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PREFACE

The Columbia River Estuary Data Development Program

This document is one of a set of publications and other materials
produced by the Columbia River Estuary Data Development Program
(CREDDP). CREDDP has two purposes: to increase understanding of the
ecology of the Columbia River Estuary and to provide information useful
in making land and water use decisions. The program was initiated by
local governments and citizens who saw a need for a better information
base for use 1n wmanaging natural resources and in planning for
develcopment. In response to thege concerns, the Governors of the states
of Oregon and Washington requested in 1974 that the Pacific Northwest
River Basins Commission (PNRBC) wundertake an interdisciplinary
ecological study of the estuary. At approzimately the same time, local
governments and port districts formed the Columbia River Estuary Study
Taskforce (CREST) to develop a2 regional management plan for the estuary.

PNRBC produced a Plan of Study for a six-year, $6.2 million program
which was authorized by the U.S. Congress in October 1978. For the next
three years PNRBC administered CREDDP and 5$3.3 million was appropriated
for the program. However, PNRBC was abolished as of October 1981,
leaving CREDDP in abeyance. At that point, much of the field work had
been carried out, but most of the data were not yet analyzed and few of
the planned publications had been completed. To avoid wasting the
effort that had already been expended, in December 1981 Congress
included $1.5 million in the U.S. Water Resources Council (WRC)} budget
for the orderly completion of CREDDP. The WRC contracted with CREST to
evaluate the status of the program and prepare a revised Plan of Study,
which was submitted to the WRC in July 1982, In September, after a
hiatus of almost one year, CREDDP work was resumed when a cooperative
agreement was signed by CREST and the WRC to administer the restructured
program and oversee its completion by June 1984. With the dissolution
of the WRC in October 1982, the National Oceanic and Atmospheric

Administration (NOAA) assumed the role of the WRC as the federal
representative in this cooperative agreement.

CREDDP was designed to meet the needs of those groups who were
expected to be the principal users of the infermation being developed.
One such group consists of local government officials, planning
commissions, CREST, state and federal agencies, permit applicants, and
others involved in planning and permitting activities. The other major
anticipated user group includes research scientists and educational
institutions. For planning purposes, an understanding of the ecology of
the estuary 1s particularly important, and CREDDY has been designed with
this in nind. Ecological research focuses on the linkages among
different elements in the food web and the influence on the food web of
such physical processes as currents, sediment transport and salinity
intrusion. Such an ecosystem view of the estuary is necessary to
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13
predict the effects of estuarine alterations on natural resources.

Research was divided 1into thirteen projects, called work units.
Three work wunits, Emergent Plant Primary Production, Benthic Primary
Production, and Water Column Primary Production, dealt with the plant
life which, through photosynthesis and wuptake of chemical nutrients,
forms the base of the estuarine food web. The goals of these work units
were to describe and map the productivity and blomass patterns of the
estuary's primary producers and to describe the relationship of physical
factors to primary producers and their productivity levels.

The higher trophic levels in the estuarine fcood web were the focus
of seven CREDDP work units: Zooplankton and Larval Fish, Benthic
Infauna, Epibenthic Organisms, Fish, Avifauna, Wildlife, and Marine
Mammals. The goals of these work units were to describe and map the
abundance patterns of the invertebrate and vertebrate species and to
describe these species' relationships to relevant physical factors.

The other three work units, Sedimentation and Shoaling, Currents,
and Simulation, dealt with physical processes. The work unit goals were
to characterize and map bottom sediment distribution, to characterize
sediment transport, to determine the causes of bathymetric change, and
to determine and model circulation patterns, vertical mixing and
salinity patterns.

Final reports on all of these thirteen work units have been
published. 1In addition, these results are integrated in a comprehensive
synthesis entitled The Dynamics of the Columbia River Estuarine
Ecosystem, the purpose of which is to develop a description of the
estuary at the ecosystem level of organization. 1In this document, the
physical setting and processes of the estuary are described first.
Next, a conceptual model of bioleogical processes is presented, with
particular attention to the connections among the components represented
by the work unit categories. This model provides the basis for a
discussion of relationships between physical and biological processes
and among the functional groups of organisms in the estuary. Finally,
the estuary is divided into regions according to physical criteria, and
selected biplogical and physical characteristics of the habitat types
within each region are described. Historical changes i1in physical
processes are also discussed, as are the ecological consequences of such
changes.

Much of the raw data developed by the work unit researchers is
collected in a magnetic tape archive established by CREDDP at the U.S.
Army Corps of Engineers North Pacific Division Data Processing Center in
Portland, Oregon. These data files, which are structured for convenient
user access, are described in an Index to CREDDP Data. The index also
describes and locates several data sets which were not adaptable to

computer storage.

The work unit reports, the synthesis, and the data archive are
intended primarily for scientists and for resource managers with a
scientific background. However, to fulfill its purposes, CREDDP has
developed a set of related materials designed to be useful to a wide
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range of people.

Guide to the Use of CREDDP Information highlights the principal
findings of the program and demonstrates how this information can .be
used to assess the consequences of alterations in the estuary. It is
intended for citizens, local government officials, and those planners
and other professionals whose training 1is in fields other than the
estuary-related sciences. Its purpose Is to help nonspecialists use
CREDD? information in the planning and permitting processes.

A detailed portrait of the estuary, but one still oriented toward a
general readership, is presented in The Columbia River Estuary: Atlas of
Physical and Biological Characteristics, about half of which cousists of
text and illustrations. The other half contains coler maps of the
estuary interpreting the results of the work units and the ecological
synthesis. A separate Bathymetric Atlas of the Columbia River Estuary
contains color bathymetric contour maps of three surveys dating from
1935 to 1982 and includes differencing maps i1illustrating the changes
between surveys. CREDDP has also produced unbound maps of the estuary
designed to be wuseful to resource managers, planners and citizens,
These black-and-white maps illustrate the most recent (1982) bathymetric
data as contours and show dintertidal vegetation types as well as
important cultural features. They are available in two segments at a
scale of 1:50,000 and in nine segments at 1:12,000.

Two historical analyses have been produced. Changes in Columbia
River Estuary Habitat Types over the Past Century compares ianformation
on the extent and distribution of swamps, marshes, flats, and various
water depth regimes a hundred years ago with corresponding recent
information and discusses the causes and significance of the changes
measured. Columbia's Gateway is a two-volume set of which the first
volume is a cultural history of the estuary to 1920 in narrative form
with accompanying photographs. The second volume is an unbound, boxed
set of maps including 39 reproductions of maps originally published
between 1792 and 1915 and six original maps illustrating aspects of the
estuary's cultural history.

A two-volume Literature Survey of the Columbia River Estuary (1980)
is also available. Organized according to the same categories as the
work units, Volume 1 provides a summary overview of the literature
available before CREDDP while Volume II is a complete
bibliography.

annotated

All of these materials are described more completely in
Abstracts of Major CREDDP Publications. This document serves as a quick

reference for determining whether and where any particular kind of
information can be located among the program’s publications and
archives. In addition to the abstracts, it includes an annotated

bibliography of all annual and interim CREDDP reports, certain CREST

documents and maps, and other related materials.
To order any of the above documents or .te obtain further

information about CREDDP, its publications or its archives, write to
CREST, P.0Q. Box 175, Astoria, Oregon 97103, or call (503) 325-0435.
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FOREWORD

The work presented in this report was conducted over
several years by personnel of the School of Oceanography at
the University of Washington. Many of the conclusions are
based on data and ideas generated by graduate students and
investigators associated with the program at earlier
stages. Much credit 1is due to Jeff Borgeld and Steve
Walter, who made major contributions to the understanding of
the sedimentary processes in the estuary, and to Jeannie
Barnett and Dick Stewart, who studied the mineralogy.

The field program benefited from the enthusiasm of
several graduate students, including Bobbie Rice and Jan
Johnson, and could not have been completed without the help
and the cooperation of the CREDDP field staff, the Astoria
Field Office of the Corps of Engineers, the skippers and
mates of the research vessels, and local fishermen and
charter skippers. Thanks also to Gary Muelberg of Clatsop
Community College and the energetic field assistants he
provided. The patience and help of numerous individuals who
allowed us to place navigation equipment on their property
and/or allowed us temporary mooring facilities is especially
appreciated.

Scientific help and advice from several sources 1is
gratefully acknowledged: the U.S. Geological Survey,
especially Drs. Hubbell and Glenn; Dr. Mark L. Holmes, Dr.
J. D. Smith, and David Jay, all of the University of
Washington; and Dave Askren of the Corps of Engineers,
Portland District.

Dean McManus provided impetus, guidance, and field

assistance. Special recognition is due the technicians who
analyzed the sediment samples, including Marcia Campbell,
Lee Sims, and Ginger White. Many thanks to Shirley

Patterson and Lin Sylwester for assistance in preparing the
manuscript.

The manuscript was dgreatly improved Dby critical
comments of several reviewers, including Mr. Richard Morse
of NOAA, Dr. Richard Sternberg of the University of
Washington, Dr. Kenneth Schieddegger of Oregon State
University, and the CREDDP editorial staff. ~

In addition to funding provided by the various phases
of CREDDP, support for this research was provided by the
Corps of Engineers, Portland District, the School of
Oceanography, University of Washington, and the TEXACO
Fellowship Program.

This research is dedicated to the memory of David Nils
Major and the spirit of scientific curiosity that he
exemplified.
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EXECUTIVE SUMMARY

This report summarizes the results of several years of
research 1into the sedimentology of the Columbia River
Estuary. Two major objectives were attained during the
study: 1) the sedimentology of the estuary was investigated
and described, and 2} some understanding was gained of the
processes important to sedimentation.

As an introduction to the present study, background
information on the tectonic, geclogic, and oceanographic
settings of the estuary are provided, as well as a brief
listing of previous sedimentological studies performed in
the estuary. The changes in relative sea 1level, the
hydrography of the Columbia River, and the sources of
sediments available to the system are considered because of
their influence on the sedimentology of the estuary.

Several methods were utilized in the investigations of
both processes and distributions in the estuary. A very
large suite of sediment samples was obtained over the entire
estuary during three distinct river discharge seasons (fall,
winter, and spring). These samples were analyzed ¢to
determine their grain size distributions and some aspects of
their mineralogy. Several approaches, both statistical and
graphical, were taken in an effort to interpret the
distributions. Information on the morphology of the estuary
bottom was obtained using a side-scan sonar over various
tidal stages during all three seasons. Suspended sediment
processes were monitored with both fixed transmissometers
and profiling nephelometers which were calibrated with
physical samples of suspended sediments. An analysis of the
historical changes in bathymetry of the estuary, including
volumes and rates of sediment accumulation were performed
using digitized bathymetry data provided by Northwest
Cartography, Inc. (CREDDP, 1983). Several other sources of
data were incorporated into the final interpretations,
including recent bathymetry and aerial photographs.

The data served to emphasize the spatial and temporal
variability of processes and sedimentary environments in the
estuary. The tidal current, ocean waves, and river currents
are energetic compared to most well-studied estuaries.
Although the ultimate source of most of the sediment found
in the estuary is the Columbia River, much of the sediment
has been reworked within the estuary and on the adjacent
continental shelf, resulting in a range of grain-size
distributions within the estuary. Overall, the estuary
floor is comprised of fine sand; deposits of gravel are rare

‘and restricted to areas of extreme scour, while deposits of

silt and clay are mostly confined to peripheral bays and

inactive channels. Much of the sediment is of a size that

is tranported intermittently as suspended sediment under

high tidal currents but moves regularly as bedload. As a
ES-1



result, the qraln size distributions in the estuary depend

on daily, spring-neap, seasonal, and catastrophic current

events as well as sediment supply.

In general, the sediments in the estuary show a greater
variance among samples and are finer and more poorly sorted
than the river sediments. Sediments on the continental
shelf immediately seaward of the entrance are much better
sorted than the estuary sediments and slightly finer. The
variance among estuary sediments is attributed to the
variety of sedimentary environments and range of active
processes within the estuary.

The importance of bedload and intermittently suspended
load transport in the estuary is emphasized by the

ubiquitous bedforms. The bedform distribution allows the
integrated effect of variable transport rates +to Dbe
observed. Bedform distributions in the Columbia River

estuary indicate that tidally-reversing bedload transport
occurs at depth in the entrance region, but that density-

driven circulation influences the tidal transport
sufficiently to cause net landward transport as far upstream
as the Port of Astoria in the major channels. Bedform

studies also indicate that fluvial processes dominate
landward of Tongue Point, and that sediment transport rates
and pathways vary with neap-spring and seasonal circulation
changes.

The study of suspended sediment processes and the
distribution of fine sediment suggest that a turbidity
maximum exists in the Columbia River Estuary; the turbidity
maximum contains high concentrations of suspended sediment,
it is advected with diurnal tidal currents, and it changes
character in response to neap-spring and seasonal current
changes. Much of the sediment suspended in the turbidity
maximum is re-suspended bottom material. Ephemeral fine
deposits are the result of deposition beneath the turbidity
maximum during the waning phases of a spring tide, but most
of the suspended sediment in the estuary is either flushed
out into the Pacific Ocean or transported to and deposited
in one of the peripheral bays. As a result, silt and clay
are volumetrically less important than sand in the estuary
sediments, and estuarine sedimentation is most closely
associated with deposition of bedload material. Thus the
long-term shoaling of the estuary is a result of horizontal
accretion of bedform and point-bar deposits during channel
migration, rather than vertical accretion of fine sediment
deposited from suspension.

The construction of jetties has had a profound effect
on the sedimentology of the estuary, resulting in rapid
accumulation of sediments in the estuary and a temporarily
increased supply of sediment to the longshore transport
system. The estuary is shoaling at an average rate of
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0.5 em yr-i. Various lines of evidence indicate that it
Y

effectively traps the entire fluvial supply of bedload
sediment but retains 1less than 20% of +the suspended .
sediment.

The CREDDP studies have provided a substantial data
base for this highly dynamic system, and valuable insight
into the processes and their implications has resulted.
Future work will be able to draw on these data and expand on
these conclusions.
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©....1.. INTRODUCTION
1.1 INTRODUCTION TO THE FINAL REPORT
1.1.1 Objectives of the Study

The primary objective of this study was to attain an
understanding of +the processes of sediment erosion,
transportation, and deposition in the Columbia River Estuary
and of their importance relative to the variety of temporal
and spatial scales found in the estuary. To accomplish this
objective, data collected during the initial phases of the
Columbia River Estuary Data Development Program (CREDDP)

have been analyzed and interpeted. The field data
contain: 1) a spectrum of information pertaining to the
physical parameters that influence sedimentological

processes, 2) measurements of the processes themselves over
various space and time scales, and 3) measurements of the
resultant products and their distributions. The latter
data, which include sediment grain size analyses and
patterns of bedform distribution, are used to evaluate the
importance of sedimentation processes and their time
scales.

Additional sediment size analyses were carried out to
provide a higher sample density in the most complex reach of
the estuary. A number of exploratory statistical techniques
were developed and applied to the interpretation of the
sediment size information, and the results of these
approaches were integrated with the results obtained from
detailed examination of the distribution of the sediment
size and sediment size parameters. Conclusions and
hypotheses regarding the behavior of bedforms and suspended
sediment, developed during earlier stages of the study, were
then incorporated with morpheological evidence in such a way
as to obtain a complete synthesis 1linking the sediment
transport processes with products. Areas in which parti-
cular processes are dominant were identified as sedimentary
environments and mapped, providing users some gqualitative
predictions regarding the physical parameters and dynamics
occurring in these sub-areas. Examination of historical
bathymetric changes provided a longer-term perspective on
the importance of the various processes and on the distri-
bution of their products.

A second important objective of the study was to
provide a characterization of the present geological
conditions in the estuary. It was intended that this goal
be met by presenting the original data as well as several
levels of interpretation.

Finally, this study, in conjunction with those provided

by the CREDDP physical oceanography researchers, is intended
to provide a data base and some overall understanding of the

1



physical processes operating in this and similar estuaries
to aid .in the development of research and management
proposals in the future.

1.1.2 Purpose of the Report

The purpose of this report is to disseminate the
findings of these studies and discuss their implications
relative to the understanding the Columbia River Estuary.
Furthermore, this report is intended to provide access to
the data collected during the CREDDP studies as well as a
scientific interpretation of the data. It is hoped that, in
addition to providing the reader with more detailed
knowledge regarding the sedimentology of the Columbia River
Estuary, this report will allow comparisons to be made
between this estuary and other estuaries that have been
studied around the world.

1.1.3 Structure of the Report

The remainder of the Introduction provides a physical
background in which to examine the sedimentology of the

estuary. The geologic setting 1is described, and the
important sources of sediment and energy for the estuarine
processes are briefly discussed. The final part of the

Introduction discusses the work accomplished by previous
researchers in this estuary.

The Methods section presents the procedures used in the
collection, analysis, and, to some extent, the interpreta-
tion of the data. The techniques used to detect errors
and/or estimations of the error involved with each step of
the procedures are included when appropriate. When standard
techniques and procedures are used, reference to the
acknowledged source 1is provided. The Methods section is
organized according to the phenomenon being investigated; it
includes the procedures used in collection and analyses of
data of the following phenomena: 1) bottom sediments,
including aspects of their grain size and mineralogy, 2)
bedforms and large-scale bottom topography, and 3) suspended
sediments.

The data obtained using these procedures are presented
in the Results section, which is organized to correspond
with the Methods section. Some results are introduced that
were not obtained from data collected during this study, but
were provided by earlier workers or other CREDDP work unit
researchers. These data are referenced to enable the reader
to access the data directly.

The Discussion draws together the evidence found as
results and follows the evolution of a general model of
sedimentary processes in the Columbia River Estuary. The
Conclusion reiterates the important findings of the study




and summarizes the processes and time scales that dominate
sedimentation in the estuary.

Three appendices contain additional data and results.
Appendix A is a 1listing of the location, depth and mean
grain size of the sediment samples obtained during this and
previous studies in the estuary. Appendix B presents a
brief description of the computer programs developed during
the CREDPDPP work for the determination of grain-size
statistics and analysis of the data. Appendix C relates the
methods, results, and conclusions of an analysis of the
historical shoaling trends in the estuary. The data base
used for this work was a digital compilation of the
bathymetric data from several surveys conducted over several
years around 1888, 1935, and 1982 (CREDDP 1983; Northwest
Cartography, Inc. 1984), The three appendices contain data,
methods, and discussions that are important to the overall
conclusions drawn in the main body of the report, bhut are
separated from the main report due to their length and
detail.

1.2 SETTING OF THE COLUMBIA RIVER ESTUARY
1.2.1 Plate Tectonics

The Pacific coast of the northwestern United States is
located on an active continental margin. The North American
plate of continental crust is overriding the Juan de Fuca
plate, a portion of relatively young ocean floor that is
currently forming along the Gorda and Juan de Fuca ocean
ridges (Atwater 1970; McKee 1972). The subduction of the
seafloor is associated with the eruptions of the andesite
volcanoes of the Cascade Range, the emplacement of dioritic
plutons, and with a tilting of the continental crust. The
result is an uplift of the continental shelf and coastal
regions of Oregon and Washington and a downwarp of interior
regions along a linear lowland trough, which includes Puget
Sound, parts of the Chehalis Valley, and the Willamette
Valley. Minor, deep-focus earthquakes occur along the
subduction zone, but these are notably less severe than
those found along similar structures elsewhere in the world
({Ando and Balazas 1979).

Repeated cycles of plate collision, subduction, uplift,
and erosion have produced the complex and rugged terrain of
the Cordillera (McKee 1972). This relatively young tectonic
province contains a wide variety of geologic terranes and
has changed rapidly in the last several million years. The
tectonic regime exerts both direct and indirect influences
on the physical processes within the estuary, and exerts
ultimate control over estuarine sedimentation on a geologic



time scale. The interaction of the subducting ocean plate
and the continental margin have determined the large scale

topography of the ocean basin, continental slope and shelf,

and the continental uplands. This topoaraphy influences
oceanographic, atmospheric, and hydrologic processes in and
around the estuary. More directly, tectonic control of

uplift and wvolcanism regulates sediment supply to the
estuary, and crustal movements determine, in part, changes
in local sea level.

1.2.2 Sea Level

Average sea level around the United States, as measured
from tide gauges, has been rising at a rate of approximately
1.5 mm yr - since 1940 (Hicks 1978). Apparently this is a
continuation of a trend associated with the melting of
glaciers followina the last Pleistocene glaciation which
ended about 9,000 years ago. Geologic evidence suggests
that since then, sea level rose worldwide at a relatively
rapid rate of 5 to 7 mm yr_l, but subsequently slowed to the
present rate of 1 to 2 mm yr~1 about 5000 years ago (Kraft

1971). Glenn (1978) reports radiocarbon dates in a core
from Tillamook Bay that suggest similar rates for coastal
Oregon. The Columbia River Estuary (Figures 1 and 2)

occupies a river valley incised into Tertiary bedrock during
a previous episode of lowered sea level which has since been
inundated by the sea level rise.

However, sea level has not continued to rise along the
Oregon-Washington coast adjacent to the estuary in recent
times. The tectonic uplift of the coastal regions is
resulting in a lowering of relative sea level along the
western United States north of Cape Mendocino (Hicks
1972). Geodetic leveling data from 1904 to 1974 and tide
gauge data from 1946 to 1974 both suggest that relative sea
level in Astoria has been fallin% since the turn of the
century at rates of 2 to 5 mm yr ~ (Ando and Balazas 1979;
Chelton and Davis 1982).

1.2.3 Sediment Supply

The Columbia River is responsible for almost all of the
sediment supplied to the estuarine system. The river drains
667,000 square kilometers of geologically varied terrain
which includes igneous, sedimentary, and metamorphic rocks
and extensive alluvial and eolian surficial deposits
(Whetten et al., 1969; Figure 3). Estimates of the total
suspended load of the river vary from 7 to 30 million tons
per year (Van Winkle 1914a,b; Judson and Ritter 1964;
Haushild et al. 1966} and a generally accepted wvalue is 10
million tons per year. Bedload supply is estimated at about
1083 of this value, or one million tons per year (Whetten et
al. 1969).
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The sediments trapped behind upriver reservoirs reflect
the plutonic, volcanic, and metamorphic source rocks and the
extensive loess deposits found in eastern Washington and the
drainage basin of the Snake River (a major tributary). The
dominant minerals in these sediments are quartz and
feldspars; the dominant Theavy mineral 1is Thornblende.
Metamorphic and plutonic rock €£fragments are also common.
The sediments in the lower reaches of the Columbia River
reflect the contribution of andesite volcanic materials from
the tributaries draining the western slopes of the
Cascades. Downriver, the sediments contain increasing
amounts of plagioclase and volcanic rock fragments and
decreasing percentages of quartz and potassium. Hypersthene
becomes the dominant heavy - mineral in the lower reaches
(Kelley and Whetten 1969; Whetten et al. 1969). The overall
composition of the sediment in the lower Columbia River
resembles graywacke, and may provide a modern example of the
source of ancient graywackes (Whetten 1966).

Volcanism in the Cascade Range may be responsible for
an important fraction of the sediment input. The 1980
eruption of Mt. St. Helens and the subsequent debris flow
down the Toutle-Cowlitz Rivers and into the Columbia River
at Longview provide models for the intermittent and
substantial supply of sediment to the estuary. In the
absence of human interaction, an eruption of Mt. St. Helens,
Mt. Hood, Mt. Adams, or other andesite volcano might Dbe
expected to provide airborne ash, an almost immediate influx
of suspended sediment, and a longer term supply of coarser
material. Although cataclysmic in human terms, over
geologic time these major eruptions represent a relatively
constant supply of sediment to the Columbia River system.

“The mineralogy of the estuarine sediments, and especially

the volcanic rock fragments, pumice, and dglass-mantled
grains found in the estuary subsequent to the Mt. St. Helens
eruption (Roy et al., 1982) point to the importance of the
volcanic contribution to the estuarine sediments.

Marine sediments found adjacent to the Columbia River
are similar in composition to the river sediments. Two
reasons for this similarity exist: 1) most of the sediments
found on the beaches of Washington and the continental
shelves of northern Oregon and Washington are derived from
the Columbia River drainage system, and 2) the sediment
supplied to the Oregon continental shelf from numerous small
rivers and coastal erosion is derived from comparable
volcanic rocks and sediments {(Hodge 1934; Runge 1966;:; White
1967, 1970; Scheidegger et al. 1971: Nittrouer .1978).
Scheidegger et al. (1971) used subtle differences in the
composition of the heavy mineral fraction to trace the
sediments originating in the Klamath and Siskiyou Mountains,
the coast range of Oregon, and the Pleistocene terrace
deposits of Oregon on the continental shelf. They reached
the conclusion that sediment generally moves northward along
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the Oregon shelf and that transport rates may have been
higher in the past when sea level was lower. Several other
lines of evidence also suggest that although seasonal
changes occur, littoral drift and the net transport
direction along the beaches and continental shelf of Oregon
and Washington is northward (Hopkins 1971; Barnes et al.
1972; Smith and Hopkins 1972; Sternberg and McManus 1972).

Several lines of evidence suggest that some of the
sediments in the estuary have been recently transported into
the estuary from the adjacent nearshore and shelf regions.
Current meter studies have documented landward flow
predominance in the deeper portions of the entrance channels
(U.S. Army Corps of Engineers 1933; Lockett and Kidby 1961;
Jay 1984), and various physical and numerical models
indicate net landward bottom flow and sediment transport
through the entrance under 1low and moderate discharge
conditions (O'Brien 1936; Herrmann 1968; Hamilton 1983,
1984; McAnally et al. 1983a,b). Morse et al. (1968) used
seabed drifters to demonstrate that marine sediments could
be transported into the estuary, and Walter (1980:; Walter et
al. 1979) used a distinctive lamellar pyroxene as a mineral
tracer of ccastal sediment transported into the estuary.
Lockett (1967) used sediment size evidence to argue that
positively skewed fine sand has been transported into the
estuary.

Additional sediment sources include local tributaries,
erosion of older deposits within the estuary, and windblown
transport. Cooper (1958, 1959) provides a discussion of the
dune development on the prograding beach of Clatsop Spit

following Jjetty construction. Hodge (1934) and O'Brien
(1936) were concerned with eolian erosion and transport of
beach sand into the estuary. . 0O'Brien argued that wind

transport to the NNE occurred 3? an average rate of 177-402
kg m tday™l (120-270 1bs £t~ day ¥y on the exposed and
unvegetated portions of Clatsop Spit. Those rates, over a
cross-section of 4 km, would provide more than a million
cubic meters of sediment to the estuary each year, exceeding
the average shoaling rate of Trestle Bay (see Appendix C)} by
a factor of 8. Roy et al. (1982) examined sand grains from
Clatsop Spit dunes with a scanning electron microscope and
found that the grains were surprisingly fresh and displayed
little of the characteristic pitting commonly associated
with dune sands (Xrinsly and Donahue 1968). The sand dunes
were largely stabilized during revegetation efforts by the
Soil Conservation District in 1935 (McLoughlin andBrown
1942) and eolian transport is probably less important now
than in the period following jetty construction. Further-

- more, eolian supply of volcanic ash occurred following one

of the Mt. St. Helens eruptions in 1980, but resulted in an
insignificant deposit of sediment over the estuary.
Although it is difficult to quantify the importance of
eolian transport within the system, it is not believed to be
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a major process in the redistribution of estuary sediments.

Erosion of the estuarine shoreline has been identified -
as a sediment source in other northwest estuaries, including
Tillamook Bay (Glenn 1978) and Willapa Bay (Clifton 1983},
but in both instances it was not considered a primary
sediment source. Ssome of the rocky headlands in the
Columbia River estuary are eroding and contributing talus to
the estuary, but the Tertiary bedrock does not appear to
erode rapidly nor contribute significantly to the volume of
estuarine sediments. Erosion of younger (Pleistocene and
Holocene)} estuarine and fluvial deposits from within the
river valley may represent a more important source but is
still thought to be minor relative to the upriver fluvial
supply. Most of the other estuaries that have been studied
along the Oregon-Washington coast have as thelr sediment
sources some combination of either fluvial or marine
sediments (Kulm et al. 1968; Boggs and Mones 1976;
Scheidegger and Phipps 1976:; Glenn 1978; Clifton and
Phillips 1980; Peterson et al, 1982; Peterson et al. 1984),
and the Colubmia River appears to exhibit similar
characteristics.

Sediment from local +tributaries may be a locally
important source near the entrance to these rivers. Workers
at Oregon State University have suggested that most of the
sediment in the upper reaches of Youngs Bay are derived from
erosion o©of Oligocene-Miocene sedimentary rocks in the
drainages of the Youngs, Walluski, and Lewis and Clark
Rivers (Slotta 1975). It is likely that similar situations
occur in the lower reaches of the Grays River, Elochoman
River, and Skomokawa Creek, but the contribution of these
tributaries to the overall sediment budget is expected to bhe
minimal. -In summary, sediment sources other than the
Columbia River and the adjacent marine environment are
believed to be quantitatively much less important to the
sedimentology of the estuary.

1.2.4 Hydrogréphy

The Columbia River is the largest river on the Pacific
coast of North America and has an average discharge of
approximgteiy 260,000 cubic feet per second (cfs), or
7,360 m”s” (Jay 1984). Discharge varies seasonally;
precipitation in the Cascade and Coast Ranges creates-
periodic winter freshets from November to March and a spring
freshet caused by snowmelt 1in the upper reaches of the
drainage basin occurs from April to July. The hydrographic
curve has been damped by the construction of dams along bhoth
the main stem of the Columbia River and along many tribu-

taries. Diversion for irrigation and long term climactic
changes have historically altered the flow regime in the
estuary (Jay 1984; Simenstad et al. 1984). The modern

hydrographic curve exhibits attenuated peak discharges and
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increased discharge during low-flow periods. Before flow
regulation, the highest recorded discharge ocgurred during
the flood of 1894 (1.2 million cfs, 33,980 m3s—!) and the
record low monthly mean flow was 65,000 cfs (1,840 m3s'l;
Neal 1972). Average discharge during a Fg —fear period
beginning in 1970 was 239,000 cfs (6,770 m3s~1), with an
average high discharge of 613,000 cfs (17,360 m3s'1) and an
average low discharge of 89,400 cfs (2,530 m3s™l) (Table
1). The discharge during this study is shown in Figure 4.

1.2.5 Physical Oceanography

The tides along the Pacific coast are mixed semi-
diurnal. The mean tidal range at Astoria is 6.5 ft (2.0 m)
and the mean greater diurnal range is 8.5 ft (2.6 m) (Neal
1972). Spring-neap variations during parts of the study
period resulted in maximum daily semi-diurnal ranges of 5.6
ft (1.7 m) during neap tides and 11 ft (3.4 m) during spring
tides (Gelfenbaum 1983), River discharge acts to suppress
the tidal range and raise the water level at upriver tide
gauges (Jay 1984). Tidal effects are observed upriver as
far as the Bonneville Dam (140 statute miles, 225 km)} during
low flow periods. Tidal currents can cause flow reversals
as far as 53 statute miles (85 km) upriver from the
entrance. In the es%uary, tidal currents exceed 10 feet per
second (fps, 3.3 ms™") at the surface during some ebb tides,
and 6 fps (2 ms~ 1) during some flood tides (Neal 1972).

Analysis of temperature-salinity plots suggests that
three water masses are mixed in the estuary (Jay 1982).
River water has zero salinity and a temperature that varies
greatly with season. Sub-surface ocean water is the densest
water mass, with the lowest temperatures and the highest
salinities. Surface ocean water is the warmest water mass
with near-oceanic salinities (Conomos et al. 1972). The
temperature and salinity vary in response to coastal
upwelling and downwelling (Jay 1984). The mixture of the
three water masses produces estuarine water which has widely
variant properties. The estuary has been classified as
partially mixed (Neal 1972, according to the scheme of
Pritchard 1955), but the stratification is highly dependent
on the fortnightly tides and the river discharge (Jay
1982). The system exhibits behavior ranging from salt wedge
to well mixed. . For example, during the low-discharge period
of October 1980, vertical mixing decreased and stratifi-
cation increased during neap tides; during spring tides
mixing increased and resulted in decreased stratification
(Jay 1982). Saline water reaches Harrington Point (23
statute miles, 37 km wupriver) and beyond during low
" discharge events but is generally confined to the region
seaward of Tongue Point (18 statute miles, 29 km).

Wave hindcasting studies conducted near the mouth of
the Columbia River (National Marine Consultants lo9s1)

i2
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Table 1.

River discharge summary for the study period and
the preceding ten water years

Discharge (x 1000)

Water Year Maxigum Minipum Average
cfs (m s'l) cfs (m°s™ ) cfs (mgs’l)
1980 398.9 (11.3) 86.9 (2.46) 205.5 (5.82)
1979 458.6 {12.99) 81.4 (2.30) 196.0 (5.55)
1978 582.2 (16.49) 73.9 (2.09) 225.2 (6.38)
1977 285.5 (8.08) 66.6 (1.89) 148.7 (4.21)
1276 680.5 (19.27) 95.3 (2.70) 285.1 (8.07)
1875 616.0 (17.44) 96.9 (2.74) 243.1 (6.88)
1974 932.9 (26.42) 103.5 (2.93) 317.7 (9.00)
1973 381.9 (10.81) 92.1 (2.61) 174.2 (4.93)
1972 941.6 (26.66) 106.0 (3.00) 321.6 (9.11)
1971 813.5 (23.04) g9l.1 (2.598) 295.2 (8.36)
1970 651.2 (18.44) 89.3 (2.53) 218.9 (6.20)
Average 613.0 {17.36) 89.4 (2.53) 239.2 (6.77)
Explanation: Discharge data (USGS, 1970-1980) were used to

calculate freshwater input to the estuary by adding

discharges of the Columbia River at The Dalles,
Willamette River at Salem,

Oregon,

the

Castle Rock, Washington, plus 10 percent of this sum
(formula used by U.S. Army Corps of Engineers, Mel Maki,
{1982).

pers. communication}.

Modified from Roy et al.
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ESTIMATED COLUMBIA RIVER FRESH WATER FLOW
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indicate that during major storms significant wave height
(Hg) can vary from 23 to 30 ft (7 to 9 m) with periods of 1l
to 14 s. The largest storms occur in conjunction with’
southerly and southwesterly winds associated with low-
pressure systems which move eastward aeross the Oregon-
Washington coast., Winds during the winter season blow from
the south-southwest at 10 to 22 Xknots (average) with a
maximum of about 55 knots (Barnes et al. 1972).

In the summer the establishment of the North Pacific
high-pressure cell generates northerly and northwesterly
winds along the Oregon-Washington coast with typical speeds
of 5 to 15 knots.

The seasonal reversal of wind and wave patterns results
in seasonal changes in continental shelf circulation and
generates the littoral drift patterns discussed above.
buring the summer, northerly winds and a resultant offshore
Ekman transport generate upwelling of colder, more saline,
and nutrient-rich bottom water (Smith and Hopkins 1972).
During the winter, southerly winds and associated Ekman
transport pile surface waters against the coast. The
resultant downwelling results in well-mixed shelf waters and
stronger coupling of the currents within the water column.
The net sediment transport on the shelf during the winter,
when storm conditions occur most frequently, is northward
and slightly offshore. Littoral drift along the beaches and
nearshore zones in Oregon and Washington also reverses
seasonally, displaying a dominant net northerly component in
the winter and a less important southerly component in the
summer (Hodge 1934; Ballard 1964; Smith and Hopkins 1971;
Sternberg and McManus 1972).

1.3 PREVICUS STUDIES

The need to satisfy navigational requirements has been
the main impetus for sedimentological research in the
Columbia River. The reports of Bagnall (1916), Lockett
(19509, 1962) and Kidby and Oliver {(1965) describe
morphologic changes that occurred as a result of jetty
construction. Numerous studies have been performed by and
for the U. S. Army Corps of Engineers (COE) on sediment
transport in the vicinity of dredge disposal areas (U. S.
Army Corps of Engineers 1933; Sternberg et al. 1977; Borgeld
et al. 1978; Walter et al. 1979; Roy et al. 1979; Roy et al,
1982).

In addition to studies related to navigation, the
Atomic Energy Commission (AEC) in conjunction with the U. S.
Geological Survey (USGS) has supported several studies
related to the fate of radionuclides originating at the
Hanford nuclear reactors. Many of +the studies were
concerned with the bioenvironmental effects of radicnuclides
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in the estuary, and are summarized in Pruter and Alverson
(1972).

Physical and numerical models of aspects of circulation
and sedimentation in the estuary have -been constructed
(Hermann, 1968, 1970; O'Brien, 1971; Callaway, 1971; Lutz et
al., 1975; Hamilton, 1981, 1983, 1984:; MchAnally et al. 1980;
McAnally et al., 1983a,b). Studies by Hubbell et al.
{1971), Hubbell and Glenn {(1973), Glenn {1973) and Stevens
et al. (1973) described the presence of a turbidity maximum
in the estuary and delineated patterns of sediment size
distribution and Yedform distribution. Several studies
unrelated to either navigation or radionuclide accumulation
have provided sedimentological information, including the
early studies of the dunes of Clatsop Spit (Cooper 1958),
geochemical and physical studies in Youngs Bay (Johnson andg
Cutshall 1975; Slotta 1975) and studies related to the
resource potential of local concentrations of heavy-mineral
enriched "black sands" (Norberg 1980; Dearborn Associates
1980). Studies of the mineralogy and beach sands were made
by Hodge (1934), Twenhofel (1946) and White (1967). More
recent studies of the mineralogy of the Columbia River
sediments have been performed by Whetten (1966), Knebel et
al. (1968}, Kelley and Whetten (1969), Whetten et al.
(1969), and Walter (1980).
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2. METHODS
2.1 BOTTOM SEDIMENTS
2.1.1 Sampling Plan

Under CREDDP a sampling plan was devised to obtain
bottom grab samples on a seasonal basis over the entire
estuary. An areal sampling density was adopted that would
permit interpretation of grain size and mineralogical
distributions on an estuary-wide basis. Transects were
chosen perpendicular to the local trend of the estuary and a
baseline sampling effort was conducted in October 1979.
Samples were taken using a Shipek or Van Veen grab sampler
aboard one of several small vessels. When depth changes
occurred along the transect, an attempt was made to obtain
samples from a range of water depths in proportion to
steepness of bottom gradient. 1In the absence of bathymetric

variation, samples were taken at spacings of approximately
1000 £+ (300 m).

Positioning data were generally obtained wusing a
Motorola Mini-ranger microwave ranging system, but a few
locations were obtained by dead reckoning or horizontal
sextant triangulation in October 1979. Although the Mini-
ranger system is purported to have a precision of + 10 ft
(3 m), various factors degraded the precision (Creager et

al. 1980). Field calibrations established that the system
exhibited an average precision of % 16 ft (5 m) at the
operating ranges. Shore station positions were determined

using a wvariety of sources, including Corps of Engineers
records, National Oceanic and Atmospheric Administration
{(NOAA) charts, U. S. Geological Survey maps, air photos,
horizontal sextant angles and Mini-ranger triangulation.
The accuracy of shore station location control varied
accordingly and ranged from # 0.1 ft to & 100 ft (0.03 m to
30 m). The accuracy of a final sample station location
depended on the range precision, the control on shore
transponder location, and the geometry of the fix
involved. The accuracy varied from fix to fix, but on the
average, positions obtained with the Mini-ranger system are
considered accurate to within + 100 ft (30 m). The roundoff
errors that arose in calculating the coordinates of each
sample and computer plotting are negligible and, at the
commonly used scale of 1:40000, the stations are plotted to
within + 0.03 in (0.008 cm}.

Sample depths were recorded on various recording echo-
sounder systems with accuracies of &+ 1 ft (0.3 m) and
corrected to mean lower low water (MLLW) by interpolating
predicted tide height data (National Ocean Survey 1978,
1979). Depths are probably accurate to within + 1.5 ft
(0.5 m). A detailed discussion of quality assurance in the
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navigational data is available in the CREDDP Procedures
Manual (Pacific Northwest River Basins Commission, 1980).

The transects occupied during the baseline sampling

effort are shown as hatched 1lines in Figure 5. The
transects shown in solid lines were reoccupied in February,
June, and October 1980. During each of these sgeasonal

surveys, an attempt was made to reoccupy a previous sample
location, but priority was placed on obtaining a sample from
the same corrected depth. The lack of up-to-date bathymetry
over much of the estuary was a significant problem, and an
effort was made in June 1980 to obtain c¢ontinuous
bathymetric profiles along the transects.

In all, approximately 1850 samples were obtained in
October 1979, 450 in February 1980, 400 in June 1980 and 400
in October 1980. Grain size analysis was performed on all
seasonal samples from the June and February surveys and on
more than 600 of the October 1979 samples collected during
the original CREDDP. An additional 274 grain size analyses
were performed under +the final CREDDP contract. These
samples were selected from the remaining October 1979 data
pool to provide additional sample density in the central
portions of the estuary. The locations of all CREDDP
samples chosen for analysis and all of the samples from
October 1980 (none of which were analyzed) are presented in
Appendix A. This report also discusses data obtained under
various contracts with the Corps of Engineers and previously
reported’ in Sternberg et al. (1977), Borgeld et al. {(1978),
Walter et al. (1979), Roy et al. (1979), and Roy et al.
(1982). Most of the samples from these earlier studies are
located in the lower estuary, near the entrance and on the
continental shelf, and were obtained with grab samplers such

as those used for CREDDP work. Some were recovered with a
bedload sampling device incorporated in the tripod apparatus
described in Walter et al. (1979). Locations of all

stations are included in Appendix A. Navigational control
for these earlier samples included horizontal sextant fixes,
Loran-C, and Mini-ranger, and may have been slightly less
accurate than the more recent data.

2.1.2 Grain Size Analysis

Preliminary descriptions of the raw samples were
recorded in the boat log, and the sediment was packaged in
plastic bags, transported to the University of Washington
and stored in a refrigerator until analyzed. An attempt was
made to separately bag representative sediment from each
layer when obvious stratigraphy was observed in the grab
sample, but inevitably some mixing occurred. In the
laboratory, each sample was homogenized, guartered to
appropriate size and agitated in a 30% solution of hydrogen
peroxide to remove organic¢ material. The' sample was then
wet sieved at 4 phi (64 microns) to remove the fine
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Table 2. Summary of sediment grain size descriptions (Lang

et al. 1947).
CLASS METRIC UNITS ENGLISH UNITS MICRONS PHI
NAME (mm) {inch) UNITS
Boulder Very large 4096-2048 160-70 ' -11
Large 2048-1024 B0O-40 ' -10
Medium 1024-512 40-20 -9
Small 512-256 20-10 -8
Cobble Large 256~128 10-5 -7
Small 128-64 5-2.5 -6
Gravel Very coarse 64-32 2.5=1.25 -5
Coarse 32-16 1.25-0.625 - 4
Medium l6-8 0.625-0.31 - 3
Fine 8-4 0.31-0.16 - 2
Very fine 4-2 0.16-0.08 -1
Sand Very coarse 2.00 -1.00 2000-1000 0
Coarse 1.000-0.500 1000-~500 1
Medium 0.500-0.250 500-250 2
Fine 0.250-0.,125 250-125 3
Very fine 0.125-0.062 125-62 4
Silt Coarse 0.062-0.031 62-31 5
Medium 0.031-0.016 31-16 6
Fine 0.016-0.008 16-8 7
Very fine 0.008-0.004 8-4 8
Clay Coarse 0.004-0.002 4-2 9
Medium 0.002-0.001 2-1 10
Fine 0.0010-0.0005 1-0.5 11
Very fine 0.0005-0.00024 0.5-0.24 12

— C33 .3 3 C3
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fraction. (The phi scale and conversion to metric units is
included in Table 2). The coarse fraction retained on the
wet sieve was washed with distilled water, dried, and sieved-
at standard 1/4-phi mesh intervals to 4 phi. The fine pan
fraction remaining was added to the fines from the wet
sieving and suspended in a 1000-ml cylinder with a known
quantity (approximately 0.5 gm) of sodium metahexaphosphate
{Calgon) as a dispersing agent. Pipette fractions were
drawn from the settling tube at 1/2-phi intervals from 4 phi
to 8 phi (silt range) and at 1.0-phi intervals between 8 phi
and 12 phi (clay-size range) or until less than 5% of the
total sample weight remained. The last was adopted as a
time-saving measure after it was determined that termination
of the analysis at the 5% level had a negligible effect on
the eventual outcome of factor analysis calculations. The
fraction weights obtained at each step in the sieve and
pipette analyses were recorded on a standard keypunch form,
encoded and verified. The resultant raw data were open
weight distributions over 47 discrete phi size classes from
-4.25 phi to 12 phi. A series of computer programs adapted
to the University of Washington Harris-6 computer processed
the raw size-class data, produced a printed summary of the
commonly used sediment size parameters, and generated a file
of the same data for wuse in statistical and mapping
programs. A summary of the system of computer programs
developed for this study is included as Appendix B. In most
of the ensuing discussion, moment measures of the grain size
distribution, which include contributions from all phi
classes, ‘will be used rather than graphical measures.

Triple replicates of several samples representing the
finest-, average- and coarsest-grained size distributions
were analyzed to establish the precision of the laboratory
technique. Variations of less than 1% occurred in the
weight percents of each phi class. Throughout the program,
consistent laboratory techniques were used to ensure data
quality. The laboratory techniques for size analysis and
quality control are described in the Procedures Manual
(Pacific Northwest River Basins Commission 1980) and are
based on standard sedimentological routines (Krumbein and
Pettijohn 1938; Inman 1952; Shepard 1954; Folk and Ward
1957; Folk 1974).

Similar procedures were utilized in analyzing sediments
obtained on earlier Corps of Engineers cruises, except that
analyses were carried to 12 phi in all cases (Sternberg et
al. 1977; Borgeld et al. 1978; Roy et al. 1979.) The size
statistics from those cruises were recalculated during this
study as a convenient way to reformat the data, but the
algorithms were the same and identical numbers were
obtained.
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2.1.3 Mineralogy

In order to-investigate the mineralogy of the estuary
samples, samples from several transects were analyzed for
sand-size Theavy mineral and magnetic mineral content.
Minerals with a specific gravity of > 2.96 g cm ° (heavy
fraction) were separated from the sand-sized fraction of the
sample using tetrabromoethane and standard separation
techniques {Hutton 1950; Creager et al. 1980). Magnetic
minerals were separated from the heavy fractions using a
hand magnet and cloth after it was determined that this
method was more effective than the Franz separator (Creager

et al. 1980). The heavy mineral contents and magnetic
mineral contents were expressed as a percentage of the total
sand-size sample weight. A determination of the precision

of the technigque was obtained by performing five replicates
on a sample {(Sample 391 from Cruise 2Z7910.) The distri-
bution of heavy and magnetic minerals by size was investi-
gated by dry sieving two samples at 1/2-phi intervals and
separating those fractions.

The May 1980 eruption of Mt. St. Helens resulted in a
large sediment contribution from the Toutle-Cowlitz Rivers
into the Columbia River as well as widespread deposition of
volcanic ash over the drainage basins of several tributaries
to the Columbia River. To permit recognition of sediment
originating from Mt. St. Helens and other Cascade volcanoes,
airfall ash samples were collected at 12 locations in
Washington and Oregon following the major eruptions of 18
May, 25 May and 12 June 1980. The size distributions of two
ash samples were determined using standard sieve and pipette

technigues. Heavy mineral separations were performed on
several samples and the light and heavy mineral fractions
were mounted in epoxy on slides. The light fraction was

stained to facilitate ijdentification of plagioclase and
potassium feldspar, and grain identifications on more than
100 grains were made for each slide. In addition to these
petrographic techniques, wvarious Dbulk ash samples and
several estuary samples were photographed with a scanning
electron microscope (SEM) to provide information on grain
shape and surface texture. Bulk mineralogy of both ash and
estuary samples was linvestigated using x-ray diffraction.
Qualitative interpretations of the mineralogical data were
used to supplement the other lines of investigation, and
captioned photomicrographs summarizing the mineralogy of the
estuary are included in Roy et al. (1982).

2.1.4 Statistical Techniques

Q-mode factor analysis

Several statistical approaches to the analyses of the
surficial sediment grain size data were used during the
course of the present contract. Q-mode factor analysis has
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been shown to be a useful technique in both heavy mineral
analysis (Imbrie and Van Andel 1964) and grain size analysis
(Imbrie and Purdy 1962; Klovan 1966). The approach proved
extremely useful as an exploratory technigue in earlier
studies near the entrance to the estuary and offshore
(Sternberg et al. 1977; Borgeld et al. 1978; Roy et al.
1979). However, as suggested by Drapeau (1973), factor
analysis is a somewhat subjective technique. It was less
satisfactory in providing sample groupings +that provided
geologic insight when run on DYatches of the large and
variable suite of samples from the entire estuary. At the
outset of this project it was hoped that factor analysis
could Dbe performed on all of +the samples collected
throughout the estuary in one run. It is believed that the
factor analysis technique 1is less effective when forced to
run in batches and that a single run would have been a
useful exploratory tool. An extended effort was made to
program around the need for a sample-by-sample matrix in the
computer during the eigenvector calculations {see discussion
below), but there proved to be no way of avoiding this size-

limiting problem. The 1lengthy section on statistical
methods below is included to provide some insight to the
internal mechanics of the commonly used techniques. This

information will ©be wuseful in following the ensuing
digcussion of the relative merits of factor analysis,
cluster analysis, 'and less sophisticated alternatives.

There are two basic approaches to factor analysis: (1)
R-mode analysis, which examines the relationships among
variables based upon all of the samples, and (2) Q-mode
analysis, which examines the relationships among samples
based upon the variables. For example, R-mode factor
analysis could be used to build a table of correlations
among the depth, mean grain size, deviation, and skewness,
and then to determine a factor or two which combine the
variables to best explain the information in the correlation
matrix. Q-mode factor analysis might build a table of
correlations among all samples based upon the variables, and
then determine one or more factors that best explained most
of the information in the correlation matrix.

In this study, Q-mode analysis was used to compare
samples based upon their sediment size distributions. (In
contrast, R-mode analysis of size distributions would have
described how well a particular phi size class correlates
with another phi class. Q-mode factor analysis describes
how well sample X correlates with sample Y.) Each sample
was composed of 47 grain size classes containing fractional
sediment weights. Each size class was a variable which may
be thought of as a vector component of a sample’s grain size
distribution, with the grain size distribution as the
resultant vector.

The basic input to factor analysis was a matrix of
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similarities between samples. The correlation coefficient,
a commonly used index of similarity, could have been used to

calculate similarities, but it requires computation of-

variances across variables, which would have been a
statistical anomaly. The cosine~theta qoefficient is the
most common measure of similarity used in Q-mode factor
analysis and is defined as follows:

_ Ie=1%ik® 5
cos @,. = T %% %
J k=1"ik “k=1" 3k

where X{i,k) is the kth variable of the ith observation and
m is the number of variables. For any two samples, i and 1,
in m-dimensional variable space, this equation gives the
cosine of the angle between two sample vectors. For
example, if two samples are identical, they have a cosine-
theta c¢oefficient of 1.0; if two samples are completely
different, they have a cosine-theta coefficient of =zero.
(There are no negative cosine-theta coefficients for
sediment size @data because all sample vectors 1lie in
positive space.) A QO-mode cosine-theta coefficient matrix
was built with N samples to a side, where N = the number of
samples. Available computer resources limited N to less
than 220 per program run, thus the data had to be analyzed
in parts.

Factor analysis attempts to convey the most information
in the similarity matrix with the fewest number of
independent dimensions. Mathematically, this is
accomplished by extracting the eigenvalues and eigenvectors
from the similarity matrix, which can be a significant
computational task if the number of samples is large. The
resulting principal axes matrix contains eigenvectors
(unscaled theoretical factors) in the columns and samples in
the rows.

Projection of each sample onto the factor axes yields
the factor loadings matrix, which has factors (scaled to the
data) in the columns, and samples in the rows. Each element
in this matrix is a "factor loading", which indicates the
contribution of each factor to each sample. The sum of the
squared factor loadings for a sample is called the sample's
communality, which indicates how well the sample vector has
been described by the factors. A communality of 1.0 shows a
complete explanation.

In the Columbia River Estuary sediment data, the first
six factors usually accounted for about 96 percent of the
variance in the samples. Three separate runs were performed
in order to determine the usefulness of more factors: six,
eight, and ten theoretical factors were permitted, and the
remaining factors were assumed to be unimportant.

24

— CJ CJ CoJ O o OO . 4o 63a .




To plot the theoretical factors, the factor scores
matrix was obtained, specifying the grain size distribution
of each theoretical factor. For each factor, the 47 grain
size variables were standardized so that the sum of their
absolute values was unity, and the factors were then plotted
with grain size on the X axis and standardized amplitude on
the Y axis. Figure 6 shows that the unrotated theoretical
factors resemble peaked sine waves: the first factor
resembles the order zero harmonic, the second factor
resembles the order one harmonic, the third factor resembles
the order two harmonic, and so forth.

Each sample can now be expressed as a superposition of
increasing harmonics of sine waves (factors), where the
factor loadings express the fractional contribution of each
factor. At this point, however, it is difficult to relate
the theoretical factors with the actual samples, because the
factors contain mixtures of positive and negative phi sizes.

Because the position of the axes of the permitted
factors is affected by the axes of the discarded factors,
Kaiser's varimax rotation was used to reorient the factors
with respect to the samples in 47-dimensional space. The
varimax rotation maximized the variance of the sample
loadings on the permitted factor axes, causing the absolute
value of the loadings to approach either 1.0 or 0.0. In
other words, each factor axes was placed so that sample
vectors loaded either highly or not much at all. A rotated
factor loadings matrix was thus produced which best fit
different groups of sample vectors to different factors.

The rotated factor scores matrix was then obtained, and
the rotated theoretical factors were plotted (Figure 7).
The plots revealed that varimax rotation increased the
amplitudes of the major sine wave peaks and decreased the
amplitudes of the minor ones. This procedure helped make
each factor more completely positive or negative, making it
appear 1less 1like a sine wave and more 1like an actual
sample. (Note that a negative factor correlates additively
with a sample if the sample loads negatively on it, because
a negative factor with negative loadings is the same as a
positive factor with positive loadings.)

Like the unrotated factors, the rotated theoretical
factors are also difficult to interpret because some
components lie in negative 47-dimensional space. RBecause of
this mixture of positive and negative elements in the
factors, it is necessary to obliquely rotate each _factor
axis to the nearest actual sample, called an "end-member

sample" (Figure 8). This relaxes the restriction of

orthogonality maintained previously, which had forced some

factors partially into negative space. In essence, one of

the samples from the actual data set is- chosen as most

representative of a particular factor. The factor loadings
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FINAL FACTORS
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of the other samples on that factor are converted to factor
loadings on the end-member sample during the oblique
rotation. The advantage to this final rotation is that it
clarifies sample associations; the disadvantage is that it
allows end-members to be intercorrelated.

As pointed out above, factor analysis with a final
oblique rotation was used to examine sediment size
distributions during earlier studies in the estuary,
including previous CREDDP work (Sternberg et al. 1977:
Borgeld et al. 1978; Roy et al. 1979; Walter et al. 1979;
Roy et al. 1982). In these studies, the number of samples
in each program run was restricted to 100 because of the
computer used. In order to run large sample sets, an
iterative process was developed that involved increasing the
number of factors chosen and transporting extremal €factors
from batch to batch until runs of all bhatches chose the same
extremal factors.

During this study, the focus has been on interpreting
the results of factor analysis and comparing the technique
with cluster analysis. A random subset of 125 samples was
chosen from the 287 October 1979 samples located between
Astoria and Harrington Point. Factor analysis was run on
this subset and permitted to choose 6, 8, and 10 factors.
Intermediate plots of the theoretical factors and the
factors after the varimax and final oblique rotations were
generated for use in interpretation of the technique and for
comparison with cluster analysis results on the same data.

Cluster Analysis

Cluster analysis places samples into relatively
homogeneous groups and identifies outlier samples. Like
factor analysis, cluster analysis can be run as Q-mode or
R-mode. The Q-mode and R-mode similarity matrices are
constructed exactly as described in the section on factor
analysis. Both Q- and R-mode analyses were employed in this
section. )

For the Q-mode analysis, an N by N (where N = sample
size) matrix was constructed using the cosine-theta
correlation coefficient, identical to the matrix used in
factor analysis. This matrix was used as input to the
weighted pair-group clustering scheme described below.

In addition, an R-mode similarity matrix was built from

the correlation coefficients among the following
variables: depth, moment mean, moment standard deviation,
moment skewness, and moment kurtosis. Before the

correlations were calculated, each variable was transformed
to standard normal form by subtracting its mean and dividing
by its standard deviation. This was done so that the
differing magnitudes and ranges of the different wvariables
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would not affect their correlations. The resulting R-mode

matrix of correlations between standard normal variables was.

processed by the cluster analysis scheme described below.

The cluster analysis scheme that was adopted was the
weighted pair-group clustering with arithmetic averages
(Davis 1973, pp. 456-473). Briefly, this technique seecks
the highest similarity in each column of the similarity
matrix, By examining all columns, the pairs whose mutual
similarities are the highest are picked from the matrix.
These are called "mutually high pairs." If sample A is most
highly correlated to sample C, but sample C is most highly
correlated with some other sample, A and C do not qualify as
mutually high pairs. But if both samples are more highly
correlated with each other than with any other sample, then
they are mutually high pairs.

Once all the mutually high pairs are determined, each
pair is linked and displayed on a dendrogram (a "branch
diagram") at the appropriate level of similarity (Figures 9-
15). The similarity matrix is then recomputed, treating
each mutually high pair as one element. Because each pair
has two correlations with each of the other elements in the
matrix, the two correlations must be averaged to create one
correlation. For example, the correlation between pair AB
and sample D will be the average of the correlation between
D and A and between D and B. The process of: 1) deter-
mining mutual high pairs, (2) linking mutually high pairs
on the dendrogram, and (3} recomputing the similarity matrix
continues until all clusters of samples have been linked on
the dendrogram. Note that a "pair" can refer not only to

two individual samples but also to two groups {clusters) of
samples.

R-mode cluster analysis was performed on two suites of

samples to examine the relationships among variables. The
variables compared were depth, longitude, and moment
measures of mean, standard deviation, skewness and

kurtosis. Because the available computer facilities limited
the matrix size to 200 x 200 in the cluster analysis
program, all of the cluster analysis runs were performed on
data subsets of 200 or fewer samples. The R-mode analysis
was performed on 200 randomly selected samples from the 435
samples obtained in February and on 200 samples from the 431
collected in June 1980.

In order to compare the results of factor analysis and
cluster analysis, a Q-mode cluster analysis was performed on
the same set of 125 samples from Octcber 1979 on which the

- factor analysis had been run. This analysis utilized the

same size variables as the R-mode cluster analyses described
above,

Once it was established that a Q-mode cluster analysis

30

O s R s O s S s N st s [N s N s [ s [ v [ s [ v [ s [ Wil Ry S

]




approach was more likely to provide useful information than
the previous factor analysis approach, the CREDDP samples
were submitted to a Q-mode analysis. In the Q-mode
analysis, 47 phi classes were considered the variables, and
the relationships among the 200 samples were examined.
Exclusive sets of 200 were randomly selected from the
seasonal sample pool until most of the samples were
analyzed. Q-mode cluster analysis was run on the following
data sets:

(1) Three exclusive sets of 200 samples randomly
selected from 623 October 1979 samples.

(2) Two exclusive sets of 200 samples randomly
selected from 435 February 1980 samples.

(3} Two exclusive sets of 200 samples randomly
selected from 431 June 1980 samples.

Dendrograms displaying the mutually highest pairs were
denerated with each run. The volume of information in the
seven resulting dendrograms suggested that condensation was
in order. A scheme was adopted whereby cluster branches
were defined as distinct if they connected with a cosine-
theta coefficient of 0.65 or less, For a sample size of
200, this produced from five to nine distinct clusters per
dendrogram, which was meant to roughly coincide with the
number of factors rotated in factor analysis. The resulting
clusters contained between one and ninety-eight samples. To
characterize each cluster, the mean fraction weight in each
size class was calculated over all of the samples in the
cluster, and the resulting means were plotted to create an
average fraction and cumulative curve. Statistical
parameters were also averaged over all of the samples in the
cluster (as opposed to calculating new parameters from the
resulting average fraction weight curve) and plotted with
their associated curve. The average fraction weight curve
for each cluster was then attached to its associated
dendrogram (Figures 9-15). A map of the cluster distri-
bution was plotted for each season and used in the later
interpretations of sedimentary processes in the estuary.

Graphic Techniques and Maps

Several computer plotting programs were developed for
the present study to plot various grain size parameters and
to map the distribution of sediment size parameters. A
summary of these and other programs developed for data
manipulation is included as Appendix B. Maps were plotted
with a mercator projection at a scale of 1:40000 for
overlaying on the most recent bathymetry, provided by
Northwest Cartography, Inc. (CREDDP, 1983). The following
sediment parameters were plotted for all three seasons of
CREDDP data and for all samples analyzed:
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