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FOREWORD

In April 1972, the San Francisco District of the United States Army

Corps of Engineers initiated a study to quantify the impact of dredging
and dredged sediment disposal operations on the environment of San
Francisco Bay and Estuary. The study has generated factual data, based
on field and laboratory studies, needed for the Federal, State and local
regulatory agencies to evaluate present dredging policies and alternative
disposal methods.

The study was set up to isolate the questions regarding the environmental
impact of dredging operations and to provide answers at the earliest
date. The study was organized to investigate (a) the factors associated
with dredging and the present system of aquatic disposal in the Bay, (b)
the condition of the pollutants (biogeochemical), (c) alternative
disposal methods, and (d) dredging technology. The study elements were
intended first, to identify the problems associated with dredging and
disposal operations and, second, to address the identified problems in
terms of mitigation and/or enhancement. The division into separate but
interrelated study elements provided a greater degree of expertise and
flexibility in the Study.

The Main Report was published in February 1977. This report is the last
remaining appendix to be published. The report covers an analysis of
contaminant concentrations as they relate to types of sediment, deposition
regimes (spatial variations) and temporal variations. The analysis
utilized routine sampling by the Corps of Engineers and others and
specific sampling based on seismic profiling.
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CONVERSION FACTORS

If conversion between Metric and British systems is necessary, the
following factors apply:

LENGTH

1 kilometer (km)=103 meters=0.621 statute miles=0.540 nautical miles

1 meter (m)=102 centimeters=39.4 inches=3.28 feet=1.09 yards=0.547 fathoms
1 centimeter (cm)=10 millimeters (mm)=0.394 inches=104 microns (y )

1 micron (u )=10-3 millimeters=0.000394 inches

AREA

1 square centimeter (cm2)=0.155 square inches
1 square meter (m2)=10.7 square feet
1 square kilometer (km2)=0.386 square statute miles=0.292 square nautical miles

VOLUME

1 cubic kilometer (km3)-109 cubic meters=1015 cubic centimeters=0.24 cubic
statute miles

1 cubic meter (m3)=106 cubic centimeters=103 liters=35.3 cubic feet=264
U.S. gallons=1.308 cubic yards

1 liter=103 cubic centimeters=1.06 quarts=0.264 U.S. gallons

1 cubic centimeter (cm3)=0.061 cubic inches

MASS

1 metric ton=106 grams=2,205 pounds
1 kilogram (kg)=103 grams=2.205 pounds
1 gram (g)=0.035 ounce

SPEED

1 knot (nautical mile per hour)=1.15 statute miles per hour=0.51 meter
per second
1 meter per second (m/sec)=2.24 statute miles per hour=1.94 knots

TEMPERATURE
Conversion Formulas °C = °F-32 °F = 1.8(°C) + 32
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INTRODUCTION

The San Francisco Bay system encompasses an area of 460 square
miles and has a tributary area of 62,920 square miles. The system is
comprised of a series of large bays inter-connected by constricted
straits. Seventy percent of the Bay is less than 18 feet in depth. The
importance of this area as a terminus for waterborne commerce and the
shallowness of the system requires the dredging of waterways linking the
major ports to deep water. Presently, about 10 million cubic yards of
Bay sediments are dredged annually by the Federal Government, local and
private concerns for maintaining these channels.

Sediments subject to dredging are composed largely of the fine
silt-clay-colloidal size fractions (Figure 1). The electronegative
charge of dispersed clay colloidals and their highly exposed surface
areas permit the sorption (attachment) of large numbers of cations. The
sorptive characteristics of most contaminants are great and clay parti- ‘
cles have large specific surfaces with electronegative charges. There- 4
fore, dredged sediments invariably contain concentrations of trace
metals and organics at levels many times higher than the small quantities
found in water. When the sediments contain high enough concentrations
of organic and inorganic contaminants they are classified as being
polluted. The definition of marine pollutants according to the UNESCO
Inter-governmental Oceanographic Commission (I0OC) is "substances intro-
duced by man, directly or indirectly, into the marine environment
(including estuaries) which result in such deleterious effects as harm
to living resources, hazards to human health, hindrance to marine
activities (including fishing), impairing the quality for use of sea-
water and reduction of amenities." Contaminants, when attached to
marine sediments, behave as the sediments, so when dredging and disposal
operations resuspend and disturb the bottom sediment regimen, the con-
taminants are also disturbed and may become available to the benthic and
aquatic communities.

The association of contaminants with the sediments is dependent on
the physical sedimentary characteristics of the estuary and the forces
that distribute the sediments. The transportation and deposition of
fine sediments and sorbed contaminants involve complex relationships
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such as tidal flow velocities and mixing characteristics, suspension
concentrations and deposition patterns. The concentration of any given
contaminant differs greatly both spatially and temporally.

Sampling bottom sediments and analyzing the pollutional character-
istics in the San Francisco Bay was begun by the Corps of Engineers in
December 1970. The first sampling took place on San Francisco Bay near
the entrance to the Bay and was performed for maintenance dredging in’
the Bay Channel (Main Ship Channel, Ref. 1). Since then the Corps has
amassed a vast amount of data on the pollution status of sediments in
the Bay. All of the sampling by the Corps prior to this study was in
the channels and was directly related to maintenance or new-work
dredging.

Methods and procedures for sampling bottom sediments and analyzing
the pollutional status of these sediments have become increasingly
complex. Initial pollution sampling in the Bay utilized bottom grab or
shallow gravity core samplers. The samples obtained with this equipment
were homogenized and analyzed according to "criteria'" or guidelines for
the acceptability of dredged material for aquatic disposal which were
specified at that time by regulatory agencies. The initial "criteria"
developed by the Environmental Protection Agency included bulk sediment
analysis of three heavy metals (mercury, lead, and zinc) and four
organic determinations (Kjeldahl nitrogen, chemical oxygen demand, oil
and grease, and volatile solids). Since that time procedures for taking
samples and analyzing samples have changed frequently. It was soon
realized that shallow sediment samples may not represent the actual
sediments subject to dredging since there likely exists a temporal vari-
ation in concentration of pollutants as exhibited by vertical variations
of both sediment characteristics and contaminant concentrations. In
January 1971 sampling methods were altered to obtain a representative
sample to project depth. Deeper core samplers were used to sample to
the required depth. Initially, the entire length of the deeper cores
were homogenized and a sample was allocated for analysis using the same
"criteria" as described above, It was then determined that trace metals
and other contaminants may be associated with and concentrated in the
silt-clay-colloidal particle size fractions and organics of the bottom
sediments (Ref. 2). Based on this premise, samples were selected from
each core according to stratification of the core or in the absence of
horizons, at set intervals along the core. Other methods of sediment
analysis were attempted at this time such as silt-clay-colloidal sepa-
ration on an experimental basis; however, these methods proved to be too
time consuming and costly.
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STATEMENT OF PROBLEM

Pollution sampling of bottom sediments by the Corps of Engineers in
San Francisco Bay in the past had been conducted annually on a project
by project basis. No attempt has been made to develop organized pollu-~
tion sampling programs in the Bay or to analyze the spatial or temporal
variation of contaminant concentrations on a project or Bay-wide basis.
Previous pollution sampling by the Corps had been confined strictly to
dredged channels. No attempt had been made to correlate the pollutional
status of sediments outside the dredged channels to the sediments
within. Dredged channels represent possible settling basins for sedi-
ments whose contaminant concentrations are derived in part before the
sediments are brought into the Bay system, when in residence outside the
channel and after being deposited in the channels. Questions arise as
to the changes in temporal and spatial variations of contaminants and
the relationship of contaminant concentrations in and outside of main-
tained channels and mechanisms responsible for the distribution.

OBJECTIVE

The objective of the Pollutant Distribution Study is to investigate
the horizontal (spatial) and vertical (temporal) distribution of certain
organic and inorganic contaminants in the Bay sediments. The vertical
distribution includes the vertical variation in concentration of contam-
inants within the bottom sediments and the association with the vertical
and horizontal stratification of sediments. The horizontal distribution
includes the lateral variation in concentration of contaminants and the
association with the physical characteristics of the sediment. This
study synthesizes previous pollution sampling and analysis of bottom
sediments, by the Corps and others, interprets the data, and includes
the findings into this investigation. An investigation of the physical
estuarine processes and physical factors affecting the distribution of
contaminants is made to provide a simplified physical picture of contam-
inant dispersion patterns. The trace metals (mercury, lead, zinc,
cadmium, and copper) and organics (volatile solids, Kjeldahl nitrogen,
and oil and grease) and chemical oxygen demand are the parameters
selected for analysis. This study deals with only the above parameters
and how they are associated with the bottom sediments and distributing
forces. Other appendices of the Dredge Disposal Study deal with sedi-
ment-water relationships and availability of contaminants.

STUDY AREAS

Three areas were chosen to represent the range of conditions likely
to be encountered during dredging in San Francisco Bay. The three areas
considered in this study are San Pablo Bay-Carquinez Strait, San Pablo
Strait-Berkeley Flats, and Oakland Inner and Outer Harbor (Figure 2).
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San Francisco Bay is a complex estuary, a region of transition of
freshwater inflow at its head to the continuously changing tides and
saline water inflow at the Golden Gate. Since fresh and saline waters
are of different densities, San Francisco Bay exhibits both horizontal
and vertical variations, yielding brackish waters at the head and in the
surface waters while more saline waters can be found toward the mouth
and at depth. A saltwater wedge is formed where the fresh waters meet
the more saline waters, and flocculation of suspended sediment occurs.
In San Francisco Bay the salt water wedge, although constantly changing
in location, may be found in the vicinity of the southern end of San
Pablo Bay and eastern end of Carquinez Strait. The major inflow of
sediment occurs in this area because of its proximity to the major
drainage from the Central Valley and results in very high sedimentation
rates. San Francisco Bay consists of many large shallow bays connected
by narrow channels. San Pablo Strait is a constricted channel con-
necting San Pablo Bay with Central San Francisco Bay. Fresh water flow
through San Pablo Strait is directed southward during ebb flow providing
a net southward movement of suspended and bedload sediment into Central
Bay (Ref. 3). Much of the sediment entering Central Bay is deposited on
Berkeley Flats where the tidal energy decreases as it moves out of the
Strait onto the broad expanse of the shoaling region and as the water
mass encounters the wind-wave action in Central Bay. Oakland Inner and
Outer Harbor and associated land is a well-developed industrial-harbor
complex. The Inner Harbor is a long narrow tidal canal with very
little water circulation.

WORK ITEMS

Two work items have been used in this study to investigate the
horizontal and vertical distribution of the specified contaminants in
Bay sediments. These items discussed below are seismic sub-bottom
reflection profiling and core sampling and analysis. The results of
these elements are evaluated in terms of sources of pollutants, physical
setting of the Bay, physical estuarine processes, and results of pre-
vious pollution sampling in the Bay.

SEISMIC SUBBOTTOM REFLECTION PROFILING

Continuous seismic subbottom reflection profiling provides in a
vertical plane a geological cross-section of the subbottom below the
path traversed by an operating vessel. The theory of operation of a
seismic reflection system is to generate a pulse configuration of out-
going acoustic signals from an energy source which is reflected off
bottom and subbottom interfaces due to the change in the acoustic im-
pedance of different sediments and then returned to the surface where
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the signal is received by an array of hydrophones, processed, and
recorded on a continuous recorder. The subbottom penetration and reso-
lution are dictated by the frequency and intensity of the acoustic
signal. A low frequency, high energy system allows deep penetration-low
resolution whereas a high frequency, low energy system permits shallow
penetration with high resolution. The seismic reflection method utilizes
the effect that a geological discontinuity has upon the transmission of
sound waves between two media. The discontinuity may be an abrupt
change in acoustical properties of the sediments or it may be a zone of
very rapid change in tlicse properties. Changes in sediment densities or
water content within a sediment layer produces a reflecting surface
because of the change in acoustic impedance.

With the use of this method it is often possible to differentiate
areas of soft clays and silts from areas of dense sand or to discern and
follow bedding. Acoustic systems have been demonstrated on several
occasions to significantly reduce the scope of drilling programs per-
mitting correlation of horizons between borings by other than a "straight
line"” method.

Approximately 156 miles of continuous seismic subbottom profiling,
encompassing an area of approximately 275 square miles was performed by
Alpine Geophysical, Inc., under contract to the Corps of Engineers in
the three areas of interest in the Bay. The purpose of the program was
to locate areas where core samples would be required based on differ-
ences in sediment characteristics and to associate defined horizons
within the sediment column which could be traced laterally. Because of
the changing subbottom characteristics of the Bay, three independent
systems shown on Figure 3 were utilized to accomplish the investigation.

One system used in the seismic reflection work was a 3.5 KHz O.R.E.
Subbottom Profiler. This system is a continuous seismic reflection pro-
filer with the specialized capacity of high resolution of shallow
stratified layers. Depth penetration to as much as 50 feet with a reso-
lution on the order of 6 inches was obtained in certain areas of the
Bay. The 3.5 KHz transducer was the system of primary interest since
dredging of the Bay sediments normally does not exceed 40 feet below
mean lower low water and the high resolution of the system was required
for subsequent investigations.

A second system was used to provide intermediate penetration-
resolution and back-up for the 3.5 KHz system in areas where the sub-
bottom characteristics limited the penetration of that system. The
E.G.&G. Uni-Boom (Unit Pulse Boomer) was used, being capable of penetrat-
ing Bay sediments to a depth of as much as 150 feet with a resolution as
great as one foot. This system is also a continuous seismic reflection
profiler and was run simultaneously with the 3.5 KHz system.
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The third system used was a Sparker survey in which an electrical
discharge (spark) in the water produces a high level, relatively broad-
band impulse which is then reflected from the bottom and subbottom
interfaces and received with a hydrophone array. This system is capable
of penetrating Bay sediments to a depth of 300 feet, but with a resolu-
tion allowing interpretation of gross features only. Figures 4 and 5
are samples of the continuous profile records.

Horizontal control of the profiling track was accomplished using
the Hydro-Plotter navigation system, a range-azimuth system with an
accuracy of ten feet. The system consisted of a shore master station
and a remote/slave station aboard the vessel. The shore station main-
tained a track of the vessel's position each minute and compensating
navigation correction, when necessary to maintain track lines, were
given to the vessel by the shore station.

Bathymetric control was obtained by means of a precision bathy-
metric recorder. The records were corrected to mean lower low water
through the use of tide gages. The bathymetric recorder is accurate to
less than 6 inches.

CORE SAMPLING AND ANALYSIS

The present method for pollution sampling of bottom sediments in
San Francisco Bay by the Corps of Engineers is the push-tube vertical
core method. The method allows fairly deep penetration into the un-
consolidated sediments with the minimum amount of disturbance to the
sediment in the core. A 4-inch pipe casing is used in which a 2-inch
I.D. steel push-tube barrel is inserted. The pipe casing is lowered to
the bottom from the surface vessel. The push-tube barrel armed with a
30-inch acrylic liner is then inserted into the pipe casing and pushed
into the sediment to obtain a core sample. Each core sample is 30
inches in length. The pipe casing allows consecutive 30-inch samples to
be taken in the same hole by wash-boring to the desired depth before the
next increment is taken. The sediment is retained in the liner by
creating a vacuum with a vacuum piston. After the core samples are
brought aboard the vessel, a visual description is recorded including
the strata thicknesses, composition, color and texture at various
levels. The core samples are then frozen and delivered to the labora-
tory for analysis.

For this study an additional forty-eight cores were taken to depths
up to -60 feet, MLLW. The core holes were selected on the basis of
examination of the continuous seismic reflection profile lines in the
three areas. All core holes were located on the seismic reflection
profile track, enabling a comparison to be made of the boring logs and
reflection profiles. The selection of holes and the depths to which the
samples were taken were based on: (1) the subbottom reflection surfaces
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and the lateral extent to which they could be traced, (2) the absence of
subbottom reflections or areas where the acoustic signal was attenuated
in the first few feet of subbottom, and (3) areas of known high contam-
inant concentrations or areas of prime interest such as dredged channels.

Position fixing of core holes was accomplished with the use of the
Cubic Autotape navigation system, a microwave range - range positioning
system with an accuracy of 6 feet. After location of the sampling site
with the electronic navigation system a marker buoy was placed overboard
for easy relocation by the sampling barge.

E Mechanical and pollution analysis of core samples were performed by
the Corps of Engineers South Pacific Division Laboratory, Sausalito.
Core samples were split lengthwise and refrigerated upon delivery.

Color photographs and a visual description were recorded for each core
section including physical appearance, sedimentary stratification,

7 texture, odor, and color. Sample selection was made from only one-half
: of the split core; the other half was stored for future reference. The
first six inches of each hole was homogenized for analysis. Four other
samples were selected from each core by horizons where visible or with
the absence of horizons, at regular intervals along the core.

Volatile solids, chemical oxyger demand, total Kjeldahl nitrogen,
oil and grease, lead, zinc, cadmium and copper concentrations were
determined according to "Chemistry Laboratory Manual, Bottom Sediments," |
compiled by Great Lakes Region, Committee on Analytical Methods and i
published by the Environmental Protection Agency, Federal Quality Ad-
ministration, December 1969. Mercury was determined by EPA Provisional
Method for Mercury in Sediment (Cold Vapor Technique). Particle size
was determined according to Engineer Manual EM 1110-2-1906. Visual
classification of soils was in accordance with "Unified Soil Classifica-
tion System," TM-357, Appendix A, April 1960. A total of 229 samples
were analyzed.

PHYSICAL DESCRIPTION OF BAY
PHYSIOGRAPHY

San Francisco Bay is a drowned valley that passes the drainage of 1
the great Central Basin of California. The outlet to the ocean is the
Golden Gate -~ a one mile wide, three-mile long strait with depths in
excess of 300 feet. The Bay system is comprised of several distinct
areas separated by narrow straits. Suisun Bay at the upper end is
moderately narrow and allows runoff from the Central Valley to pass
quickly into the more saline areas west of the seven-mile long Carquinez
Strait. San Pablo Bay provides the first area of extensive mixing of
i freshwater runoff with saline ocean water. The isolated South San
| Francisco Bay receives very little runoff due to limited drainage area
| tributary to the Bay and several impoundments of small local drainage
areas.
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The configuration of the Bay system allows a separation into three
subsystems; Central San Francisco Bay, South San Francisco Bay and North
San Francisco Bay (San Pablo Bay) shown on Figure 6.

The Bay System has an area of 396 square miles at mean lower low
water and 460 square miles at mean higher high water. Extensive inter-
tidal mudflats, encompassing an area of 64 square miles are exposed at
lower low water. There remains 127 square miles of marshland along the
perimeter of the Bay's 275-mile shoreline. The Bay is generally shallow
with two-thirds of the area less than 18 feet deep and only 20 percent
greater than 30 feet deep.

GEOGRAPHY

Current patterns and water surface elevations in the Bay system are
determined by the effects of the configuration of the system on fresh-
water and tidal inflows. Except in areas near the entrance to San
Francisco Bay and narrow channels extending to the extremities, the
entire Bay system is shallow, averaging about 15 feet of water depth.
The submarine configuration formed by the series of broad shallow bays
connected by narrow straits delays the progress of tide through the
system because each successive bay must fill and empty the large volume
of its tidal prism through its narrow opening, therefore delaying the
arrival of the tide adjacent downcurrent bay. Tidal changes at Martinez
on the south shore of Carquinez Strait, for example, lag those at the
Golden Gate by 1.6 hours for high water and 2.2 hours for low water.

The configuration of the system also affects the relative amplitude of
the tides as well as tidal current velocities in various parts of the
system,

The tidal lags and amplitude variations in the Bay system result in
increased residence time of sediments in some parts of the system and
decreased residence time in others, having the effect of increasing
deposition in some areas and scour in others.

The physical geography of the Bay has been significantly modified
by land reclamation work since the middle of the nineteenth century.
The purpose of historical land reclamation has differed throughout the
Bay and has resulted in a variety of land use patterns on new land
recovered from the Bay. A direct effect of land reclamation on pollu-
tant distribution has been alteration of the pre-1850 tidal hydraulic
g regimen causing modification of the estuary'’s ability to assimilate or
‘ disperse contaminants.

S DU SR N

The surface area of San Francisco Bay (including marshlands) prior
to 1850 is estimated to have been 787 square miles (Ref. 4). The pre-
1850 Bay consisted mostly of a shallow, shelving Bay floor with exten-
sive sub-tidal and inter~tidal flats coupled with expanses of salt
marshland, situated mainly in South Bay, San Pablo Bay and Suisun Bay.
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Since the mid-nineteenth century, approximately 239 square miles or 31
percent of the Bay system has been either filled or diked-off and
drained to provide new land for a range of activities.

Initial land reclamation along the shore of the Bay system was
aimed at developing port facilities and maritime commerce adjacent to
deep water in Central San Francisco Bay. Other early land reclamation
operations were carried out to recover additional agricultural lands
from salt marshlands situated mainly in South Bay, San Pablo Bay and
Suisun Bay. Subsequent reclamation projects have recovered new land for
salt ponds, as well as, industrial, transportation, residential and
recreation uses.

The Corps of Engineers estimated the use of the 239 square miles of
new lands to be as follows:

USE % RECLAIMED LAND
Transportation Taid
Industrial 4.8
Residential & Commercial 3.9
Military & Reserved Lands 6.3
Recreational 26.9
Salt Ponds 24.8
Agricultural 23.2
Dumps & Vacant Lands 2.9

Of the 239 square miles of reclaimed lands, approximately 40 percent
are situated in Central and South San Francisco Bay, 30 percent in San
Pablo Bay, and 30 percent in Suisun Bay. The largest portion of this
new land (93%) has been recovered from marshlands while the remaining 7
percent has been recovered from inter-tidal and sub-tidal lands (Ref. 5).

Reclamation has irrevocably changed the geometry of the Bay by
reducing both the volume and surface area of Bay waters. The tidal
prism has been diminished (Ref. 5), causing a general reduction of tidal
current velocities, and, to a lesser extent, reduction of tidal eleva-
tions and ranges, combined with alteration of salinity in different
parts of the estuary (Ref. 4). This reduction of the tidal prism has
diminished the ability of tidal currents to disperse and flush contam-
inants out of the Bay system. Land reclamation has reduced the surface
area of the Bay by eliminating fringing tidal flats and marshlands.
This has diminished the system's ability to reoxygenate its waters.
Lowering the dissolved oxygen content of the Bay has reduced the capac~
ity of the estuary to aerobically decompose biodegradable contaminants.




Alteration of the submarine configuration of the Bay basin coupled with
the reduced tidal prism has increased shoaling rates and changed sedi-
mentation patterns in many areas. The accelerated shoaling rate is
caused by reduced tidal current velocities, increased salinity (and
therefore, flocculation), and decreased Bay volume. Surface areas and
volumes have been reduced mainly around the shallow perimeter of the
Bay.

GEOMORPHOLOGY

The recent landscape evolution which created San Francisco Bay has
been complicated and is not clearly understood. Some general facts are
known. The valley that became the Bay was a structural deformation
trough formed by tetonic downwarping and faulting during the Pliocene
Epoch (Ref. 6). Subsequent structure deformations caused by crustal
compression took place in the Pleistocene. The basic outline of the
bay-valley as it appears today was shaped by this point in time. This
valley form has been continually modified by local processes of erosion
and deposition.

The river system, which became the Sacramento-San Joaquin, devel-
oped an outlet in the vicinity of the Golden Gate prior to the Pleisto-
cene. This river system, which drains the great Central Basin of
California was well established in this epoch. During the Pleistocene
the north-south trending hills surrounding the bay-valley were uplifted
at a rate slow enough to allow the river to maintain its course to the
sea and to carve deep canyons at Carquinez and at the Golden Gate.

San Francisco Bay was formed by flooding of the valley during the
interglacial stages of the Pleistocene and Holocene (Recent). The most
recent marine transgression occurred 15,000 to 25,000 years ago with the
advent of the Wisconsin interglacial stage. These fluctuating invasions
of the sea into the bay-valley were, mainly, a result of eustatic rise
in sea level caused by melting of massive continental glaciers and local
subsidence. The rise in sea level is estimated to have been about 300
feet (Refs. 7 and 8). Local subsidence has also been a factor in the
change of sea level in the Bay. Archaeological evidence derived from
shell mound excavations on the east shore of the Bay indicated sea level
has risen 25-30 feet in the last 3,500 years.

PHYSICAL ESTUARINE PROCESSES

Contaminants enter the San Francisco Bay system through natural
weathering processes of rocks and soils and by anthropogenic means on
land, air and water. The estuary is a sink or settling basin for all
upstream discharges or discharges directly into the estuary. Contam-
inant concentrations depend on the estuary's ability to assimilate or
disperse the contaminants. The estuary is a complex system of inter-
acting forces such as winds, currents and tides, and physical factors
such as geography which dictate the distribution of contaminants.
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The distribution of pollutants depends on energy gradients -
contaminants move from zones of higher energy to zones of lower energy
within the Bay system. Tides, waves, and currents are the physical ‘
agents most responsible for eroding, transporting, and depositing sedi- |
ments within the San Francisco Bay system. The types, characteristics, |
and effects of tidal regimen, waves, and tidal and non-tidal currents on
determining circulation patterns and distribution of contaminants are
described in this section. The influence of other physical factors such
as wind, atmospheric pressure, freshwater inflow, salinity and hydrology
on tides, waves and currents are also evaluated. *

, TIDES

The tides of the San Francisco Bay system are of a semi-diurnal
mixed type with two high and two low waters per day (Figure 7) with a

f large diurnal inequality (i.e., the difference in heights of successive
high waters or low waters). The largest difference in range is between

higher high water (HHW) and the subsequent lower low water (LLW). This

diurnal inequality is due to the geographic latitude of the Bay coupled

with the daily change in declination of the moon.

The submarine geometry and hydraulics of the Bay system attenuate
this tidal wave resulting in a time lag difference in the arrival of the
crest or trough of the tidal wave at various locations in the Bay. The
rise and fall of the tide modifies the effect of wave action on the
bottom sediments (i.e., shallow sub-tidal zones of the Bay are exposed
r to greater wave turbulance during periods of low water than high water).

The effect of the long ebb coupled with the greater range between

| HHW and LLW exposes a wide expanse of intertidal sediments to wave

| generated erosion, resuspension and transportation for an extended
period of time. During this period of exposure to the atmosphere, the

i ‘ surface sediments in the intertidal mudflats are also subject to oxida-

tion.

'1 The tidal elevations and ranges for San Francisco Bay reference

‘ stations can be found in National Ocean Survey publication, "Tides and
Currents in San Francisco Bay" (Ref. 9). The tidal wave moves up-Bay
(towards the Delta) as a progressive wave form. Tidal range and surface
area are the main factors determining the tidal prism (the volume of
seawater between planes of high and low water). The ratio of the tidal
prism volume to the volume of seawater in the estuary at mean lower low
water indicates the degree of flushing and mixing. The tidal prism of
the entire Bay system has been calculated to be 1,196,000 acre-feet
(Ref. 3). This means about one-fourth of the volume of the entire
system (including Suisun Bay) moves in and out of the Golden Gate twice

{ during each tidal day.
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WAVES

Waves erode, resuspend and transport bottom material within the Bay
system. Wave action is an especially effective force in the shallow
areas of the Bay. Energy characteristics (height, length and period) of
wind generated waves are determined by fetch, velocity, duration and
direction of the wind, and depth of water. The transmission of shallow
water wave energy (depth of water is less than 1/2 wave length) is
controlled and modified by submarine topography.

The effect of ocean waves and swell on sediment transportation in
the estuary is minimal except near the mouth. This results from the
damping effect of the narrow Golden Gate on waves and swell moving into
the Gulf of the Farallones from offshore generating areas.

A typical wind rose for the Bay, Figure 8, shows the predominant
wind direction is from the west through south. These wave producing
forces coupled with a long fetch and duration can generate 3-foot high
waves over broad reaches of the Bay. It is during this period that the
greatest rate of annual shoaling appears to occur in certain regions of
the Bay (Refs. 10 and 11). The effective depths of wave action (wave
base) in estuaries is generally limited to depths less than 30 feet
below mean sea level (Ref. 12). 1In the shallow subtidal areas wave
turbulence erodes bottom sediments and resuspends the sediments into the
water column. Sediment particles resuspended by wave action are trans-
ported in the direction of water mass transport. The progressive
motion of orbiting water particles within waves traveling over shallow
regions result in the slow shoreward advance of sediment in the direc-
tion of wave propagation. In the intertidal areas breaking waves churn
up the sediment within the breaker zone and transport it shoreward in
the wave of translation. At the shore, longshore transport is one of
the primary mechanisms causing material to move laterally and accumulate
in certain zones. This longshore transport is caused by the oblique
approach of incoming waves and the redistribution of wave energy along a
shoreline. The net effect of wave action in the Bay is the delivery of
suspended and bedload sediment to the eastern shore of the Bay. This
sediment is deposited to form extensive subtidal and intertidal mudflats.

CURRENTS

Current action in the San Francisco Bay system can be separated
into tidal and non-tidal currents. Primary non-tidal currents include
river inflow, wind-drift, and salinity-density currents. Tidal currents
are the periodic horizontal oscillatory movement of sea water accompany-
ing the rise and fall of the tide. The tidal current regimen is a mixed
type with four instances of slack water and four instances of maximum
velocity during two floods and two ebbs daily. Highest current strengths
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are attained during the period of long ebb between higher high water and
lower low water of the tidal cycle. Ebb currents are increased by ;
freshwater outflow, conversely flood currents are reduced by the same i
force.

Submarine topography and hydraulics of the Bay system cause dif-
ferences in time (phasing) of maximum current velocities and direction
at different sites. A lag occurs between time of high water and low
water, and time of maximum flood and ebb.

Velocity and direction of tidal currents vary in the water column
with depth, and direction depends on phasing of tide, freshwater inflow
and submarine topography. During high freshwater inflow (winter condi-
tions), ebb currents predominate at all depths. However, during low
freshwater inflow (summer conditions) flood currents predominate at
lower depths (Ref. 11).

The residual component of coastal tide causes the amount of water
carried by the flood to exceed that of the ebb. This characteristic is
counteracted by river inflow (Ref. 13). There is a longer period of low
current velocities around high water slack than during low water slack
caused by a decrease in tidal wave amplitude towards the tidal flats
along the Bay shore. Flood-tide waters advance in a uniform front,
depositing material on the inter-tidal flats as they travel shoreward.
Ebb tide waters retreat in channels meandering across the intertidal
flats eroding material from the bed and banks of the channels as they
move towards deeper water.

Tidal currents erode, resuspend (turbulent mixing) and transport
sediment from the up-current sediment reservoirs of Suisun and San Pablo
Bays. This sediment is moved in suspension and as bedload through
Carquinez and San Pablo Straits into Central San Francisco Bay.

Once these sediment laden waters arrive in the broad expanses of
Central Bay their velocity is diminished, and they lose much of their
ability to carry sediment. At the same time these brackish waters are
mixed with more saline ocean waters, and suspended sediments floc and
settle to the bottom. These newly arrived sediments are subject to
movement by additional estuarine processes.

Freshwater inflow during winter storm runoff transports sediment
through North and Central Bays and the Golden Gate dispersing the sedi-
ment charged waters into the Gulf of the Farallones (Figure 9). Sediment
is transported in suspension and dragged along the bottom as bedload.
During the wet season high volume/velocity river currents are especially
effective in eroding, resuspending and flushing unconsolidated sediments
from the Bay floor. Sediment temporarily settles during calms between
winter storms.
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Freshwater inflow dilutes and mixes with saline water in the Bay.
This results in horizontal and vertical salinity gradients. These
gradients are greatest during winter freshets. Density-salinity cur-
rents move up-Bay along the Bay floor displacing less saline waters
moving towards the Golden Gate in the upper water column (Figure 10).
This salt-water wedge (vertical salinity stratification) is strong
enough to erode and to transport sediment in the near bottom strata of
the water column. Average speed of this near bottom current between the
Gulf of the Farallones and San Pablo Bay has been calculated to be 2.5
miles per day (Ref. 14). Because this current is density driven, it is
able to transport sediment in the deeper parts of natural channels and
areas deepened by dredging. Density driven salinity currents supplement
flood tide bottom filling of tranquil, maintained waterways. These
currents reinforce the tidal regimen in San Francisco Bay generating a
pattern of bottom strata filling and upper strata emptying of the tidal
prism. The interface between the fresh and salt water masses is a zone
of vertical mixing and flocculation of colloidal sediments. This col-
lision of water masses results in sediment deposition along the bottom
beneath the shifting salt water wedge interface (Ref. 11). The deposi-
tion process occurs in the San Pablo Bay and Carquinez Strait region of
the Bay.

The prevailing wind forces over the Bay produce two distinct wind-
drift currents. Velocities of wind-drift currents in estuaries reach 2-
5 percent of the wind force (Ref. 15). Strong westerly summer winds
produce easterly setting currents. These currents drive sediment bearing
surface waters across the open water reaches of the Bay and piles water
up along the shore (wind set-up). Winter winds blow predominately from
north-northeast which increase the competency of freshet and tidal flows
to flush out unconsolidated sediments from North and Central Bays. This
offshore wind pattern is frequently interrupted by violent southeast
gales associated with low pressure systems passing west to east over the
Bay area. Southeasterly winter gales are generally of short duration
and generate very temporary north setting currents.

Other factors affecting sediment resuspension patterns are vessel
movement, coriolis force and shoreline structures. Sediments resuspended
by vessel passage and associated prop wash are susceptible to movement
by currents. Coriolis force concentrates current flows to the right of
their setting direction in the northern hemisphere. Hence, flood tide
tends to flow on the east shore and ebbtide tends to flow on the west
shores of the Bay. 1In the confined area of the Bay the effect of this
force is not great. However, it still reinforces disposition of sedi-
ments. Manmade shoreline structures (e.g., piers, wharves, groins, and
other structures), as well as, indentures along the shore create eddies
and entrap sediments.
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FIGURE a. CONDITIONS TYPICAL OF HIGHLY STRATIFIED ESTUARY
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BAY SEDIMENTS

Geologic formations in and adjacent to San Francisco Bay are
principally alluvial formations ranging in age from mid-Pleistocene to
Recent. Sediments deposited within the Bay are very soft to firm clay
with varying amounts of silt, sand, and carbonaceous material. Bay
sediments have been classified as Older Bay Mud Formation, Sand Deposits
and Younger Bay Mud Formation.

OLDER BAY MUD FORMATION

The Older Bay Mud Formation includes formations such as Alameda,
San Antonio, Posey, and in some instances Temescal formations. Older
Bay Mud is composed of firm clay with varying amounts of silt, sandy
clay, sand and small gravel. The sand is usually lenticularly bedded
and contains shell layers. The formation is from 0-200 feet thick and
has been preconsolidated to a degree greater than would result from the
weight of overlying sediments. The wet weight of the sediment is
greater than 90-110 pounds per cubic foot and is less than forty percent
moisture. The minus two micron particles are fifty percent normal and
hydrated mica, plus montmorillinite, chlorite, diatoms, carbonaceous
material, quartz and feldspar. The upper part of the formation inter-
fingers with sand layers.

SAND DEPOSITS

Sand deposits consist of local areas within the Bay containing
fine-grained sand that grade into sandy silt and sandy clay. The Sand
Deposits may or may not be covered with Younger Bay Mud. The Sand
Deposits are not a continuous blanket, but are scattered as if each
lense represents a small alluvial fan, indicating a fluctuating shore-
line.

YOUNGER BAY MUD FORMATION

The Younger Bay Mud Formation overlies the Older Bay Mud and Sand
Deposits. This formation can be divided into a Semi-Consolidated Bay
Mud member and a Soft Bay Mud member. The Soft Bay Mud member varies in
thickness from 40-70 feet and is described as a soft mud that becomes
firmer with depth. With increasing depth there is a sudden increase in
the strength and pre-consolidation load as if the material below this
level was pre-consolidated to a degree greater than would result from
the weight of the overlying mud. The Bay Mud below this level is termed
Semi-consolidated and is similar to the Soft Bay Mud member but pre-
consolidated to a degree greater than would result from the weight of
overlying material. There is a noticeable increase in strength above a
dry unit weight of 60 pounds per cubic foot and a decrease in moisture
to near forty percent. The Soft Bay Mud member is compeosed of clayey,
plastic, low strength materials. It can be described as a soft,
plastic, black-to-gray silty clay, clayey silt with minor organic
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material and clayey fine-grained sand. The net weight is less than 90-
110 pounds per cubic foot and more than forty percent moisture. The
clay size particles make up from 45-90 percent of the material, and
peaty or lignitic material is five percent. The clay size fraction is
composed of one-third montmorillinite, one-third normal and hydrated
mica, and one-third mixed-layered montmorillinite, chloritic and kaolin-
itic materials.

The character of the Bay Muds suggests that the Older Bay Mud
formation was deposited in the interglacial epoch immediately preceding
the formation of the Wisconsin ice sheet. Pre-consolidation of the
Older Bay Mud formation occurred during the first glacial advance of the
Wisconsin ice. The semi-consolidated member of the Younger Bay Mud
formation was deposited during the first Wisconsin interglacial epoch
and was desiccated during the second advance on the Wisconsin ice. The
Soft Bay Mud member has been forming since the retreat of the Wisconsin
ice.

SEDIMENTATION IN THE BAY

Sediment deposition in the Bay system depends on local circulation
conditions, type of accumulation process, physical characteristics of
sediment particles, as well as, concentration and availability of sus-
pended and bedload material. Sediment deposition patterns reflect the
energy gradient formed by dynamic estuarine forces within the Bay.
Suspended and bedload material is transported from high energy areas to
low energy areas. Suspended and bedload concentration is directly pro-
portional to transportation energy, if the available sediment supply is
not a limiting factor. Wave action and current velocity are the dynamic
mechanisms controlling sediment transportation. Therefore deposition
zones are situated in tranquil areas where the energy of these forces is
dissipated or nonexistent. Suspended sediment settles to the Bay floor
as a result of gravity force in these quiescent accumulation zones.

It has been shown that on submerged tidal flats wave action pre-
dominates over current velocity as a distributary force (Ref. 16).
Horizontal variation in sediment grain size characteristics across the
surface of the submerged flats correlates directly with wave energy
distribution. Wave action over submerged flats is determined by the
force of waves arriving from adjacent deepwater/channel areas and waves
generated over the flats themselves. Waves arriving from adjacent deep
water channel areas gradaully lose power as they enter and move across
shallow areas resulting in decreased grain size and increased deposition
downwind and away from the deepwater/ channel areas. Waves generated
over the submerged flats proper produce greater turbulence in shallow
water over the flats resulting in a relative increase in grain size and
decrease in sediment deposition rate.
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In the deep water channel areas of the Bay currents are the
predominate estuarine force. Current forces reach maximum velocities
along the central portion of channels and diminish towards the channel
margins. This energy gradient is reflected in the decrease in sediment
grain size away from the axis of the channel. These channels are scour
areas showing net erosion or are self-maintaining, having reached a
temporary equilibrium state. The areas showing the highest sediment
deposition rates in San Francisco Bay are the channel margin zones.
These accumulation zones are too deep to be affected by wave action and
too far away from the channel axis to be affected by strong current
velocities.

Sediment inflow-outflow and distribution volumes within the San
Francisco Bay system have been estimated by Gilbert of U.S.G.S. in 1917
(Ref. 16), Grimm of the Corps of Engineers in 1930 (Ref. 17), the Soil
Conservation Service of the U.S. Department of Agriculture in 1947, the
Corps of Engineers in 1954 and 1967 (Refs. 3 and 18), State of California
Department of Water Resources in 1955, Porterfield, Hawley and Dunnam of
the U.S.G.S. in 1961 (Ref. 19), Smith of the Corps of Engineers in 1963
(Ref. 20), and Krone in 1966 (Ref. 19). These studies have led to a
large variance in inflow-outflow and distribution volumes in the Bay
system. The variance can be attributed to paucity of data available to
investigators at the time of each study.

Smith, using U.S.C. & G.S. surveys of the Bay at periodic intervals
between 1855 and 1956 and logs of borings, estimated the total deposit
of Bay sediments to be 16 billion cubic yards. The deposits were light-—
est in Suisun Bay, heaviest in Central Bay and roughly equal for the
remaining areas. The ratio of deposition per acre is respectively,
1:3:2 for Suisun Bay: Central Bay and Carquinez Strait: San Pablo Bay
and South Bay. Generally, these areas have experienced cycles of depo-
sition and erosion, with the greatest deposition taking place during the
hydraulic mining era in the Sierra Nevadas. Gilbert estimated that just
during the period of 1850-1914 one and one-half billion cubic yards of
sediment were deposited in the Bay system.

Estimated annual inflow volumes before 1961 reflect the limited
amount of data available at the time. These volumes range from 8.0
million cubic yards predicted by Gilbert to 1.97 million cubic yards
estimated by the Corps of Engineers in 1954. The U.S.G.S. in 1961 were
the first to use direct measurements of suspended loads being trans-
ported into the Bay system by all sources. From these measurements the
U.S.G.S. calculated the annual sediment inflow to the Bay system between
the years 1957-1959 to be 8.8 million cubic yards. From this value they
estimated the present annual inflow volume to be 8.0 million cubic
yards. Smith in 1963 estimated that 8.33 million cubic yards per annum
was the inflow rate to the Bay system. He derived his estimate from
tonnages and daily sediment inflows by geographical areas for the years
1909-1959 and adjusted to 1957-1959 conditions. Smith considered these
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volumes valid for the period 1960-2011. The Corps of Engineers in 1967
used the basic data developed by U.S.G.S. for the period 1957-1959 to
arrive at the average annual sediment inflow value of 9.56 million cubic
yards. The difference in the Corps 1967 value and U.S.G.S. 1961 value
reflect different in-place density values used to convert weight of
sediment to volume of shoal. Krone in 1966 estimated the average annual
sediment inflows for the Bay system to be 10.5 million cubic yards,
based on hydrologic data from 1922-1933 and U.S.G.S. measurements of
suspended sediment for the years 1957-1965.

0f the sediment entering the Bay system from natural sources (new
fluvial sediments) or from open water dredge disposal practices, a
portion is conveyed to the ocean via the Golden Gate and a portion is
retained in the Bay system. The Corps of Engineers in 1967 used two
methods for determining sediment outflow. The first method, 'Historical
Shoaling Method," estimated the volume of sediment leaving the Bay as
the difference between the sum of the new sediment inflow (10.0 million
cubic yards) and dredge material released in the Bay (9.6 million cubic
yards) and the sum of shoaling within and outside navigation channels
and facilities (15.4 million cubic yards). The estimated average annual
sediment outflow volume derived from the "Historical Shoaling Method"
was 4.2 million cubic yards. The second method, '"River Discharge
Method," used an estimate of the net water discharge through the Golden
Gate and an assumed average turbidity for Bay water. The product of
turbidity and net water discharge gave the net sediment outflow. Anal-
ysis of numerous suspended sediment samples throughout the Bay system
for conditions of low, average and flood flows indicated that the
average turbidity in Carquinez Strait and easterly San Pablo Bay was
about 70-80 parts per million, and at Golden Gate, about 40-50 parts per
million. Assuming a turbidity of 50 parts per million for an average
monthly discharge of 29,000 cubic feet per second, the Corps of Engineers
using the "River Discharge Method," estimated the average annual outflow
to be 3.3 million cubic yards. In addition, model studies indicated
that an additional 1.4 million cubic yards would leave the Bay annually
from open water dredge disposal practices, totaling 4.7 million cubic
yards.

The Corps of Engineers in 1967 studied the historical sedimentation
patterns in the Bay system using hydrographic surveys for a 10l-year
period from 1855 to 1955. The results of the study showed that there
was an average annual net deposition of 5.2 million cubic yards.

Krone in his sedimentation studies of San Francisco Bay in 1966 and
1974 (Ref. 22) estimated that 8.1 million cubic yards of sediment an-
nually leaves the Bay, while 2.4 million cubic yards are retained.
Krone based his estimate on a steady state situation which he believes
was reached in the Bay-Delta system in about 1957.




The State of California Department of Water Resources estimated
annual net deposition in the Bay to be 2.1 million cubic yards. Table 1
is a composite of average annual inflow-outflow and deposition volumes
from the above investigations.

Two other factors affecting the annual sedimentation in the Bay
system are annual dredging and disposal operations and resuspension of
bottom sediments due to wind generated turbulence and tidal currents.
Approximately 10 million cubic yards of Bay sediment are dredged an-
nually by the Federal Government and private concerns in the Bay system.
The majority of this material is released in Bay waters at one of three
disposal sites. Assuming that these sites received dredged sediments
over a 250-day period and that the material disperses over a 100-square-
mile area, 400 cubic yards of dredge material would be placed in sus-
pension per square mile per day of dredging. In contrast, Krone esti-
mated the amount of material suspended by wave action in a square mile
of shallow area by conservatively using an average suspended sediment
concentration of .5 grams per liter over a five~foot water depth when
the wind blows over 10 knots. Using the value of 220 days per year when
the wind velocity is 10 knots or greater, Krone estimated that each |
square mile of shallow area suspends 2,200 tons of sediments per day.
Using the value of 25 pounds per cubic foot for sediments brought into
suspension by wind and wave forces, the 2,200 tons may be converted to

cubic yards, giving a total of 6,500 cubic yards per square mile per day ]
as the volume of sediment resuspended by wind driven waves. Figure 11
% is a summary of sedimentation in the San Francisco Bay system. ]
|
|
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TABLE 1

ANNUAL SEDIMENT INFLOW-OUTFLOW AND |
DEPOSITION VOLUMES |

FOR |

SAN FRANCISCO BAY SYSTEM 3

Inflow From
Inflow Other Total Sediment Sediment
Investigator Delta Tributaries Inflow Outflow Deposition
(Millions of Cubic Yards)

Gilbert (1917) predicted

: Prior to 1850 2.0
1850-1914 23.0
Present 8.0
Grimm (1931) 5.75 -5.4%
Corps of Engineers (1954)
Existing 3.36
Future w/controls 1.97
DWR (1955)
Existing 4.0
Future w/controls 3.0

U.S.G.S. (1961)

From 1957-1959 . T2 1.6 8.8
Present 6.9 ) 5% & 8.0
‘ ‘ Smith (1963) 7.04 1.195 8.235 5.2
|
}: Corps of Engineers
| ’ (1965) 8.13 1.43 9.56 4.2 S
Krone (1966)
By year 1960 8.1 2.4 10.5 8.1 2.4
By year 1520 4.3+ 2.4 6.7
By year 2020 3.0+ 2.4 5.4
*  Considers only North Bay.
! + Based on Delta Water Diversioms.
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POLLUTANT SOURCES

The rapidly expanding population in the San Francisco Bay region
with its concomitant industrial and commercial activities is responsible
for the introduction of a wide range of contaminants into the Bay system.
Waste substances introduced into the estuary are not necessarily pollut-
ants. Most substances described as '"pollutants" have always been found
in San Francisco Bay system in various amounts (e.g., sediments, trace
metals, salts and organic materials).

Waste materials introduced (both deliberately and accidentally)
into the Bay by human or non-human activity have threshold concentration
levels which can be attained without alternating the functional parts of
the estuarine system. Althelstan F. Spilhaus of the National Ocean and
Atmospheric Administration defines a pollutant as "anything animate or
inanimate that by it's excess reduces the quality of living," (Ref. 23).

Solid waste substances and dissolved waste materials are introduced
in suspended form into the Bay. Dissolved substances are sorbed by par-
ticulate matter (sediments) both before entry and after entry into the
estuary. These organic and inorganic contaminants show behavior and
distribution patterns similar to that of natural sediments. The physi-
cal setting and estuarine processes discussed in preceding sections are
responsible for their movement and deposition. These contaminated
sediments accumulate in certain deposition zones within the Bay system,
and in some cases reach high enough concentrations within bottom sedi-
ments to be considered "pollutants" by the Environmental Protection
Agency. These pollutants when attached to natural sediments are found
in areas subject to both maintenance and new-work dredging by the U.S.
Army Corps of Engineers.

Contaminants from these sources enter the Bay system directly via
municipal sewage and industrial waste outfalls, storm drains and surface
runoff, aerial fallout, overboard discharge from vessel, and enter in-
directly via rivers conveying agricultural drainage and materials from
upland erosion to the Bay, and leaching from waste disposal sites
located adjacent to Bay and tributary receiving waters.

MUNICIPAL AND INDUSTRIAL DISCHARGE

One source of contaminants injected into the estuary is municipal
and industrial wastewater discharge. One study of water quality and
waste discharge characteristics in San Francisco Bay identified 203
municipal and industrial dischargers delivering sewage and wastewater
into the estuary (Ref. 24). Other studies focus specifically on indus-
trial water quality and waste discharge in the San Francisco Bay region
(Refs. 25 & 26).
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Of the 203 dischargers, 83 major ones are shown in Figure 12 (Ref.
27). This number does not include municipal and industrial dischargers
injecting wastewater into the Sacramento-San Joaquin River system.
There are 160 municipalities and sanitary districts and 6,000 manufac-
turing enterprises located within the San Francisco Bay and Sacramento-
San Joaquin Delta region contributing to the cumulative impact of sewage
and wastewater disposal in the estuary.

Almost 100 percent of municipal sewage* discharged into the Bay
and Delta receive either primary (60%) or biological secondary (40%)
treatment (Ref. 28). The level of industrial wastewater treatment falls
between municipal primary and secondary processes (Ref. 29). Combined
wastewater flow rates generated by municipal and industrial sources
discharging into the estuary range between 600 and 700 million gallons
per day (mgd). Ten percent of total combined volume of wastewater
originates directly from industrial sources (Ref. 28). The predominant
delivery mechanism for this wastewater is through submarine outfall
pipes located in shallow near shore regions of the Bay.

Understanding the impact of municipal and industrial effluent on
the estuarine environment requires consideration of the contaminants
found in municipal sewage and industrial wastewater. A primary con-
stituent of municipal effluent is fecal waste. Both municipal and
industrial dischargers deliver plant nutrients (espeically nitrogen and
phosphorus) into the estuary. Large amounts of nutrient substances
stimulate excessive marine plant (especially plankton) growth which in
turn generate high levels of biochemical oxygen demand (BOD) in the
receiving waters. These nutrients are incorporated into the bottom
sediments and stored in deposition reservoirs within the estuary.

Large amounts of halogenated organic compounds (e.g., polychlor-
inated biphenyls, PCBs) enter the estuary via urban sewage (Ref. 30).
Industrial effluent containing a broad range of synthetic organic
chemicals (mainly synthesized from petroleum compounds) is regularly
pumped into the Bay. Industrial waste dischargers inject a number of
potentially toxic trace metals (e.g., lead, mercury and cadmium) into
the estuary. These metals in low concentrations are required for
biological growth in certain marine organisms, but become toxic in high
concentrations.

AGRICULTURAL DRAINAGE

A second category of pollutant sources is agricultural drainage.
California agricultural productivity is the highest in the nation. Most
of this agriculture is dependent on irrigation, fertilizers and pest-
icides. Presently, there are over six million acres of irrigated
agricultural land within the Central Valley. Irrigation water not lost

*The majority of industrial dischargers are connected to municipal
treatment and sewage facilities.
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via evapotranspiration drains from the fields into local aquifers or
into the Sacramento-San Joaquin River system. These agricultural waste-
waters transport large quantities of pesticide and fertilizer residues,
and animal wastes, as well as nutrients and minerals from the soil into
the river system which eventually drains into the Bay.

Chlorinated hydrocarbon pesticides are the most serious contami-
nants reaching the Bay as a result of agricultural activity. An esti-
mated 10,000-20,000 pounds of this material entered the Bay-Delta system
in 1965 (Ref. 28). Pesticides, like heavy metals, are concentrated and
stored in bottom sediments.

Agricultural drainage is also a major source of nitrogen and
phosphorous compounds. Nitrogen waste loads delivered to the Bay-Delta
system constitute four percent of the total nitrogen fertilizers applied
to Central Valley agricultural lands (Ref. 28). There is a seasonal
regimen associated with the delivery of these potential pollutants to
the estuary. Agricultural drainage is concentrated in the irrigation
season during the summer.

STORM RUNOFF

Contaminants are washed into the Bay by surface water runoff during
winter rainstorms. Runoff occurs on both urban and non-urban (agricul-
tural or undeveloped) land. Non-urban runoff has similar waste load and
delivery characteristics as agricultural drainage. The period of maximum
runoff occurs in the rainy winter season (October through May). Runoff
from these non-urban areas contains high levels of suspended soilds,
heavy metals, oil and grease, floatable substances and pesticides.

Urban (street) runoff takes place in settlements with large, con-
tiguous areas of impervious ground surface (e.g., streets, parking lots,
other paved and developed areas). Older urban areas (San Francisco,
Sacramento, and Vallejo) have combined stormwater and wastewater sewage
systems. This means during high intensity and long duration rainstorms
treatment facilities exceed maximum capacity. Flows exceeding this
capacity are untreated, and raw sewage is diverted directly into the
receiving waters of the Bay and its tributaries.

Potential pollutants are deposited and accumulated on city streets
between rainstorms. Major contributors of these contaminants (espe-
cially oil-grease and lead) include motor vehicle spillage/leakage, and
car and truck service stations and maintenance centers (especially
during washdown operations), and shipyards.

Contaminated substances conveyed to the Bay by storm runoff are not

delivered at constant rate or concentration. Both flows and loads are
determined by lag time between succeeding storms, as well as intensity
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and duration of individual storms. The first major storm of the rainy
season washes more contaminarts into the estuary and its tributaries
than succeeding storms. The largest amount of these substances is
washed off impervious surfaces during the first two hours of a storm
(Ref. 18). The predominant contaminant introduced into the Bay system
by urban runoff is oil and grease.

AERTAL FALLOUT

Aerial fallout delivers various types of airborne contaminants to
the Bay system. Fallout substances dropped into the Bay include resi-
dues (lead and hydrocarbons) from motor vehicle and aircraft exhausts,
particulate matter from industrial and domestic smokestacks and chim-
neys, remnants of pesticides and fertilizers sprayed on crops as well as
non-lethal amounts of radioactive matter.

’ VESSEL DISCHARGE

Recreational (including houseboats), commercial, and naval vessels
underway, moored or docked on the Bay introduce contaminants into the
estuary deliberately and accidentally. Trash and garbage may be thrown
overboard and raw sewage is pumped directly into the receiving waters.
Approximately 2,000 lbs. of BOD per day is injected into the Bay from
watercraft (Ref. 28). Contamination occurs from petroleum residues
from ships.

Accidental oil spills from vessels occur as a result of collisions
with other watercraft and shore structures. Anti-fouling paints exude
poisons into adjacent waters. Anti-fouling paint poisons contain a 1
range of constituents including copper, mercury, zinc, lead, chromium,
arsenic and PCBs. Surface sediments in harbors may contain large res-
ervoirs of anti-fouling paint residues. Watercraft using sacrificial
zinc anodes to control galvanic corrosion are sources of zinc contami-
nation. Vessels consuming leaded-gasoline as fuel release lead residues
into Bay waters.

1 SOLID WASTE DISPOSAL SITES

Solid waste disposal sites are additional sources of contaminants.
Solid waste material consists of refuse, garbage and sewage sludge. In
1967, 13.5 million tons of solid waste was produced within the Bay-Delta
region. There are 49 disposal sites located adjacent to the Bay and
tributary waters as shown on Figure 13. Contaminants are transported
into contiguous estuarine and riverine waters by direct dumping, ebbtide
flow especially during tropic tidal and storm surge conditions, seepage
resulting from saturation caused by rainfall, poor drainage and exces-

| sive applied water to containment levees and dikes.
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UPLAND EROSION OF PARENT FORMATIONS

Trace elements (metals) in sediments of the San Francisco Bay
system are derived in part from erosion of parent formations and con-
veyed to the Bay via the Bay's extensive drainage system. Many of these
trace elements (i.e., mercury, zinc, lead, cadmium, copper) are consid-
ered to be contaminants when deposited in the Bay system. The trace
elements derived in this manner and deposited in the Bay are associated
with sediments by being bound within the chemical structure of individ-
ual particles, attached directly to the surfaces of particles or trapped
within the lattice-work of conglomerated particles. No direct estimates
have been made of the input of contaminants from upland erosion of
parent formations; however, since this is the only true non-human asso-
ciated source of contaminants in the Bay, quantitative estimates of the
input to the Bay from this source have been attempted from analysis of
deep core samples in the Bay and adjacent land areas. D.H. Peterson, et
al., (Ref. 31) of the U.S. Geological Survey in 1972 reported mercury, 1
lead and copper concentrations from a deep bore-hole in South San
Francisco Bay and associated these concentrations with sediments uncon-
taminated by man's activity. Table 2 presents his values. Care should
be taken in using these values as background concentrations of the Bay
as a whole since these samples represent one of many differing environ-
ments of deposition that have occurred throughout the geologic history
of the Bay and within different areas of the Bay. Trace metals show an i
affinity for certain sediment types which in turn exhibit selective
deposition properties. This results in preferred accumulation types of
sediments in different areas and during different times in the geologic
past. In addition, vertical migration of trace elements due to changes
in oxidation-reduction potentials and disturbances by organisms (bio-
turbidation) during deposition could play an important role in the
vertical distribution of trace elements.

TABLE 2

CONCENTRATIONS OF Pb, Cu, AND Hg
IN DEEP SEDIMENTS OF BAY (Reference 31)

Depth Below Sediment Element Concentration (ppm)
Bay Bottom Type Pb Cu Hg
(feet) ]
205 Mud 13 50 0.36
216 Sand trace 15 015
245 Silt trace 20 0.32
350 Mud 10 trace 0.28
405 Sand None 15 0.06
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PREVIOUS POLLUTION SAMPLING

In addition to sampling specific to this study, three other
principal sources of information were used. These sources include
pollution analysis of bottom sediments in Federally maintained and pro-
posed navigation channels, permit applications for non-Federal dredging,
and specific reports concerned with the pollution status of sediments in
the Bay.

CORPS OF ENGINEERS POLLUTION SAMPLES

Pollution samples have been obtained by the Corps of Engineers for
all active maintenance dredging projects since 1970. In addition,
pollution samples are taken for all proposed navigation projects during
feasibility studies. Inclosure 1 includes an index of all pollution
samples taken by the Corps of Engineers through 1974, the results of
chemical analysis and maps showing location of samples. Because of the
frequently changing criteria or guidelines for the acceptability of
dredged sediment for aquatic disposal, the parameters included in anal-
ysis of samples from dredging projects differ greatly from project to
project and from year to year. For example, no 1973 samples include
bulk sediment; all analysis are elutriates. Inclosure 1 includes
analyses of water samples, suspended sediment samples, bottom sediment
samples, and elutriates. For the purpose of this investigation, em-—
phasis will be placed on bulk sediment analysis of the parameters lead,
zinc, mercury, cadmium, copper, oil and grease, volatile solids, chem-
ical oxygen demand, and total Kjeldahl nitrogen.

To make relative comparisons of contaminant concentrations within
dredged channels of the Bay, it becomes necessary to treat the data
statistically. Table 3 is a summary of the mean, standard deviation and
range of contaminant concentrations in dredged channels of North (includ-
ing Carquinez Strait and Suisun Bay), Central and South San Francisco
Bay and San Francisco Bay. Main Ship Channel.

Generally, dredged channels in Central San Francisco Bay have lower
mean concentrations of lead, zinc, cadmium, copper, oil and grease,
volatile solids and total Kjeldahl nitrogen than do channels in North
and South Bay. Mean concentration of mercury in channels of Central Bay
slightly exceed that in North Bay and the mean concentration of chemical
oxygen demand in channels of Central Bay is slightly greater than chan-
nels in South Bay.
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TABLE 3

MEAN CONCENTRATION OF CONTAMINANTS IN DREDGED CHANNELS

1

Description
LEAD

North San Francisco Bay
Pinole Shoal
Napa River
Sonoma Creek
Petaluma River
Point Davis
Mare Island St.
Carquinez St. & Suisun Bay

Central San Francisco Bay
West Richmond Bay
Southampton Shoal
Richmond Outer Harbor
Richmond Long Wharf
Richmond Inner Harbor
Sausalito

South San Francisco Bay
Oakland Outer Harbor
Oakland Inner Harbor
Alameda N.A.S.
Islais Creek
San Leandro
San Bruno Shoal
Redwood City

Main Ship Channel”

All Dredged Channels

ZINC

North San Francisco Bay
Pinole Shoal
Napa River
Sonoma Creek
Petaluma River
Point Davis
Mare Island St.
Carquinez St. & Suisun Bay

Central San Francisco Bay
West Richmond Channel
Southampton Shoal
Richmond Outer Harbor
Richmond Long Wharf
Richmond Inner Harbor
Sausalito

South San Francisco Bay
Oakland Outer Harbor
Oakland Inner Harbor
Alameda N.A.S.
Islais Creek
San Leandro
San Bruno Shoal
Redwood City

970-1974

Number
of
Samples

Standard
Deviation

31-624
35-123
32-175
37-172
31-188
65-115
84-624
45-174

20-549
39-73

40-73

46-549
38-218
20-240
32-218

10-405
10-405
23-310
16-380
23-103
132-161
22-63
41-343




TABLE 3 (Cont'd)

Number Standard
of Mean Deviation Range
Description Samples ppm ppm ppm
Main Ship Channel 8 41.4 19.2 18-79
All Dredged Channels 869 108.1 68.1 1-624
MERCURY
North San Francisco Bay 232 0.41 0.01-4.0
Pinole Shoal 54 0.29 0.54 0.05-4.0
Napa River 22 0.33 0.17 0.01-0.46
Sonoma Creek 9 0.40 0.23 0.11-0.81
Petaluma River 21 0.57 0.24 0.20-0.90
Point Davis 7 0.28 0.19 0.06-0.38
Mare Island St. 88 0.56 0.43 0.02-1.6
Carquinez St. & Suisun Bay 31 0.21 0.22 0.01-0.80
Central San Francisco Bay 347 0.47 0.03-10.5
West Richmond Channel 30 0.31 0.21 0.03-1.1
Southampton Shoal 34 0.38 0.13 0.10-0.60
Richmond Outer Harbor 76 0.46 0.33 0.10-1.9
Richmond Long Wharf 103 0.53 0.27 0.10-1.7
Richmond Inner Harbor 29 0.40 0.29 0.03-1.0
Sausalito 75 0.55 J.22 0.13~10.5
South San Francisco Bay 285 0.78 0.01~10
Oakland Outer Harbor 71 0.46 0.29 0.01-1.3
Oakland Inner Harbor 33 1.05 1.20 0.008~4.9
Alameda Inner Harbor 71 1.05 2.34 0.08~10.0
Islais Creek 45 0.84 0.94 0.12~5.6
San Leandro 5 0.18 0.03 0.14~0.2
San Bruno Shoal 10 0.15 0.15 0.17-0.60
Redwood City 7 0.42 0.27 0.11-1.2
Main Ship Channel 8 0.02 0.03 0.002~0.08
All Dredged Channels 872 0.55 0.92 0.002-10.0
CADMIUM
North San Francisco Bay 113 2.56 0.70-8.3
Pinole Shoal - - - -
Napa River - - - -
Sonoma Creek - - - -
Petaluma River 15 1.69 0.24 1.2-2.0
Point Davis - - - -
Mare Island St. 98 2.69 1.54 0.70-8.3
Carquinez St. & Suisun Bay - - - -
Central San Francisco Bay 266 1.04 0.3-3.4
West Richmond Channel 17 0.56 0.14 0.3-0.80
Southampton Shoal 26 0.86 0.21 0.50-1.3
Richmond Outer Harbor 57 1.24 0.50 0.50-2.1
Richmond Long Wharf 79 1.01 0.48 0.40-2.2
Richmond Inner Harbor 12 1.69 0.79 0.70-3.4
Sausalito 75 0.98 0.35 0.33-2.4
South San Francisco Bay 198 1.84 0.05-15.6
Oakland Outer Harbor 61 1.45 2.43 0.05-15.6
Oakland Inner Harbor 2 1.62 0.68 0.80-3,24
Alameda N.A.S. 52 1.82 1.05 0.48-4.6
Islais Creek 40 2.30 1. 30 0.11-3.8
San Leandro - - - -
San Bruno Shoal 10 0.65 0.51 0.28-2.0
Redwood City 23 2.71 1.56 0.35-4.8
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TABLE 3 (Cont'd)

Number Standard !
of Mean Deviation Range
Description Samples ppm ppm ppm
Main Ship Channel - - - -
All Dredged Channels 567 1.59 1.37 0.05-15.6
COPPER

North San Francisco Bay 45 85.0 53-117
Pinole Shoal - - - -
Napa ‘“‘'wer - - - -
Sonom. ek - - - -
Petalum dver - - - -
Point Davis - - - -
Mare Island St. 45 85.0 19,5 53-117
Carquinez St. & Suisun Bay - - - -

Central San Francisco Bay 226 34.4 4-104
West Richmond Channel a7 20.2 3.5 14-27
Southampton Shoal 26 25.3 6.4 13-43
Richmond Outer Harbor 50 48.6 20-104
Richmond Long Wharf 49 50.0 8.5 32-68
Richmond Inner Harbor 9 49.7 23.5 21-84
Sausalito 75 19.2 9.3 4-37

South San Francisco Bay 109 38.5 6-35

. Oakland Outer Harbor 35 35.7 25.2 7-85
Oakland Inner Harbor - - - -
Alameda N.A.S. 29 53.0 12.9 22-67
Islais Creek 12 19.3 10.3 6-38
San Leandro - - - -
San Bruno Shoal 10 22.9 - 12-60
Redwood City 23 41.5 16.5 19-76

Main Ship Channel - - - -

All Dredged Channels 380 41.6 25.5 4-117

OIL - GREASE

F North San Francisco Bay 223 700 60-3100
Pinole Shoal 54 400 200 100-1100

Napa River 22 700 400 100-1900

‘ Sonoma Creek 9 1000 1000 200-1800
Petaluma River 21 900 400 200-1800

Point Davis 7 300 200 60-530

Mare Island St. 79 800 600 100-3100

Carquinez St. & Suisun Bay | 500 400 100-1600

Central San Francisco Bay <71 520 10-6000
West Richmond Channel 30 100 100 30-200
Southampton Shoal 34 200 100 30-700
Richmond Outer Harbor 76 600 900 10-6000
Richmond Long Wharf 102 700 400 80-1800
Richmond Inner Harbor 29 500 700 50-2200
Sausalito = o - -

{ South San Francisco Bay 226 1100 20-8400
Oakland Outer Harbor 71 1400 1500 20-8400
Oakland Inner Harbor 16 650 420 90-1600
Alameda N.A.S. 78 1350 900 100- 3000
Islais Creek 35 500 300 100-1500
San Leandro 5 1200 600 500-1900
San Bruno Shoal 3 100 0 100-100
Redwood City 18 800 600 200-1600
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TABLE 3 (Cont'd)

Number Standard «
of Mean Deviation Range
Description Samples PPR_ __ppm _ppm_ .
i
Main Ship Channel 7 700 400 100-1000
All Dredged Channels 727 800 800 10-8400
VOLATILE SOLIDS x10* x10 x10* x10
North San Francisco Bay 161 6.09 1.1-16.6
Pinole Shoal 49 5.11 1.70 1.7-8.5
Napa River 22 6.06 2.20 2.8-11.6
Sonoma Creek 9 7.59 3.94 2.3-16.6
Petaluma River 6 6.62 2.58 1.7-8.2
Point Davis 7 3.69 1.49 1.6-5.5
i Mare Island St. 37 7.99 0.74 5.9-9.8
Carquinez St. & Suisun Bay 31 5.41 2.47 1.1-9.3
Central San Francisco Bay 118 5.82 1.1-9.2
West Richmond Channel 13 3.39 0.80 2.2-4.4
Southampton Shoal 9 5.39 1.56 3.7-8.5
Richmond Outer Harbor 30 5.68 1.48 3.3-9.2
Richmond Long Wharf 46 6.61 0.99 4.7-8.7
Richmond Inner Harbor 21 5.95 1.82 1.1-8.0
Sausalito - - - -
South San Francisco Bay 139 6.34 0.7-10.0
Oakland OQuter Harbor 28 6.20 2.19 1.3-10.5
Oakland Inner Harbor 21 4.38 2.38 0.7-7.9
Alameda N.A.S. 67 6.94 Z.)2 0.96-12
Islais Creek - - - -
San Leandro 5 8.64 0.72 8-9.6
San Bruno Shoal - - - -
Redwood City 18 5.95 2.12 0.78-8.1
Main Ship Channel 7 1.74 1.01 1.0-3.9
All Dredged Channels 425 6.03 2.22 0.7-16.6
CHEMICAL OXYGEN DEMAND xlO“ xlOl‘ xlOl‘
North San Francisco Bay 161 4.10 0.3-21.4
Pinole Shoal 49 3.02 1.28 0.5-5.0
l Napa River 22 4.03 3.40 1.1-17.0
1 Sonoma Creek 9 6.42 6.05 0.45-21.4
1 Petaluma River 6 4.07 1.19 0.72-6.3
Point Davis 7 2.03 1.45 0.39-3.6
Mare Island St. 37 5.21 0.64 3.5-7.0
Carquinez St. & Suisun Bay 31 4.35 3.19 0.3-13.3
Central San Francisco Bay 194 4.25 0.5-10.3
West Richmond Channel 13 2.14 1.32 0.5-5.4
Southampton Shoal 8 2.58 1.08 1.1-4.5
Richmond Outer Harbor 30 4.19 1.18 2.7-7.95
Richmond Long Wharf 47 3.93 0.80 2.4-5.39
Richmond Inner Harbor 21 4.37 2.08 1.0-10.0
Sausalito 75 4.98 1.85 0.94-10.3
| South San Francisco Bay 178 4.18 0.10-9.6
Oakland Outer Harbor 28 3.99 1.40 0.17-6.7
Oakland Inner Harbor 21 3.89 2.78 0.10-9.6
Alameda N.A.S. 62 5.16 1.86 0.80-8.7
Islais Creek 15 3.13 1.78 0.50-5.5
San Leandro 5 5.20 0.64 4.3-5.9
San Bruno Shoal 17 2. 37 1.42 0.23-4.8
Redwood City 30 3.89 2.05 0.35-9.3




TABLE 3 (Cont'd) |
|
|

Number Standard
of Mean Deviation Range
Description Samples ppm ppm ppm
Main Ship Channel - - - - 1
All Dredged Channels 541 4,12 2.9 0.10-21.4 j
TOTAL KJELDAHL NITROGEN
North San Francisco Bay 161 900 100-5200
Pinole Shoal 49 900 500 200-2300
Napa River 22 1500 800 400-3000
Sonoma Creek 9 2200 1700 100-5200
Petaluma Rier 6 1300 600 200-2000
Point Davis ? 800 400 400-1400
Mare Island St. 37 800 700 100-1900
Carquinez St. & Suisun Bay 31 900 700 100-2200
ﬂ Central San Francisco Bay 192 800 70-2900
West Richmond Channel 13 400 100 200-600
s Southampton Shoal 8 700 200 400-1100
1 Richmond Outer Harbor 30 1000 400 200-1800
Richmond Long Wharf 47 1400 600 70-2900
Richmond Inner Harbor 21 1200 500 400-1900
* South San Francisco Bay 166 1400 100-9600
Oakland Outer Harbor 28 1350 570 200-2600
Oakland Inner Harbor 4 780 510 300-1100
Alameda N.A.S. 67 1600 1300 100-9600
Islais Creek 15 1300 600 500-2400
San Leandro 5 2100 300 1800-2400
San Bruno Shoal ) 4 1300 900 300-3800
Redwood City 30 900 900 110-2900
Main Ship Channel 8 200 200
All Dredged Channels 527 1000 900 50-9600
‘
]
{
44




-
PR SRR,

The mean lead concentrations for the channels of North San 1
Francisco Bay, Central Bay, South Bay, and the San Francisco Bay Main '
Ship Channel are, respectively; 38.8 ppm, 23.6 ppm, 47.9 ppm, and 10.9 i
ppm. The highest mean lead concentraticns in dredged channels occur at 1
Mare Island Strait (58.8 ppm) in North San Francisco Bay, and Oakland
Inner Harbor (58.3 ppm) and Redwood City Harbor (65.2 ppm) in South San |
Francisco Bay. Other areas with high mean lead concentrations are: |
Petaluma River (41.2 ppm) in North Bay and Oakland Outer Harbor (49.3
ppm) and Alameda Naval Air Station (49.3 ppm) in South Bay. The great-
est ranges of lead concentrations in dredged channels are also found in
these areas. For instance, in Redwood City Harbor, lead concentrations
in bottom sediments range from five parts per million to 286 parts per
million. Central San Francisco Bay Channel sediments, on the whole,
have the lowest mean lead concentration in the Bay. Pinole Shoal (20.4
ppm) in North Bay, West Richmond Cchannel (16.7 ppm) and Southampton
Shoal (15.7 ppm) in Central Bay, and San Bruno Shoal (11.7 ppm) in South
Bay have the lowest mean lead concentrations.

The mean zinc concentrations for North Bay, Central Bay, South Bay
and the Main Ship Channel are, respectively: 126.1 ppm, 87.4 ppm, 120.8
ppm, and 41.4 ppm. The highest mean zinc concentrations occur in the
same dredged channels as does high mean lead concentrations; i.e., Mare
Island Strait (193.3 ppm) in North San Francisco Bay, and Oakland Inner
Harbor (141.3 ppm) and Redwood City Harbor (138.0 ppm) in South Bay.
Other areas with high mean zinc concentrations are: Oakland Outer
Harbor (136.1 ppm) and Alameda Naval Air Station (131.7 ppm). As with
mean lead concentrations, Central San Francisco Bay navigation channels
have the lowest mean zinc concentrations on the Bay. Based on ten
samples, San Bruno Shoal (41.6 ppm) has the lowest mean zinc concentra-
tion of channels in the Bay. Other areas with low mean zinc concentra-
tions are: Pinole Shoal Channel (76.2 ppm) in North Bay, West Richmond
Channel (55.3 ppm) and Southampton Shoal (54.5 ppm) in Central Bay, and
Islais Creek (62.9 ppm) in South Bay.

The mean mercury concentrations for 232 samples in navigation
channels of North San Francisco Bay, Central Bay, South Bay, and the San
Francisco Bar, Main Ship Channel are, respectively: 0.41 ppm, 0.47 ppm,
0.78 ppm, and 0.02 ppm. The highest mean mercury concentrations are
found in South Bay; namely, at Alameda Naval Air Station (1.10 ppm) and
Oakland Inner Harbor (1.05 ppm). Some channels such as Sausalito in
Central Bay and Islais Creek in South Bay have isolated cases of exceed-
ingly high values of mercury. The lowest mercury concentrations are
found in Carquinez Straits, Suisun Bay (0.21 ppm) and Pinole Shoal
Channel (0.29 ppm) in North San Francisco Bay; West Richmond Channel
(0.31 ppm) and Southampton Shoal (0.38 ppm) in Central Bay; and San
Leandro Marina (0.18 ppm) and San Bruno Shoal (0.27 ppm) in South Bay.

The mean cadmium concentrations in navigation channels of North San
Francisco Bay, Central Bay, and South Bay are, respectively: 2.56 ppm,
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1.04 ppm, and 1.84 ppm. No cadmium analysis has been performed on

bottom sediments from the San Francisco Bay, Main Ship Channel. The é
highest mean cadmium concentrations in dredged channels are found at

Mare Island Strait (2.69 ppm) in North Bay, Islais Creek (2.30 ppm) and

Redwood City Harbor (2.71 ppm) in South Bay. Other navigation channels ]
with high mean cadmium concentrations are: Petaluma River (1.69 ppm),
Richmond Inner Harbor (1.69 ppm), Oakland Inner Harbor (1.62 ppm) and
Alameda Naval Air Station (1.82 ppm). In a few cases individual sedi-
ment samples show extremely high cadmium values. Two such examples are;
one Mare Island Strait sample with a concentration of 8.3 ppm and one
sample from Oakland Outer Harbor with a concentration of 15.6 ppm. On
the whole, the lowest mean cadmium concentrations are found in Central
San Francisco Bay channels. West Richmond Channel (0.56 ppm), South-
ampton Shoal (0.86 ppm), Sausalito Channel (0.98 ppm), and San Bruno
Shoal (0.65 ppm) have the lowest mean cadmium concentrations of all
navigation channels in the Bay.

The mean copper concentrations in Mare Island Strait, Central San
Francisco Bay, and South Bay are, respectively: 85.02 ppm, 34.37 ppm,
and 38.52 ppm. Mare Island Strait, the only navigation channel in North
Bay having copper analysis, has the largest mean copper concentration.
Other channels with high mean copper concentrations are: Richmond Outer
Harbor (48.58 ppm), Richmond Long Wharf and Point Molate (50.02 ppm),
Richmond Inner Harbor (49.67 ppm), and Alameda Naval Air Station (52.97
ppm). The channels with the lowest mean copper concentrations are:

West Richmond Channel (20.18 ppm) and Sausalito Channel (19.21 ppm) in
Central Bay, and Islais Creek (19.33 ppm) and San Bruno Shoal (22.9 ppm)
in South Bay.

The mean Oil-Grease (0-G) concentrations in North Bay, Central Bay,
South Bay, and the San Francisco Bar, Main Ship Channel are, respec-
tively: 700 ppm, 520 ppm, 1100 ppm, and 700 ppm. The highest mean 0-G
concentrations occur in Oakland Outer Harbor (1400 ppm) and Alameda
Naval Air Station (1350 ppm) in South Bay. Large concentrations from
individual samples have been encountered in Richmond Outer Harbor (6000
ppm) and Oakland Outer Harbor (8400 ppm). The lowest mean oil and
grease concentrations occur at West Richmond Channel (100 ppm) and
Southampton Shoal (200 ppm) in Central San Francisco Bay.

P, DUEPUSE .

The mean volatile solids concentrations in navigation channels of
North San Francisco Bay, Central Bay, South Bay, and the San Francisco
Bar, Main Ship Channel are, respectively: 6. 09x10%4 ppm, S. 82x10% ppm,

6. 34x10 ppm, and 1. 74x104ppm The highest mean concentrations are found
at Mare Island Strait (7. 99x104ppm) and Sonoma Creek (7.59x10% ppm) in
North San Francisco Bay, and San Leandro Marina (8.64x10"ppm) in South
San Francisco Bay. The lowest mean concentrations of volatile solids

are found at Point Davis (3.69x10%ppm) and Southampton Shoal (3. 39x10%ppm) .
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The mean chemical oxygen demand (COD) concentrations in dredged
channels of North Bay, Central Bay, and South Bay are, respectively:
4.10x10%ppm, 4.25x104ppm, and 4.18x104ppm. These main values vary only
slightly within the entire Bay, The highest mean COD concentrations are
found at Sonoma Creek (6.42x104ppm) and Mare Island Strait (5.21x104ppm)
in South Bay. The lowest mean chemical oxygen demands are found at
Point Davis (2.03x104ppm) in North Bay, West Richmond Channlel (2.14x104
ppm) in South Bay.

The mean total Kjeldahl nitrogen (TKN) concentrations in dredged
channels of North Bay, Central Bay, South Bay, and the San Francisco
Bar, Main Ship Channel are, respectively: 900 ppm, 800 ppm, 1400 ppm,
and 200 ppm. The highest mean TKN concentrations in dredged channels
are found at Napa River (1500 ppm) and Sonoma Creek (2200 ppm) in North
San Francisco Bay, and Alameda Naval Air Station (1600 ppm) and San
Leandro Marina (2100 ppm) in South Bay. Central San Francisco Bay
navigation channels have the lowest mean TKN concentrations; namely,
West Richmond Channel (400 ppm) and Sausalito Channel (300 ppm).

In summary, the distribution of the above nine parameters vary
greatly within dredged channels of the San Francisco Bay system. The
mean concentrations of parameters listed in Table 3 indicate that the
channels of Central Bay, including the Richmond Harbor complex, have
lower mean concentrations for most parameters than do channels of North
San Francisco Bay and South San Francisco Bay. Open-water channels such
as Pinole Shoal Channel in North Bay; West Richmond Channel and South-
ampton Shoal Channel in Central Bay; and San Bruno Shoal Channel in
South Bay have lower mean concentrations than do the partially enclosed
channels of well developed harbors; i.e., Redwood City Harbor, Islais
Creek, Oakland Harbor, and Richmond Harbor. Mare Island Strait Channel
has higher mean concentrations for most of the nine parameters than do
other channels in the Bay.

Many of the mean concentrations listed in Table 3 exhibit large
standard deviations. These large values indicate a high degree of
spread of measured values around the mean concentration. Three factors
immediately become apparent as causes for the large standard deviations.
First, the samples used to arrive at the mean concentrations in Table 3
are a result of four years of data collections in dredged channels.
Examination of Inclosure 1 will show large annual concentration varia-
tions in individual channels. Second, a large majority of samples
analysed in Inclosure 1 represent only surface samples; these surface
samples with few exceptions have substantially larger councentrations for
all nine parameters. Generally, surface sediment concentrations exceed
those of deeper samples by 30 to 50 percent. In some cases the deeper
sediment concentrations may be exceeded by the surface sediments by as
much as 150 percent. Third, the spatial variation of parameter concen-
trations vary greatly within individual channels. These three factors
will be discussed in greater detail in later sections.
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OTHER REPORTS

A number of investigations have been performed that deal specifically
with levels of certainconstituents in San Francisco Bay sediments that
are important when considering the effects of contaminants on the environ-
ment of the Bay System.

A study of the distribution of contaminants contained in bottom
sediments at Alameda Naval Air Station was conducted by the Corps of
Engineers in June 1973. The purpose of the study was to evaluate the
chemical characteristics of bottom sediments within the Station's ship
channel, turning basin and berthing area in anticipation of future !
maintenance dredging activities. 1Included in the report is a summary of
the dredging history, previous pollution sampling and analysis, com-
parison of contaminant levels with other similar areas in the Bay,
supplementary sampling program results and a discussion of distribution
of contaminants in terms of physical processes and factors responsible
for the distribution. Briefly, the report concluded that restricted
circulation and high shoaling rates contribute greatly to the high
pollution levels in sediments at the Station. Pollutant distribution
relationships of surface sediments at the Station indicate that indus-
trial waste discharges in the basin are the prime contributors of
pollutant levels found there. Contaminant concentrations are included
in Table 3.

The U.S. Geological Survey in 1971 and 1972 performed reconnais-
sance surveys of surface sediment trace elements mercury, lead and
copper in the Bay (Refs. 31 and 32). They found the highest surface
sediment concentrations of these elements in natural and artificial
tributaries and along the Bay margins. Intermediate concentrations
occur in fine sediment (silt-clay) on the shoal areas and the lowest
concentrations occur in the channels where sand is abundant and currents
are strongest. Although particle size analysis was not conducted, it
was inferred that high concentrations of these trace metals are associ-
ated with fine sediments, based on increases in trace metal concentra-
tions with higher organic content in surface sediments. For comparative
purposes the abundance of mercury, lead and copper in surface sediments
and one deep and two shallow cores was examined. Results indicate a
near-surface enrichment of these three metals that is apparently un-
related to the effect of grain size. U.S.G.S. stated that a clear
distinction between natural background levels (see section on Pollutant
Sources) and man's contribution cannot be made based on their data since
there is a wide natural range in metal concentrations in sediment and
soil, and because the concentrations in most Bay sediment analyzed fall
well within that range. Table 4 is a summary of the mean, range' and
standard deviation of U.S.G.S. data.
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TABLE 4

MEAN CONCENTRATION OF U.S.G.S. MERCURY, LEAD AND
COPPER SAMPLES (Reference 31 & 32)

Description

MERCURY
Suisun Bay
San Pablo Bay
Central Bay
South Bay

Entire Bay

LEAD
Suisun Bay
San Pablo Bay
Central Bay
South Bay

Entire Bay

COPPER
Suisun Bay
San Pablo Bay
Central Bay
South Bay

Entire Bay

Number
of
Samples*

38
41
41
82

202

39
40
41
83

203
40
40
41
85

206

Mean
ppm

0.
0.
0.
0.

(0

33
36.
29,
57

39

21«
42,
25
44,

3

35
27
18
44

34

2
0
6
2

.0

6
0
5
6

0

*Calculations of the mean concentrations are
Two high lead values were excluded from the
South Bay (3,000 ppm) and one sample in San
One high copper value was excluded from San
Where no value was detected or only a trace
in determining the mean concentration.

Standard
Deviation

ppm

0.43
0.26
0.13
0.75

053

15.9
22.3
25.1
63.9

47.1
34.3
27.1
19.9
39.2

33.0

10-70
10-100
10-70
10-500

10-500
5-150
5-100
5-70
5-150

5-150

based on the area divisions.
calculations; one sample in
Pablo Bay (10,000 ppm).
Pablo Bay (10,000 ppm).
was detected 0 ppm was used
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As with the Corps of Engineers pollution samples in dredged
channels, U.S.G.S. data in Table 4 reflect large standard deviations,
indicating a high degree of spread of measured values around the mean
concentrations. Since the data in Table 4 represents only surface
samples, and is assumed to have been obtained within a time frame as not
to reflect annual variations in parameter concentrations, it can be
inferred that the wide range of concentrations within different areas of
the Bay is the result of the sources of the trace metals and the distri-
bution forces in the Bay.

W. L. Bradford (1972) conducted a four month study of '"The Distri-
bution and Movement of Zinc and Other Heavy Metals in South San Francisco
Bay" (Ref. 33). Bradford attempted to determine the net transport of a
trace metal, zinc, into the system, out of the system and, thence,
between the solid and solution phases by evaluating the following para-
meters: (1) the net direction and rate of zinc exchange between sedi-
ments and overlying water; (2) the distributions of zinc in the aqueous
phase and zinc, iron, manganese, and copper in suspended solids, and
variations in the distributions in time and space; (3) the extent of
organic chelation in the aqueous phase; (4) the rate of discharge of
zinc from the sediment~water interface as determined by detecting a
gradient in the zinc concentration in the water column with respect to
the interface; and (5) the concentrations of iron, manganese, zinc,
copper, cobalt, nickel, and lead in the sediments and interstitial
water.

Results of the analysis of four trace metals (Fe, Mn, Zn, Cu) in
suspended solids indicated that there was no significant difference in
concentration with water depth or station, suggesting that the distri-
bution of suspended solids and trace metals in those solids is spatially
homogenous. Table 5 is the results of the trace metal analysis of
suspended solids.

Bottom sediments were analyzed for iron, manganese, zinc, copper,
cobalt, nickel and lead. Core samples were analyzed at increments of 3
centimeter to a depth of 12 centimeter. Each sample was separated into
two size fractions; less than 20 microns and between 20 microns and
2,000 microns. The results of analysis are shown in Table 6.

The means of all metal concentrations except nickel were found to
be significantly different between the two size fractions in Table 6.
Metal concentrations are higher in the less than 20 micron fraction over
the 20 micron to 2,000 micron fraction by a factor of two in iron,
manganese and cobalt; a factor of three in copper; and a factor of five
in lead. Some of the apparent trends that Bradford found are: Manga-
nese is slightly more concentrated in surficial layers in both size
fractions; zinc is slightly more concentrated in both size fractions and
higher levels are found at the south end of the Bay; and in most samples,
the nickel concentrations are greater in the less than 20 micron fraction.
Samples just south of the Dumbarton Bridge are higher in the larger size
fraction.
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TABLE 5

MEAN CONCENTRATION OF Fe, Mn, Zn, Cu FROM ELEVEN SUSPENDED
SOLIDS SAMPLES IN SOUTH SAN FRANCISCO BAY (Reference 33)

Standard
Description Mean Deviation Range
25 September 1972
Fe (ppt) 16.3 5.0 8.4-26.9
. Mn (ppm) 642 147 252-893
Zn (ppm) 80 39 16-156
Cu (ppm) 29 14 9-60
3 2 November 1972
Fe (ppt) 29.8 3.8 21.7-35.7
Mn (ppm) 910 238 551-228
v Zn (ppm) 101 68 19-228
] Cu (ppm) 40 19 11-75
11 December 1972
Fe (ppt) 31.8 5 24.7-40.8
Mn (ppm) 797 263 399-1310
Zn (ppm) 111 62 28-229
Cu (ppm) 45 26 12-87
3 January 1973
Fe (ppt) 38.2 2.6 34.5-43.5
Mn (ppm) 1147 262 748-1430
Zn (ppm) 133 27 84-167
Cu (ppm) 16 9 6-32
i Composite
Fe (ppt) 29 9 8.4-43.5
' 1 Mn (ppm) 874.6 298.8 252-1430
Zn (ppm) 106.2 53.8 16-229
Cu (ppm) 32.4 207 6-87
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TABLE 6

MEAN CONCENTRATIONS OF SEVEN TRACE METALS IN BOTTOM SEDIMENTS

OF SOUTH SAN FRANCISCO BAY (Reference 33)

20-2000 Micron

<20 Micron

Standard Standard
Description Mean Deviation Range Mean Deviation Range
Fe (ppt)
0~3cm 10 23.62 8.01 13.8-38.5 46.31 5:9 42.3-58.7
3-6 10 24.50 £3.72 12.4-57.5 46.16 12,12 20.7-71.3
6-9 10 23.40 12.56 10.5-52.3 49.85 3.99 43.2-54.2
9-12 9 22.11 5.47 13.2-32.6 47.40 3.85 41.4-53.4
0~-12 39 23.42 10.20 10.5-57.5 47.43 =24  20.7-7%:3
Mr. (ppm)
0-3cm 10 282.2 143.4 173-493 527.1 146.6 326-807
3-6 10 230.1 140.9 79-569 515.8 380.4 154-1508
6-9 10 206.8 95+ 3 75-350 444.6 146.3 279-776
9-12 9 210.2 66.6 143-330 428.8 76.5 308-561
0-12 39 232.9 116.7 75-569 480.4 218.1 154-1508
Zn (ppm)
0-3cm 10 53.19 24.35 29.5-109.8 84.33 15.88  59.2-110.5
3-6 10 45.93 21.62 26.1-99 100.04 49.26 30.4-192.8
6-9 10 46.22 24.67 20.9-80.9 96.31 29.28 58.6-164.5
9-12 L 50.11 21.70 18.3-80.6 92.16 32.88 45.8-166.5
0-12 39 48.80 22.40 18.3-109.8 93.20 33.20  30.4-192.8
Cu (ppm)
0-3cm 10 L& ?73 10.57 5+.2=36.9 33.60 9.69 21.5-42.7
3-6 10 14.50 7.69 1.3-29.1 35.25 16.02 13.6-60.3
6-9 10 15.06 8.97 4.1-30.9 33.64 10.03 18-52.5
9-12 9 11.94 7.13 2.6-20.7 64 .80 97.59  21.5-324.4
0-12 39 14.90 8.60 2.6-36.9 41.20 47.80  13.6-324.4
Co (ppm)
0-3cm 10 2.70 1.21 1.0-4.7 9.19 4,35 4.8-22.5
3-6 10 2.90 1.05 1.3-4.8 8.76 4.06 2.7-14.6
6-9 10 3.14 2.61 0.6-8.9 9.37 3.24 5.5-16.1
9-12 9 3.50 .13 1.4-8.2 7.94 1.74 4.1-10.2
0-12 39 3.10 1.80 0.6-8.9 8,80 3.60 2.7-22.5
Ni (ppm)
0-3cm 10 26.84 14.63 12-58.3 27.65 13.51 11.7-51.1
3-6 10 24.92 13.29 10.7-48.3 33.59 26.27 7.0-93.6
6=9 10 24.36 11.16 7.7-42.5 2971 16.42 10.6-69
6-12 9 25:17 11.08 8.1~38.5 33.80 14.44  16.3-52
0-12 39 25.30 12.20 7.7-58.3 31.40 18.40 7.0-93.6
Pb (ppm)
0-3cm 10 3.30 3.56 0~12.3 22.38 11.82  10.2-47.3
3-6 10 2.57 2.49 0.4~5.2 17.47 8.30 3.5-35.5
6-9 10 3.61 4.07 0-12.1 19.48 12.29 1.3-45.5
9-12 9 3.18 4.43 0~12.7 15.30 7.64 4.5-33.5
0-12 39 3.20 3.60 0-12.7 19.40 10.80 1.3-47.3
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No systematic differences in zinc concentration were observed with
depth in the water column, and no concentration gradient was observed
close to the sediment-water interface. Bradford suggests that during
this season zinc is not released from the sediments or that vertical
stirring action disperses the zinc gradient so rapidly that it cannot be
observed.

The mean concentrations of zinc in the aqueous phase, and iron and
zinc in the suspended solids increased with time between September and
January, suggesting functional relationships between concentrations and
the season or another parameter related to the season such as temper-
ature or solar radiation.

Moyer, et al. conducted an investigation in 1974 of cadmium levels
in the shoreline sediments of San Francisco Bay (Ref. 34). Ten centi~
meter core samples were obtained from 68 locations in the Bay, then
separated into top and bottom fractions and analyzed for cadmium by
atomic absorption spectrophotometry. The purpose of the study was two-
fold: (1) to establish background levels to set a base for future
environmental monitoring, and (2) to identify the gross soil and en-
vironmental characteristics of hot spots. The mean values of cadmium
with one standard deviation in the top and bottom fractions were
1.2240.99 ug/g (ppm) and 0.93+0.74 1 g/g, respectively. The mean value
for all 10-cm cores of San Francisco Bay peripheral muds was 1.07+0.89
1 g/g. The authors chose to investigate bioexchangeable cadmium as
being more meaningful as a contaminant of the environment rather than
total cadmium. Bioexchangeable cadmium is that which is in a chemical
state that allows it to become incorporated and accumulated in the
biological systems of organisms.

Moyer, et al. concluded from their literature search that non-
polluted surface soil cadmium content of the world is approximately 2.0
ppm in industrial areas or areas open to the public. River beds and
estuary sediments, however, are not disturbed soils. They have a
constant influx of solutes from both industrial effluents and dissolved
soil components. The deposition of these solutes from chemical precip-
itation or absorption will be greater in general than that for dry land
soils. Cadmium levels in the hills around the San Francisco Bay area
ranged from 0.21 ppm to 0.88 ppm. Other areas in the United States
somewhat similar to San Francisco Bay whose sediments have been analyzed
for cadmium levels are 287 samples in Corpus Christi Bay and Harbor,
0.1-1.9 ppm and 2-130 ppm, respectively; and samples from ten lakes in
Wisconsin, 0.2-5.5 ppm.

Moyer's investigation divided San Francisco Bay into four sectors
as shown in Figure 14. Sector I, which includes the sparsely indus-
trialized west shore of Central and North San Francisco Bay had a mean
top fraction cadmium content of 1.15+0.87 ppm and a mean bottom fraction
of 0.70+0.34 ppm. Sector II located along the east shore of Central and
North Bay had a mean top fraction concentration of 1.25+0.8 ppm and a
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mean bottom fraction concentration of 1.54+1.14 ppm. In this sector the
incidence of high cadmium was most common in Mare Island and Emeryville
mudflat sites. Sector III which includes the west shoreline of South
Bay had a mean top fraction value of 1.10+0.78 ppm and a mean bottom
fraction value of 0.65+0.24 ppm. Compared to the other sectors, this
one had the lowest incidence of cadmium. High top fraction values were
found at Hunter's Point (2.62 ppm) and South San Francisco (3.10 ppm).
The lowest Bay sediment value was also found in this sector at Redwood
City (C.06 ppm). Sector IV located on the east shore of South Bay had a
mean top fraction concentration of 1.43+1.41 ppm and a mean bottom
fraction concentration of 0.85+0.53 ppm. San Leandro Bay had the most
consistently high top fraction values of any point to point area in the
Bay.

To fit the data into the format of this study Moyer et al. sampling
areas have been rearranged into North San Francisco Bay, Central San
Francisco Bay, and South San Francisco Bay. The location of shoreline
samples and areas are shown on Figure 14. Table 7 is the data by area
of the Bay and the mean, standard deviation and range of cadmium content
in shoreline sediments.

Cadmium is not mined outright, but is rather extracted from zinc-
lead ore deposits. About one-half the total annual consumption of
cadmium is for electroplating in a wide variety of industries. The
other half of the industrial use of cadmium is in pigments, plastics,
batteries, tires, alloys, cosmetics, and other products. The San
Francisco Bay Area has no local sources of cadmium. However, a lead-
slag fuming plant at Selby near Carquinez Strait has operated for over
60 years. This plant recently ceased operations. Other possible con-
tributors of cadmium to the Bay might be found in numerous shipbuilding
and repair facilities, both civil and military such as Mare Island Naval
Shipyard, commercial shipyards at Oakland and San Francisco, and munic-
ipal wastewater and sewage. The reserve (mothball) fleet anchored east
of Benicia in Suisun Bay could introduce cadmium to the Bay waters
through simple dissolution of protective paints over the years. The
automobile has several wearing components that contain cadmium; these
include tires, brake linings, bearings, paints, motor fuels, and lubri-
cants. The extensive highway network and bridges in the Bay area result
in automobiles being another major source of shoreline cadmium.

Moyer, et al. concluded that the shoreline sediments of San Fran-
cisco Bay have cadmium concentrations which are similar to levels found
in nonpolluted or marginally polluted areas of the world. The highest
cadmium levels found in the Bay are 100-1000 times less than known
contaminated areas of the world. Sandy soils of the Bay overall exhibit
low cadmium levels. Samples taken near developments and industries
tended to have elevated cadmium.
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TABLE 7

MEAN CONCENTRATION OF CADMIUM IN SHORELINE SEDIMENTS

Description

North

pan S5
San Rafael
San Rafael (No)
Black Point
Black Point
Highway 37
Highway 37
Highway 37
Highway 37
Mare Island
Mare Island
Mare lsland
Mare Island
Vallejo
Pinole (No)
Pinole

Pinole

Pt. San Pablo (No)

Pt. San Pablo

Pt. San Pablo (So)

Palo Alto
Mountain View
Mountain View
San Jose
San Jose
San Jose
San Jose
Milpitas
Milpitas

Milpitas

oF

SAN FRANCISCO BAY (Reference 34)

South San Francisco Bay

Cd (ppm)

Description
Central San Francis

North San Francisco Bay

Top
Bottom

Central San Francisco Bay

Top
Bottom

South San Francisco Bay

Top
Bottom

Entire Bay
Top
Bottom

0.15 Richardson Bay
- 20 Bottom
Top 0.24 Richardson Bay Top
Bottom 0.14 Bottom
Top 0.78 Tiburon Top
Bottom 0.88 Bottom
Top 0.83 Tibaron Top
Bottom 0.97 Bottom
Top 0.77 Tiburon Top
Bottom 0.67 Bot tom
Top 0.68 Larkspur Top
Bottom 0.65 Bottom
Top ad.66 Larkspur Top
Bottom 0.61 Bottom
Top 0.62 Corte Madera Top
Bottom 0.61 Bottom
Top 0.74 Corte Madera Top
Bottom 2.93 Bottom
Top 2.74 Corte Madera Top
Bottom 2.86 Bottom
Top 3. 44 Corte Madera Top
Bottom 2.74 Bottom
Top i 1530 Pt. San Quentin Top
Bottom 3.91 Bottom
Top 1.08 San Rafael (So) Top
Bottom 0,92 Bottom
Top 0.48 Richmond Top
Bottom 0.68 Bottom
Top a.96 Albany Top
Bottom 0.64 Bot tom
Top 1.04 Emeryville Top
Bottom 0.76 Bottom
Top 2.86 Emeryville Top
Bottom 0.68 Bottom
Top 1.03
Bottom 0.58
Top 1.04
Bottom 0.61
Top 0.65 Newark Top
Bottom 0.75 Bottom
Top 0.53 Newark Top
Bottom 0.48 Bottom
Top 0,78 Unton City-Fremont Top
Bottom 0. 36 Bottom
Top 1.23 San Lorenzo Top
Bottom 0.72 Bottom
Top 0.76 San Leandro Marina Top
Bottom 0.76 Bottom
Top 0.94 San Leandro Bay Top
Bottom 1.00 Bottom
Top 0.78 San Leandro Bay Top
Bottom 0.86 Bottom
Top 0.28 San Leandro Bay Top
Bottom 0.83 Bot tom
Top 0.94 San Leandro Bay Top
Bottom 0.72 Bottom
Top 0.94 Alameda Top
Bottom 0.86 Bottom
Alameda Top
Bottom
Mean Standard Range
Lppm) Deviation Lppm)
1.12 0.89 0.15-3.44
1.16 1.08 0.14-3.91
1.28 0.88 0.18-177
1.02 0.78 0.18-3.22
1.26 1.13 0.14-4.96
0.74 0.41 0.14-1.93
1.22 0.99 0.14=4.96
0.93 0.7 0.14-3.91

Ccd (ppm)

1.03
0.59
0.93
0.74
1.03
0.89
1.67
1.56
F I [ 4
0.78
1.43
0.81
1.04
1.05
1.00
0.99
308
0.41
2.94
0.39
0.89
0.69
0.63
0.61
0.18
0.18
0.70
0.88
0.4
0.99
1.02
3.22
1.9
2.55

0.86
0.52
0.90
0.68
1.49
1.27
0.75
0.72
0.14
0.14
2.21
1.27
3.25
1.03
4.69
1.93
3.64
1.68
0.19
0.15
0.19
0.16
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WORK CONDUCTED

SEISMIC SUBBOTTOM REFLECTION PROFILING

The objective of the seismic reflection profiling element as
discussed in the Work Items section is to delineate and map various sub-
bottom reflection horizons which can be used as a guide for determining
the horizontal and vertical distribution of pollutants. One hundred
fifty-six miles of continuous seismic subbottom reflection profile
records were obtained in the three study areas. The work commenced on
11 October 1972 and was completed on 31 October. Inclosure 2 is the
profiling track of the survey vessel and the interpretation of the
seismic records. The original seismic reflection records and microfilm
duplications are on file in the San Francisco District office. Inclo-
sure 3 is the final report for the seismic reflection profiling by
Alpine Geophysical, Inc.

The seismic profiles presented in Inclosure 2 represent major con-
tinuous horizons. Many areas were encountered in the Bay System where
the outgoing signal was completely attenuated in the near surface sedi-
ments. These areas are believed to be of principal significance and
therefore a "horizon" representing the limit of penetration has been
profiled on the Seismic Reflection Interpretation plates. The limit of
penetration is based on a subjective analysis of the data. In general,
the limit of penetration is associated with either gaseous layers within
the near-surface sediments often indicative of a high organic content or
very highly uncompacted silt and clay with a high water content causing
excessive scatter of the outgoing signal. Figure 15, an example of the
field record shows the limit of penetration and demonstrates that the
limit of penetration is caused by the near surface sediments. It should
be noted in this example that the subsurface horizons become recogniz-
able after the near surface material has been removed, in this case
after dredging in a maintained channel. Another form of 'no data" area
is characterized by lack of any coherent return. Such areas are noted
as no data areas on the interpretation of profiles.

The profiles in Inclosure 2 are plotted to a horizontal scale of
1'"=600" with a vertical scale of 1'"=10"' giving a vertical exaggeration
of 60:1. Because of this scale distortion many irregular surfaces where
the horizontal extent of the irregularity is less than fifty feet on the
original profiles have not been plotted on the interpretation of the
profiles.

San Pablo Bay-Carquinez Strait

Fifty miles of seismic reflection profiles shown on Figure 16 were
obtained in the San Pablo Bay-Carquinez Strait area. The actual profil-
ing lines are presented in Inclosure 2. This area can be characterized
as having shallow subsurface reflections with very few deep reflections.
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Generally, these shallow subsurface reflections are at a depth of three
feet or less below the Bay bottom. These reflection surfaces are most
prevalent in the northern shallows of San Pablo Bay, the extreme southern
shallows of San Pablo Bay, the margins of Carquinez Strait, and Mare
Island Strait. In some areas such as the southern shallows of San Pablo
Bay and some areas in Carquinez Strait, deeper horizons are visible down
to 30 feet below the Bay bottom. Mare Island Strait is the only large
"no data" area encountered. Inclosure 2-2 through 2-27 are the inter-
pretation of the profiles.

San Pablo Strait-Berkeley Flats

Sixty-six miles of seismic reflection profiles shown on Figure 17
were obtained in the San Pablo Strait-Berkeley Flats area. Inclosures
2-28 through 2-65 are the interpretation of the profiles. The seismic
reflection data in this area varied from good to poor. Significant
areas of limited penetration are present along the margins of deep water
channels of eastern and western Central Bay. In the southern and eastern .
portion of Central Bay a very distinct horizon is present which has the |
characteristics that would be associated with an erosional surface.

This surface has moderate to high relief features that in several places
are tied together with flat lying horizons of relatively low relief.
Since this erosion surface is located adjacent to the present shoreline,
it is likely that this surface is a relic backshore mudflat, criss-
crossed with meandering streams carrying the run-off from the adjacent
land areas. The high relief features would then be stream channels.
There is also some indication of cross~bedding in the area.

Oakland Inner-Outer Harbor

5 Forty miles of seismic reflection profiles shown in Figure 18 were
obtained in the Oakland Inner-Outer Harbor area. Inclosures 2-66
through 2-78 are the interpretation of the profiles of this area. The
best data were obtained in the area of Yerba Buena and Treasure Islands
where penetration exceeds 100 feet. The poorest record area is in the
Oakland Inner Harbor Channel. There are several areas of no data in the
Inner Harbor, usually of the limit of penetration type. Where the data
is fair the subbottom consists of several moderately thick flat lying
layers overlaying a layer with moderate relief. Oakland Outer Harbor
data is fairly good outside the maintained channels with reflection
surfaces visible as deep as fifty feet below the Bay bottom. Generally,
the maintained channel area is a no data area.

-~
Pt P S —

CORE SAMPLING AND ANALYSIS
Forty-eight core holes were drilled in the three study areas

, between August and October 1973. The length of these cores varied from
l three to twenty-five feet below Bay bottom. The location of the holes,
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shown in Figures 16, 17, and 18 were based on changes in the physical
characteristics of bottom and subbottom sediments as shown on the
seismic profile records. After delivery to the laboratory, selection of
subsamples from the cores were made as discussed in the Work Items
section. Pollution and mechanical analysis were performed on all sub- |
samples. A total of 229 subsamples were analyzed for dispersed grain

size distribution, lead, zinc, mercury, cadmium, copper, chemical oxygen

demand, volatile solids, total Kjeldahl nitrogen, and oil and grease.

The pollution analysis, particle size gradation curves and vertical

distribution graphs are shown in Inclosure 4.

The forty-eight core holes drilled in conjunction with the Pol-
lutant Distribution Study are representative of most sedimentary con-
ditions found in North, Central and on the north part of South San
Francisco Bay. The conditions include areas with high and low shoaling
rates, extremely shallow and moderately deep areas, natural and main-

¢ tained channels, areas with good and poor water circulation, and areas
that have low and high developed areas.

Figure 19 shows the mean contaminant levels of the Pollutant
Distribution Study (PDS) samples compared with the mean concentration
levels from other sources of data (see Pravious Pollution Sampling
section).

Generally, the mean concentrations of the selected contaminants,
except for lead, cadmium and oil-grease vary only slightly (less than 10
percent) between San Pablo Bay, Berkeley, and Oakland areas. Mean lead
and oil-grease concentrations in the Oakland area are significantly
higher (50 percent and 43 percent, respectively) than the other two
areas. The mean cadmium level in the San Pablo Bay area is lower than
the other two areas. The mean concentrations of zinc, mercury, total
Kjeldahl nitrogen, and volatile solids show a slight decrease going from
North San Francisco Bay to South San Francisco Bay. The mean copper and
chemical oxygen demand levels are greatest in the Berkeley area. Each
of the nine contaminants in the three areas have a wide range of values.
Except for copper, the Berkeley area has the most uniform distribution
of contaminants with the smallest range of values. The Oakland area has
the widest range of zinc (17-386 ppm), mercury (0.1-3.9 ppm), cadmium
(0.3-6.6 ppm), copper (6-136 ppm), and oil-grease (100-5800 ppm). The
San Pablo Bay area has the widest range of lead (9-421 ppm), chemical
oxygen demand (0.4-15.7 ppm), total Kjeldahl nitrogen (300-3400 ppm),
and volatile solids (1.9-16.5 ppm).

-
At srei—

Mercury (Figure 19a)

The mean PDS mercury concentration found in Bay sediments is 0.71
ppm as compared to a value of 0.55 ppm for dredged channels and 0.34 ppm
for U.S.G.S. (Table 4) samples in the entire Bay. The mean U.S.G.S.
mercury levels in North, Central and South Bays are less than either the
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PDS or dredged channels' means for the corresponding areas. The mean
mercury concentrations in dredged channels of North and Central Bays are
between 0.34 and 0.23 ppm less than the PDS mean concentrations in San
Pablo Bay and Berkeley areas, respectively. The mean mercury level in
dredged channels of South Bay (0.78 ppm) is greater than the PDS mean
for the Oakland area.

Zinc (Figure 19b)

The mean PDS zinc concentration found in Bay sediments is 110.1 ppm
as compared to a value of 108.1 ppm for dredged channels. The mean zinc
level in dredged channels of North Bay is 126.1 ppm. In Central and
South Bays the mean levels in dredged channels are 87.4 ppm and 120.0
ppm respectively. The PDS mean zinc concentrations for San Pablo Bay,
Berkeley and Oakland areas are respectively 111.4 ppm, 110.1 ppm and
107.8 ppm. The PDS mean zinc levels for the Berkeley area is greater
than the mean zinc concentration in dredged channels of Central Bay.

Lead (Figure 19c)

The mean PDS lead concentration found in Bay sediments is slightly
smaller than the mean level in dredged channels (35.5 ppm), and the
U.S.G.S. mean level for the entire Bay (39.04 ppm). The mean lead
levels in dredged channels of North Bay, Central Bay and South Bay are
from one to five parts per million greater than the mean PDS levels in
corresponding areas. The mean U.S.G.S. lead concentration is slightly
smaller than the mean PDS level in San Pablo Bay area, and 9 to 14 ppm
greater than the PDS levels in Berkeley and Oakland areas, respectively.
The mean lead concentration of Bradford's samples in the less than 20
micron fraction of South Bay (19.4 ppm) is substantially smaller than
the other three sources of data.

Copper (Figure 19d)

The mean PDS copper concentration found in Bay sediments is 36.2
ppm. This is somewhat lower than both the U.S.G.S. mean copper level in
the Bay (37.0 ppm) and the mean in dredged channels of the Bay (41.6
ppm). The mean U.S.G.S. and mean dredged channel copper concentrations
for North Bay and South Bay are greater than the PDS mean levels in San
Pablo Bay and Oakland areas. The mean copper level in dredged channels
of North Bay (85.0 ppm) reflect only samples taken in Mare Island Strait
which has exceptionally high copper levels. The mean U.S.G.S. and
dredged channels' copper concentrations in Central Bay are, respectively,
5 ppm and 15 ppm greater than the PDS mean concentration for the Berkeley
area. Bradford's mean copper level in the less than 20 micron sediment
fraction of South Bay (41.20 ppm) is slightly greater than the PDS and
mean dredged channels copper level for the South Bay and slightly
smaller than the mean U.S.G.S. copper level in South Bay.
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0il and Grease (Figure 19e)

The mean PDS o0il and grease concentration found in Bay sediments is
500 ppm as compared to a mean of 800 ppm in dredged channels of the Bay.
The oil and grease levels in dredged channels of North Bay, Central Bay
and South Bay are greater than the corresponding PDS areas.

Cadmium (Figure 19f)

The mean PDS cadmium concentration found in Bay sediments is 0.86
ppm as compared to a mean of 1.59 ppm in dredged channels of the Bay.
The mean cadmium concentrations in channels of North Bay (0.54 ppm),
Central Bay (1.04 ppm) and South Bay (1.84 ppm) substantially exceed the
PDS means for San Pablo Bay, Berkeley and Oakland areas. Moyer, et al.
investigation of cadmium in shoreline sediments of San Francisco Bay
(Table 7) found a mean cadmium concentration of all shoreline samples of
1.07 ppm. The mean shoreline cadmium concentrations in North Bay (1.14
ppm) and South Bay (1.0 ppm) are greater than the PDS means for San
Pablo Bay and Oakland areas, but are less than the mean concentrations
in dredged channels of North Bay and South Bay. The mean shoreline
cadmium concentrations of Central Bay (1.15 ppm) exceeds the mean in
dredged channels of Central Bay and the PDS mean for the Berkeley area.

Chemical Oxygen Demand (Figure 19g)

The mean PDS chemical oxygen demand found in Bay sediments is
3.30x10" ppm. This is approximately 1x10% ppm less than that found in
all dredged channels of the Bay. The mean chemical oxygen demand in
dredged channels of North Bay (4.10x10™ ppm), Central Bay (4.25%10%4
ppm) and South Bay (4.18x10% ppm) are greater than the corresponding PDS
areas by approximately 1x104 Ppm.

Total Kjeldahl Nitrogen (Figure 19h)

The mean PDS total Kjeldahl nitrogen (TKN) concentration found in
Bay sediments is 1000 ppm, the same as that found in all dredged chan-
nels of the Bay. The mean TKN concentration in dredged channels of
North Bay and Central Bay are 200 ppm less than the mean PDS values for
San Pablo Bay and Berkeley areas. The mean TKN level in dredged chan-
nels of South Bay is 400 ppm greater than the PDS mean value for the
Oakland area.

Volatile Solids (Figure 191i)

The mean PDS volatile solids concentration in sediments of the Bay
is 5.65x10% ppm. The mean volatile solids level in dredged channels of
the Bay is 6.03x104, The mean level in dredged channels of North Bay
(6.09x104 ppm), Central Bay (5.82x104 ppm) and South Bay (6.34x10%4
ppm) are slightly greater than the means in corresponding PDS areas.
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SAN PABLO BAY - CARQUINEZ STRAIT

DESCRIPTION

Carquinez Strait is the western terminus for water discharge from
the Great Basin. The confluence of the San Joaquin and Sacramento
Rivers is located just east of Suisun Bay where the river flow then
moves into the narrow and deep Carquinez Strait. The Strait is seven
and one-half miles long and varies from one-half to one mile in width.
Because of the constricted width and high flows, the strait reaches
depths of greater than 100 feet. The Napa River discharges into the
western end of Carquinez Strait through Mare Island Strait. Carquinez
Strait empties into the broad and shallow San Pablo Bay, an area where
freshwater inflow from the Great Basin first becomes inter-mixed with
the saline estuarine waters.

San Pablo Bay contains twenty-five percent of the total area of the
Bay system. It is roughly circular and skallow, and half the bay is
less than six feet deep. Much of the shoreline consists of marshes and
tidal flats which are exposed at low tide. A natural channel shown in
Figure 16 crosses the southern part of the bay from San Pablo Strait to
Carquinez Strait. This channel is greater than 20 feet in depth., A
dredged channel, maintained to a depth of 35 feet below MLLW cuts
through Pinole Shoal in the eastern half of the natural channel.
Another natural channel, somewhat subdued, moves north from San Pablo
Strait towards the Petaluma River.

Tide and Tidal Currents

Tides in the deeper channels of northern San Francisco Bay system
behave as a progressive wave with about 20 percent attenuation between
the Golden Gate and Suisun Bay, due to channel friction. A time lag of
tidal phase and currents occur as the tide progresses up San Francisco
Bay. As a result slack current in San Pablo Bay may lag bzhind by one
to three hours, depending in part on Delta flows. The magnitude of
tidal currents in San Pablo Bay depends on the location in respect to
the channels. In the channels the currents range from 4.2 knots at
flood to 5.8 knots at ebb. The tidal currents in shallow areas of San
Pablo Bay reach maximum velocities of about 2.5 knots. All phases of
the current in Mare Island Strait occur earlier than in Carquinez
Strait. On the average, flood occurs in Mare Island Strait about two
hours before flood in Carquinez Strait. During this period the ebb in
Carquinez Strait enters Mare Island Strait as flood. The ebb occurs in
Mare Island Strait about 1.5 hours before ebb in Carquinez Strait.
Current velocities in Mare Island Strait are small. Maximum ebb cur-
rents at the surface reach velocities of 1.3 knots and at the bottom
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the ebb current velocities are only about 0.6 knots. Maximum flood
currents reach velocities of one knot at the surface and 1.5 knots at
the bottom.

Water Circulation and Mixing Characteristics

The approximate flow circulation patterns in San Pablo Bay are
shown in Figure 20 for moderate freshwater inflow and typical tides.
The importance of geography in dictating the circulation pattern is
evident. The shallowness of the northern portion of the bay and the
presence of the deeper channel through the southern sector funnels much
of the flood and ebb tidal flow through that portion of the bay. Large
eddy currents are developed in the shallows of the northern portion of
the bay during both ebb and flood flow. Near the end of tide (Figure
20h) flood currents first enter the bay from San Pablo Strait and as the
flood gathers momentum, it turns the ebb into the adjacent shallow
areas, particularly in the northeast, and back into Carquinez Strait.
As the flood tide progresses, the northeastern shallow area contributes
flow into Carquinez Strait.

As previously discussed, much of the ebb and flood flows are con-
centrated in the southern portion of San Pablo Bay, due to the presence
of the natural channel. However, promontories such as Point San Pablo
and Pinole Point generate small gyres (whirls) in the extreme southern
portion of the bay.

Current flow in Carquinez Strait is primarily bi-directional with
the major concentration being in the deeper channel section. Along the
periphery of the strait current velocities are greatly subdued with the
formation of small, low velocity eddies in areas where the cross-section
area becomes larger.

Tidal circulation in Mare Island Strait is primarily bi-direc-
tional. There exists a bottom flood predominance with the tidal prism
filling largely through the bottom waters and a surface ebb predominance
with the tidal prism emptying in the surface waters.

TP,

San Pablo Bay is well mixed for most river inflows and partly mixed
during periods of storm runoff (freshet condition). During high runoff
there is a tendency toward stratified flow in the channels. Carquinez
Strait and Mare Island Strait are well mixed for low and intermediate
river discharges, but portions may range from partly mixed to nearly
. freshwater throughout during periods of high runoff.

Wind and Wave Action

Prevailing westerly winds occur in the San Pablo Bay area during
much of the spring and throughout the summer. Hills near the western
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shore of the Bay shelter the adjacent shallow water from the full »
effect of prevailing westerlies. The long fetch for westerly winds

allows sizable waves up to five feet in height to occur over the ex-

tensive shallow area in the northeastern portion of the bay. Large

waves also occur along the channel, often entering San Pablo Bay from

San Pablo Strait. These waves move eastward into adjacent shallow

areas.

Sediments and Depositional Characteristics

Most sediment entering the San Pablo Bay area originates from the
Sacramento-San Joaquin River system. These sediments like the majority
of those in the Bay are principally clay and silt. About 40-60 percent
are clays, 5-10 percent are organic materials, and the remainder are
almost entirely silts. Seasonal variations in particle size distribu~
tion of surface sediments indicate that much of the sediment deposited
in San Pablo Bay cannot be regarded as permanently placed. The estuary's ,
dynamic behavior causes an almost continuous redistribution of sediments
after initial deposition. Suspended and bedload sediments are brought
into San Pablo Bay during the season of high freshwater runoff, where,
initially, the processes of transportation, flocculation, and sedimen-
tation allow an extensive distribution of new deposits. Thereafter, the
processes of resuspension, transportation and redeposition alter the
pattern of sediment distribution in San Pablo Bay. Tidal action, water
circulation, internal shear from mixing and wind-wave action are the .
principal forces responsible for the distribution of these sediments. 4

R T T—————

The historical sedimentation pattern in San Pablo Bay and Carquinez
Strait has been described by Smith (Ref. 20). Figure 21 is a contour
map of the average annual sediment deposition volume for the years 1860
to 1956, developed from Smith's data. Historically, the channel margins
have shown the highest rates of deposition. The shallow areas lying
mostly in the northern and western limits of the Bay, with small areas
contiguous to the southern shoreline, have had fairly high deposition j
rates; however, these rates are only about half that of the channel
areas margins. The channel areas have shown consistent scour.

o PP —.

Carquinez Strait like channel and intermediate depth areas in San
Pablo Bay has historically experienced very heavy sedimentation along
the shoreline, especially the north shore, accompanied by compensating
scour in the channel area.

Krone (Ref. 21) has described the seasonal deposition patterns in
the San Pablo Bay area. The high concentrations of suspended particles
and internal shearing between fresh and salt water interface in the
mixing zone during storm runoff promote rapid aggregation of suspended
particles in the water column as they move into San Pablo Bay from
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Carquinez Strait. The tranquil water circulation regimen shown on
Figure 20 in the northern shallows allow these particles to settle to
the bed. During spring and summer months daily onshore breezes generate
waves in the northern shallows that resuspend newly deposited sediments
and keep them in suspension which allows low velocity tidal and wind
drift currents to transport them to more tranquil areas. Material sus-
pended in the large shallow expanse of San Pablo Bay is carried upstream
by flood tides. Since the material is already aggregated, concentra-
tions near the bed are high, and the net upstream water movement near
the bed carries this material eastward where turbulence mixes it upward
with the westward flowing fresh water. This phenomena results in an
increased suspended sediment concentration in the upper water column.
These suspended particles are then able to return downstream to be re-
deposited in the shallow areas where they may again be resuspended, or
they may remain in suspension, moving to other parts of the Bay system
or out to sea through the Golden Gate, or they may be deposited in low
energy areas to form shoals. To confirm this sediment circulation
pattern, Krone also studied the physical properties of sediments in the
shallows (Ref. 22). During the short winter period when most of the new
material is depositied in the shallow areas, the bed surface is composed
of very fine uncompacted material. When the shallow areas are exposed
to wind-wave action during the spring-summer period the surface sedi-
ments become coarser and a crust is formed that armors the bed and
prevents erosion of deeper material.

Klingeman and Kaufman (Ref. 35) have also investigated seasonal
shoaling patterns in San Pablo Bay using levels of sediment sorbed
radionuclides as an indicater of deposition. The deposition patterns
for suspended sediments entering San Pablo Bay with storm runoff are
described by these authors in terms of several zones of differing
deposition characteristics. They found that initial deposition of sedi-
ments from storm runoff occurs along the dredged channel (Pinole Shoal
channel) and on the north and south side of the dredged channel. After
initial deposition, an almost continuous interchange occurs between sus-
pended and deposited sediment over much of San Pablo Bay due to wind-
wave action in the spring-summer period. The effectiveness of this
mechanism diminishes with increasing depth and depends upon location and
exposure to waves. The shallow portions of San Pablo Bay, which appear
to be in a long-term quasi-equilibrium state with only a very gradual
loss of depth, go through a short period of bed aggradation during the
winter and a long period of less intense bed erosion during the spring-
summer. In the northern shallow region sediment resuspension can take
place soon after initial deposition. This area is a sediment reservoir
providing long-term supply of sediment for secondary deposition in other
parts of the estuarine system, particularly in deeper water near the
channel. The second zone, typified by the southern shallows east of
Pinole Point, is also subject to resuspension losses of initial deposits
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by wind-wave aggitation. However, a greater degree of protection
against wind-wave resuspension is provided by the shoreline and by the
orientation of this area with respect to the direction of strong pre-
vailing winds. Consequently, secondary depositon of sediment removed
from the northern shallows may be large in this southern shoal region
under suitable conditions. The shallow areas along the western and
southwestern shore of San Pablo Bay are probably intermediate in their
deposition behavior between that of the northern and southern shallows.
Secondary deposition of sediment from the northern shallows is likely
because of the pattern of current circulation and waves traveling into
the bay from San Pablo Strait.

Since the establishment of the Mare Island Naval Shipyard in 1854,
Mare Island Strait channel has experienced extremely high rates of
shoaling requiring a large amount of maintenance dredging to maintain
the channel to a project depth of 32 feet. The average annual quantity
of dredged sediment is approximately 2.2 million cubic yards. The high
cost of maintaining the channel has resulted in many studies of the
shoaling problem. Krone (Refs. 21 and 22) has conducted extensive
studies in Mare Island Strait. He reported that even though most sedi-
ment is brought into the San Pablo Bay area during storm runoff, the
principle shoaling period in Mare Island Strait is during the spring and
summer months when the tidal flood currents bring the resuspended sedi-
ments from San Pablo Bay back into Carquinez Strait. The tidal phase
lag and bottom flood predominance in Mare Island Strait allows high
sediment laden water to enter the Strait and subsequently be trapped due
to the surface ebb predominance (Ref. 3).

SEISMIC SUBBOTTOM REFLECTION PROFILING

Figure 22 is a seismic subbottom cross-section of Carquinez Strait.
In the shallows along both margins of Carquinez Strait only one shallow
subbottom reflection surface is discernible. In deeper depths at mid-
channel sand waves are prevalent along much of the length of the strait.

The entire length of the Mare Island Strait channel is typically an
area of limited penetration or an area of no return.

Figures 23 and 24 are typical seismic subbottom cross-sections of
San Pablo Bay. These cross-sections are lines A and B. These figures
indicate the presence of two deposition provinces in San Pablo Bay. The
first province, represented on the seismic reflection profile lines as
an area with numerous distinguishable subbottom reflection surfaces, is
located in the southern portion of San Pablo Bay. This area includes
the southern shallows, Pinole Shoal Channel and a narrow band on the
north side of Pinole Shoal Channel. Logs of borings and mechanical
analysis of sediments show that the numerous seismic reflection surfaces
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are alternating layers of clayey silt, silty sand. These horizons vary
in thickness from less than two feet to greater than six feet. In many
cases sand lenses and numerous shell fragments are found at various
depths. Inclosure 4-32 is the particle size gradation curves for Hole
2D-124 (27), representing five samples from the depths 28 to 50.5 feet
below MLLW. The particle size distributions are typical of sediments in
this province. The median particle size within horizons vary from 1.5
microns to 250 microns. The surface sediments are normally within the
finer particle size ranges.

The second deposition province, located in the northern shallows of
San Pablo Bay, is characterized on the seismic reflection profiles as an
area of limited penetration. Without exception the seismic signal is
attenuated in the first two to three feet of bottom sediment. As dis-
cussed previously, an area of limited penetration is indicative of high
organic content or very loosely compacted silts and clays. Logs of
borings and mechanical analysis of sediments in this province indicate
that to the depth that borings were taken, the sediments are very
uniformly distributed black to gray clayey silt and silty clay having a
high organic content and very uncompacted. Inclosure 4-29 is the par-
ticle size gradation for Hole 2D-126 (25) representing depths from 7 to
24.5 feet below MLLW. The median particle size for the samples in the
northern shallows range from 1.5 microns to 2.0 microns. When compared
with Hole 2D-124 (27) it is apparent that the sediments in the northern
shallows are generally finer than those in the southern portion of San
Pablo Bay and that the sediments are uniformly distributed with depth,
having only a slight range in particle sizes.

The boundary of the two deposition provinces runs parallel to
Pinole Shoal Channel and can be defined as the northern edge of the
natural channel running through the southern portion of San Pablo Bay.
The interface lies in water depths between 15 and 20 feet below MLLW.

Because of the depth of deposits and spatial extent of the two
deposition provinces in San Pablo Bay, they may be described as separate
geomorphologic provinces whose histories of deposition have differed
substantially within the recent geologic time frame represented by the
seismic subbottom reflection profiles and core samples. The northern
shallows province is a region where deposition forces have caused a
uniform spatial and temporal distribution of sediments. The net effect
of these forces, primarily wind-wave action, has been a continuous
mixing of the fine sediments. The homogeneous deposits indicate the
absence of strong currents and the abundance of fine suspended sediment.
The only distinguishing physical characteristics of the sediment in this
province are a slight increase in compactness with depth due to the
weight of overlying sediments and a change in color from brownish-gray
at the surface to black at depth due to the change in the oxidation-
reduction state of the sediments. To have the uniformly distributed
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deposits that exist in the northern shallows there must be a continuous
interchange of existing deposits with new deposits being delivered into |
the northern shallows. The lack of stratification indicates that, his- 1
torically, deposition has taken place above the wave base and that this
process has been continuous. Evidence of changes in sediment texture,
size distribution or mineralology is destroyed by the ever present wind-
wave action working the fresh sediments shortly after deposition.

The alternating layers of clayey silt and silty sand in the southern
San Pablo Bay deposition province is indicative of a non-turbulent or
intermittently turbulent environment of deposition. In a non-turbulent
environment, deposition continuously takes place below the depth of
effective wave action, whereas in an intermittently turbulent environ-
ment deposition occurs intermittently above and below the wave base.
Current action becomes the primary force in determining deposition and
erosion. The periodic absence of wave action allows the stratified
nature of the sediments to remain intact and disturbances to deposits by
current action is seldom great enough to cause vertical mixing of
deposits.

The depth of effective wave action (wave base) is dependent on the
predominate wave height and period. Wave height and period in turn are
determined by the effective fetch length, duration and intensity of the
generating force (wind) and water depth. The northern shallows with its
long fetch length, prevailing westerly winds and shallow depths is
subject to the greatest wave energy in San Pablo Bay. The southern part
of San Pablo Bay consists of both shallow and deep areas. The deep
areas in and adjacent to the natural channel appear to be below wave
base for the predominate wave conditions in San Pablo Bay. The effec-
tive depth of wave action can be approximated by the boundary separating
the northern shallows and the natural channel at a depth between 15 and
20 feet. The southern shallows, although in very shallow water, can be
considered an intermittently turbulent deposition environment because
the short fetch length for prevailing westerly winds does not allow

( large waves to be generated in that area.

1 CORE SAMPLING AND ANALYSIS

Twenty-one holes varying in depth from nine to 22 feet below Bay
bottom shown in Figure 16 and Inclosure 4 were drilled in the San Pablo
Bay-Carquinez Strait area. Three to six samples from each core were
analyzed for particle size distribution and the nine contaminants. The
following sections are concerned with the physical (size distribution)
and chemical (pollutional) characteristics of these sediments.

; Physical Sedimentary Characteristics

| Size characteristics of sedimentary deposits in the San Pablo Bay-
| Carquinez Strait area vary greatly both vertically within holes and
laterally between holes. The sediments range from silty clay with less
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than one percent sand that are uniformly distributed with depth to
alternating layers of clayey silt and silty sand. The vertical dis-
tribution of the sediments reflects the historical variation in the
environment of deposition. The environment of deposition is determined
by the physical factors discussed previously, e.g., tide and tidal
currents, water circulation and mixing characteristics, and wind-wave
action. Where the sediments are found to be uniformly distributed with
depth the environment of deposition has necessarily been continuous
throughout the history of the deposition. Conversely, where the sedi-
ments exhibit a heterogeneous distribution the environment of deposition
has not been continuous. The changing environment of deposition is
reflected by the vertical changes in the character of the sedimentary
deposits. Furthermore, the relative magnitude (energy input) of the
physical factors that make up the environment of deposition may be de-
termined by the size and distribution characteristics of the sediments.
Thus, uniformly distributed fine sedimentary deposits indicate a con-
tinual low transporting energy environment, whereas a continuous high
transporting energy environment would result in uniformly distributed
coarse sediments. Table 8 is a listing of mean hole clay and sand
content in order of decreasing clay percentages of the core samples
taken in the San Pablo Bay-Carquinez Strait area. The mean hole clay
and sand content indicates the relative magnitude of the environment of
deposition during the history of deposition. The deviation from the
mean indicates the degree of uniformity or heterogeneity of deposits
and, thus, the relative changes in the input energy (environment of
deposition) during the history of deposition. Where the standard de-
viation from the mean is small, the sediments are uniformly distributed
with depth. Where there is a large standard deviation the sediments are
non-uniformly distributed with depth, indicating stratification of the
sediments.

The finest sediments in the San Pablo Bay-Carquinez Strait area are
found at 2D-116(32) in Mare Island Strait, and 2D-125(23) and 2D-126(25)
in the northern shallows of San Pablo Bay. The mean sand content in
these three holes is less than two percent and the clay content varies
from 49 to 53 percent. These extremely fine sediments are uniformly
distributed with depth as is indicated by their small standard devia-
tions.

Sediments on the north channel margins of Carquinez Strait to the
east of the entrance to Mare Island Strait are generally fine with the
mean hole clay content varying from 32+11 percent to 40+3 percent. The
sand content of holes in this area is greater than in the northern
shallows and Mare Island Strait, varying from 9+2 percent to 15+21 per-
cent. The sediments are also less uniformly distributed with depth,
varying from clayey silt to silty sand clay. The coarser material is
found in the surface sediments of 2D-114(33) and 2D-115(31), near the
entrance to Mare Island Strait.
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Hole 2D-123(28) located on the west end of the southern shallows of
San Pablo Bay is comprised of sediments similar to those of the north
channel margins of Carquinez Strait. The mean clay and sand contents
are 36+l1 percent and 8+l1 percent, respectively. The large deviation
from the mean sand content is due to the presence of one five-foot thick
sandy silt layer between 5 and 10 feet below Bay bottom. The sand
content in the remainder of the hole is negligible.

The sediments of the south channel margins of Carquinez Strait are
much coarser than the north channel margins. The sediments range from
sand to silty sand and sand-silt-clay material. The mean hole clay con-
tent of the two holes in this area, 2D-118(34) and 2D-119(29), is less
than 20 percent and the mean hole sand content is greater than 40
percent.

The most randomly distributed sediments with depth indicated by the

b | large deviation from the mean hole and sand contents in Table 8 are

K found on the west end of the natural channel, entrance to Carquinez
Strait, and the southern margin of the natural channel in San Pablo Bay.
The mean hole sand content at these locations vary from 32 percent to 56
percent. Hole 2D-131(30) on the south side of Carquinez Strait, as an

f example, has a sand content varying from 67 percent at the surface to 7
percent at seven feet below Bay bottom. In contrast, holes 2D-124(27)
and 2D-128(26) along the west end of the natural channel are comprised
of a relatively thin layer of clayey silt at the surface and thick beds
of silty sand at depth. The sand content of these two holes vary from
less than 2 percent in the surface sediments to greater than 50 percent
at depth. Hole 2D-121(21) located on the south channel margin is com-
prised of one thick clayey silt bed in the upper ten feet of sediment
and a thick silty sand layer below 10 feet.

Hole 2D-120(17) at the east end of the southern shallows is com-
prised of alternating layers of clayey silt and silty sand. The sand
content varies from 11 to 48 percent. In comparison to 2D-123(28) at
the west end of the southern shallows, the sediments of 2D-120(17) are
much coarser and more randomly distributed.
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10.
11.
12.

13.
14.

15.
16.

17.
18.
19.
20.
21.

NOTE:
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Hole

2D-126(25)
2D-125(23)
2D-116(32)

2D-115(31)
2D-114(33)
2D-123(28)
2D-117(35)

2D-124(27)
2D-131(30)
2D-121(21)
2D-128(26)
2D-121(17)

2D-132(16)
2D-127(19)

2D-119(29)
2D-118(34)

2D-122(22)
2D-133(18)
2D-164(15)
2D-129(24)
2D-130(20)

TABLE 8

SAN PABLO BAY-CARQUINEZ STRAIT
MEAN HOLE SAND AND CLAY CONTENT

Location

Northern Shallows
Northern Shallows
Mare Island Strait

North Side Carquinez Strait
North Side Carquinez Strait
Southern Shallows

North Side Carquinez Strait

West End N-.tural Channel
Entrance to Carquinez
Margin Natural Channel
West End Natural Channel
Southern Shallows

Entrance to Carquinez
Maintained Channel

South Side of Carquinez
South Side of Carquinez

Natural Channel
Entrance to Carquinez
Maintained Channel
Natural Channel
Natural Channel

from the mean.

Clay
<2up%

53+4
53+3
49+3

40+3
36+8
36+11
32+11

30+18
27+14
26+16
24+11
24%7

21+13
19+5

19+10
17+6

15+8
14+8
12+5
11+7
10+7

Sand
>74p %

1+
241

1+

15+21

15+11
8+14
9+2

34+34
32%33
39+33
37425
28+16

56+32
54+16

47423
44¥17

60+20
69+15
62+14
70+17
73%17

The value after the + sign indicates one standard deviation




The sediments at the east end of the natural and maintained
navigation channel are the most uniformly distributed coarse sediments |
found the San Pablo Bay-Carquinez Strait area. Except for a very few ’
individual samples the sand content in the sediments is greater than 50
percent. The mean hole sand content varies from 60 to 70 percent and
the deviations from the mean are less than 30 percent.

Distribution of Contaminants in Surface Sediments |

Contaminants in surface sediments represent the most recent input
into the system, whether it be from discharges, street runoff, upland
erosion or reworking (resuspension and deposition) of contaminants in 3
existing sediment deposits. The distribution of contaminants in the
surface sediment will best portray the existing distributing forces in
the system.

The surface sediments of the San Pablo Bay-Carquinez Strait area
are enriched with most of the nine contaminants. Table 9 is a com-
parison of the mean contaminant levels in the surface sediments (0-0.6
feet) with sediments greater than 0.6 feet deep. On the average levels
of volatile solids, chemical oxygen demand, and total Kjeldahl nitrogen
vary only slightly with depth, whereas the levels of the trace metals
and oil-grease in the surface sediments exceed the levels at deeper
depths by 20 to 40 percent.

TABLE 9 :
MEAN CONCENTRATION OF CONTAMINANTS IN SURFACE AND
DEEPER SEDIMENTS IN SAN PABLO BAY-CARQUINEZ STRAIT AREA

Parameter Mean Concentration (ppm) % Greater
Than

Greater Than

0-0.6 Feet 0.6 Feet
Lead 57.50 32.70 43
Zinc 135.00 105.80 22
Mercury 1.07 0.68 37
Cadmium 0.89 0.72 19
Copper 41.10 33.00 20
0il-Grease 700.00 450.00 36
Volatile Solids x 10% 6.13 5.89 4
Chemical Oxygen Demand x 10% 3.31 3.34 0
Total Kieldahl Nitrogen 1,100 1,100 0

{
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The range of contaminant levels in the surface sediments vary
widely within the San Pablo Bay-Carquinez Strait area. The zinc levels
in the surface sediments found in this study range from 60 ppm near
Pinole Point to 328 ppm near the entrance to Mare Island Strait. The
zinc levels in San Pablo Bay proper range from 60-170 ppm in the natural
channel and maintained channel to 180 ppm in the northern shallows.

Zinc levels in Carquinez Strait range from 73-99 ppm on the southern
side to 99-154 ppm on the northern side. The zinc level in the surface
sediment of the only Mare Island Strait hole is 86 ppm.

Lead levels in the surface sediments were found to range from 12
ppm along the western end of the natural and navigation channel running
through San Pablo Bay to 421 ppm at the entrance to Mare Island Strait.
The highest values with the exception of the high value at the entrance
to Mare Island Strait were found in San Pablo Bay proper. Here the lead
levels in the surface sediments range from 12-40 ppm in the natural and
navigation channel to 50-60 ppm in the northern and southern shallows.
Lead levels range from 24-32 ppm along the southern side of Carquinez
Strait to 48-52 ppm along the northern side. Lead levels in the surface
sediment of the only Mare Island Strait hole is 59 ppm.

The lowest mercury levels in surface sediments of San Pablo Bay-
Carquinez Strait area are found along the southern side of Carquinez
Strait with values of 0.1 to 0.2 ppm. In contrast mercury levels along
the north side of the Strait range from 0.5 ppm to 0.6 ppm. The mercury
levels in the surface sediments of San Pablo Bay range from 0.4-1.0 ppm
in the natural and navigation channel to 1.5-2.4 ppm in the northern and
southern shallows. The highest surficial mercury level of 2.8 ppm was
found along the northwestern fringe of the natural channel in San Pablo
Bay. The Mare Island Strait hole had a surficial mercury value of 0.6

pPpm.

The lowest cadmium levels in the surface sediments were found along
the southern side of the natural channel and Carquinez Strait where the
levels range from 0.3 ppm and 0.6 ppm. The highest levels ranging from
1.4 ppm to 1.6 ppm were found in the northern shallows of San Pablo Bay,
north side of Carquinez Strait and Mare Island Strait. Cadmium levels
near 1.0 ppm were found in the navigation channel and southern shallows
of San Pablo Bay.

Copper levels found in the surface sediments of San Pablo Bay-
Carquinez Strait range from 13 ppm along the southwestern side of
Carquinez Strait to 85 ppm in Mare Island Strait. In the surface sedi-
ments of San Pablo Bay copper levels range from 20-40 ppm in the natural
and navigation channel to 50-70 ppm in the northern and southern
shallows. Copper levels from 51 ppm to 61 ppm were found along the
north side of Carquinez Strait.
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Chemical oxygen demand levels in the surface sediments of this area
range from 0.6x10% ppm along the southwestern side of Carquinez Strait
to 5.2x104 ppm in Mare Island Strait. The chemical oxygen demand levels
in Carquinez Strait vary from 0.6-2,1x10%4 ppm on the south side to 4.3-
4.7x10% ppm on the north side. In San Pablo Bay the chemical oxygen
demand levels range from 1.6-4.8x10% ppm in the natural and navigation
channel to 4.2-5.1x104 ppm in the surface sediments of the northern and
southern shallows.

Oil-grease levels are lowest in the surface sediments along the
south side of Carquinez Strait and western end of the navigation and
natural channel in San Pablo Bay where levels range from 100 ppm to 300
ppm. The highest oil-grease levels were found at the entrance to Mare
Island Strait (2000 ppm) and in Mare Island Strait (1700 ppm). Oil-
grease levels from 600 ppm to 800 ppm were found along the northern side
of Carquinez Strait. In the surface sediments of the northern and
southern shallows of San Pablo Bay, oil-grease levels range from 700 ppm
to 1000 ppm.

iy i s

The lowest volatile solids levels in surface sediments of San Pablo
L Bay-Carquinez Strait area are found along the southern side of Carquinez ;
Strait, ranging from 2.1x10% ppm to 3. 8x104 ppm. The highest levels are
found at the entrance to and in Mare Island Strait with concentrations
of, 9.3x10% ppm and 9.0x10% ppm, respectively. Volatile szlids levels

f along the north side of Carquinez Strait range from 7.0x10" ppm to

| 7.2x104 ppm. In San Pablo Bay volatile solids levels range from 7.4-
8.4x10% ppm in the northern and southern shallows to 2.4-7.9x10% ppm in 1
the natural and navigation channel.

Total Kjeldahl nitrogen levels in the surface sediments are found
to range from 100-300 ppm along the south side of Carquinez Strait to
2300 ppm in Mare Island Strait. Along the north side of Carquinez
Strait total Kjeldahl nitrogen levels range from 1500 ppm to 1600 ppm.
] In San Pablo Bay total Kjeldahl nitrogen levels range from 500 ppm to
1700 ppm.

L4

‘ Figures 25, 26, 27, 28, and 29 are generalized horizontal distri-
bution maps showing lines of equal concentrations for each of the nine
contaminants and median particle sizes in the surface sediments of the
San Pablo Bay-Carquinez Strait area. The concentration isolines are not
intended to be exact duplications of the contaminant levels, but in-
stead, are designed to show trends in the distribution. The most
apparent trend is that the spatial distribution of contaminants in the
surface sediments of San Pablo Bay all show the same general distri-
bution pattern; that is, the contaminant levels increase in a westward
direction to a point opposite Pinole Point where the levels begin de-

| creasing toward San Pablo Strait; and, moving across San Pablo Bay the

| contaminant levels are highest in the northern and southern shallows and
decrease toward the natural and navigation channels. The lowest con-
taminant levels are found near the western entrance to Carquinez Strait,
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whereby the concentration contours increase toward the west and are
elongated along the axis of the natural channel. Conversely, the median
particle sizes of the surface sediments decrease in a similar manner
going from east to west. The surface sediments of the northern shallows
of San Pablo Bay appear to have higher levels of zinc, cadmium, mercury
and oil-grease than do the southern shallows. The levels of lead,
copper and total Kjeldahl nitrogen in the surface sediments of the
southern shallows are higher than the northern shallows, and the levels
of volatile solids and chemical oxygen demand in the surface sediments
of the northern and southern shallows are about the same. Contaminant
levels on the fringes of Carquinez Strait tend to be higher on the north
side of the strait than on the south side. With the exception of
mercury and volatile solids, contaminant levels along the north side of
Carquinez Strait are about the same as those along the margins of the
natural channel in San Pablo Bay. Mercury and volatile solids levels on
the north side of the strait are comparable to levels in the natural and
navigation channel of San Pablo Bay. The contaminant levels along the
south side of Carquinez Strait are comparable to contaminant levels
along the eastern portion of the natural and navigation channel in San
Pablo Bay. The contaminant levels in the only surface sample taken in
Mare Island Strait are comparable to the levels in the northern and
southern shallows of San Pablo Bay with the exception of zinc and
mercury whose lower levels are comparable to levels found in the natural
and navigation channel. However, comparison with the mean zinc level in
the Mare Island Strait navigation channel (Table 3) indicates the zinc
level in the surface sediment of this hole is lower than the normal zinc
levels found in Mare Island Strait. The surface sediment at the en-
trance to Mare Island Strait has extremely high levels of zinc (328 ppm)
and lead (421 ppm).

Vertical Distribution of Contaminants

The vertical distribution of contaminants represent the historical
variation of contaminant concentrations which in turn reflects varia-
tions of contaminant input and seasonal and historical changes in the
distributing forces. Graphs of the vertical distribution of contami-
nants for the area are shown in Inclosure 4-17 through 4-43. The
vertical distribution of the nine contaminants in sediments of the San
Pablo Bay-Carquinez Strait area, like the horizontal distribution of
surface sediments, is very complex. Except in a very few cases, the
vertical distribution of contaminants is very erratic and is generally
associated with particle sizes of the sediment. To correlate the dis-
tribution of contaminants it becomes necessary to simplify the data in
such a way as to provide a meaningful method to describe the contami-
nants in each location (hole) and compare the concentrations with other
locations. The method used in this study is to rate each hole in order




of decreasing mean hole contaminant concentrations. For comparative
purposes the range in concentrations and mean hole sand and clay content
are also included. The holes are then compared in terms of the location
contaminant rating, deviation of contaminant levels, range in contami-
nant levels, and variation in sediment types. The means give trends in
the distribution and the deviation gives the degree of variation within
holes.

Volatile Solids. The mean volatile solids concentration in the San
Pablo Bay-Carquinez Strait area is 5.88t2.68x104 ppm*, Volatile solids
in the sediment of this area range from 1.9x104 ppm to 16.5x10% ppm.
Table 10 is a listing of the mean hole volatile solids concentrations in
order of decreasing magnitude. Generally, as shown in Table 10 volatile
solids levels are related to the sand and clay content of the sediments.
Where the sediments contain a high percentage of clay the volatile
solids levels normally will be high. The degree of variation (deviation)
from the mean hole concentration is in most cases related to the vari-
ation of sand and clay content in the sediments of the hole. Usually
where there is a large variation in the sand content of the hole, the
deviation from the mean hole volatile solids concentration is also
large.

Mean hole volatile solids concentrations range from 2.70x104
ppm in the sediments at the east end of the natural channel in San Pablo
Bay to 9.07x10% ppm at the entrance to Mare Island Strait on the north
side of Carquinez Strait. Hole 2D-115(31) at the entrance to Mare
Island Strait has the highest mean volatile solids concentration of
9.0740.3 x 104 ppm. The distribution of volatile solids in the sediment
4 of the hole is very uniform, as is indicated by the small standard
deviation. The sediment in the hole, however, varies considerably with
depth. The surface sample of this hole has a high sand content (40
percent), yet still has a high volatile solids concentration of 9. 3x10%
ppm. The deeper sediment is much more uniformly distributed silty clay
‘ with correspondingly high volatile solids levels.

4 Hole 2D-116(32) in Mare Island Strait and 2D-126(25) and 2D-125(23)
in the northern shallows of San Pablo Bay, like 2D-115(31), have high
mean hole volatile solids concentrations with small standard deviations.
The mean hole concentrations vary from 8.9710.3x10“ ppm in Mare Island
Strait to 8.33+0.2x10™ ppm at the eastern end of the northern shallows.

\\ The distribution of volatile solids with depth in these holes is very
uriform. The sediments are also very uniformly distributed silty clay
with less than two percent sand content and greater than fifty percent
clay.

G The + value with the mean is the standard deviation.
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TABLE 10
SAN PABLO BAY-CARQUINEZ STRAIT

MEAN 1OLD VOLATILE SOLIDS CONCENTRATIONS

Mean 4 Range % Sand % Clay
Rating Hole ppm x 10 ppm X 104 >74 u <2 1
1. 2D-115(31) 9.0740.3 8.8-9.3 15+21 40413
2. 2D-116(32) 8.9740.3 8.7-9.2 1+1 4943
3. 2D-126(25) 8.4040.4 8.0-8.9 1+1 53+4
4. 2D-125(23) 8.334+0.2 8.0-8.5 2+1 53+3 §
! |
5. 2D-118(34) 8.28+4.0 3.8-16.5 44417 1746
6. 2D-120(17) 8.00+2.7 5.8-13.1 28+16 2447
T 2D-114(33) 7.65+0.7 6.6-8.2 15+11 36+8
8. 2D-117(35) 7.3040.4 6.7-7.5 9+2 32+6
E 9. 2D-123(28) 6.72+1.4 4.8-8.4 8+14 36+11
10. 2D-131(30) 5.80+2.4 3.1-7.8 32+33 27414
f 11. 2D-124(27) 5.4242.4 2.5-7.9 34434 30+18
12, 2D-121(21) 5.29+42.4 2.2-8.0 39+33 26+16
13. 2D-119(29) 5.12+1.6 2.1-6.4 47423 19+10
14. 2D-128(26) 5.05+1.7 3.2-7.7 37425 24411
15, 2D-164(15) 4.23+1.4 3.3-6.3 62417 1245
16. 2D-132(16) 4.1241.9 2.4-7.0 56+32 21413
17. 2D~-127(19) 3.3740.6 2.7-3.7 54+16 1945
18. 2D-122(22) 3.3240.7 2.2-3.8 60+20 1548
19. 2D~133(18) 3.18+1.3 2.1-5.3 69+15 1448
,1 20. 2D-129(24) 2.96+0.8 2.3-4.2 70+14 1147
I 21« 2D~130(20) 2.70+0.8 1.9-4.0 73+17 10+7
|
{
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Holes 2D-118(34), on the south side of Carquinez Strait and 2D-
120(17) in the southern shallows of San Pablo Bay have high mean hole
volatile solids levels and also extremely large deviatiions from the
means. The sediments of these holes are coarser than the preceding
holes with fairly large variations in sand content. The mean hole
volatile solids concentration for 2D-118(34) and 2D-120(17) are, re-
spectively, 8.281A.0x104 ppm and 8.00+2.7 x10% ppm. The sediments of
these holes have a wide variation in sand content as is indicated by the
deviation from the mean sand content. The sand content in 2D-118(34)
varies from 22 to 78 percent and in 2D-120(17) the sand content varies
from 11 to 48 percent. Two anomalous samples in 2D-118(34) and one in
2D-120(17) are responsible for the large deviation from the mean hole
volatile solids concentrations. The three anomalous samples with high
volatile solids values are found in the intermediate depth samples of
each hole and are associated with samples with high sand contents. e
two high volatile solids samples in 2D-118(34) with values of 16.5x10
ppm and 13.2x10% ppm have sand contents of 32 percent and 22 percent,
respectively. The logs of borings indicate that the high volatile
solids samples in 2D-118(34) contain dark lenses of organic clay. The
high volatile solids sample in 2D-120(17) with a value of 13.1x10% ppm
has a sand content of 48 percent.

Holes 2D-114(33) and 2D~117(35), both on the north side of Carquinez
Strait have mean hole volatile solids levels ranging from 7.65:0.7x104
PPm to 7.3010.4x104 ppm. The deviation from the mean concentrations in
these holes are less than ten percent, indicating that the distribution
of volatile solids is uniform with depth. The sediments of 2D-114(33).
The sediments of 2D-117(35) located further to the east of 2D-114(33)
are uniformly distributed with depth and are finer than in 2D-114(33).
The volatile solids levels in 2D-117(35), despite the finer sediments
are lower than in 2D-114(33).

Hole 2D-123(28), at the west end of the southern shallows in San
Pablo Bay has a mean hole volatile solids concentration of 6.72+1.4
x10%4 ppm. The large deviation from the mean concentration (greater than
20 percent) is due to the presence of one gross sandy silt bed (32
percent sand) with a moderately low volatile solids concentration of
4.8x10% ppm.

Hole 2D-131(30) at the south side of the entrance to Carquinez
Strait, 2D-124(27) in the natural channel, 2D-121(21) at the east end of
the southern shallows, 2D-119(29) on the south side of Carquinez Strait,
and 2D-128(26) in the natural channel of San Pablo Bay have mean hole
volatile solids concentrations slightly less than the San Pablo Bay-
Carquinez Strait area mean. The deviations from the mean in these holes
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are large (30 to 40 percent of the mean concentration). The sediments
are fairly coarse with mean hole sand contents varying from 30 to 50 4
percent. The large variation in sand content within these holes indi-
cate highly stratified sediments with numerous beds of clayey and silty
material. The mean hole volatile solids concentrations in these holes
vary from 5.80t2.&x104 ppm to 5.05+1.7x10%4 ppm. The high deviations
from the mean concentrations in 2D-124(27), 2D-121(21) and 2D-128(26)
are due to high volatile solids levels in the near surface sediments
which are comprised of a finer material with a lesser sand content. The
surface sediments of 2D-131(30) are coarser with low volatile solids
levels. The surface sediments of 2D-119(29) are extremely coarse with a
sand content of 93 percent. The deeper samples of 2D-119(29) with the
sand content varying from 35 to 45 percent have volatile solids concen-
trations that appear high in relationship to the sand content.

Holes 2D-164(15) on the east end of the navigation channel in San
Pablo Bay and 2D-132(16) on the north side of the entrance to Carquinez
Strait have moderately low mean volatile solids concentrations and large
deviations from the mean. The sediments in these holes are primarily
comprised of sandy material with the mean clay content varying from 10
to 20 percent. The mean hole volatile solids concentrations of 2D-
164(15) and 2D-132(16) are 4.23+1.4x10% ppm and 4.12+1.9x104 ppm, re-
spectively. The large deviations in the mean concentration in both |
holes are due to the near surface sediments which are enriched with
volatile solids. The near surface sediments of 2D-132(16) are consid-
erably finer than the deeper sediments and are comprised of a clayey
* silt material, with a sand content of less than ten percent. The
: surface sediments of 2D-164(15) are the coarsest of the hole (77 percent
sand), yet have a volatile solids concentration approximately fifty
percent higher than the deeper sediments.

Holes 2D-127(19) at the west end of the navigation channel in San

] Pablo Bay, 2D-122(22) on the southeast side of the natural channel, 2D-

; 133(18) on the north side of the entrance to Carquinez Strait, and 2D-
129(24) and 2D~130(20) on the north and south side of the natural

4 channel have the lowest mean hole volatile solids concentrations in the
San Pablo Bay-Carquinez Strait area. The deviations from the mean hole
concentrations are also small. The sediments of these holes have the
largest sand content of the area with most of the sediments being
classified as clayey to silty sand. The mean hole volatile solids
concentrations range from 3.371_0.62(104 ppm at the west end of the
navigation channel to 2.7Qi0.8x104 ppm on the south side of the natural
channel near the entrance to Carquinez Strait. The sediments are pri-
marily sand and on the whole have lesser variations in the sand content
than the preceding holes. The distribution of volatile solids is fairly
uniform with depth. The surface sample of 2D-133(18) is enriched with

{ volatile solids resulting in a larger standard deviation than the other
holes.

———
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Chemical Oxygen Demand. The mean chemical oxygen demand (COD) in the y
San Pablo Bay-Carquinez Strait area is 3.3012.1x104 ppm. The range in

C.0.D. concentrations in the sediments of this area is very large,

varying from 0.4x10% ppm to 15. 7x10% ppm. Table 11 is the listing of

the mean hole COD concentrations in order of decreasing magnitude.

Generally, COD levels in the sediments of this area, like volatile

solids, are related to the sand and clay content, that is, where the

sand percentages in the sediments are high, the chemical oxygen demand

is normally low.

Hole 2D-118(34) on the south side of Carquinez Strait has the
highest mean hole COD concentration of 6.44+4.5x10% ppm. It is com- ‘
prised of anomalously coarse sediment with a mean sand content of 44 |
percent and a clay content of only 17 percent. The large deviation from
the mean concentration is due to the same two samples responsible for
the high volatile solids mean concentration 2nd standard deviation. The |
COD values for these two samples are 12.3x10" ppm and 15. 7x10% ppm, the
two highest COD. sample concentrations in the San Pablo Bay-Carquinez
Strair area.

Holes 2D-115(31) and 2D-114(33) located on the north side of
Carquinez Strait near the entrance to Mare Island have mean hole COD
concentrations of A.ZOiO.leOA ppm and 3.93i0.4x104 ppm, respectively.
The distribution of COD in these holes is fairly uniform deviation with
depth despite the presence of coarser material in the first six feet of
sediment. The deeper sediments of these holes are extremely fine as is
indicated by the mean hole clay content of greater than 35 percent. The
large deviation from the mean hole sand content is due to coarser sur-
face sediments that have anomalously high COD levels.

Hole 2D-120(17) at the eastern end of the southern shallows with a
mean hole COD concentration of 4.12;_0-_1.5x104 ppm has a higher sand con-
tent and lower clay content than other holes with comparable mean con-

i centrations. The large deviation from the mean hole concentration is
*1 due to the deeper sediment (between 7 and 15 feet below Bay bottom)
being enriched with COD. The high COD levels in these deeper sediments,
ranging from 5.1x10%4 ppm to 5. 6x104 ppm are not reflected in either the
b sand or clay content of these samples.

Holes 2D-126(25) and 2D-125(23) in the northern shallows of San
Pablo Bay appear to have somewhat lower mean COD concentrations and i
larger standard deviations than would be expected by the uniformly H
distributed fine sediments. The large deviations from the mean hole
concentrations are the result of a surface COD enrichment and a general
decrease in COD concentrations with depth. Hole 2D-126(25) at the west
{ end of the southern shallows has somewhat larger COD levels than 2D-
] 125(23).
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TABLE 11
SAN PABLO BAY-CARQUINEZ STRAIT

MEAN HOLE CHEMICAL OXYGEN DEMAND CONCENTRATIONS

Mean Range % Sand
Rating Hole PPM X 104 PPM X 104 >74 u
1. 2D-118(34) 6.44+4.5 5.1-15.7 44417
2. 2D-116(32) 5.5040.4 5.2-6.0 1+1
3. 2D-123(28) 4.54+1.0 2.8-5.1 8+14
4.  2D-115(31) 4.2040.8 3.2-4.7 15+21
5. 2D-120(17) 4.12+1.5 1.7-5.6 28+16
E 6. 2D-114(33) 3.93+0.4 3.2-4.3 15+11
7. 2D-117(35) 3.7840.6 3.0-4.6 9+2
8. 2D-126(25) 3.65+1.2 2.4-4.9 1+1
9. 2D-128(26) 3.65+1.5 1.3-5.2 37425
: 10.  2D-124(27) 3.28%2.4  1.5-5.1  34%34
11. 2D-125(23) 3.28+1.1 2.3-4.8 241
12. 2D-121(21) 2.80+1.6 0.4-5.0 39+33
13. 2D-119(29) 2.35+1.3 0.6-4.2 47423
14. 2D-132(16) 2.34+1.3 0.9-3.8 56+32
15. 2D-127(19) 2.3040.9 1.5-3.2 54+16
16. 2D-122(22) 2.1840.8 0.9-2.7 60+20
17. 2D-164(15) 2.0540.4 1.6-2.5 62417
18. 2D-133(18) 1.88+0.8 1.0-2.7 69+15
19. 2D-130(20) 1.60+1.2 0.5-3.7 73417
? 20.  2D-131(30) 1.5740.3 1.2-1.8 32433
21.  2D-129(24) 1.40+0.3 1.0-1.9 70+14
{
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% Clay
<2 u

17+6

49+3
36+11
40+13
24%7
36+8
32%6

53+4
24+11
30+18
53+3

26+16
19+10
21+13

1945
15+8
12%5

1448
10+7
27+14
11+7




Hole 2D-131(30) located on the south side of the entrance to
Carquinez Strait has an erroneously low mean hole COD concentration '

(1.60_t0.3x104 ppm) when compared to the relatively low sand content of
32+33 percent.

The highest COD concentrations (greater than 6x104 ppm) in the
sediments of the San Pablo Bay-Carquinez Strait area are found at hole
2D-118(34) on the south side of Carquinez Strait, east of the Carquinez
Bridge. The second highest COD cogcentrations with mean hole values
ranging from 3.8x10% ppm to 5.5x10" ppm are found in Mare Island Strait,
the north side of Carquinez Strait and the southern shallows of San
Pablo Bay. The northern shallows of San Pablo Bay and the western end
of the natural channel also have high mean hole concentrations ranging
from 3.3x10% ppm to 3. 7x10% ppm.

The lowest COD concentrations are found at the entrance to Carquinez
Strait and in the maintained and natural channel through the southern
portion of San Pablo Bay.

Total Kjeldahl Nitrogen. The mean total Kjeldahl nitrogen (TKN) con-
centration in the San Pablo Bay-Carquinez Strait area is 1100+600 ppm.
TKN concentrations in the sediments of this area range from 300 ppm to
3400 ppm. Table 12 is a listing of the mean hole TKN concentrations in
order of decreasing magnitude. As with C.0.D. and volatile solids, TKN
concentrations are normally low when the sand content in the sediments
is high.

B

k Hole 2D-118(34) on the south side of Carquinez Strait, and holes
2D~115(31) and 2D-114(33) on the north side of Carquinez Strait near the
entrance to Mare Island Strait have high TKN concentrations for the same
reasons that they also have high volatile solids and C.0.D, concentra-
tions. Holes 2D-125(23) and 2D-126(25) in the northern shallows of San
Pablo Bay have somewhat lower TKN concentrations than would be expected
by the extremely fine sediments. Hole 2D-132(16) on the north side of
the entrance to Carquinez Strait has somewhat higher TKN concentrations

B than would be expected by the relatively coarse sediments.

The highest mean hole TKN concentration (2200 ppm) is found in Mare
Island Strait where the sediments are very fine with less than one
percent sand content. High concentrations are also found on the north-
ern and southern sides of Carquinez Strait where the mean hole concen-
trations range from 1600 ppm to 1700 ppm. The greatest range of sample
concentrations (700 ppm to 3400 ppm) are also found in this area at hole
2D-118(34). The northern and western southern shallows of San Pablo Bay
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TABLE 12

SAN PABLO BAY-CARQUINEZ STRAIT

MEAN HOLE TOTAL KJELDAHL NITROGEN CONCENTRATIONS

Rating

1.

newnN
. o

9.
10.
11.
12.
13.
14.
15.

16.
17.

18.
19.
i 20.
21.

Hole
2D-116(32)

2D-118(34)
2D-115(31)
2D-114(33)
2D-117(35)

2D-123(28)
2D-126(25)
2D-125(23)

2D-128(26)
2D-120(17)
2D-124(27)
2D-131(30)
2D-132(16)
2D-121(21)
2D-119(29)

2D-127(19)
2D-164(15)

2D-133(18)
2D-122(22)
2D-130(20)
2D-129(24)

Mean
PpPM X 104

2200+100

1700+400
1700+400
1600+300
1600+200

1400+500
1400+300
1300+300

1200+500
1000+400
1000+600
900+400
900+400
900+400
800+400

800+200
800+100

700+400
700+200
600+200
500+100

100

Range
ppm x 10

2100-2300

700-3400
1400-2200
1200-2000
1300-1800

800-1300
1000-1600
800-1500

400-1800
500-1600
300-1800
500-1100
400-1300
300-1400
300-1300

700-1100
800-900

400-1200
400-1000
400-1000
400-600

% Sand
>74 u

141

44+17

15+21

15+11
9+2

8+14
IH1

2%1

37425
28+16
34%34
32%33
56+32
39%33
47423

54+16
62+17

69+15
60+20
73%17
70+14

%Z Clay
<2 u

49+3

1746
40¥13
3648
32%6

36+11
53+4
53+3

24+11
24+7

30+18
27¥14
21413
26+16
19+10

19+5
12+5

14+8
15+8
10+7
11#7
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have high mean hole TKN concentrations ranging from 1300 ppm to 1400 .
ppm. The sediments in this area are generally fine. The eastern

southern shallows, entrance to Carquinez Strait and the western end of |
the natural and maintained channel in San Pablo Bay have mean TKN con- |
centrations ranging from 800 ppm to 1200 ppm. The lowest TKN concen- !
trations are found on the eastern end of the natural and maintained
channel in San Pablo Bay.

Oil-Grease. The mean oil-grease concentration in the San Pablo Bay-

Carquinez Strait area is 500+500 ppm. Oil-grease concentrations in the |

sediments range from 100-2000 ppm. Table 13 is a listing of the mean |

hole oil-grease concentrations in order of decreasing magnitude. The

vertical distribution of oil-grease within holes is erratic, with the |

standard deviation normally exceeding fifty percent of the mean concen- |
; tration. The sand-clay content: oil-grease concentration relationship
I is less clearly defined than with the preceding contaminants, although
t the trend for high oil-grease concentrations to be associated with low
sand content is apparent.

Mean hole oil-grease concentrations greater than 1000 ppm are found
in the sediments at the entrance to and in Mare Island Strait, and at
the west end of the northern San Pablo Bay shallows. The surface sedi-
ment in hole 2D-115(31) at the entrance to Mare Island Strait has a high
oil-grease level despite having a large sand content (40 percent sand).

Mean hole oil-grease concentrations between 600 ppm and 900 ppm are
found on the north side of Carquinez Strait, western San Pablo Bay
shallows, the south side of Carquinez Strait, and the north side of the
entrance to Carquinez Strait. Holes 2D-118(34) and 2D-132(16) with mean
sand contents of 44 percent and 56 percent, respectively, have exceed-
ingly high oil-grease levels. Hole 2D-132(16) is especially interesting
in that the upper two samples (5 feet below Bay bottom) have oil-grease
values greater than 1400 ppm, whereas the other organic parameters

' (volatile solids, chemical oxygen demand, and total Kjeldahl nitrogen)
are not exceedingly high. The first five feet of sediment in the hole

4 is the finest, with the sand content varying from 9 percent to 40
percent. The sediment below five feet has a sand content greater than
60 percent.

Hole 2D-133(18) with a mean hole sand content of 69 percent appears
to have a somewhat higher mean oil-grease concentration (400+300) than
would be expected from the relatively coarse sediment. Like hole 2D-
132(16) this hole is located on the north side of the entrance to
Carquinez Strait. Conversely, hole 2D-123(28) in the southern shallows
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Rating

1.
2.
3.

4.
5.
6.
7.
8.

9.
10.
11.
12.

13.
14.
15.
16.

17.
18.
19.

20.
21.

TABLE 13

SAN PABLO BAY-CARQUINEZ STRAIT

MEAN HOLE OIL-GREASE CONCENTRATIONS

Hole

2D-115(31)
2D-125(23)
2D-116(32)

2D-126(25)
2D-114(33)
2D-118(34)
2D-132(16)
2D-117(35)

2D-124(27)
2D-121(21)
2D-133(18)
2D-123(28)

2D-120(17)
2D-131(30)
2D-128(26)
2D-119(29)

2D-129(24)
2p-127(19)
2D-164(15)

2D-122(22)
2D-130(20)

Mean
pPpPmM X 104

12004900
12004500
1100+600

900+500
900+400
800+600
8004600
600+300

500+400
400+300
400+300
400+100

300+400
300+200
300+200
300+100

200+200
200+100
200+100

100+0
100+0

102

Range
PPmM X 104

300-2000
700-1800
700-1700

700-1400
400-1400
300-1200
300-1600
300-900

200-1100
100-700
100-800
200-600

200-700
100-500
100-600
100-500

100-600
100-300
100-300

100-200
100-200

% Sand
>74 y

15+21
2+1
1+1

141
15+11
4417
56+32
9+2

34+34
39%33
69+15

8+14

28+16
32433
37%25
47%23

70+14
54%16
62+17

60+20
73%17

% Clay
<2 u

40+13
53+3
49+3

53+4
36+8
17+6
21413
32%6

30+18
26+16
14+8

36+11

24+7

27+14
24+11
19+10

11+7
19+5
12%5

15+8
10+7




of San Pablo Bay has a lower mean hole concentration (400 ppm) than
would be expected by the relatively small sand content (8 percent).
This high mean hole oil-grease concentration is due to the surface

sediment which is extremely fine (less than 2 percent sand content).

Mercury. The mean mercury concentration in the San Pablo Bay-Carquinez
Strait area is 0.75+0.60 ppm. Mercury concentrations in the sediments
of this area range from 0.10 ppm to 3.0 ppm. Table 14 is a listing of
the mean hole mercury concentrations in order of decreasing magnitude.

Mean hole mercury concentrations range from 0.324+0.11 ppm in the
sediments on the south side of the natural channel to 1.95+0.90 ppm in
the northern shallows of San Pablo Bay. Holes 2D-126(25) and 2D-125(23)
have the highest mean hole mercury concentrations of 1.95+0.90 ppm and
1.88+0.41 ppm, respectively. Both these holes have a clay content
exceeding 50 percent. The large deviation from the mean hole mercury
concentration in 2D-126(25) is due to an exceptionally high mercury
value (3.0 ppm) at 2.5 feet below Bay bottom.

Holes 2D-115(31) and 2D-114(33) located near the entrance to Mare
Island Strait and hole 2D-123(28) at the western end of the southern San
Pablo Bay shallows have mean hole mercury concentrations that range from
0.824+0.34 ppm to 1.03+1.2 ppm. The high mean hole concentrations can be
expected, due to the high clay content (36 to 40 percent). The large
deviation from the mean hole value in 2D-115(31) is the result of one
sample at 8 feet below Bay bottom having a mercury concentration of 2.4
ppm. This sample has a sand content of only 4 percent.

Holes 2D-128(26) and 2D~127(19) at the western end of the natural
channel, hole 2D-119(29) on the south side of Carquinez Strait, and hole
2D-120(17) at the eastern end of the southern shallows have mean hole
mercury concentrations greater than 0.80 ppm with large standard devia-
tions. The sand content of the sediments in these holes is fairly large
and the mean hole clay content is less than 25 percent. The deviations
from the mean hole mercury concentrations are all greater than 50
percent and are due primarily to the surface sediments being enriched
with mercury. The two deepest samples in hole 2D-119(29) have mercury
concentrations between one and two parts per million, yet the sand
content of these samples is greater than 35 percent.

Hole 2D-116(32) in Mare Island Strait and 2D-117(35) on the north
side of Carquinez Strait have lower mercury concentrations than would be
expected by the fine sediments. Hole 2D-132(16) with a mean sand con-
tent of 56+32 percent has a slightly greater mean hole mercury concen-
tration (0.66+0.21 ppm) than would be expected by the fairly coarse
sediments. Hole 2D-129(24) also has a higher mean hole mercury concen-
tration than would be expected by the presence of the high sand content
of 70 percent.
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15.
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TABLE 14

SAN PABLO BAY-CARQUINEZ STRAIT

MEAN HOLE MERCURY CONCENTRATIONS

Hole

2D-126(25)
2D-125(23)

2D-115(31)
2D-128(26)
2D-119(29)
2D-123(28)
2D-120(17)
2D-114(33)
2D-127(19)

2D-116(32)
2D-132(16)
2D-117(35)
2D-131(30)
2D-124(27)

2D-129(24)
2D-121(21)
2D-118(34)
2D-130(20)
2D-164(15)
2D-133(18)
2D-122(22)

1.88+0.41

0.66+0.11
0.63+0.06
0.6240.70

0.56+0. 46
0.56+0.40
0.4140.14
0.40+0. 14
0.40+0.08
0.36+0.09
0.3240.11

104

Range
PPM X 104
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o .
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COoOOOOHM-
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% Sand

>74 p

1+1
241

15+21
37425
47+23

8+14
28+16
15+11
54+16

141
56+32
9+2
32+33
34%34

70+14
39+33
4417
73+17
62+17
69+15
60+20

% Clay

<2 1

53+4
64+3

40+13
24%11
19+10
36+11
24+7
36+8
19+5

49+3
21+13
32+6
27+14
30+18

1147
26+16
17+6
10+7
12+5
14+8
15+8




The lowest mean hole mercury concentrations (less than 0.60 ppm)
are found at the west end of the natural and maintained channel in San
Pablo Bay. Hole 2D-118(34) has a surprisingly low mean hole mercury
concentration when compared to the mean hole concentrations of other
contaminants found at the hole.

Lead. The mean lead concentration in the San Pablc Bay-Carquinez Strait
area is 37.2451.5 ppm. Lead concentrations in the sediment of this area
range from 7.0 ppm to 421 ppm. Table 15 is a listing of mean hole lead
concentrations in order of decreasing magnitude. The mean hole lead
concentrations range from 11.0+5.7 ppm on the west end of the natural
channel 295.3+142.8 ppm at the entrance to Mare Island Strait.

Mean hole lead concentrations, like the other contaminants, are
generally associated with the mean sand-clay content of the holes. The
major exceptions to the sand-clay content - lead concentration relation-
ship are holes 2D-115(31) and 2D-114(33) near the entrance to Mare
Island Strait; 2D-119(29) and 2D-118(34) on the south side of Carquinez
Strait; and 2D-123(28) at the west end of the southern shallows.

Hole 2D-115(31) at the entrance to Mare Island Strait has extremely
high lead concentrations ranging from 140 ppm to 421 ppm. The surface
sample at this hole has a sand content of 40 percent, yet has the
highest lead value found in the San Pablo Bay-Carquinez Strait area.
Hole 2D-114(33) located to the east of 2D-115(31) on the north side of
Carquinez Strait has a mean hole lead concentration of 47.7+4.5 ppm.

The distribution of lead is very uniform with depth, as is indicated by
the deviation from the mean. Holes 2D-119(29) and 2D-118(34) on the
south side of Carquinez Strait have exceptionally high mean hole lead
concentrations when compared to the mean sand content of the holes.

Hole 2D-123(28) in the western southern shallows of San Pablo Bay is
comprised of very fine sediment (mean sand content 8+4 percent), yet the
mean hole lead concentration is only 28.6+17.6 ppm. The large deviation
from the mean hole lead concentration in 2D-123(28) is due to high lead
levels in the extremely fine surface sediment. The two deepest samples
of this hole at depths greater than 15 feet below Bay bottom are even
finer than the surface sediment (sand content of 0 percent); however,
the lead content is only 21 ppm.

Zinc. The mean zinc concentration in San Pablo Bay-Carquinez Strait
area is 111.4+53.0 ppm. Zinc concentrations in the sediment of this
area range from 38 ppm to 328 ppm. Table 16 is a listing of the mean
hole zinc concentrations in order of decreasing magnitude. The mean
hole zinc concentrations range from 287+46.8 ppm at the entrance to Mare
Island Strait to 55.4+21.2 ppm on the north side of the entrance to
Carquinez Strait.
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TABLE 15
SAN PABLO BAY-CARQUINEZ STRAIT

MEAN HOLE LEAD CONCENTRATIONS

Mean Range % Sand % Clay
Rating Hole ppm ppm >74 <2
e 2D-115(31) 295.3+142.8 140-421 15+21 40+13 ;‘
2. 2D-116(32) 64.745.1 59-69 1+1 49+3
3. 2D-114(33) 47.7+4.5 42-55 15+11 36+8
4, 2D-119(29) 46.2420.3 22-67 47423 19+10
S 2D-117(35) 44.619.6 32-55 9+2 3246
6. 2D-118(34) 38.0+10.0 26-58 44417 17+6
7 2D-126(25) 35.5+14.1 19-53 1+1 53+4
8. 2D-125(23) 34,0+16.2 24-48 251 33+3
: 2D-131(30) 29,.0+1.7 27-30 32433 27+14
10. 2D-123(28) 28.6+17.6 15-59 8+4 36+11
) 2D-120(17) 27.7417.3 17-62 28+16 24+7
12, 2D-132(16) 26.6+13.4 16-48 56+32 2113
1. 2D-121(21) 24,.3+14.0 12-54 39+33 26+16
1 14. 2D-124(27) 22.8%6.7 14-30 34434 30+18
15. 2D-127(19) 22.048.7 17-32 54+16 19+5
16. 2D-133(18) 21.8+16.4 14-51 69+16 14+8
17 2D-128(26) 20.749.4 13-39 37425 24+11
18 2D-130(20) 17.2+3.7 12-22 13£17 10+7
19. 2D-122(22) 16.0+2.9 14-21 60+20 15+8
[ 20. 2D-164(15) 12.8+1.0 12-14 62+17 1245
l 21. 2D-129(24) 11 OS5 7 7-21 70+14 1147
# {
106
d




The mean hole zinc concentrations are generally associated with the
sand-clay content as is shown in Table 16. Holes 2D-115(31) and 2D- .
114(33) near the entrance to Mare Island Strait have very high zinc con-
centrations. The highest sample zinc concentrations in these two holes |
are associated with the coarsest sediment near the surface. The deeper |
sediments also have high zinc levels, but these sediments are fine with |
less than ten percent sand content. Hole 2D-119(29) located across
Carquinez Strait from the entrance to Mare Island Strait has very high
zinc concentrations when compared to the sand-clay content. For in- ?
stance, at a depth of 2.5 to 5.0 feet below Bay bottom with a sand
content of greater than 35 percent, the zinc level is greater than 180
ppm. Holes 2D-126(25) and 2D~125(23) located in the northern San Pablo
Bay shallows have zinc levels ranging from 86 ppm to 179 ppm. Zinc
levels in these two northern shallows' holes decrease uniformly with

depth.
' The highest zinc concentrations in the San Pablo Bay-Carquinez
Strait area were found at the entrance to and in Mare Island Strait; on

the south side of Carquinez Strait opposite the entrance to Mare Island
Strait and on the north side of Carquinez Strait; in the northern shal-
lows of San Pablo Bay; and at the western end of the southern shallows.
With the exception of hole 2D-119(29), the sediments in these areas are
f the finest in the San Pablo Bay-Carquinez Strait area, rarely having

] sand contents exceeding 15 percent. In most cases the vertical dis-
tribution of zinc is very erratic regardless of the uniformity or
herogenity of the sediment in these holes. The lowest zinc levels in
these holes range from 84-236 ppm and the high levels range from 175-328

ppm.

Intermediate mean hole zinc concentrations between 90 ppm and 112
ppm were found in the sediments of the western end of the natural chan-
nel, the navigation channel, east end of the southern shallows, and on
the south side of Carquinez Strait opposite Southampton Bay. The
vertical distribution of zinc in the sediment of these areas is also
quite erratic with sample zinc levels ranging from a low of 61-84 ppm to
a high of 107-179 ppm. The sediments in these areas are much coarser
and hetrogenious than the preceding areas.

-
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; The lowest zinc levels were found at the eastern end of the natural

; channel and on both sides of the entrance to Carquinez Strait. The
sediments in these areas are generally the coarsest and most uniformly
distributed in the San Pablo Bay-Carquinez Strait area. Correspond-
ingly, the zinc levels are lower with a lesser deviation within holes.
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TABLE 16 1
SAN PABLO BAY-CARQUINEZ STRAIT

MEAN HOLE ZINC CONCENTRATIONS

Mean Range % Sand % Clay
Rating Hole PPm ppm >74 <2y
) I 2D-115(31) 287.0+46.8 236-328 15+21 40413
2, 2D-116(32) 187.0+3.2 184-190 1+1 4943
3. 2D-114(33) 164.049.1 151-176 15+11 36+8
4. 2D-123(28) 150.4+36.2 89-175 8+4 36+11
y 5. 2D-119(29) 145.3+47.5 84-197 47+23 19+10
6. 2D-117(35) 139.2+33.5 100-181 9+2 3246
7. 2D-126(25) 135.0+44.6 86-179 1+1 53+4
4 8. 2D-125(23) 120.8+37.8 90-175 2+1 5343
9. 2D-124(27) 112.0+48.6 70-176 34434 30+18
10. 2D-121(21) 104.9+38.4 63-179 39+33 26+16
1 Iy 2D-118(34) 104.6+18.8 79-136 44417 1746
12z, 2D-164(15) 98.5+10.1 84-107 62+17 12+5
1.3 2D-120(17) 96.3+28.3 65-139 28+16 2447
14. 2D-128(26) 92.0+21 61-126 37425 24411
15 2D-127(19) 89.7+26.3 73-120 54+16 19+5
16 2D-122(22) 74.2412.3 54-86 60+20 1548
L7 2D-129(24) 69.2+13.6 56-91 70+14 T1+7
18. 2D-131(30) 66.7+5.7 62-73 32433 27+14
19. 2D-132(16) 61.4+25.1 38-99 56+32 21+13
20. 2D-130(20) 59.6+13.4 48-82 73417 10+7
" 21, 2D-133(18) 55.4+21.2 44-93 69+16 1448
|
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Cadmium. The mean cadmium concentration in San Pablo Bay-Carquinez
Strait area is 0.75+0.42 ppm. The cadmium concentration in the sedi-
ments are highly variable ranging from 0.1 ppm to 1.8 ppm. Table 17 is
a listing of the mean hole cadmium concentrations in order of decreasing
magnitude. The highest mean hole cadmium concentration (1.57+0.15 ppm)
was found at the entrance to Mare Island Strait. The lowest mean hole
concentration (0.40+0.21 ppm) was found on the east end of the natural
channel. The most variable cadmium concentrations were found in hole
20-118(34) on the south side of the eastern end of Carquinez Strait
where the cadmium levels ranged from 0.6 ppm to 1.8 ppm.

Generally, the mean hole cadmium concentrations in Table 17 follow
the mean hole sand content. Holes 2D-115(31) and 2D-114(33) have higher
zinc levels than would be expected by their sand content. Holes 2D-
118(34) and 2D-128(26) also have high mean hole cadmium concentrations.
Hole 2D-118(34) with a mean sand content of 44-17 percent has a mean
hole cadmium concentration of 1.04+0.34 ppm. The highest sample cadmium
concentration in San Pablo Bay-Carquinez Strait area (1.8 ppm) was found
in this hole. This sample is located at a depth of 2.5 feet below Bay
bottom and has a sand content of 32 percent. Hole 2D-123(28) located on
the western end of the southern shallows has extremely low cadmium con-
centrations when compared to the sand content of the hole (8+4 percent).
The surface sample of 2D-123(28) with a sand content of two percent is
somewhat enriched with cadmium (0.8 ppm); however, at a depth of 18 feet
the sand content is zero and the cadmium level is only 0.4 ppm.

The highest mean hole cadmium concentrations are found in Carquinez
Strait, Mare Island Strait, eastern northern and southern shallows, and
the north side of the western end of the natural channels. Cadmium
levels in Mare Island Strait 2D-116(32) and holes 2D-115(31), 2D-114(33)
and 2D-117(35) on the north side of Carquinez Strait are consistently
high with concentrations ranging from 1.0 ppm to 1.7 ppm. The surface
sampling 2D-128(26) at the northwest end of the natural channel has a
cadmium concentration of 1.4 ppm and a sand content of four percent.

The two deepest samples (18 to 22 feet below Bay bottom) have a sand
content of greater than 50 percent, yet the cadmium levels are 1.0 ppm.
These two samples are responsible for the high cadmium rating (#6) for
2D-128(26). Hole 2D-125(23) in the eastern northern shallows of San
Pablo Bay has the greatest deviation from the mean cadmium concentra-
tion. This is due to the surface sample being enriched with cadmium
(1.5 ppm). The deeper samples of 2D-125(23) have cadmium levels between
0.5 ppm and 0.8 ppm. Hole 2D-120(117) in the eastern southern shallows
has cadmium levels ranging from 0.5 ppm to 1.1 ppm.

Intermediate mean hole cadmium concentrations with mean hole
cadmium concentrations ranging from 0.75+0.1 ppm to 0.53+0.21 ppm were
found in the maintained navigation channel, the western end of the
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TABLE 17
SAN PABLO-CARQUINEZ STRAIT

MEAN HOLE CADMIUM CONCENTRATIONS

Mean Range % Sand % Clay
i Rating Hole ppm PpPm > 74y <2y
3
) i 2D-115(31) 1.5740.15 1.4-1.7 15+21 40+13
2. 2D-114(33) 1.484+0.08 1.4-1.6 15+11 36+8
3. 2D-116(32) 1.4740.06 1.4-1.5 1+1 49+3
4. 2D-117(35) 1.1440.11 0.0-1.3 9:+2 3246
5 2D-118(34) 1.0440. 34 0.6-1.8 44417 17+6
% 6. 2D-128(26) 0.9740.24 0.7-1.4 37+25 24+11
§ Ze 2D-125(23) 0.88+0.43 0.5-1.5 2+1 53+3
8. 2D-120(17) 0.7740.23 0.5-1.1 28+16 2447
e 2D-164(15) 0.7540.1 0.7-0.9 62+17 12+5
1 10. 2D-126(25) 0.73+0.34 0.4-1.2 1+1 53+4
11. 2D-127(19) 0.63+0.06 0.6-0.7 54+16 1945
12. 2D-124(27) 0.624+0.16 0.4-0.8 34434 30+18
13. 2D-119(29) 0.58+0.21 0.2-0.8 47423 19+10
14. 2D-133(18) 0.58+0.11 0.5-0.7 69+16 1448
1
15. 2D-129(24) 0.54+0.27 0.3-1.0 70+14 L1147
16. 2D-123(28) 0.5440.15 0.4-0.8 8+4 36+11
123 2D-131(30) 0.5340.21 0.3-0.7 32433 27+14
18. 2D-130(20) 0.46+0.09 0.3-0.5 73+17 10+17
19. 2D-121(21) 0.44+0.18 0.3-0.8 39433 26+16
20. 2D-132(16) 0.40+0.12 0.3-0.6 56+32 21413
21. 2D-122(22) 0.4040.21 0.1-0.6 60420 1548
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northern and southern shallows, southeast end of the natural channels,
and the north and south side of the entrance to Carquinez Strait.
Except for holes 2D-126(25) in the western southern shallows and 2D-
129(24) on the northeastern side of the natural channel, all sample
cadmium levels are less than 1.0 ppm.

The lowest cadmium levels with mean hole concentrations ranging
from 0.40+0.21 ppm to 0.46+0.09 ppm were found on the southwestern side
of the natural channel and one hole 2D-132(16) on the north side of the
entrance to Carquinez Strait.

Copper. The mean copper concentration in San Pablo Bay-Carquinez Strait
area is 34.3+15.0 ppm. Copper levels in the sediment range from 11 ppm
to 78 ppm. Table 18 is a listing of the mean hole copper concentrations
in order of decreasing magnitude. The mean hole copper concentrations
range from 16.0+5.3 ppm on the west end of the navigation channel to
61.0+1 ppm in Mare Island Strait.

The highest mean hole copper concentrations are found in Mare
Island Strait and north side of Carquinez Strait. The copper levels in
holes 2D-116(32), 2D-115(31), 2D-117(35), and 2D-114(33) are uniformly
high with the deivation from the mean concentration being less than 12
percent.

Intermediately high mean hole copper concentrations between 34 ppm
and 41 ppm were found in the northern and southern shallows of San Pablo
Bay, margin of the natural channel (south side), and the furthest hole
to the east on the south side of Carquinez Strait. The copper levels in
these areas are much more variable than Mare Island Strait and north
side of Carquinez Strait. Hole 2D-121(21) on the margin of the natural
channel has extremely high copper levels in the surface sediment. The
highest sample copper concentration of 78 ppm was found in the surface
sample of this hole and is associated with a sand content of 17 percent.
At depths greater than ten feet below Bay bottom the sediment abruptly
becomes coarser (greater than 60 percent sand) and the copper levels
correspondingly decrease to 15 ppm. Holes 2D-125(23) and 2D-126(25) in
the northern San Pablo Bay shallows have similar range in copper levels,
decreasing from 50 ppm at the surface to 30 ppm at near 15 feet below
Bay bottom.

The lowest mean hole copper concentrations are found in the natural
and maintained navigation channel in San Pablo Bay and at the entrance
to Carquinez Strait. Sample copper concentrations in these areas range
from 12 ppm to 41 ppm.
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Hole
2D-116(32)

2D-115(31)
2D-117(35)
2D-114(33)

2D-121(21)
2D-125(23)
2D-118(34)
2D-123(28)
2D~126(25)
2D~120(17)

2D~131(30)
2D~164(15)
2D~119(29)
2D~132(16)
2D~124(27)
2D-129(24)

2D-122(22)
2D-133(18)
2D-130(20)
2D-128(26)
2D-127(19)
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TABLE 18
SAN PABLO BAY-CARQUINEZ STRAIT

MEAN HOLE COPPER CONCENTRATIONS

Mean Range % Sand % Clay
ppm ppm >74 u <2u
61.0+1 60-62 1+1 49+3
57.3+7.2 49-62 15+21 40+13
51.2+6.8 41-57 9+2 32+6
51.0+4.1 43-54 15+11 36+8 |
|
41.0423.4 15-78 39433 26+16
39.5+6.6 34-49 241 53+3 5
39.148.6 28-54 44417 1746 |
38.8+18.5 25-71 8+4 36+11 |
37.3%6.9 30-46 1+1 53+4
34.248.1 24-45 28+16 2447
32.7412.7 18-41 32433 27417
31.5+6.0 26-40 62+17 1245 i
29.749.5 13-37 47423 19410
29.0+19.8 11-60 56+32 21413
27.8+10.3 13-39 34+34 30+18
26.6+5.3 20-32 70+14 11+7
23.6+3.9 18-27 60+20 15+8
22.4+10.7 14-41 69+16 1448
19.2+6.1 12-27 73417 10+17
18.0+4.2 14-26 37425 24%11
16.0+5.3 12-22 54416 1945
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SUMMARY

Contaminant levels within the San Pablo Bay-Carquinez Strait area
vary widely both spatially and temporally. The surface sediments gen-
erally have higher legels with most of the nine contaminants. There
does not appear to be any discernable pattern in the distribution of
contaminants with depth, primarily because of the vast changes in the
nature of sediments with depth. There does appear to be a definite
relationship between contaminant levels and sediment type (particle
size) which is reflected in both the vertical and horizontal distri-
bution of contaminants. However, this relationship is not absolute and
other factors such as proximity to the sources of contaminants, rate of
shoaling, rate of contaminant input, and association of contaminants to
other parameters such as organics and other contaminants most probably
play a role in the distribution.

The most distinguishable pattern in levels of contaminants in the
San Pablo Bay-Carquinez Strait area can be seen in the spatial distri-
bution of contaminants in the surface sediments (Figures 25-29), espe-
cially in San Pablo Bay proper. From the entrance to Carquinez Strait,
the contaminant levels increase in a westward direction to a point
opposite Pinole Point where the levels begin decreasing toward San Pablo
Strait. Moving across San Pablo Bay the contaminant levels are highest
in the northern and southern shallows and decrease toward the natural
and navigation channel. This pattern of distribution of contaminants
closely reflects the current energy environment of the area, and thus,
the types of sediment that will be deposited. The coarsest sediments
which are generally associated with the lowest contaminant levels in the
surface sediments are also associated with the greatest energy of depo-
sition areas. These high energy areas are located in the natural
channel and maintained navigation channel of San Pablo Bay proper.
Moving towards the flanks of the natural channel and onto the northern
and southern shallows the current energy decreases, the sediments become
finer and the contaminant levels become greater.

The vertical distribution of contaminants in the San Pablo Bay-
Carquinez Strait area is very erratic. Generally, the highest contami-
nant levels are associated with the finest sediments. Where the sand
and clay content of the sediment varies widely with depth, the contami-
nant levels also vary greatly. The higher contaminant levels in the
holes are normally associated with the finer sediments. The vertical
distribution of contaminants were compared in terms of the mean hole
contaminant concentrations and standard deviations from the mean. This
method provided a means of rating the holes as to their relative con-
taminant levels. The standard deviation from the mean contaminant
concentrations provided a method to show how the contaminant levels
varied within individual holes. Comparison of mean hole sand content
permitted an evaluation of the relationship between particle size and
contaminant levels.
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Two general trends in the vertical distribution of contaminants
become apparent from this method of analysis (Tables 10-18). First, .
where there is a large deviation from the mean hole sand or clay con-
tent, there is also a large deviation from the mean hole contaminant _
concentration. Second, the contaminant levels are generally associated i
with the particle size of the sediment. These two trends are related in
that the deviation from the mean hole sand or clay content is indicative
of the degree of vertical homogenity of the sediment in the hole. Thus,
where sediments are uniform with depth the contaminant levels are also
uniform or where fine and coarse sediments are inter-bedded, high con-
taminant levels are associated with the fine sediment and low contam-
inant levels are associated with coarse sediment.

For discussion purposes the San Pablo Bay-Carquinez Strait area is

divided into sub-areas based on geographical location, similarities in
i physical characteristics of the sediments, and the vertical distribution
¢ of contaminants in the sediments. These sub-areas include: Mare Island
Strait and the northern shallows of San Pablo Bay; channel margins of
Carquinez Strait; southern shallows of San Pablo Bay; entrance to
Carquinez Strait; and, the natural and maintained channel in San Pablo
Bay.

Mare Island Strait and Northern Shallows of San Pablo Bay

Three holes were drilled in this area: 2D-116(32) in Mare Island
Strait, and 2D-125(23) and 2D-126(25) in the northern shallows of San
Pablo Bay. Mare Island Strait is characterized as an uniformly low
energy environment of deposition. Wind-wave action and current velo-
cities are very low. The sediments are very fine clayey silt and are
uniformly distributed with depth. Mare Island Strait experiences very
high rates of shoaling. The sediments of the northern shallows of San
Pablo Bay are as fine or somewhat finer (silty clay) than in Mare Island
Strait. The northern shallows, however, are characterized as a moderate
wave-low current energy environment. Like in Mare Island Strait, the

f fine sediments are uniformly distributed with depth. The northern

4 shallows are normally thought of as a holding area for sediments brought
down in suspension from the discharge of the Sacramento-San Joaquin
River system. These sediments brought down during the winter season are
temporarily deposited in the northern shallows during periods of calm.
When wind-wave action increases during the spring and summer months
these sediments are resuspended and moved into the natural channel by
the slow moving currents, where some are deposited in the natural chan-
nel, some are moved back into Carquinez and Mare Island Straits, and
some sediments are moved down into Central Bay. Current velocities in
the northern shallows are not great enough to transport coarser sedi-
ments from the natural channel onto the shallows. Constant wind-wave




action in the spring-summer months and periodically during the winter
mix the fine sediments uniformly with depth. The northern shallows area
differs from the Mare Island Strait area in that the fine sediments of
the northern shallows are constantly worked by wave action, whereas the
tranquil conditions in Mare Island Strait does not develop enough energy
to disturb the sediments.

Typical distributions of contaminants in Mare Island Strait and the
northern shallows of San Pablo Bay are shown in Inclosures 4-38 and 4-
27. The sediments of Mare Island Strait and northern shallows of San
Pablo Bay, along with the sediments of the north channel margins of
Carquinez Strait, have the highest contaminant levels in the San Pablo
Bay-Carquinez Strait area. Contaminant levels in sediments of Mare
Island Strait are uniformly distributed or slightly increase with depth,
whereas contaminant levels in the sediments of the northern shallows of
San Pablo Bay generally decrease with depth. On the whole, the sedi-
ments of Mare Island Strait have higher contaminant levels than the
sediments of the northern shallows of San Pablo Bay. However, volatile
solids and oil-grease levels are about the same, and mercury levels in
the northern shallows of San Pablo Bay are substantially greater.

Channel Margins of Carquinez Strait

Five holes were drilled in this area; 2D-114(33), 2D-115(31) and
2D-117(35) on the north side of the Strait; and, 2D-118(34) and 2D-
119(29) on the south side. The channel margins of Carquinez Strait are
characterized as an intermittent current energy and wave energy envir-
onment of relatively low magnitude. Sedimentary deposits on the north
side of the strait are comprised principally of clayey silt and silty-
sandy-clay material, with bedding of a relatively gross nature. On the
south side of the strait the sediments are coarser, varying from a sand
to silty sand material that is relatively uniformly distributed with
depth. The environment of deposition of the south side of the strait
has been greater and more uniform than on the northern side of the
Strait.

Typical distributions of contaminants in the channel margins of
Carquinez Strait are shown on Inclosures 4-37 and 4-41. The contaminant
levels along the margins of the strait are exceedingly high when compared
to the relatively coarse sediments. Hole 2D-115(31l) near the entrance
to Mare Island Strait has the highest volatile solids, oil-grease, lead,
zinc, cadmium and copper levels found in the San Pablo Bay~Carquinez
Strait area. Exceedingly high levels of these contaminants are found
even in the coarser silty-sandy-clay surface sediments. There is also a
large fluctuation of contaminant levels with depth. Hole 2D-118(34) has
the highest levels of chemical oxygen demand and total Kjeldahl nitrogen,
even though the sediments are a silty sand and sandy silt material.
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Southern Shallows of San Pablo Bay

Three holes were drilled in this area; 2D-120(17), 2D-121(21) and
2D-123(28). The area is characterized as an intermittent current energy
and wave energy environment of moderate magnitude. The sediments vary
from clayey silt to sandy silt with very gross bedding. These sediments
are much coarser than those found in the northern San Pablo Bay shallows
and are much more hetrogeneous.

Typical distributions of contaminants in the southern shallows are
shown on Inclosures 4-33 and 4-24. Except for chemical oxygen demand,
contaminant levels are much lower than in the northern shallows of San
Pablo Bay, but are higher and more variable than in the natural channel
area.

Entrance to Carquinez Strait

Three holes were drilled in this area; 2D-131(30) on the south
side, and 2D-132(16) and 2D-133(18) on the north side of the entrance.
The area is characterized as a low wave energy and moderately high
current energy environment. The sediments are generally coarse, varying
from sand to silt-sand-clay material. Some clayey silt material is
present.

Inclosures 4-21 and 4-36 are typical distributions of contaminants
at the entrance to Carquinez Strait. The contaminant levels are low and
are fairly uniformly distributed with depth.

Natural and Maintained Channel in San Pablo Bay

Seven holes were drilled in this area; 2D-129(24), 2D-130(20), 2D-
122(22) and 2D-164(1l5) on the east end of the natural channel; and, 2D-
124(27), 2D-127(19) and 2D-128(26) on the west end. The area is pre-
dominantly a current energy environment, decreasing in magnitude towards
the west. The sediments on the east end of the natural channel are
predominantly sand and silty sand and are fairly uniform with depth.
Towards the west end of the natural channel the sediments become finer
with greater percentages of silt and clay.

Typical distributions of contaminants in the natural channel are
found on Inclosures 4-23 and 4-30. The lowest contaminant levels in the
San Pablo Bay-Carquinez Strait area are found in the natural and main-
tained channel. Contaminant levels are higher at the western end of the
channel due to the finer sediments.
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SAN PABLO STRAIT-BERKELEY FLATS .
DESCRIPTION

The San Pablo Strait-Berkeley Flats area shown on Figure 30 en- ]
compasses the major portion of Central San Francisco Bay. The major %
features of this area are San Pablo Strait connecting San Pablo Bay with ?
Central Bay, Berkeley Flats and Southampton Shoal on the eastern side of %
Central Bay, San Rafael and Corte Madera Flats on the west side of ?
Central Bay, and Richmond Channel and West Richmond Channel dividing the ;
western shallow areas from the eastern shallow areas. g

San Pablo Strait is a 1.6 mile wide natural channel interconnecting
San Pablo Bay with Central San Francisco Bay. Powerful currents flowing
through this constricted pass have eroded and maintained an elongated
scour hole to depths as great as 128 feet below MLLW. The strait is a
conduit for transferring and mixing San Pablo Bay brackish water with
more saline Central San Francisco Bay water. The submarine configura-
tion of San Pablo Strait is a key geographic feature influencing both
tidal hydraulics and current circulation patterns within the Bay system.

Richmond and West Richmond Channels are extensions to San Pablo
Strait. Richmond Channel is relatively shallow and narrow compared to
West Richmond Channel. Richmond Channel is interrupted by the shallow
Southampton Shoal. West Richmond Channel connects the deep water of San
Pablo Strait to the deep Central Bay and the Golden Gate. These chan-
nels are the major exchange routes of water of North, Central and South
San Francisco Bay and the ocean outside the Golden Gate.

Berkeley Flats is a shallow water area consisting of extensive
intertidal and subtidal mudflats. Berkeley Flats is within the seven
mile long east shore of Central San Francisco Bay bounded by Oakland
Outer Harbor Channel in the south and Richmond Harbor Channel in the
north. Berkeley Flats (including the Southampton Shoal) encompasses a
surface area of about 20 square miles or 5 percent of the total surface
area of the Bay system.

Richmond Harbor, an important port and industrial complex, is
located in the extreme northern sector of Berkeley Flats. A dredged
channel, maintained to a project depth of 35 feet connects deep water in
Central Bay to the harbor and port facilities at Richmond.

Southampton Shoal is an elongated shoal, 1.6 miles long with a
maximum width of 2,400 feet. The perimeter of the shoal is delimited by
the 18-foot contour. The shoal is separated from Berkeley Flats by a
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moderately deep natural channel. The western perimeter of the shoal is
adjacent to the major natural channel in the Bay. A navigation channel
maintained to 35 feet below MLLW has been cut through the shoal area.
This channel is infrequently dredged because naturally occurring cur-
rents scour the channel bed to authorized depths.

Corte Madera and San Rafael Flats form a shallow water area along
the western margin of Central San Francisco Bay. These shallow areas
are much narrower than the broad Berkeley Flats. These flats are
situated in two small sub-bays formed by indentations in the western
shore of Central Bay. A major creek empties into each of these small
embayments. Navigation channels are dredged in both San Rafael and
Corte Madera Creeks to provide depths suitable for navigation by light
draft vessels.

Tide and Tidal Currents

Tidal forces are among the primary estuarine processes determining
the distribution pattern of bottom sediments in the San Pablo Strait-
Berkeley Flats area. Both the vertical and horizontal components of the
tide have specific, identifiable effects on sedimentation rates in
different parts of the Bay. The vertical rise and fall of the tide in
San Pablo Strait and Berkeley Flats area has a mean range of 5.9 feet.
This means about 8 square miles of inter-tidal flats are exposed at mean
lower low water. The duration of the ebb between HHW and subsequent LLW
is greater than any other ebb-flow period of the semi-diurnal tidal
cycle. The vertical rise and fall of the tide regulates effective depth
of wind-wave action (wave base). Advance and recedence of the tide
corresponding with the semi-diurnal tidal fluctuation determines to what
extent the bottom sediments are subject to erosion, resuspension and
transportaton by wind-wave action.

Tidal current velocities vary with location within the study area,
as well as vertically through the water column. Maximum current velocities
occur in the deep water channels. In San Pablo Strait flood currents
reach maximum velocities of 2.4 knots at the surface and 1.2 knots near
the bottom. Ebb currents reach maximum velocities of 3.2 knots at the
surface and 1.5 knots near the bottom. Tidal current velocities in the
shallow areas such as Berkeley Flats are much less than in the channels
and rarely exceed 1.5 knots during the flood or ebb.

Southampton Shoal is a submarine feature formed and maintained by
tidal currents. Currents setting over the Shoal are competent enough to
winnow away clay and silt size fractions but are too weak to erode fine
sands found on the Shoal.




Richmond Harbor navigation channels, turning basins and berthing
areas of this port experience low velocity current conditions at all 1
depths. Studies of other harbors within the Bay system indicate a tidal
current regimen with tidal prism predominantly filling through the
bottom layers of the water column and emptying through the upper surface
; sections.

Generalized surface flow circulation patterns are shown on Figure
‘ 31 for typical flood and ebb tidal conditions during moderate river in-
B flow. Central San Francisco Bay is a mixing zone for two distinct water
masses: brackish and fresh water from upstream bays and saline water
from the ocean. Turbulent mixing is caused by convergence and diver-
gence of currents, current bed friction, internal shearing across saline
and brackish water boundaries and wind and wave action.

Maximum tidal current velocities in San Pablo Strait occur two
hours later than in the southern part of Berkeley Flats and over one
hour later than at the Golden Gate. As a consequence of the phasing
differences the ebb current in North and Central Bay continues to flow
after the tidal current has begun to flood at the Golden Gate and in
South Bay. The flood current from the Golden Gate converges with the
still ebbing waters in the Berkeley Flats area, driving the ebb flow
against the east shore of Central Bay and causing the last stages of the
ebb to merge and mix with the flood entering from the Golden Gate and to
flow into South Bay. The convergence zone of these two water masses are
shown on Figure 32.

Tidal flow is concentrated in the deepwater channels. However,
during the initial flood phase, there is a convergence of the east
northeast setting flood current with the south setting ebb. The colli-
sion effect of this convergence causes eastward displacement of the
combined ebb flow and river inflow. This convergence causes the south
setting current to meander over the western edge of Berkeley Flats.
These current lines (interfaces between distinct surface currents)
indicate the location of separate water masses moving south across
Berkeley Flats. At later stages of the tidal cycle, during maximum
flood, as the flood current sets east over Berkeley Flats it causes
setup on the Berkeley shore and a divergence zone develops west of
Berkeley Marina. Part of the flood flows north over the flats and
alongshore before entering San Pablo Bay. There are small convergence
zones near Richmond Inner Harbor and Pt. Richmond. The other portion of
the diverging flood sets south over the Flats and alongshore before
entering South Bay via the pass between Yerba Buena Island and the
Oakland Mole (Toll Plaza).

-

R TS

Ebb currents move south and west over Berkeley Flats. The pre-
dominant flow moves west through the gap between Angel Island and
Alcatraz Island before leaving the system through the Golden Gate. Some
ebb flow from South Bay sets north between the Yerba Buena-Oakland Mole.
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The main component of the ebb flow from South Bay is funneled north and
concentrated on the west side of Yerba Buena Island. Features such as
Point Richmond, Brooks Island, Berkeley and Emeryville Yacht Harbors set
off low velocity gyres.

Circulation in the study area is multi-level and bidirectional.
Density currents due to difference in salinity occur at depth in the
channels. The directional predominance of these currents is upstream
along the bottom which reinforce flood magnitude and increases flood
duration. A difference in salinity of only a few parts per thousand is
enough to drive this type of current (Ref. 23). In shallow areas, where
the wave base reaches the bottom as is frequently the condition over
Berkeley Flats, wind and wave action causes turbulent mixing throughout
the water column which destroys salinity gradient and the potential for
this type of current.

During winter freshets, salinity currents are highly developed in
the deep water channels. Simmons (Ref. 13) describes these sectors of
the Bay as well mixed for most of the year but becoming partly mixed
with stratified bidirectional flows occurring with flood predominance at
the bottom during freshet conditions. Salinity gradient varies directly
with freshwater inflow and water column depth.

T Wind and Wave Action

Two distinct wind and wave action seasons occur annually in the Bay
area. During the spring-summer period, strong, gusty westerly winds are
funneled through the Golden Gate onto Berkeley Flats. These prevailing
westerlies occur with diurnal regularity. Mornings are generally calm.
Winds begin to blow onshore in the late morning increasing in velocity
after mid-day and reaching maximum force in mid-afternoon. This pattern

l with its strong onshore component is controlled by location and inten-
sity of the North Pacific high pressure cell and the smaller low pres-
w sure system over the Central Valley.

Waves generated by these summer winds are steep, short period

! unstable forms. On windy summer afternoons, breaking waves occur over

1 the entire surface area of Berkeley Flats. Waves of three to six feet

‘ are known to occur over these shallows. The flats are a high wave
energy zone in the Bay. The horizontal surge and turbulent shear forces
associated with this wave climate are predominate mechanisms which have
formed and maintained the subtidal flats. Prevailing westerly winds
drive surface waters downwind and pile these waters onto the Berkeley
Flats. These diurnal wind-drift currents transport sediments suspended

| by wave action shoreward. This onshore flow of water and wind setup
generate compensating current movement. These currents manifest them-
selves in two forms: longshore currents flowing north and south along
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the perimeter of the Flats and subsurface currents flowing offshore
along the bottom. The longshore component of these currents is greater
than the bottom currents because wind action over these shallows tends
to retard development of subsurface flow.

The western shoreline of Central Bay is protected from the pre-
vailing westerly winds during the spring and summer months. Wave action
in Corte Madera and San Rafael Flats is greatly subdued and wind-wave
resuspension of sediments during spring and summer is small in compari-
son to Berkeley Flats on the eastern shore.

During the winter season, winds are generally offshore with fre-
quent calm periods prevailing. These offshore Santa Ana winds generally
blow from the north and northeast. They originate in the high pressure
cells situated over the Central Valley of California and the Great Basin
area between the Sierra Nevada and Rocky Mountains. These winds develop
wind-drift currents moving surface waters of Berkeley Flats offshore.
This downwind movement of surface waters triggers a compensating current
movement onshore of bottom water layers.

This winter period regimen of offshore winds and calms is inter-
rupted by periodic low-pressure storm systems passing west to east over
the Bay. These winter storms generate powerful southerly winds which
sweep across the open expanse of Berkeley Flats from South Bay producing
sizable waves as well as north setting surface currents. These rela-
tively short duration storms resuspend bottom sediments making them
available to be flushed out the Bay by freshet flows. Wave action is
also responsible for homogenization of bottom sediments and contaminants,
and preferentially winnowing of certain sediment size fractions.

Sediments and Depositional Characteristics

Sediments of the San Pablo Strait-Berkeley Flats area are similar
to those found elsewhere in San Francisco Bay. Sediments entering the
Bay system undergo a series of temporary stop-overs in Suisun and San
Pablo Bays before entering the San Pablo Strait-Berkeley Flats area.
The retention time in upstream embayments is controlled by the dynamic
forces previously discussed.

Historical sedimentation in Central San Francisco Bay has been
described by Smith (Ref. 9). Figure 33 is a contour map of the average
annual sediment deposition volume for the years 1855-1948, developed
from Smith's data. The highest shoaling rates have occurred along the
flanks of the deep water channels in water depths of ten to thirty feet.
These areas are located along the fringes of Berkeley Flats on the east
side of Central Bay and along the fringes of San Rafael and Corte Madera
Flats on the western side. Intermediate shoal areas are adjacent the
high shoaling areas in water depths of four to ten feet. Large inter-
mediate shoal areas are located in northern Berkeley Flats, San Rafael
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and Corte Madera Flats, Richardson Bay and along the San Francisco
waterfront. The deep water channels of Central Bay including Richmond i
and West Richmond Channels, Raccoon Strait and the Golden Cate have
shown little or no shoaling. The southern portion of Berkeley Flats has &
experienced moderate to high scouring.

The channel margins in Central Bay, as in North Bay (San Pablo :
Bay), have experienced the highest rates of shoaling as a result of '
diminishing current and wave action. These deposition zones are too far
away from the channel axis to be affected by current generated erosion
and too deep to be affected by wave generated erosion. The deep water
channels of Central Bay appear to be in approximate dynamic equilibrium
as a result of scouring action of currents. The shallow sub-tidal flats
such as Berkeley Flats also appear to be in approximate dynamic equilibrium
as a result of scouring by wind-wave action.

L SEISMIC SUBBOTTOM REFLECTION PROFILING

|

> Approximately 66 miles of seismic subbottom reflection profiling

i lines were obtained in Central San Francisco Bay as part of this study.
|
|
|

Subjective interpretation is based on the evaluation of seismic profiles
using the 3.5 KHz transducer system discussed previously in this report.
Inclosure 2-28 through 2-65 is the profiling tracks and interpretation
of the seismic reflection records.

Based on the seismic reflection profiles and logs of borings along
the profiling track, the San Pablo Strait-Berkeley Flats area is sepa-
rated into three general physiographic provinces; shallow subtidal flats
(0-10 feet deep), channel margins (10-30 feet deep), and deep water
channel areas (greater than 30 feet deep).

Shallow Subtidal Flats

! The most extensive submarine province is the shallow subtidal flats
along the eastern and western perimeters of Central Bay. The submarine

'1 topography of the Bay floor in this province consists of low relief, mud
and mud/sand flats gradually sloping towards the adjacent channel margins
and deep water channels. The sediments in the flats are generally
classified as being part of the New Bay Mud. Logs of borings show the
bottom sediments of the flats to be almost entirely very soft, gray
silty-clay or clayey-silt with small traces of fine sand and shell
fragments.

Figure 34a and b are typical examples of the seismic subbottom
profiling records in Berkeley and Corte Madera Flats. These two areas
differ in that the seismic reflection signal in the Corte Madera Flats

{ area is attenuated in the first few feet of sediment with no discernable
subbottom structure while in the Berkeley Flats area the seismic reflec-
tion records indicate extensive subbottom structure. Logs of borings
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and mechanical analysis of sediments indicate the Corte Madera Flats .
area is an uncompacted, dark gray clayey sediment uniformly distributed

with depth. Organic material is present in the first three feet of

sediment. The particle size distribution curves shown in Inclosure 4-1

are typical of sediments in Corte Madera Flats. The curves represent

five samples of hole 2D-144(11) to a depth of about 22 feet below Bay

bottom. The median particle sizes within this hole vary from 3 to 16 1
microns.

In contrast Inclosure 4-7 shows the particle size distribution
curves of hole 2D-138(7) in Berkeley Flats. This hole represents six
samples to a depth of 21 feet below Bay bottom. The median particle
sizes within this hole vary from 4.5 microns at the surface to 250
microns at 21 feet below Bay bottom.

Seismic subbottom exploration of Berkeley Flats reveals the pres-
ence of a major subbottom reflection surface at 15 to 30 feet below Bay
bottom. This horizon shown on Figure 34b is the erosional interval
separating 0ld Bay Mud from the New Bay Mud. This discontinuity is
extensive throughout Central Bay. The seismic reflection records show
that the erosional surface is deepest along the margins of the deep
water channels and gradually slopes upwards towards the periphery of the
Bay. The erosional surface is occasionally interrupted by scattered
shell deposits.

The New Bay Mud of Berkeley Flats is represented on hole 7 by
samples 1 through 4. The New Bay Mud is comprised of a clayey silt
material with the median particle sizes generally less than 20 microns.
The sand content is very low. Numerous sub-horizons of alternating
layers of clayey silt and silty clay are discernable on the seismic
reflection records. The 0ld Bay Mud of Berkeley Flats to the depth of
borings (hole 7, samples 5 and 6) is a silty-sand material with the sand
content varying from 30 to 80 percent.

Channel Margins

The channel margins in Central Bay form a transitional zone sepa-
rating the shallow subtidal flats from the deepwater channels. The
submarine topography of the Bay floor in this province is of moderate
relief, sloping downward towards the contiguous deepwater channels. The
sediments of the channel margins range from a silty clay material in the
shallower areas to a silty sand in the deeper areas.

Seismic subbottom reflection profiles show that the channel margins
can be further divided into two sub-areas. The first area includes
water depths between 10 and 20 feet below MLLW and is characterized on
the seismic reflection records as a limited penetration area. On the
western side of Central Bay this area is a continuation of the limited
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penetration areas of Corte Madera and San Rafael Flats. On the western
side of Central Bay the limited penetration area grades into the highly
structured subbottom of Berkeley Flats. The right portion of Figure 35
is a typical example of seismic reflection records from water depths
between 10 and 20 feet.

The second area of the channel margins ranges generally between 20
and 30 feet below MLLW and is characterized on the seismic reflection
records as an area with gross subbottom structure. The left portion of
Figure 35 is a typical example of the seismic reflection records from
the deeper areas of the channel margins.

The sediments of the upper channel margins are a silty-clay to
clayey-silt with median particle sizes rarely exceeding 40 microns. The
distribution of sediments with depth is somewhat more variable than the
distribution in the subtidal flats. Inclosure 4-13 shows hole 2D-
142(12) located in the upper channel margins. The sediments of the
lower channel margins are much more variable with depth, ranging from a
clayey silt to a silty sand. Inclosure 4-5 shows the particle size
distribution curves of hole 2D-141(5) located in the lower channel
margins.

The upper channel margins coincide closely to the high shoaling
areas of Central Bay shown on Figure 33 and could account for this area
being a limited penetration area on the seismic subbottom reflection
profiles.

Southampton Shoal is a submarine feature which does not clearly
fall into any of the three major physiographic provinces but is included
in the channel margins category. The shallowest area of the shoal is 18
feet below MLLW and is bounded by channel areas on both sides. Sedi-
ments forming the shoal are almost entirely sand.

Figure 36a is an example of the seismic reflection records of
Southampton Shoal. The seismic reflection records in this area are of
good quality with fairly deep penetration. Very little structure is
discernible in the subbottom and the records are typical of a sandy
bottom, i.e. cross-bedding and parabolic traces on the record as a
result of rounded sand particles.

Deep Water Channels

The bathymetry of the deepwater channels is of moderate to high
relief. Extremely steep slopes occur adjacent to rocky promontories,
islands and offshore pinnacles. These steep, rugged relief features are
frequently formed by bedrock outcrops. The channel bottom and some side
slopes are principally dense sand. Sand waves and secondary v-shaped
channels are frequently present.
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Examples of the seismic reflection profiles of the deepwater .
channels are shown on Figure 36b and c. Figure 36b shows the presence
of sand waves near Raccoon Strait. No subbottom structure is discern-
ible; however, the record is typical of a sandy bottom. The sand waves
are asymmetrical with rounded crests. The ridges of the sand waves have
gentle slopes on the up-current sides and steeper slopes on the down-
current sides. The height of the sand waves are as great as 10 feet and
the wave lengths are on the order of 200 fee:r. Figure 36c is a segment
of record in West Richmond Channel near the Richmond-San Rafael Bridge.
Secondary v-shaped channels are visible in this example. These secon-
dary channels are scoured to depths of between 15 and 20 feet below Bay
bottom.

CORE SAMPLING AND ANALYSIS

Fourteen holes varying in depth from three to 24 feet below Bay
bottom are shown on Figure 17. Two to six samples from each core were
analyzed for particle size distribution and the nine contaminants. The
following sections discuss the physical (size distribution) and chemical
(pollutional) characteristics of these sediments.

Physical Sedimentary Characteristics

Size characteristics of sedimentary deposits in the San Pablo
Strait-Berkeley Flats area are indicative of the environment of depo-
sition in the area. The vertical and lateral changes in the physical
character of sedimentary deposits in this area reflect the historical
and areal changes in the environment of deposition. Table 19 is a
listing of the mean hole sand and clay content in order of decreasing
clay percentages of core samples taken in the San Pablo Strait-Berkeley
Flats area. The mean hole sand content indicates the relative magnitude
of the environment of deposition during the history of deposition. The
deviation from the mean indicates the degree of uniformity or hetroge-
neity of deposits and, thus, the historical changes in input energy.

The finest sediments in the San Pablo Strait-Berkeley Flats area
are found in the shallow subtidal flats of Corte Madera and San Rafael
and along the upper channel margins near Corte Madera and Richmond.

The sediments are primarily a clayey silt material with a mean hole sand
content of less than five percent and clay content generally greater

than 35 percent. In most cases these fine sediments are very uniformly
distributed with depth as indicated by the low deviations from the mean
hole sand and clay contents. Hole 2D-148(1) in San Rafael Flats has a
fairly large deviation from the mean hole sand content due to the presence
of one sandy clay sample (sand content of 15 percent) at about seven

feet below Bay bottom.

Holes 2D-137(4) and 2D-135(2) in Berkeley Flats, and 2D-140(9) near
the entrance to Richmond Channel are somewhat coarser, less uniformly
distributed sediments. The mean sand content in these holes vary from
8+8 percent to 12+4 percent. The sediments can generally be classified
as a clayey to sandy silt. The sediments of hole 2D-140(9) are much
more uniformly distributed with depth.
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TABLE 19

SAN PABLO STRAIT-BERKELEY FLATS
PHYSICAL SEDIMENTARY CHARACTERISTICS

% Clay % Sand

Rating Hole Location <2y >74 v
L 2D-147(6) Channel Margin-Corte Madera  49+5 2+1
2 2D-142(12) Channel Margin-Corte Madera  42+7 443
3 2D-144(11) Corte Madera Flats 39+6 3+2
4 2D-148(1) San Rafael Flats 39+9 5+6
5 2D-143(10) Channel Margin-Richmond 36+7 4+2
6 2D-137(4) Berkeley Flats 31+11 8+8
7 2D-140(9) Channel Margin-Richmond 30+6 12+4
8 2D-138(7) Berkeley Flats 29+11 23+32
9 2D-145(13) West Richmond Channel 28+14 29+26

10 2D-136(3) Berkeley Flats 27+7 3+2
11 2D-141(5) Channel Margin-Richmond 26+11 36+21
12 2D-135(2) Berkeley Flats 20+7 11+8
13 2D-146(14) West Richmond Channel 13+8 68+19
14 2D-139(8) Southampton Shoal 4+3 90+4

The most variable sediments in the San Pablo Strait-Berkeley
Flats are found where the 0ld Bay Mud deposits have been penetrated and
in West Richmond Channel and Richmond Channel. The sand contents of
these holes generally increase with depth varying from a clayey, sandy
silt in the upper sediment column to a silty sand at depth.

The coarsest sediments are found at holes 2D-146(14) in West
Richmond Channel and 2D-139(8) in Southampton Shoal. The sand content
in these holes is very high with very little clay or silt.

In summary, the finest sediments in the San Pablo Strait-Berkeley
Flats area are found on the more sheltered western side of Central Bay,
along the upper channel margins and on the extreme eastern side of
Central Bay. The low sand content and general homogeniety of sediments
with depth indicate the prevalence of a low energy environment during
the geologic time period represented by the depth of borings in these
areas. The disruption of the prevailing winds by the hills and ridges
of the Marin peninsula diminishes the effective wind generating fetch on
the western side of Central Bay, resulting in the reduction of wind-wave
action over the shallow subtidal flats. The reduced wave action along
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with the low current velocities reduces the resuspension and transport
of fine sediments out of the area. The upper channel margins of Central
Bay are also fine sediments because they are located at a depth below
effective wave action and are removed from the main water flow of the
deep water channels for current erosion. The extreme eastern portions
of Berkeley Flats are located in an area with a long wind generating
fetch, but because of the extensive shallows to the west, the larger
waves have already expended their energy before reaching the area. The
water circulation along the e “*ern shore is also too tranquil to erode
the fine deposits.

The major portion of Berkeley Flats is slightly coarser sediments
than the shallow subtidal flats along the eastern side of Central Bay.
The clay content is less and silt content greater due to the wind-wave
action. In the Berkeley Flats area the sediments become coarser moving
from the eastern shore towards the deep-water channels and is the result
of the inability of larger waves to be propagated over the extensive
shallow areas. 01d Bay Mud deposits are also encountered at depth in
Berkeley Flats and are a much coarser silty sand material. The New Bay %
Mud deposits are alternating layers of clayey and sandy silt. These
heterogenious deposits indicate a fluctuating environment of deposition.
The fluctuation could be changing wave climate, variations in water
depth (subsidnece and/or changing sea level) or modification of the
current regimen. The sandy material of the upper 01d Bay Mud deposits 1
definately indicates the presence of a strong current energy environment
during deposition.

Sediments of the lower channel margins and deep water channels,
as well as Southampton Shoal, are almost entirely silty sand sediments
indicating a strong current energy environment.

Distribution of Contaminants In Surface Sediments

Surface sediments of the San Pablo Strait-Berkeley Flats area

ﬂ are enriched with all of the nine contaminants. Table 20 is a comparison
between the mean contaminant concentration in the surface sediments (0-
0.6 feet) and sediments greater than 0.6 feet deep.
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Contaminant levels in the surface sediments show a large variation
throughout the study area. Figures 37 and 38 give the contaminant con-
centrations in the surface sediments of each of the 14 holes in San o
Pablo Strait-Berkeley Flats area. |

Zinc concentrations associated with surface sediments range from 53 j
ppm in West Richmond Channel to 206 ppm in Corte Madera Flats. The
highest zinc concentrations in the surface sediments are found in the
sheltered shallow subtidal flats of Corte Madera and San Rafael, and the
channel margins near Richmond Harbor and Corte Madera. The more exposed
subtidal flats of Berkeley have somewhat lower surficial zinc levels,
ranging from 80 ppm to 175 ppm. The lowest zinc concentrations in the |
surface sediments of this area are found in the deep water channels and |
Southampton Shoal. 4

TABLE 20

MEAN CONCENTRATION OF CONTAMINANTS IN SURFACE AND
SUBSURFACE SEDIMENTS IN SAN PABLO STRAIT-BERKELEY FLATS AREA

Parameter Mean Concentration (ppm) % Greater Than

Greater Than
0-0.6 Feet 0.6 Feet

Lead 34. 71 17.78 49
Zinc 143.50 100.98 30
Mercury 0 Y b 0.68 12
Cadmium 1.07 0.91 15
Copper 50.79 36. 59 28
0il and Grease 400.0 300.0 25
Volatile Solids x10% 6.41 5.39 16
Chemical Oxygen Demand x10% 3.48 3.43 1
Total Kjeldahl Nitrogen 1000.0 900.0 10

Surface sediment lead concentrations vary from 12 ppm in the deep
water channels to 54 ppm in Corte Madera Flats. The highest surface
concentrations are found in the sheltered subtidal flats of western
Central Bay and the channel margins near Richmond Harbor. The lead
concentrations of the more open subtidal flats adjacent to the east
shore of Central Bay have somewhat lower lead levels with concentrations
varying from 28 ppm to 40 ppm. The lowest lead levels in surface
sediments are in West Richmond Channel and Southampton Shoal. The
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surface sediments of holes 2D-144(11) in Corte Madera Flats and 2D-
137(4) in Berkeley Flats have fairly low lead concentrations of 28 ppm
and 29 ppm, respectively.

Mercury levels in the surface sediments range from 0.3 ppm in
Southampton Shoal to 1.8 ppm in the channel margins of Corte Madera
Flats. The distribution of mercury in the surface sediments is much the
same as zinc and lead with the highest levels being found along the pro-
tected west side of Central Bay and the channel margins and the lowest
levels in the deep water channels and Southampton Shoal.

Cadmium levels in the surface sediments range from 0.6 ppm in West
Richmond Channel to 2.2 ppm in the channel margins near the entrance
channel to Richmond Harbor. The highest levels ranging from 1.2 to 2.2
ppm are found along the channel margins and the subtidal flats on the
west shore of Central Bay. The cadmium concentrations in the surface
sediments of Berkeley Flats and the deep water channels vary only
slightly. %

Copper levels in the surface sediments range from 10 ppm in West
Richmond Channel to 70 ppm in the channel margins near Richmond Harbor. 1
Copper levels in Corte Madera and San Rafael Flats range from 42 ppm to
66 ppm. In Berkeley Flats the surficial copper levels range from 30 ppm
to 60 ppm. The channel margins along both sides of Central Bay have
surficial copper levels ranging from 59 ppm to 70 ppm. The deep water
i channels and Southampton Shoal have the lowest surficial copper levels.

Chemical oxygen demand, (COD) levels in the surface sedimengs of
this area range from 1.1x10 ppm in Southampton Shoal to 5.2x10 ppm in
Berkeley Flats. The COD levels in the surface sediments of Berkeley
Flats vary from 2.8x10% ppm to 5.2x10A ppm. In the western subtidal
flats and channel margins the surficial COD levels range from 3.9x10
ppm to A.SxIOA ppm. COD levels along the western side of the channel
margins vary from 3.4x10" ppm to 4.1x10" ppm. COD levels in the surface
sediment of Southampton Shoal and West Richmond Channel vary between
1.1x10% ppm and 3.8x10% ppm.

-
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0il and grease levels in the surface sediments of this area are
very low ranging from 100 ppm to 900 ppm. The highest levels in the
surface sediments with concentrations between 600-900 ppm are found
along the western side of Central Bay. The lowest levels between 100-
500 ppm are found in Berkeley Flats, Southampton Shoal and the channel
margins near Richmond.

The highest volatile soljds levels in the surface sediments of this

area, ranging from 6.9-8.3x10" ppm are found in the deep water channels,
Southampton Shoal and Berkeley Flats.
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Total Kjehldahl nitrogen (TKN) levels in the surface sediments of
this area range from 1,600 ppm in the channel margins near Richmond to
600 ppm in West Richmond Channel. This highest levels are found in the
shallow tubtidal flats of the west side of Central Bay with surfifial
concentrations ranging from 1,200-1,400 ppm. On Berkeley Flats the TKN
levels in the surface sediments range from 600-1,100 ppm and along the
western channel margins and Southampton Shoal TKN levels range from 600
to 1,600 ppm.

On the whole the surface sediments of the western shallow subtidal
flats and western channel margins have the highest levels of most of the
nine contaminants. These surface sediments are also the finest in the
San Pablo Strait-Berkeley Flats area. The surface sediments of the
eastern channel margins in and around the entrance channel to Richmond
Harbor have the next to highest levels of contaminants, then followed by
Berkeley Flats. The lowest levels of the nine contaminants in surface
sediments are found in deep water of West Richmond Channel and South-
ampton Shoal.

Vertical Distribution of Contaminants

Graphs of the vertical distribution of contaminants for the San
Pablo Strait-Berkeley Flats area are shown in Inclosure 4-1 through 4-
16. Each of the contaminants are discussed in the following paragraphs
in terms of mean hole concentrations and deviation from the mean.

Volatile Solids. The mean volatile solids concentration in the San

Pabio Strait-Berkeley Flats area is 5.61 +1.61x10° ppm. The mean is
somewhat lower than the San Pablo Bay-Carquinez Strait mean and has a
smaller standard deviation. Volatile solids levels in the sediments of
this area range from 1.4 -8.3x10% ppm. Table 21 is a listing of the

mean hole volatile solids concentrations in order of decreasing magnitude.

Mean hole volatile solids concentrations range from 2.30 iO.&xlOA
ppm in the sediments of Southampton Shoal to 7.97 t_O.3x10A ppm along the
western channel margins. The highest mean hole volatile solids concen-
trations are found in the western and eastern channel margins, and the
western subtidal flats. The sediments in these areas are generally the
finest and the most uniformily distributed with depth. Volatile solids
levels in these areas are also fairly uniformly distributed with depth.
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Hole 2D-147(6) located near the San Rafael-Richmond Bridge along
the western channel margins has the highest mean hole concentration of
7.97 10.3x104 ppm. This hole has the lowest sand content (2+1 percent)
and highest clay content (49+5 percent) of all the holes in the San
Pablo Strait-~Berkeley Flats area. Sample concentrations decrease from
8.3x104 ppm in the surface sediments to 7.7x104 ppm at about 15 feet |
below Bay bottom.

TABLE 21 |

SAN PABLO STRAIT-BERKELEY FLATS
MEAN HOLE VOLATILE SOLIDS CONCENTRATIONS

Mean Range % Sand % Clay !
Rating Hole ppm X 104 ppm X 10% >74 u <2y
1 2D-147(6) 7.9740.3  7.7-8.3 2+1 49+5 |
: 2 2D-148(1) 7.12+1.0  5.8-8.2 5+6 39+9
¢ 3 2D-142(12) 7.1040.9  5.9-7.9 4+3 42%7
4 2D-143(10) 6.86+0.6  6.1-7.5 4+2 36+7
5 2D-144(11) 6.72+0.9 5.7-7.6 3+2 39+6
6 2D-140(9) 5.78+40.9  5.1-6.9 12%4 30+6
7 2D-145(13) 5.68+1.5  3.7-7.2 29426 28+14
8 2D-137(4) 5.26+1.3 3.6-6.7 8+8 31+11
9 2D-141(5) 4.96+1.1  4.3-6.9 36+21 26%11
10 2D-138(7) 4.83¥1.9  4.8-7.0 23+32 29+11
11 - 20=135(2) 4.4840.7  3.5-5.1 11+8 20+7 4
12 2D-136(3) 4.3240.8  3.6-5.6 3+2 27%7
13 2D-146(14) 4.10400.7  3.7-5.4 68+19 13+8
14 2D-139(8) 2.3040.4  2.0-2.6 90+4 43

The most variable volatile solids levels are found in holes 2D-
145(13) in West Richmond Channel, 2D-137(4) and 2D-138(7) in Berkeley
Flats, and 2D~141(5) in the deeper channel margins near Richmond Harbor.
For example, hole 2D-145(13) has a mean hole sand and clay content of
29426 percent and 28+14 percent, respectively. The upper five feet of
sediment of this hole is a clayey silt material with volatile solids
levels greater than 7.0x10" ppm. From five to ten feet below Bay bottom
the sediment varies from a sandy silt to silty sand material with volatile
solids levels ranging from 3.7 to 5.7x10% ppm. The volatile solids
levels of 2D-141(5) in the deeper portion of the channel margins near
Richmond Harbor decrease with depth despite the particle size variability
with depth. The large deviation from the mean hole volatile solids
concentration in 2D-138(7) is due to the variability in volatile solids
levels of the New and Old Bay Mud. The volatile solids levels in the
New Bay Mud to a depth of about 15 feet below Bay bottom range from 4.8
to 5.7x10% ppm. The sand content of the New Bay Mud deposits in this
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hole varies from 4 to 9 percent. The sand content of the 0ld Bay Mud
between 15 and 20 feet varies between 28 and 85 percent. The volatile
solids range from 1.4 to 7.0x10% ppm in the 01d Bay Mud.

In comparison to other locations in this area, holes 2D-135(2) and
2D-136(3) have low mean hole volatile solids concentrations for the
relatively fine sediments found in these holes. The sand content of 2D-
136(3) varies between 0 and 5 percent, yet the volatile solids levels
are among ‘he lowest found in the San Pablo Strait-Berkeley Flats area.
The clay content of these holes are also fairly low with a correspond-
ingly high silt contents.

The lowest mean hole volatile solids concentrations are found at
holes 2D-146(14) in West Richmond Channel and 2D-139(18) in Southampton
Shoal. These sediments are also the coarsest sediments in the San Pablo
Strait-Berkeley Flats area. Volatile solids levels in 2D-146(14) vary
between 3.7x10% ppm and 3.9x104 ppm with the exception of one sample at :
seven feet below Bay bottom which has a volatile solids concentration of
5.4x10% ppm. The sand content of this sample is 78 percent.

Chemical Oxygen Demand. The mean chemical oxygen demand (COD) in the
San Pablo Strait-Berkeley Flats area is 3.44 i1.0x104 ppm. The mean in
this area is slightly greater than the San Pablo Bay-Carquinez Strait
mean; however, the variability in COD concentrations throughout the San
Pablo Strait-Berkeley Flats area is much less. ,The COD concentrations
in the sediments of this area range from 0.7x10" ppm to 5.2x10" ppm.
Table 22 is a listing of the mean hole COD concentrations in order of
decreasing magnitude.

The highest mean hole COD concentration is found at 2D-147(6) along

the upper channel margins of Corte Madera. COD concentrations in this
hole are very uniformly distributed, ranging from 3.9 to 4 .4x10% ppm.
Sediments of this hole are very fine and are also very uniformly distributed
with depth. The lowest mean hole COD concentrations are found in hole
2D-139(8) on Southampton Shoal. Mean hole concentrations in 2D-146(14)
and 2D-139(8) are 2.0410.6x104 and 0.9Ot0.3x104 ppm, respectively.
There is very little variability in the mean hole COD concentrations in
the remainder of the holes in the San Pablo Strait-Berkeley Flats area.
In these holes the mean COD concentrations range from 3.23:0.3x10a pPpm
to 3.98+1.0x10% ppm.
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TABLE 22 ‘a

SAN PABLO STRAIT-BERKELEY FLATS
MEAN HOLE CHEMICAL OXYGEN DEMAND

Mean Range % Sand % Clay

Rating Hole PpPmM X 104 PPM X 104 > 74 u <2u
1 2D-146(6) 4.1740.3 3.9-4.4 12+1 4945

2 2D-140(9) 3.98+1.0 2.5~5.0 12+1 30+6

3 2D-145(13)  3.93+0.7 3.2~5.2 29+26 28+14

4 2D-142(12)  3.9040.5 3.1-4.2 443 4247

5 2D-144(11)  3.7640.4 3.1-4.2 3+2 39+6

6 2D-137(6) 3.74+1.0 2.7-5.2 8+8 31+11

7 2D-138(7) 3.57%1.5 0.8-4.5 23+32 29+11

8 2D-136(3) 3.54+0.4 4.0-3.2 3+2 2747

9 2D-143(10)  3.4040.6 2,6-4.1 442 36+7

| 10 2D-141(5) 3.3840.9 2.0-4.5 36+21 26+11
11 2D-148(1) 3.3441.1 2.3-4.6 5+6 39+9
12 2D-135(2) 3.2340.3 2.8-3.6 11+8 20+7
13 2D-146(14)  2.0440.6 1.2-2.7 68+19 13+8
14 2D-139(8) 0.90+0.3 0.7-1.1 90+4 443

Total Kjeldahl Nitrogen. The mean total Kjeldahl nitrogen (TKN) con-
centration in the San Pablo Strait-Berkeley Flats area is 1,000+300

ppm. This mean concentration is somewhat lower than the San Pablo Bay-
Carquinez Strait mean and the variability of TKN levels in the sediments
is much less. TKN levels in the sediments of this area range from 400
ppm to 1,600 ppm. Table 23 is a listing of the mean hole TKN concentra-
tions in order of decreasing magnitude.

Mean hole TKN concentrations range from 1,300+300 ppm in sediments
of Corte Madera Flats to 600+100 in West Richmond Channel. The highest
mean hole concentrations are found along the upper channel margins and
shallow subtidal flats along the western side of Central Bay. The

4 lowest mean hole TKN concentrations are found in Berkeley Flats, West
Richmond Channel and Southampton Shoal.
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TABLE 23

SAN PABLO STRAIT-BERKELEY FLATS
MEAN HOLE TOTAL KJELDAHL NITROGEN CONCENTRATIONS

Mean Range Z Sand % Clay
Rating Hole ppm ppPm > 74 <2u
1. 2D-144(11) 1300+300 1000-1600 3+2 39+6
2 2D~-143(10) 1200+200 1000-1600 4+2 36+7
# 3 2D-147(6) 1200+100 1100-1300 241 49+5
‘ 4 2D~135(2) 1100 1000-1100 11+8 20+7
5 2D-148(1) 1100+300 700-1600 5+6 39+9
6 2D~142(12) 1000+400 600-1600 4+3 4247
7 2D~140(9) 1000+300 600-1200 12+4 30+6
8 2D~145(6) 1000+200 800-1200 29+26 28+14
o 9 2D-138(7) 900+300 500-~1100 23+32 29+11
10 2D~136(3) 800+200 600-1100 3+2 2747
11 2D~137(4) 7004300 400~1100 8+8 31+11
12 2D-141(5) 700+300 700~100 36+21 26+11
13 2D~139(8) 700+100 600-~800 90+4 4+3
14 2D-146(14) 600+100 400~800 68+19 1348
0il and Grease. The mean oil-grease concentration in the San Pablo
Strait-Berkeley Flats area is 400+300 ppm. Oil-grease levels are ;
smaller and of less variability than in San Pablo Bay-Carquinez Strait.
Oil-grease concentrations in the sediments range from 400-1600 ppm.
Table 24 is a listing of the mean hole oil-grease concentrations in
order of decreasing magnitude.
; All mean hole oil-grease concentrations are less than 1000 ppm and
b only in a few cases do individual samples exceed this value. The high-
" ! est mean hole concentrations are associated with holes having the finest
{ sediments, namely, along the upper channel margins and shallow subtidal
Y flats of the western shore of Central Bay. The lowest mean hole oil-
grease concentrations are found in West Richmond Channel and Southampton
Shoal.
143
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TABLE 24

SAN PABLO BAY-BERKELEY FLATS
MEAN HOLE OIL-GREASE CONCENTRATIONS

Mean Range % Sand % Clay ?
Rating Hole ppm ppm >74u <2y §
1t 2D-142(12) 900+500 500-900 4+3 42+7
2 2D-147(6) 700+100 600-800 21 49+5 j
3 2D-144(11) 600+500 100-1400 3x2 39+6 '
4 2D-148(1) 600+300 100-900 5+6 39+9
5 2D-145(13) 4004200 100-700 29+26 28+14
6 2D-143(10) 4004100 300-600 4+2 36+7
7 2D-140(9) 300+100 200-400 12+4 30+6
8 2D-135(2) 3004100 100-300 11+8 20+7
9 2D-136(3) 2004200 100-500 542 2717
10 2D-138(7) 2004200 100-500 23+32 29411
1) 2D-141(5) 2004200 100-500 36+21 26+11
12 2D-137(4) 100 100-100 8+8 3111
L3 2D-139(8) 100 100-100 90+4 4+3
14 2D-146(14) 100+100 100-30 68+19 13+8
Mercury. The mean mercury concentration in San Pablo Strait-Berkeley
Flats area is 0.70+0.36 ppm. This mean concentration is somewhat lower

than mean mercury level in San Pablo Bay-Carquinez Strait. San Pablo
Strait-Berkeley Flats bottom sediments have mean hole mercury concen-
trations ranging from 1.28+0.67 ppm in the western channel margins to
0.30 ppm in Southampton Shoal. Table 25 lists mean hole mercury con-
centrations in order of decreasing magnitude.

The highest mean hole mercury concentrations in San Pablo Strait-
Berkeley Flats are found in 2D-142(12) with a concentration of 1.28+0.67
ppm and 2D-147(6) with a concentration of 1.23+0.46 ppm. These holes
are located along the western channel margins of Central Bay. Sediments
in these holes are classified as silty clay and clayey silt with very
little sand. Both holes have a mean hole clay content greater than 40
percent and sand content of less than four percent. Mercury levels in
2D-142(12) decrease with depth from 1.8 ppm in surface sediment to 0.6
ppm 16 feet below the Bay bottom. The highest mercury value, 1.9 ppm,
of all samples analyzed from San Pablo Strait-Berkeley Flats was taken
from this hole. Mercury levels in 2D-147(6) also decrease with depth
from 1.5 ppm in the surface sediment to 0.7 ppm at minus 15 feet.
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TABLE 25

SAN PABLO STRAIT-BERKELEY FLATS
MEAN HOLE MERCURY CONCENTRATIONS

Mean Range % Sand % Clay
Rating Hole ppm pPpPm > 74y <2y
1 2D-142(12) 1.2840.67  0.6-1.9 4+3 4247
2 2D-147(6) 1.2340.46  0.7-1.5 241 49+5
3 2D-136(3) 0.78+0.43  0.4-1.5 3+2 27+7
4 2D-145(13) 0.75+0.34  0.4-1.4 29+26 28+14
5  2D-144(11) 0.74+0.33  0.5-1.3 3+2 39+6
6 2D-140(9) 0.68+0.18  0.4-0.9 12+4 30+6
7 2D-137(4) 0.66+0.26  0.4-0.8 3+2 27+7
8  2D-143(10) 0.64+0.24  0.3-0.9 4+2 36+7
9 2D-148(1) 0.64+0.21  0.4-0.9 5+6 39+9
10 2D-138(7) 0.63+0.22  0.3-0.9 23432 29+11
11 2D-141(5) 0.54+0.23  0.3-0.9 36+21 26+11
12 2D-135(2) 0.53+0.15  0.4-0.7 11+8 2047
13 2D-146(14) 0.46+0.13  0.4-0.7 68+19 13+8
14 2D-139(8) 0.30 0.3-0.3 90+4 443

The greatest variability in mercury concentration levels is also
found in 2D-142(12) and 2D-147(6) with standard deviations of +0.67 ppm
and +0.46 ppm, respectively. Sediments in these holes are cla§éy—silts
and silty clays uniformly distributed with depth. Clay content in these
holes decreases with depth. 2D-142(12) sediments range from 47 percent
clay at the surface of the Bay bottom to 31 percent 16 feet below the
Bay bottom. Corresponding mercury values range from 1.8 ppm to 0.6 ppm.
Hole 2D-147(6) shows a similar distribution pattern of sediment size and
mercury values. The large deviation from the mean mercury concentration
in these two holes is caused by very high concentrations in surface
sediments decreasing to much lower levels with depth.

The lowest mean hole mercury concentrations are from holes 2D-
139(8) located in Southampton Shoal and 2D-146(14) siutated in West
Richmond Channel. Mean hole mercury levels for 2D-146(14) and 2D-139(8)
are 0.46+0.3 ppm and 0.30 ppm.

Mercury concentration in 2D-146(14) is 0.4 ppm in the uppermost 8
feet of this hole. The deepest sample taken from this hole at minus 14
feet had a mercury concentration of 0.7 ppm. Sediments in these holes
are almost entirely fine sand.
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Lead. The mean lead concentration in the San Pablo Strait-Berkeley
Flats area is 2249 ppm, about 40 percent lower than the mean lead
concentration of the San Pablo Bay-Carquinez Strait area. Mean hole
lead concentrations associated with San Pablo Strait-Berkeley Flats
sediments range from 11 to 37 ppm. Table 26 shows the mean hole lead |
concentrations in order ot decreasing magnitude.

Mean hole lead concentrations associated with sediments in San
Pablo Strait-Berkeley Flats range from 11 ppm in the deep water channel
area of Central Bay to 54 ppm in the western channel margins. Holes
| with the highest mean hole lead concentrations are located in the
western channel margins where the sediments are predominantly a clayey
silt material with moderately uniform distribution with depth.

; Holes 2D-142(12) and 2D-147(6) situated in the western channel
i margins have the highest mean hole lead concentrations of 36.5+13.8 ppm
and 34.749.9 ppm, respectively.

Lead concentrations in 2D-142(12) decrease from 54 ppm in the
surface sediment to 22 ppm at about 16 feet below Bay bottom.

TABLE 26

SAN PABLO STRAIT-BERKELEY FLATS
MEAN HOLE LEAD CONCENTRATIONS

Mean Range % Sand % Clay

Rating Hole ppm ppm > 74 <2y

1 2D-142(12) 36.5+13.8 22-54 4+3 4247

2 2D-147(6) 36G.7E59.9 30-46 2+ 49+5

3 2D-144(11) 25.8+4.6 19-31 = a7 39+6

4 2D-148(1) 25.419.2 18-36 5+6 3949

} 5, 2D-140(9) 25.2415.1 14-51 12+4 30+6
i 6 2D-135(2) 22.0+12.7 10-40 11+8 20+7
! ¥ 2D-143(10) 21.846.5 14-29 4+2 36+11
8 2D-145(13) 20.2%10.5 10-37 29+26 28+14
9 2D-141(5) 19.8+12.4 13-42 36+21 26+11
10 2D-138(7) 18.0+10.9 5-38 23¥352 29+11
i) 2D-137(4) 18.0+6.3 13-28 8+8 650 6

12 2D-136(3) 13.449.9 8-31 32 2TET

13 2D-139(3) 12.0+1.4 11-13 90+4 4+3

14 2D-146(14) 11.0+41.0 10-12 68+19 13+8

The greatest variability in lead concentration levels is found in
2D~140(9) in the eastern channel margins near Point Richmond. This
variability is represented by standard deviation in lead levels of 15.1
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ppm. Hole 2D-140(9) has a mean hole sand and clay content of 12 +4 and
30 +6 percent. The sediment in this hole is clayey silt uniformly
distributed with depth. The clay content decreases from 37 percent in
surface sediments to 29 percent at the bottom of the hole. Lead con-
centrations 51 ppm at the surface to 14 ppm at depth. Hole 2D-142(12)
experiences a similar distribution pattern. The large deviation from
the mean lead concentration in these two holes is due to very high lead
concentration in surface sediments decreasing to much lower levels with
depth.

Hole 2D-138(7) located in Berkeley Flats has a vertical gradient in
lead concentration varying from 38 ppm in the surface sediments to 5 ppm
at about 20 feet below Bay bottom. The latter value is the lowest lead
concentration found in all sediment samples from San Pablo Strait-
Berkeley Flats. This variation reflects the radical differences in lead
levels found in New and 0ld Bay Mud. New Bay Mud in this part of the
Bay extends to a depth of approximately 15 feet below Bay bottom. Lead
levels in the New Bay Mud deposits of 2D-138(7) vary from 38 to 19 ppm
with a sand content of less than 10 percent. The 0ld Bay Mud repre-
sented by the deepest sample in this hole has a sand content of 85
percent.

The lowest mean hole lead concentrations are found in holes 2D-
139(8) located in Southampton Shoal and 2D-146(14) in West Richmond
Channel. Sediments in these holes represent the coarsest sediments in
the San Pablo Strait-Berkeley Flats area and are primarily fine sand.
Lead concentrations in the holes show little deviation with depth. Mean
hole lead levels for 2D-146(14) and 2D-139(8) are 11.0 +1.0 and 12.0
+1.4 ppm. 1In 2D-146(14) the percent sand decreases slightly with depth.
The sediment in 2D-139(8) at Southampton Shoal is densely compacted,
fine sand. Hole 2D-136(3) located in Berkeley Flats has an extremely
low in mean hole lead concentration (13.4 +9.9 ppm) when compared to the
low sand content of the hole. Sediment in this hole is a fairly uniformly
distributed clayey silt. Except for a lead value of 31 ppm in the
surface sediment, lead levels are low and are uniformly distributed with
depth.

Zinc. The mean zinc concentration in San Pablo Strait-Berkeley Flats
sediments is 110 +40 ppm, which is slightly lower than the mean zinc
level in the San Pablo Bay-Carquinez Strait area. Mean hole zinc
concentrations associated with bottom sediments in San Pablo Strait-
Berkeley Flats range from 188 +17.5 ppm in the western channel margins
to 65 +21.8 ppm in the deep water channel of Central Bay. Table 27

lists the mean hole lead concentrations in order of decreasing magnitude.
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The highest mean hole zinc concentrations in San Pablo Strait-
Berkeley Flats are found at 2D-147(6), and 2D-142(12), both along the

western channel margins.
a clayey silt uniformly distributed with depth.

Sediments in these two holes are predominantly
Zinc levels in 2D-

147(6) decreases from 206 ppm in the surface sediments to 172 ppm at
Vertical distribution of zinc in
2D-142(12) follows a similar pattern with highest concentrations in the
surface sediments decreasing with depth.

about 15 feet below the Bay bottom.

Rating

SAN PABLO STRAIT-BERKELEY FLATS
MEAN HOLE ZINC CONCENTRATIONS

Hole

2D-147(6)
2D-142(12)
2D-148(1)
2D-144(11)
2D-143(10)
2D-140(9)
2D-141(5)
2D-145(13)
2D-137(4)
2D-136(3)
2D-138(7)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>