma River in the north-
west. An ebb-tidal delta offshore of Sonoma Creek restricted
exchange between it and the bay (Figs. 1 and 2a). From 1856
to 1887, San Pablo Bay filled by 259� 14� 106 m3 (average
rate of 8.3� 0.4� 106 m3/yr) as massive volumes of sediment
released by hydraulic gold mining in the Sierra Nevada foothills
entered the bay (Table 1, Fig. 2b). This influx of sediment de-
creased depth by an average of about 85 cm. Almost the entire
bay was depositional (89%, Table 1). Parts of the main-channel
margin accreted more than 4 m as it narrowed (Figs. 2a,
b and 3). The primary erosional areas were the deepest part of
the main channel, deeper parts of the channels in the west,
and an ebb-tidal delta offshore of Sonoma Creek.

5.1.2. Change from 1887 to 1898
San Pablo Bay likely continued to fill from 1887 to 1898

(Fig. 2a, b), although the error in estimates of net sedimentation
allows for possible net erosion. The rate of net sedimentation,
1.0� 3.4� 106 m3/yr, decreased markedly from the earlier pe-
riod (Table 1). A major factor in slowing sedimentation was the
outlawing in 1884 of discharge of hydraulic-mining debris to
rivers, which greatly reduced the volume of sediment entering
the SacramentoeSan Joaquin River Delta (hereafter referred
to as the Delta) and San Francisco Bay. The main channel deep-
ened and narrowed (Figs. 2a, b and 3). Side channels continued
to fill, decreasing the connection between the bay and rivers. For
example, the channel offshore of the Petaluma River decreased
in width from 3.4 to 2.3 km at its bayward limit during this pe-
riod as a reduced tidal prism caused by diking of tidal marshes
resulted in a decreased shear-stress in the bottom of the channel,
which favors deposition (see Friedrichs, 1995 for a theoretical
treatment of this process). Shallows in the western part of the
bay changed from depositional to either stable or erosional
(Fig. 2b). Overall, about half of the bay was depositional, and
half was erosional (Table 1).

5.1.3. Change from 1898 to 1922
From 1898 to 1922, a net volume of 41� 20� 106 m3 of

sediment, an average rate of 1.7� 0.9� 106 m3/yr, was depos-
ited in San Pablo Bay (Table 1). During this period, approxi-
mately two-thirds of the bay was depositional, especially in
the shallow areas (<2-m depth) (Fig. 2b). The channel extend-
ing from the Petaluma River filled to a point where dredging (in-
dicated by straight path with a dogleg cutting through intertidal
mudflat, Fig. 2a) was required to allow ships to travel upriver.
The primary erosional areas were the western shallows and
the main channel, which continued to deepen (Figs. 2a, b and 3).

5.1.4. Change from 1922 to 1951
From 1922 to 1951, the rate of net sedimentation in San Pa-

blo Bay was similar to the rate during the preceding 24 years. A
net volume of 52� 3� 106 m3 of sediment, an average rate of
1.8� 0.1� 106 m3/yr, was deposited. The shallows were pri-
marily depositional, and most erosion occurred in vicinity of
the main channel; overall, about two-thirds of the bay was de-
positional. The straight section of the 30-foot contour lines in
the southeast delineates an area of dredging (less than a quarter
the length of the main channel). The center of the main channel
continued to deepen (Figs. 2a, b and 3).

5.1.5. Change from 1951 to 1983
San Pablo Bay lost sediment overall from 1951 to 1983 in

contrast to the previous w100 years when the bay was filling
with sediment. A net volume of 23� 3� 106 m3 of sediment,
an average rate of 0.7� 0.1� 106 m3/yr, eroded from San
Pablo Bay (Table 1). More than two-thirds of the bay (70%,
Table 1) was erosional with the northern and northeastern
shallows and the margins of the main channel depositional.
Klingeman and Kaufman (1965) also observed deposition on
the main-channel margins in a short study that used naturally
occurring radioactive tracers. Dredging of the main channel
near Pinole Point averaged about 0.2� 106 m3/yr from 1955
to 1983 (Ogden Beeman and Associates and Ray Krone and
Associates, 1992) and is easily identified by the straight 30-
foot contours in Fig. 2a. The dredged material was disposed
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Fig. 2. (a) Color-shaded bathymetry maps of San Pablo Bay for 1856e1983, (b) color-shaded sedimentation maps of San Pablo Bay for 1856e1983. An overall

decrease in depth of the bay is shown by lighter green colors in (a) and migration of the 6-foot contour bayward. The massive accretion during the hydraulic-mining

period is shown in the 1856e1887 period in (b) by red shading. The erosion during the 1951e1983 period, which occurred as damming of rivers increased and land

use changed, is shown by blue shading.
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within San Pablo Bay and did not contribute to the net loss of
sediment.

5.2. A simple model for sedimentation in San Pablo Bay

Net sedimentation in San Francisco Bay results from the
difference between sediment delivery from rivers, primarily
through episodic flood deposition, and sediment loss from
wind, wave, and tidal processes that erode the bay (Krone,
1979). A simple model for sedimentation in San Pablo Bay is
that processes controlling sediment loss have not varied greatly
over time and the net sedimentation reflects fluctuations in
delivery rate.

The rate of sediment delivery to San Pablo Bay has changed
over time in response to human activities. For instance, deliv-
ery rate increased greatly beginning in the 1850s as debris
from hydraulic gold mining in the Sierra Nevada foothills
was transported to the bay. Gilbert (1917, p. 67) estimated
that sediment delivery before hydraulic mining ‘‘amounted to
perhaps 2 million cubic yards per year’’ (1.5� 106 m3/yr).
Approximately 1.675� 109 m3 of hydraulic-mining debris
was created from 1849 to 1909 (Gilbert, 1917, p. 43). Although
the coarser fraction remained in the foothills, filling stream
valleys by as much as 10 m (Gilbert, 1917), the finer fraction,
silt and clay, was carried to the bay quickly by the Sacramento
and San Joaquin Rivers. Gilbert (1917, p. 50) estimated that
1.146� 109 m3 of sediment (average rate of 14.1� 106 m3/yr)
was transported to San Francisco Bay between 1849 and 1914.
This is approximately 70% of the debris created by hydraulic
mining (Gilbert, 1917, p. 46).

Fig. 3. Profile of San Pablo Bay floor along line AeA0 (Fig. 2a) for period 1856e

1983. Note that main channel has narrowed and deepened and shallows have

filled over time. Most of this change occurred from 1856 to 1887 when hydraulic

mining resulted in unusually high sediment delivery to San Pablo Bay.
The California Supreme Court (Sawyer Decision) stopped
discharge of mine tailings to rivers in 1884 resulting in a great
decrease in the rate of sediment delivery by the early 1900s.
Porterfield (1980, Table 20) estimated that the Sacramento
and San Joaquin Rivers delivered an average of 5.04� 106

metric tons/yr (5.90� 106 m3/yr, using his estimate of bulk
sediment density of 53.2 lb/ft3 [0.85 g/cm3]) of sediment to
San Francisco Bay from 1909 to 1959. Smith (1965) estimated
a similar, but lower, sediment delivery to the bay for the period
1924 to 1960 of 4.04� 106 metric tons/yr (4.74� 106 m3/yr,
assuming a bulk sediment density of 0.85 g/cm3). The delivery
rate continued to decrease in the late 1900s. An average of
2.38� 106 metric tons/yr (2.79� 106 m3/yr, assuming a bulk
sediment density of 0.85 g/cm3) of sediment was delivered
to the bay from 1956 to 1990 (Ogden Beeman and Associates
and Ray Krone and Associates, 1992, Table 5).

The decrease in the sediment-delivery rate during the late
1900s has multiple causes, including damming of rivers.
From the 1940s to the 1970s, many dams were built to meet Cal-
ifornia’s need for water (Porterfield, 1980). One consequence of
dam building was a decrease in sediment delivery to the San
Francisco Estuary (McKee et al., 2006; Wright and Schoell-
hamer, 2004). Sediment delivery is decreased not only by trap-
ping sediment behind the dam but also by decreasing peak flows
on the river, diminishing their capacity to transport sediment
stored in the river system. Sediment transport is related to
flow speed to the third or fourth (or higher) power (Van Rijn,
1993), and so decreasing flow speed greatly affects sediment
transport and supply downstream. The volume of sediment
trapped behind reservoirs on tributaries of the Sacramento River
from 1940 to 2001 was greater than the decrease in suspended-
sediment transport in the Sacramento River about 100 km
below the dams during that same period (Wright and Schoell-
hamer, 2004). During this period and earlier, other human activ-
ities impacted sediment delivery to the San Francisco Estuary
(Wright and Schoellhamer, 2004). Rivers were channelized,
decreasing the sediment loss to flood plains and marshes, and
riverbanks were stabilized, decreasing the sediment gain from
riverbank erosion. Logging, urbanization, agriculture, and
grazing increased sediment loads. The last two hydrographic
surveys of San Pablo Bay (1951 and 1983) correspond to a
period when damming and other human activities had caused
a net decrease in sediment delivery to the San Francisco Estuary
(Krone, 1979; Wright and Schoellhamer, 2004; McKee et al.,
2006).

Comparison of net sedimentation and rate of sediment
delivery in San Pablo Bay indicates similar trends (Fig. 4a).
Table 1

History of deposition, erosion, and net sedimentation in San Pablo Bay

Period Net sedimentation

(106 m3)

Sedimentation rate Surface area

Net (106 m3/yr) Deposition (106 m3/yr) Erosion (106 m3/yr) Total (km2) Percent depositional Percent erosional

1856e1887 259� 14 8.3� 0.4 8.8 �0.4 304 89 11

1887e1898 11� 36 1.0� 3.4 5.5 �4.5 296 54 46

1898e1922 41� 20 1.7� 0.9 3.5 �1.8 290 63 37

1922e1951 52� 3 1.8� 0.1 3.4 �1.6 280 68 32

1951e1983 �23� 3 �0.7� 0.1 1.7 �2.4 275 30 70
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Annually, the volume of sediment deposited appears to be
approximately 3� 106e5� 106 m3 less than the sediment
delivery from the Sacramento and San Joaquin Rivers and
local streams (local stream sediment delivery was about 0.3�
106 m3/yr during the first part of the 20th century; Porterfield,
1980). The decrease in sediment delivery resulted in net erosion
for the last time period, 1951e1983. This erosion, as well as
changes in sedimentation during earlier periods, was reflected
in morphologic change, including change in intertidal mudflats.

5.3. Intertidal mudflat change

The intertidal mudflat area in San Pablo Bay changed from
1856 to 1983 in response to sediment-delivery fluctuations
(Fig. 4a, b). The abundant supply of sediment from hydraulic
mining resulted in deposition in the shallows and a 60%

Fig. 4. (a) Net sedimentation and (b) intertidal mudflat area in San Pablo Bay

from 1856 to 1983. Horizontal lines are sediment-delivery estimates: 1, Gilbert

(1917) for 1850e1914; 2, Smith (1965) for 1924e1960; 3, Porterfield (1980)

for 1909e1959; 4, Ogden Beeman and Associates and Ray Krone and Asso-

ciates (1992) for 1956e1990. Error bars on net-sedimentation rates and inter-

tidal mudflat area are described in Section 5. Note that San Pablo Bay was

erosional for the last.
increase in intertidal mudflat area (37.4� 3.4 to 60.6�
6.6 km2) from 1856 to 1887.

The distribution of intertidal mudflats also changed signifi-
cantly over time. In 1856, intertidal mudflats in the northern,
eastern, and southeastern parts of the bay were narrow. These
intertidal mudflats, as well as the one in the western part of
the bay, widened from 1856 to 1887. From 1887 to 1898, land
reclamation on the west shore of the bay and natural processes
elsewhere in the bay decreased its intertidal mudflat area by
about 15� 6 km2 (Fig. 2a). Intertidal mudflat loss in the west-
ern and northern parts of the bay and gain in the eastern part
of the bay resulted in a fairly uniform intertidal mudflat width
in 1951 (Fig. 2a). Erosion resulted in a decrease in intertidal
mudflat area from 58.0� 10.2 km2 in 1951 to 31.7� 3.9 km2

in 1983, an average loss of 0.82 km2/yr from 1951 to 1983.

5.4. Sedimentation in similar dynamical regions

Bay-averaged net sedimentation, though indicative of the
general state of San Pablo Bay, does not describe the distribu-
tion and size of depositional and erosional areas. This informa-
tion is exploited in an analysis of similar dynamical regions to
assess sedimentation processes and sediment transport path-
ways. Here we used the patterns of deposition and erosion,
and the spatial variation of tidal and windewave energy, to
define 11 regions with coherent behavior (Fig. 5). Shallows
extended to a depth of about 1.8 m and were divided into
five regions, with boundaries at creeks or headlands. Bound-
aries of the other six regions were allowed to change over
time to follow edges of large areas with either deposition or
erosion.

Fig. 5. Similar dynamical regions overlain on sedimentation in San Pablo Bay

from 1951 to 1983. Regions were defined using the depth and patterns of ero-

sion and deposition, which varied throughout the study.
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Net-sedimentation rates in the 11 regions varied over time
and, like net sedimentation for the entire bay, changed with
sediment delivery to the bay. From 1856 to 1887, all regions
except the Sonoma Creek ebb-tidal delta exhibited net deposi-
tion as large volumes of hydraulic-mining debris entered San
Pablo Bay (Table 2). From 1951 to 1983, the most erosional
period, some areas still had significant deposition (Table 2).
The margins of the main channel (Channel North Flank and
Channel South Flank) were depositional during all periods
causing it to narrow (Figs. 2a, b and 3; Table 2). Channel deep-
ening accompanied the narrowing during all periods except
from 1856 to 1887 (Fig. 3). The eastern shallows were the
only nonchannel region with net deposition during all periods.
Net sedimentation in the shallows generally decreased
throughout the study period (Fig. 6a).

The timing and pattern of net sedimentation in the shallows
are important because of the relation between sedimentation in
the shallows and intertidal mudflat area. From 1856 to 1887,
the shallows exhibited net deposition (Fig. 6a) and intertidal
mudflat area increased in all parts of San Pablo Bay
(Fig. 6b). Net sedimentation in all the shallows decreased
from 1887 to 1898, possibly because of a decrease in sediment
delivery as hydraulic mining was abruptly stopped in 1884, by
disequilibrium (unstable morphology), by diking of mudflats,
or by a combination of these factors. Although net sedimenta-
tion decreased, the eastern shallows were still depositional.

The response of the intertidal mudflats reflected the net sed-
imentation in the shallows (Fig. 6a, b and 7). The intertidal
mudflat area rapidly decreased after 1887 in the western part
of the bay, was nearly stable in the northern and southeastern
parts of the bay, and increased in the eastern part of the bay.
During the last period (1951e1983), both net sedimentation
in the shallows and intertidal mudflat area decreased in all
regions of the bay (Fig. 6a, b).

6. Discussion

6.1. Does a simple model for sedimentation work?

The simple model (presented in Section 5.2) of sediment
delivery from rivers controlling net sedimentation in San Pablo
Bay assumes that other processes that deliver and remove
sediment from San Pablo Bay are constant over time. This
assumption can be examined in the sediment budget for San
Pablo Bay (terms and connections shown in Fig. 8). The differ-
ence between the rate of sediment delivery from rivers and the
net-sedimentation rate in San Pablo Bay, SSPB, is given by

Fig. 6. Net-sedimentation rates in shallows (a) and intertidal mudflat area

(b) by dynamical region.
Table 2

History of net-sedimentation rates for dynamically similar regions in San Pablo Bay. Regions are defined in Fig. 5

Region Net-sedimentation rate (cm/yr)

1856e1887 1887e1898 1898e1922 1922e1951 1951e1983

Western Shallows 0.6 �1.0 0.0 0.2 �0.5

Petaluma Channel 0.4 0.2 0.5 0.0 0.0

Northern Shallows 0.8 �0.3 0.3 0.2 �0.3

Sonoma Creek, ETD �0.1 0.1 0.0 0.0 0.0

Eastern Shallows 1.3 0.9 0.3 0.5 0.0

Midbay 1.3 �0.6 0.3 0.7 �0.5

Channel North Flank 1.2 1.6 0.2 1.2 0.6

Main Channel 0.1 �0.1 �1.1 �1.0 �0.3

Channel South Flank 2.2 0.7 0.3 �0.1 0.4

Southwestern Shallows 0.0 �0.5 0.2 0.1 �0.1

Southeastern Shallows 0.4 0.3 0.1 �0.1 �0.2
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QSSJþQL� SSPB ¼ SDþ SSBCS þMD þMSBCS þMSPB þECS

þECB þBP�QCBSPB ð1Þ

where QSSJ is the sediment-delivery rate from the Sacramento
and San Joaquin Rivers to the Delta, QL is the sediment-
delivery rate from local streams (primarily Napa and Sonoma
Creeks and the Petaluma River), SD is the net-sedimentation
rate in Delta channels and flood plains, SSBCS is the net-
sedimentation rate in the Suisun Bay region and Carquinez
Strait, MD is the sediment deposition rate in tidal marshes of
the Delta, MSBCS is the sediment deposition rate in tidal
marshes of the Suisun Bay region and Carquinez Strait,
MSPB is the sediment deposition rate in tidal marshes of San

Fig. 7. Relation of net sedimentation in shallows (depth, <w1.8 m, Fig. 5) and

average intertidal mudflat width.
Pablo Bay, ECS is the rate that sediment eroded in San Pablo
Bay is transported to Carquinez Strait, ECB is the rate sediment
eroded in San Pablo Bay is transported to Central San Fran-
cisco Bay, BP is the rate of sediment bypassing San Pablo
Bay, and QCBSPB is the rate of sediment delivery from Central
Bay to San Pablo Bay.

Eq. (1) can be simplified by neglecting small terms and
those that are accounted for elsewhere. Assuming that marshes
accrete to keep up with relative sea-level rise, the sediment
deposition rates in marshes MD, MSBCS, and MSPB are small
relative to the other terms. For example in San Pablo Bay,
the rate of deposition on marshes for 1856, when tidal-marsh
extent was the largest (244 km2, Van Royen and Siegel, 1959),
was less than 0.4� 106 m3/yr (244 km2 marsh� 1.4 mm/yr).
Significant parts of the tidal-marsh area were reclaimed for
agriculture by 1887 (Fig. 2a). Reclamation reduced tidal-marsh
area in San Pablo Bay to 55 km2 in 1980 (Dedrick, 1993). After
1887, MSPB is a very small term in the budget, on the order of
0.1� 106 m3/yr. Similarly, MD and MSBCS have decreased
over time. Tidal-marsh area in the Suisun Bay region decreased
from 265 km2 in 1800 to 55 km2 in 1998 (Goals Project, 1999).
Marsh deposition in the Delta, which decreased over time with
levee building and diking, was likely a small term in the sedi-
ment budget after the late 1800s.

Although no estimates of ECS have been published, flow
measurements from Burau et al. (1993) at the west end of Car-
quinez Strait indicate that sediment eroded from San Pablo Bay
is transported upestuary during neap tides when gravitational
circulation results in upestuary near-bottom flows. During
spring tides, flow and sediment transport are from Carquinez
Strait to San Pablo Bay throughout the water column. Ganju
and Schoellhamer (2006) used Acoustic Doppler Current Pro-
filing (ADCP) and suspended concentration data to calculate
suspended-sediment flux at the east end of Carquinez Strait,
approximately 10 km from San Pablo Bay. At this location,
Fig. 8. San Pablo Bay sediment budget schematic. Arrows indicate direction of sediment exchange. Circles indicate measured sediment budget components. Es-

timated components are indicated by triangles. The order of magnitude for sediment volume rates is indicated by the size of the dot within the budget component.

The notation used is Q is sediment delivery, S net sedimentation, M marsh deposition, E transport of eroded sediment, and BP is sediment bypassing.
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suspended-sediment flux driven by gravitational circulation
dominates during the dry months when there was a strong
longitudinal salinity gradient. During the driest of years, the
annual net suspended-sediment flux was upestuary. Fortu-
nately, for balancing of the sediment budget, we need not esti-
mate ECS because it is accounted for in the net-sedimentation
rates of Carquinez Strait, Suisun Bay and the Delta (if the
sediment makes it that far).

Likewise, we need not account for upestuary sediment trans-
port from Central Bay to San Pablo Bay, QCBSPB, because it is
accounted for in the net-sedimentation rates of San Pablo Bay.

Neglecting small terms and those implicit in other terms
and rearranging, Eq. (1) simplifies to:

BPþECB ¼ QSSJþQL� SSBCS � SSPB � SD ð2Þ

To evaluate Eq. (2), we recalculated net-sedimentation rates
for the same period as for river sediment-delivery estimates
by weighting the rates listed in Table 1 with the percentage
of time represented during each period (Table 3). The sum
of the terms to the right of the equal sign, except for net sed-
imentation in the Delta (SD), is well constrained by data and
decrease over time (Porterfield, 1980; Cappiella et al., 1999;
this analysis). SD was accounted for in the 1850e1914 sedi-
ment-delivery estimate by Gilbert (1917) and assumed to be
1.0� 106 m3/yr thereafter based on estimates by Wright and
Schoellhamer (2005) and Smith (1965).

ECB is a potentially large term that can be estimated from the
volumes of eroded and deposited sediment (Table 1) and the
sediment delivery from rivers and the net sediment in the Delta,
Suisun Bay, and Carquinez Strait (Table 3). The volume of
eroded sediment is not equivalent to ECB because (1) redeposi-
tion of eroded sediment in San Pablo Bay results in the volume
of eroded sediment overestimating ECB, and (2) new sediment
replacing eroded sediment that was removed from San Pablo
Bay results in the volume of eroded sediment underestimating
ECB. From 1956 to 1990, the minimum ECB value (i.e., all
eroded sediment redeposited in San Pablo Bay) is 0.7�
106 m3/yr (2.4� 106 m3/yr eroded minus 1.7� 106 m3/yr
deposited; Table 1). The maximum ECB value for this period,
which occurs if all the sediment entering San Pablo Bay
(from local streams, the Sacramento and San Joaquin Rivers,
and net erosion from Suisun Bay and Carquinez Strait) were
initially deposited, eroded, and removed from San Pablo Bay
to the Central Bay is 5.1� 106 m3/yr (3.1� 106 m3/yr from
rivers and local streams plus 1.3� 106 m3/yr from erosion of
Suisun Bay and Carquinez Strait plus 1.7� 106 m3/yr depos-
ited in San Pablo Bay minus 2.4� 106 m3/yr eroded from
San Pablo Bay; Tables 1, 3). These estimates neglect losses to
marshes, which are relatively small. Using this approach, the
ranges of ECB values for 1850e1914, 1909e1959, and 1924e
1960 are 0e7.7� 106, 0e6.6� 106, and 0e5.7� 106 m3/yr;
respectively. The averages of ECB values during the periods
1850e1914, 1909e1959, 1924e1960, and 1956e1990 are
3.8� 106, 3.3� 106, 2.8� 106, and 2.9� 106 m3/yr, respec-
tively, yielding a grand average of 3.2� 106 m3/yr; the average
ECB value for the 1900s is 3.0� 106 m3/yr, an admittedly crude
estimate of ECB. Future research using sediment transport
modeling could refine this estimate.

Assuming that ECB¼ 3.0� 106 m3/yr gives sediment
bypassing rates of 4.9, 2.4, 1.3, and 1.1� 106 m3/yr for the
periods 1850e1914, 1909e59, 1924e60, and 1956e90,
respectively (Table 3). The decrease in BP during the study
period is not unexpected. BP is scaled by the magnitude and
frequency of floods. Larger floods transport more sediment
through San Pablo Bay. This greater bypassing is caused
both by stronger flows advecting sediment through the bay
faster and higher sediment concentrations that commonly ac-
company stronger flows. More frequent floods increase cumu-
lative sediment bypassing. Dams are designed to decrease both
the magnitude and frequency of floods. With the increased
damming of the Sacramento and San Joaquin Rivers and their
tributaries, sediment bypassing of San Pablo Bay has likely
decreased.

An additional factor to consider in sediment bypassing is that
the relation between sediment concentration and flow magni-
tude (sedimentedischarge rating curve) for rivers feeding San
Pablo Bay is also changing. Wright and Schoellhamer (2004)
showed that, for the same flow, the sediment concentration
(and, thus, sediment transport) decreased for the Sacramento
Table 3

Major terms in sediment budget for San Pablo Bay (terms also shown in Fig. 8). Erosional loss from San Pablo Bay to Central San Francisco Bay, ECB, is assumed

to be constant over time and assigned a rate of 3.0� 106 m3/yr. Sediment from the Sacramento and San Joaquin Rivers bypassing San Pablo Bay (primarily during

floods), BP, is calculated to balance the sediment budget. When a constant rate of erosional loss of sediment from San Pablo Bay is assumed, sediment bypassing

decreases as sediment delivery decreases, which is the expected relation

Period Sediment delivery

from rivers

QSSJþQL (106 m3/yr)

Net sedimentation

upestuarya

SSBCSþ SD (106 m3/yr)

Net sedimentation

in San Pablo Bay

SSPB (106 m3/yr)

San Pablo Bay

lossb ECB

(106 m3/yr)

Sediment bypassing

BP (106 m3/yr)

1850e1914 14.1 1.0 5.2 3.0 4.9

1909e1959 6.2 �0.8 1.6 3.0 2.4

1924e1960 5.0 �0.9 1.6 3.0 1.3

1956e1990 3.1 �0.3 �0.7 3.0 1.1

a Net sedimentation in the Delta, SD, is accounted for in the 1850e1914 sediment-delivery estimate (Gilbert, 1917) and assumed to be 1.0� 106 m3/yr thereafter

based on estimates by Wright and Schoellhamer (2005) and Smith (1965).
b ECS, erosional loss from San Pablo Bay to Carquinez Straits and Suisun Bay is accounted for in SSBCS; QSSJ, sediment delivered from the Sacramento and San

Joaquin Rivers at the entrance to Suisun Bay; QL, sediment delivered from local streams; SSBCS, change is sediment storage in the Suisun Bay area and Carquinez

Strait; ECB, erosional loss (flux of eroded material) from San Pablo Bay to Central San Francisco Bay; BP, sediment from the Sacramento and San Joaquin Rivers

that bypasses San Pablo Bay.
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River from 1957 to 2001. The Sacramento River contributes
80e90% of the sediment to the bay (Porterfield, 1980). Assum-
ing sediment concentrations are not greatly modified when trav-
eling from the river source to San Pablo Bay, this change in the
sedimentedischarge rating curve also would contribute to a de-
crease in BP.

The magnitude and trend of sediment bypassing rates,
though reasonable, are only estimates and strongly depend on
estimates of the rate at which eroded sediment is removed
from San Pablo Bay. If this rate has decreased (or increased)
over time, the above analysis would predict a corresponding
equal increase (or decrease) in sediment bypassing.

In summary, a strong correlation exists between sediment-
supply and net-sedimentation rates in San Pablo Bay (Fig. 4a),
complicated, however, by uncertainty in sediment bypassing
and sediment removal rates, two large terms in the sediment
budget that have likely changed over time. Past sediment-
supply and net-sedimentation rates are consistent with a con-
stant (at the decadal time scale) sediment removal rate and
sediment bypassing that has decreased over time. However,
this solution is not a unique balance of the sediment budget.
To increase our ability to predict net sedimentation, we must
improve our understanding of the processes that cause bypass
and removal of sediment from San Pablo Bay.

6.2. Sediment transport and redistribution
within San Pablo Bay

Another level of prediction desired is the response of differ-
ent parts of San Pablo Bay to fluctuations in sediment delivery.
To be able to predict this response, we need to understand sed-
iment redistribution within the bay. The data presented in
Section 5.4 indicate significant sediment redistribution from
the western and/or northern shallows to the eastern shallows.

Spatial and temporal trends in net sedimentation in the shal-
lows (Figs. 2b and 6a) indicate that, for all periods, net deposi-
tion in the eastern shallows is greater than in the western or
northern shallows. Interestingly, all the shallows except those
in southeastern part of San Pablo Bay have similar trends in
net sedimentation over time, regardless of becoming more ero-
sional or depositional, but are offset by a constant. One explana-
tion for this offset is that sedimentation scales with sediment
delivery, with an overlay of redistribution from the western or
northern shallows to the eastern shallows. This combination
results in net sedimentation rates that parallel each other and are
offset in magnitude after accounting for redistribution from the
western shallows to the eastern shallows, mimicking observed
behavior (Fig. 6a). Mechanisms for sediment redistribution
from west to east are asymmetric tidal currents, with stronger
flood-tide currents advecting more sediment to the east (Klinge-
man and Kaufman, 1965, Fig. 23) and currents generated by
westerly or southwesterly winds advecting sediment to the east.

6.3. Future conditions

The morphology of San Pablo Bay will not return to that of
1856. The great influx of sediment during the hydraulic-
mining period resulted in deposition that changed morphology
significantly, which, in turn, changed sediment transport pat-
terns. Adding to this perturbation to the system was diking
of tidal marshes that reduced the tidal prism and resulted,
for example, in filling of channels offshore of the Petaluma
River (Ganju et al., 2004 presents a conceptual model for
exchange of sediment between San Pablo Bay and the Petaluma
River).

Generally, San Pablo Bay will continue to erode in the near
term unless its sediment delivery increases. An increase in sed-
iment delivery is not likely with damming and water projects
acting to decrease sediment delivery. The eastern shallows,
which are more depositional than the other shallows, will be
the last area to become erosional. The effects of sea-level
rise on deposition and erosion in San Pablo Bay are unknown.
A decrease in bottom shear-stress from the increase in depth
in the shallower portions of the bay decreasing wave orbital
velocities is expected to favor deposition, but the degree that
this effect will be counteracted by changes in the magnitude
and pattern of tidal currents is hard to predict without the use
of a coupled hydrodynamic/sediment transport model.

The main channels will likely continue to narrow and deepen.
The main channel has been narrowing and deepening since 1887,
and we expect this trend to continue. We speculate that the chan-
nel deepening response was initiated by channel narrowing from
high sediment loads during the hydraulic-mining period.
Narrowing may have sufficiently altered bottom shear-stress
distributions so that deepening was easier than widening to
accommodate flow. This hypothesis may be tested by applying
a three-dimensional hydrodynamic and sediment transport
model. Channel evolution could be modified by restoration of
tidal mashes upestuary. Restoration would result in a greater
tidal prism and increased flow through the main channel and
could change sedimentation rates and patterns. Sea-level rise
will affect channel geometry to the degree that it alters the tidal
prism.

How San Pablo Bay evolves will be important to not only its
health (e.g., habitat change) but that of San Francisco Bay as
a whole. For example, San Pablo Bay contains more than
100� 106 m3 of hydraulic-mining debris with an average
mercury concentration from 0.3 to 0.6 ppm (Jaffe et al., 1999).
Erosion of this sediment will release tens of thousands of grams
of mercury to the water column that could be transported
throughout the San Francisco Estuary. Future conditions of
San Pablo Bay will also affect tidal-marsh-restoration efforts.
If San Pablo Bay continues to erode, more sediment will be
needed for restoration because sediment will be required not
only for the creation of tidal marshes but also for the expansion
of intertidal mudflats and shallows that coexist with marsh.

7. Conclusions

Quantitative analysis of historical hydrographic surveys has
been used to learn how San Pablo Bay has changed since the
Gold Rush and what processes were key in causing this
change. It is concluded that:
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1. The morphology of San Pablo Bay changed drastically
from 1856 to 1983. In 1856, San Pablo Bay had a complex
morphology, with a broad main channel, side channels,
and an ebb-tidal delta crossing the shallower parts of the
bay. In 1983, all the channels except the main channel
had filled, and erosive processes planed the shallows, cre-
ating uniform, gently sloping surfaces.

2. Human activities that changed sediment delivery from
rivers were a primary control on sedimentation and the
evolution of San Pablo Bay. From 1856 to 1887,
259� 14� 106 m3 of sediment was deposited in San
Pablo Bay, coinciding with a high rate of sediment deliv-
ery (14.1� 106 m3/yr) to San Francisco Bay during the
hydraulic-mining period. In contrast, from 1951 to 1983,
23� 3� 106 m3 of sediment was eroded from San Pablo
Bay as the rate of sediment delivery from the Sacramento
and San Joaquin Rivers decreased to about 3� 106 m3/yr.

3. Intertidal mudflat area and distribution changed through-
out the study period. In 1887, intertidal mudflat area was
at a maximum (60.6� 6.6 km2). Intertidal mudflat area
had decreased to a minimum (31.7� 3.9 km2) in 1983.
In 1856, intertidal mudflats were largest in the western
part of San Pablo Bay, but have since become more evenly
distributed.

4. Intertidal mudflat area is related to sedimentation on the
shallows (<1.8-m depth), reflecting sediment delivery to
the bay. Intertidal mudflat area was largest after the unusu-
ally high influx of sediment from hydraulic mining re-
sulted in building of the shallows and intertidal mudflats,
and smallest in 1983 after damming decreased sediment
delivery.

5. The simple model that sediment delivery controls net sed-
imentation explains much of the sedimentation trend in San
Pablo Bay. This model predicts that erosion will increase in
the future if sediment delivery continues to decrease.
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