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Preface

The shores of Washington’s inland coast—greater Puget Sound—undergo both shoreline
erosion and landsliding. The overall rates of shoreline retreat are usually minor, maybe an
inch or two a year, but in some areas may average as much as half a foot per year. This is
usually due to a combination of bluff undercutting and steep slope failure, resulting in
landslides. At any particular location, landslides occur infrequently, often decades apart.
Simple shoreline wave erosion by itself is not often the problem in Puget Sound.

Marine shoreline erosion is a concern to both coastal property owners and the users and
managers of coastal public resources. Coastal property owners are naturally concemed with
protecting their investments in land and buildings. Unfortunately, houses and other buildings
are often built dangerously close to the shoreline. Most property owners react to incidents of
erosion by erecting erosion control structures such as concrete or rock bulkheads. If properly
constructed, these shoreline armoring structures can slow most forms of wave induced
shoreline erosion for a period of time, but will probably do little to prevent continuing
landsliding. Many shoreline property owners consider shoreline armoring critical to the
protection of their real estate.

Resource managers are, of course, concerned about any adverse effects on the habitats which
support biological resources such as fish and shellfish and are charged with protecting the
public property right in those resources. The scientific literature seems to indicate that
shoreline armoring (and the associated vegetation cIeanng) typically results in the following
adverse effects:

. Sediment supply to nearby beaches is cut off, thus leading to “starvation” of the
beaches for the sand and other fine grained materials that typically make up a beach.

. The hard face of shoreline armoring, particularly concrete bulkheads, reflects energy
back onto the beach, thus exacerbating beach erosion.

. In time, a sandy beach is transformed into gravel or cobbles, and may even be scoured
‘ down to bedrock, or more commonly in the Puget Sound basin, a hard clay. The
footings of bulkheads are exposed, leading to undermining and failure,

. Vegetaﬁoﬁ which shades the upper beach is eliminated, thus degrading the value of the
beach for spawning habitat.

. Any transformation of the character of the beach affects the kind of life the beach can
support.



. Request for Investigation and Assessment

The Thurston and Mason County Commissioners, and the Pierce County Executive, in 1991,
requested that the Department of Ecology (Ecology) investigate the effects of wide spread
shoreline armoring and prepare a programmatic environmental impact statement on the
cumulative effects of bulkheading and other forms of armoring. These elected officials were
reacting to the large numbers of bulkhead permit applications in recent years, and were
voicing concem over their uncertainty about the wisdom of permitting large scale unmitigated
shoreline armoring, ' '

Legislative Action

In an action unrelated to the local government requests, the Washmgton State Leglslann‘e n
1992 passed Engrossed Sendte Bill 6128 which amended the Shoreline Management Act to
provide for the following: .

Local governments must have erosion ménagement standards in their Shoreline Master
Programs. While most local governments have erosion sections in their SMP, these

~ existing regulations may not be as comprehensive as ESB 6128 reqmres

These standards must address both structural and non-stmctural methods of erosion
management. Structural methods are typically bulkheads or rip rap. Non-structural
methods include building setbacks and other land use management approaches.

The standards must give a preference for permitting of erosion protection measures for
residences occupied prior to January 1, 1992 where the erosion protection measure “is
designed to minimize harm to the shoreline natural environment.” This implies no
preference for protection measures first occupied after January 1, 1992

ESB 6128 expands erosion protection from just'.a residence to “single family residenc-
es and appurtenant structures.”

Permit application processing by local government must be carried out in a timely
manner. Shoreline property owners testifying for the bill cited local government delays
in permit approval as onerous. Local governments report that most permit delays are
caused by incomplete or inaccurate information on the permit application.

The Coastal Erosion Management Strategy

The legislature was unable to provide local governments or Ecology with the funds necessary
to carry out the intents of ESB 6128 because of reduced tax revenues. Fortunately, Ecology
was successful in obtaining a grant under the federal Coastal Zone Management Act to carry
out a comprehensive Coastal Frosion Management Strategy.



CEMS—the Coastal Erosion Management Strategy—is a three year, multi-task program aimed
at (1) satisfying local elected officials’ requests for assessment of the cumulative effects of
shoreline armoring, (2) developing the standards for shoreline erosion management mandated
by ESB 6128, and (3) assessing regulatory alternatives for erosion management. Tasks 1 - 4
were completed in 1992-93. Tasks S - 7 were completed in 1993-94, and tasks 8 and 9 in
1994-95.

Task 1. Inventory and Characterization of Shoreline Armoring, Thurston County, Washington,
1977 - 1993. Thurston County was selected as the study area for a pilot project because of the
availability of large amounts of relevant information already in data management and GIS
(geographic information system) computer file formats. This study provides quantitative
estimates of the rate and character of shoreline an:nonng which are not readily available for
most of Puget Sound.

Task 2. Engineering and Geotechnical Techniques for Shoreline Protection in Puget Sound.
The generally accepted engineering and geotechnical techniques for selected erosion manage-
ment alternatives (bulkheading, revetments, wave attenuation, beach nourishment, etc.)

. appropriate to the tidal range, wave energy, and geologic conditions characteristic of Puget
Sound are assessed. This report provides the basis (in part) for development of State guidance
recomsendations to local government for adoption of standards for appropriate erosion
management measures.,

Task 3. Shoreline Armoring Effects on Physical Coastal Processes in Puget Sound. The key
assumptions and questions about the effects of shoreline armoring on coastal processes are
evaluated based on the technical literature, and sensitized to Puget Sound conditions. Selected
local case examples are provided.

Task 4. Coastal Erosion Management Regulation: Case Examples and Critical Evaluation.
Regulatory approaches to coastal erosion management in Puget Sound and other states are
evaluated, and policy alternatives for Washington are assessed. This report will provide the
basis (in part) for development of State guidance recommendations to local government for
adoption of coastal erosion management procedures,

Tusk 5. Shoreline Armoring Fffects on Biological Resources and Coastal Ecology in Puget
Sound. Following on from Task 3, the direct effects of shoreline armoring and the secondary
effects of changes to coastal processes and conditions upon biological resources are assessed.
Selected local case examples are provided.

- Task 6. Coastal Bluff Management Altematives for Puget Sound. A large measure of
bulkheading is in reaction to slope failures, not shoreline erosion per se. Slope instability is
caused by a combination of inherent geologic weaknesses, ground water loading, and toe
erosion. Following on from tasks 2 and 4, this task addresses management of coastal bluffs.

Task 7. Regional Approaches to Coastal Erosion Management. Traditionally, shoreline
management and erosion control permitting has been on a case-by-case basis. Many “soft”
approaches to erosion management (e.g. beach nourishment) or mitigation for adverse effects
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must be carried out on a regional basis to be effective. Both the technical and political
feasibility of regional erosion management is assessed.

Twsk 8. Coastal Erosion Management Emmmzental Impact Statemena This task will
integrate the special study reports and other information into a programmatic envuonmental
Impact assessment. ]

Task 9. Coastal Erosion Management Recommendations for Puget Sound. Based largely on
the foregoing studies, this task will formulate specific model elements which can be recom-
mended as amendments to local Shoreline Master Programs. The guidance will be published
as a chapter in Ecology’s Shoreline Meanagement Guidebook.

Task 1, Inventory and Characterization, was completed by Thurston Regional Planning |
Council. Tasks 2 through 7 were completed CH2M Hill and Battelle Memorial Laboratories
under contract to Ecology. Tasks 8 and 9 will be completed by Eoology

Tasks 1 through 7 are each designed to answer a relatively narrow set of questions, therefore
each task completion report presents only a very limited portion the study. Until the entire
project has been completed, the analytical studies have been integrated (Task 8), and Ecology
has developed its guidance to local government (Task 9), no conclusions should be drawn
from the individual study reports.

This volume, Management Options for Unstable Bluffs in Puget Sound, Washington, is a
companion to Volume 4, Engineering and Geotechnical Techniques for Shoveline Erosion
Management in Puget Sound. Both volumes report on various techniques which are fechnical-
Iy appropriate for application to coastal erosion management or bluff stabilization in Puget
Sound, but not necessarily under all environmental, regulatory, or economic circumstances.
The Department of Ecology is not endorsing these techniques as universally useful. The
purpose of these tasks in the CEMS project was to provide Ecology with some of the
information necessary to make recommendations to local government for amending their
Shoreline Master Progmms in accordance with the mandates of ESB 6128 That guidance will
be issued by Ecology in a later volume in this report series.

The CEMS project is a balancing of concems and mandates. The Shoreline Management Act
(SMA) has goals of both “planning for and fostering all reasonable and appropriate uses”
while at the same time “protecting against adverse effects to the public health, the land and
its vegetation and wildlife, and the waters of the state and their aquatic life.” ESB 6128, in
amending the SMA, gave a preference for permitting of erosion protection measures for
residences occupied prior to January 1, 1992 where the erosion protection measure “is
designed to minimize harm to the shoreline natural environment.”

Douglas Canning and Hugh Shipman

Shorelands and Coastal Zone Management Program
Washington Department of Ecology

Post Office Box 47600

Olympia, WA. 98504-7600
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1.0 Introduction

1.1 Background

Development along coastal areas of the United States has been extensive. Culliton et al.
(1992) estimated that between 1970 and 1989 approximately half of all residential and non-
residential construction in the United States occurred in the federally designated coastal
zone. During this same period, approximately 640,000 permits were issued for construc-
tion in coastal counties of Washington State. It is not known exactly how many projects
were directly located on Puget Sound shorelines. However, waterfront property is prime
real estate and substanﬁal .'_deveiopment is continuing to occur along Washington’s
shorelines. )

Many structures are built dangerously close to the shoreline where wave erosion or un-
stable slopes can threaten coastal property (Canning and Shipman 1993, Macdonald et al.,
1993). To protect these properties, erosion control structures such as concrete or rock
bulkheads are often erected. While bulkheads often temporarily slow wave induced toe
erosion at the foot of coastal bluffs (Figure 1-1), they cannot halt surficial erosion and
slumping higher up the bluff face caused by poor vegetation management praétices, surface
runoff or groundwatér seepage. Depending on specific site conditions "shoreline armoring”
may not be an appropriate solution to handle a perceived erosion "problem” —and indeed it
can do more harm than good. Further, adverse effects of shoreline armoring can occur
which, in the worst case, can totally alter the physical structure of the beach and adjacent
upland habitats (Downing 1983). Alteration of the physical conditions of the shoreline can
cause changes in the structure and. functioning of shoreline habitats and alter use of the

habitats by fish, shellfish, birds, marine mammals and other organisms.

To minimize harm to the "natural environment" of the shorelines of Puget Sound while

still allowing erosion control measures, the Washington State Legislature passed Engrossed
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Source: Menashe (19893)

Figure 1-1 S
Elements of a Coastal Bluff
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Senate Bill 6128 which requires local governments to develop standards for structures used
to protect shoreline properties. The Washington State Department of Ecology (Ecology)
Shorelands and Coastal Zone Management Program initiated a three-year strategy to re-
solve coastal erosion issues (Canning and Shipman, 1993). This strategy involves ten tasks
that investigate the effects of alternative shoreline protection technologies on both the phys-
ical features of the beach and bluffs, and the ecology of the nearshore zone. 'fhe present
report deals with Task 6: Coastal Bluff Management Alternatives for Puget Sound.

1.2 Objectives

As noted in the Preface, a large measure of bulkheading that has occurred around Puget
Sound is in reaction to bank and bluff slope failures, rather than shoreline erosion per se.
Slope instability can be a complex issue and usually reflects some combination of inherent |
geological weaknesses, poor vegetation management practices, and surface and ground-
water loading, as well as wave induced toe erosion. The objéctives of this Task 6 report

are therefore as follows:

. To describe some general characteristics of Puget Sound shoreline banks and
bluffs

. To describe common forms of slope failure experienced around Puget Sound

. To describe the principal causes of slope failure

. To outline a range of slope management techniques available to address

potential causes of failure



. To describe an approach for selection of slope management methods most

appropriate to site-specific concerns.
. To identify data gaps and future study needs.

- As with the other reports in this series, our emphasis—in keeping with Engrossed Senate

Bill 6/28—is on single family residential development along Puget Sound shorelines.
1.3 Approach

Since this was the last report in the series to be completed to date (i.e., T_asks 1-7), we
have learned substantially from the knowledge and understanding gained from pﬁor study
tasks. Of the six topics researched by the CH2M HILL/Battelle Study Team, Manage-
ment of Unstable Slopes clearly has the most adequate general database of relevant in-

formation; as well as some excellent resource materials that focus directly on Puget Sound.

The general database reflects a broad engineering interest in solving the construction chal-
"lenges engendered by unstable slope conditions. There is also much less concern that the
unstable bluffs that rim Puget Sound are somehow uniquely different from unstable slopes
in other regions. The Task 3 report (Macdbnald et al., 1993), in contrast, conciuded that
‘shoreline erosion within the Sound really is different from more commonly studied "open
ocean coast” examples (see also Nordstrom, 1992). Slope management is 2 much more
generic concern than coastal erosion and shoreline armoring, and much available informa-
tion can be safely and realistically transferred to Puget Sound bluffs (with appropriate
" caveats) from other regional and upland settings.

The availability of some excellent local studies focused specifically on Puget Sound bluffs
partly reflects serious landsliding and property loss problems experienced in the Seattle
region during the winter of 1971-1972 (Tubbs, 1975). More recent contributions—
Manashe (1993) and Myers (1993), for example—reflect Ecology/Shorelands and Coastal




Zone Management Program’s proactive stance, responding to the increasing risks of slope
failure, property losses, and the disruption of nearshore processes that reflect ever-

increasing 'population pressures around Puget Sound.

The study approach taken for this task is quite simple and reflects the availability of good
reference materials: Identify the common causes of local slope instability—and then

[ ) .

identify methods to either minimize or eliminate them.

In-hand references were assembled and key-word dialog literature searches were conducted
on the National Technical Information Service (NTIS) and Aquatic Sciences and Fisheries
Abstracts (ASFA) databases. NTIS covers federal government reports and conference
proceedings; ASFA includes a broad range of materials—journal articles, books, mono-
graphs, conference proceedings, and technical reports—focusing on science, technology,
and management of marine and freshwater environments. Published and unpublished re-
ports from Puget Sound and elsewhere that focus on the causes of slope instability or
alternative methods for stabilizing slopes where assembled and reviewed. Individuals
knowledgeable of Puget Sound slope instability issues were contacted to identify additional
reference materials, study site examples, and representative site photographs. The as-

sembled materials were then synthesized into four report sections, as follows:

. General characteristics of Puget Sound bluffs

. Common types of shoreline slope failure
. Causes of shoreline slope instability
. Alternatives for managing unstable shoreline slopes

Our synthesis focuses on regional geology, vegetation management, water management,
and geotechnical engineering issues. A strong emphasis has also been placed on using

figures and photographs to illustrate regional field examples.
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1.4 Organization of Report

The report is organized into seven sections and two appendices. This Introduction is
followed by a brief regional overview of some common characteristics of shoreline
slopes—banks and bluffs—around Puget Sound. To provide perspective, a folio of photo—

examples is included at the end of this second section.

" The three major sections of the report follow in succession: (3) Types of Slope Failure,
(4) Causes of Slope Instability, and (5) Managing Shoreline Slopes. Section 6 summarizes
some of the preceding material and focuses on how to select appropriate management solu-
tions for a particular site. References Cited are presented in Section 7. Appendix A in-
cludes examples of homeowner questionnaires that help identify potential slope instability
problems associated with development of a specific site. Appendix B provides a list of
coastal geological literature and slope-hazard map sources, organized by county around the
Sound.
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2.0 Regional Overview: Shoreline Slopes of Puget Sound

Three local publications provide excellent background material for this study: The Shape
and Form of Puget Sound (Burns, 1985) describes the three-dimensional form of Puget
Sound and the processes that created it. 7The Coast of Puget Sound: Its Processes and
Development (Downing, 1983) focuses on shoreline physical processes and general
concerns related to coastal development. Living With the Shore of Puget Sound and the
Georgia Strait (Terich, 1987) describes the entire Puget Sound coastlline and details
specific issues related to shoreline residential development. A fourth 'very important
resource is the Coastal Zone Atlas of Washington (Ecology, 1977-1980), thirteen folio-sized
atlas volumes containing detailed shoreline maps for each of Puget Sound’s coastal
couxitie_:s. A set of six maps for each shoreline segment respectively document geology,
slope stabiiity, coastal flooding, sand and gravel/critical biological areas, coastal drift,! and
land cover/land use data. In addition to the narratives included with each atlas volume,

two additional summary text volumes are also available (Albright et al., 1980).

This éection of the report builds on these background materials to provide a brief overview
of shoreline slopes around Puget Sound. The significance of unstable slopes as a regional
coastal hazard is outlined, and their regional geologic setting and historical modifications
are described. The section closes with a photo-folio that illustrates regional examples of

natural and developed shoreline slopes.
The quote Terich (1987):

"Puget Sound is different. What most people think of as a broad expanse of water is

actually a collection of long, narrow straits and passages, sheltered bays, and quiet coves.

"More recent information on drift sectors around Puget Sound is contained in a series of Department of Ecology
research reports titled Net Shore-drift in Washington State, Version 2.0 (Yune 1991). These reports are based on
master’s theses completed under the guidance of Professor Maurice Schwartz, Department of Geology, Western
Washington University, Bellingham, Washington. Ecology no longer recommends use of drift sector
information in the Coastal Zone Atlas (Douglas Canning, Ecology, March 1993).
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Puget Sound’s numerous islands also make it unique. These picturesque islands are mantled
under a dense cover of Douglas fir, red cedar, and ferns, but a few are little more than

shields of bare solid rock protruding above the water.”

Puget Sound is a series of fjordal estuaries, which display most of the coastal features
found worldwide in temperate latitudes. Méjér and minor rivers form deltas at their
junction with Puget Sound. Formed relatively recently by glaciation, much of the
sediments along the shorelines are glaéial tills, Because of its narrow_ profile and deep
central basin (i.e., 600 feef), the shoreliné is relatively steeply sloping in many areas
(Burns, 1985). Beaches are nourished primarily by erosion of shoreline bluffs and
secondarily by sediment from rivers and streams. Compared with open ocean coast
locations, long-term erosion rates are modest, but can increase in the short-term under the
high tidal amplitudes and winter storm conditions experiénced in Pilget Sound. Substratum
types and temporal changes in both beach sediments and profiles are dictated by adjacent

sediment sources and local erbsiohal/depbsitional processes (Downing, 1983).

Puget Sound shoreline consists of an intertidal zone and a shallow subtidal zone (betweeﬁ
-1 m and -15 m mean lower low water (MMLW)), that together can be referred to as the
nearshore zone. This is probably the zone most directly affected by alterations in physical
conditions of the shoreline, including armoring. It contains all majdr vegetated habitats
from high intertidal marshes to subtidal kelp forests. The mean tidal range within Puget

Sound is on the order of 2 to 3 m.

Landward of the nearshore zone, shoreline slopes come in a variety of shapes and sizes
(Figure 2-1; Myers, 1993). High bluffs fronted by coarse sand and gravel beaches are the
most common shoreline landforms around Puget Sound. Fine sand and mud occurs primar-
ily at the mouths of larger rivers and in quiet bays. Shoieiine boulder fields and rock

benches are both relativeiy Tare (Dovming, 1983).




A) Backshoré Berm C
B) Low Bank
C) High Bank D
D) Blutt/Clitf
E) Oversteepened Bluft/Cliff E
Source: Myers Bicdynamics {1893}
 Figure 2-1
Typical Puget Sound
Coastal Slope Profiles



2.1 Unstable Slopes as a Regional Coastal Hazard

Downing (1983/Table 5.2) provides a classification of coastal features around Puget Sound
that are generally indicative of erosional versus depositional cond_itions._ An inventory of
such features conducted by Ecology in the late 1970s (Downing, 19'83/Tab1e 5.3) concluded
that about one-third (32 percent) of Puget Sound’s shoreline exhibited “erosional
conditions—reflected by large erosional scarps cut into bedr'ociﬁ or uncdnsolidated sediment
by marine processes (typically in areas of vigorous wave action). The same inventory
noted. that an additional 24 percent of Puget Sound’s coast had already been modified with
structures—seawalls, piers, log booms, etc. Presumably, installation of some of these
structures also reflected at least a perception of shoreline erosion problems. Thus, up to .
- half the entire shoreline of Puget Sound may be experiencing active¥a1ﬂ10ugh probably

modest —shoreline erosion.

These areas of active shoreline erosion are also the most likely to experience bluff toe
retreat, slope oversteepening (Figure 2.1E), and slumping. Since other processes besides
toe erosion can result in slope instability —poor vegetation and water management practicés,
for exampie-far more than half of Puget Sound’s shoreline may be subject to some risk of
slope instability. Even this estimate may be too conservative. The U.S. Department of
Commerce (White, et al., 1976, in Gabriel, 1988) estimates 80 to 90 percent of

Washingtén State’s coastal zone is subject to ground failure and erosion.

Downing (1983/Table 8.3) also ranks the relative likelihood of slope instability hazards
associated with different coastal landforms. On a scale of 1 to 4 (low to high risk), he
ranks the likelihood of landslides, rockfalls, and soil creep, for low (<10 feet) and high
(> 10 feet) bedrocks cliffs as 1 and 2, respectively.

Downing (1983) identifies three landform categories for coastal bluffs composed of glacial
and alluvial sediments: low bluffs (<10 feet); high bluffs (> 10 feet) fronted by a beach
with a protective backshore area; and high bluffs with a beach, but no protective back-

shore. He ranks the likelihood of landslides for the first two categories at 3, while the
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high bluffs/no backshore category ranks 4—the highest risk. The same three landforms
draw ranks of 1, 2, and 3, respectively, for the likelihood of slope instability due to soil

creep.

Gabriel (1988) provides another perspective on coastal hazards albng Puget Sound
shorelines. Using the Coastal Zone Atlas of Washington, he inventoried coastal hazards—
principally erosion, flooding, and ground failure~by shoreline length, and county, around
the Sound. He also categorized and tabulated federal, state, and local Coastal Zone
Management legislation and policies designed to manage coastal hazard-related problems.
His coastal hazard data for unstable slopes, recent landslides, and éroding beaches are
reproduced in Figure 2-2.

An interesting inconsistency was revealed between the frequency of various coastal hazards
and their recognition and management through county shoreline master programs. Policies
pertaining to erbsion, nonspecific hazard issues, or flooding consistently dominated most
Puget Sound country shoreline master programs. Ground failure and eroding bluff policies

represented the lowest percentage of hazard policy types. Gabriel (1988) concludes, quote:

“The Puget Sound county shoreline master programs tend to give erosion and ﬂoodiné
hazards considerable attention.. Ground failure and eroding bluffs, prevalent hazards along
the many Puget Sound shorelines consisting of unconsolidated glacial deposits, are still to be
properly addressed in the shoreline master programs. When ﬁroper recognition of the
coastal hazards present in each county exists, compliance with Federal coastal hazard

management policies will finally be a reality.”

Gabriel (1988) also stresses the potential significance of future sea level rise due to global

warming (see also Shipman, 1989; Canning, 1990):

"...sea level rise...(will)...increase erosion rates of beaches and bluffs, inundate low-lying
coastal areas, increase the impact of storm waves and storm surges, as well as tndermine
structural defense works. Proper management of coastal hazards, in view of future sea level
rise, should concentrate on nom-structural defense works and setback legislation which

considers the rate of sea level rise.”
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2.2 Regional Geologic Setting

One of the striking features of Puget Sound is the diversity of its coastal land forms. To
quote Downing (1983):

"Rock cliffs rising vertically more than 100 meters (328 feet) from breaking waves, broad
tidal mud flats of imperceptible relief, and smooth sandy beaches all exist within a distance
of fewer than 50 kilometers (30 miles).”

These dramatic coastal features and the variable sedimentary deposits exposed along Puget
Sound’s shoreline reflect the impacts of recent, regional glaciation (McKee, 1972). During
the Pleistocene prch, northwest Washington was impacted by as many as four successive
periods of glacial advance and retreat. As ice sheets pushed south from Canada, they
gouged out a series of deep, narrow, north-south oriented troughs that eventually became
the major water features of Puget Lowland (Burns, 1985). As the most recent glacial ice
sheet receded from the area about 13,000 years ago, the Puget Sound Lowland became a
primarily depositional area where ice and meltwater streams deposited thick sequences of
glacial till, outwash sands, and glacio-marine drift. These deposits, poorly sorted sands
and gravels, often overlying clayey till, are exposed in the steep bluffs—ranging from 10 to
500 feet in height—which rim much of the Puget Sound shoreline. Section 4.3 (Local
Geology) of this report provides a more detailed description of regidnal glaciation and also

outlines the distribution and geotechnical characteristics of glacial sediments.

One way to gain an overview of shoreline characteristics around Puget Sound is to leaf
through the maps of the Coastal Zone Atlas of Washington (Ecology, 1977-1980). Some
examples of these maps are included in four Fact Sheets located at the end of Section 4.0.
The geology maps include measured vertical sections of banks and bluffs located at
intervals along the shore (Ruotsala, 1979). Note that both the height of the bluffs and théir

geologic composition can change quite dramatically over short distances.

Gabriel’s (1988) overview of coastal hazard management around Puget Sound includes the

following summary of coastal landforms present in each county. While it is difficult to
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characterize their diversity in a few sentences, several generalizations can be made—keep

. . . } .
in mind, however, that there are also unique features in each county:

*Whatcom County has perhaps the greatest variation in shoreline characteristics of all the
twelve counties studied. Seventy-five percent of the county’s mainland shoreline has
irregular sand and gravel beaches, often backed by eroding shore bluffs. Several major
bays ate present along the coast, usually connected with extensive tidal flats. The county
shoreline also contains two major spits—-Sandy Point and Semiahmoo Spit. Within the
county, Lummi Island is characterized by high eroding biuffs. Skagit County’s shoreline is
_dominated by 3 major bays and their related marshy, mud flats. The shoreline also contains
some high cliffs, narrow sandy beaches, rocky headlands, eroding bluffs and a few pocket
beaches. 'The 172 islands that make up San Juan County have irregular coastlines with
many small bays, high, rocky points, and narrow channels. Thirty-five percent of the
shoreline consists of rocky headlands without beaches. Some eroding bluffs are also
present; there are very few spits. Island County is characterized by many high biuffs,
narrow sand and gravel beaches, and some rocky headlands. The low, \#ide, marshy tidal
flats associated with the deltas of the Snohomish and Stillaguamish River are the main
coastal features of Snohomish County. Some unstable bluffs are also present. King
County’s coastline is generally composed of narrow sand and gravel beaches backed by high
bluff uplands. Some low-lying areas also exist. One of the dominant coastal features in
Pierce County is the Nisqually River delta, For the most part the coast is comprised of
narrow sand and gravel beaches adjacent to high bluffs. Both Thurston and Mason counties
are characterized by irregu!af shorelines with narrow sand/gravel beaches geperally adjacent
to high bluffs. Kitsap County’s coastline is much like that of ’I'hﬁrston or Mason, but the
narrow beaches do not have as many adjace;nt bluffs. The county’s shoreline contains some
marshy areas at the heads of the numerous narrow inlets found throughout the county.
Jefferson County’s shoreline characteristics are of two types. The Puget Sound shoreline is
irregular with narrow sand and gravel beaches sporadically interspersed with rocky
headlands. The Strait of Juan de Fuca coastline is comprised mostly of parrow sand and
gravel beaches backed by high bluffs. Some l.ow-lying areas are also present. Clallam
County’s Strait of Juan de Fuca shoreline is much like that of Jefferson Couaty, althougi_a
rocky outcrops are more prevalent. Clallam County contains two of Washington State’s

largest spits--Dungeness Spit and Ediz Hook.



"As each county has its unique blend of geology, climate, topography, and coastal
landforms, one would expect certain coastal hazards to be more prevalent in some counties

than in others.”

2.3 Historical Slope Modifications

Timber Harvest

Historically, western Washington included the most densely forested region in the United
States. Temperate coniferous forests predominated and the size and longevity of the
dominant species was unrivaled. elsewhere in the world (Franklin and Dyrmness, 1988).
Explorers and early pioneers describe old-growth forest coming right down to ihe shore—
an occurrence now limited to scattered inaccessible sites along the outer ocean coast of the
Olympic Peninsula (Egan, 1990; Dunagan, 1991; Kruckeberg, 1991).

Most Puget Sound shorelines were logged off at the turn of the century. Shoreline forests
were readily accessible and once cut and slid to the Sound the trees could readily be rafted
_ to local mills (Dunagan, 1991), Many shoreland banks and bluffs still contain old tree
stumps from past logging and clearing activities. Old growth conifers were often 8 feet or
more in diameter and over 200 years old when cut. Old-growth stumps found today thus
probably indicate the site has experienced no 'appréciable mass movement for at least
300 years. Buried or partially buried stumps can indicate soil movement from upslope in
the form of debris avalanches (Menashe, 1993). |

Railroad Construction
The turn of the century also saw establishment of the railroad along the eastern shores of
Puget Sound. The Great Northern Railroad first crossed Skagit Pass into the Puget Low-

lands in 1893; additional lines were soon added north and south along the coast. Today,
railroad tracks follow the eastern shores of Puget Sound for most of the distance between
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Nisqually Reach and Bellingham Bay. Railroad tracks also run along sections of Clallam

County coastline between Port Townsend and Port Angeles.

The railroad needed a relatively level but narrow right-of-way and much of it was con-
structed along the bedch at the foot of the Sound’s coastal bluffs. The raised embankment
on which the railroad was built is protected from wave action and erosion by extensive use
of riprap. Railroad track maintenance crews now replace wave erosion as the means of

removal of slide materials from the toe of the bluffs.

_ A significant result of this railroad construction and associated riprap was to cut off exten-
sive lengths of beach from the feeder bluffs that previously supplied sediment to the
beaches. In some places, the riprap-protected rail line is itself fronted by narrow beaches;
however, sediment delivery to these beaches—normally supplied from the eroding bluffs—
is now mostly entirely blocked by the rail line (Terich, 1987; Thorsen, 1987).

Residential Deyelopment

Puget Sound is characterized by an irregular shoreline with narrow gravelly beaches
_ fronting high banks and bluffs, Numerous bays, rocky headlands, accretionary bars -and
-~ spits (Shipman, 1993), and limited floodplains and deltas are dispersed along the shore.

The high bluffs so common around the Sound proved to be a "topographic hindrance” to
development (Gabriel, 1988) so the limited tidal estuarine and flatland areas were initially
appropriated for commercial, industrial, and residential uses. As the regional population
has increased, the pressure for waterfront residential property and blufftop "view lots" has
also greatly increased. Vegetation removal to enhance views and the increased drainage
into these coastal and blufftop properties has dramatically increased the slide hazard
- potential, Terich (1987) notes:

"Puget Sound, like most coastal areas around the United States, is under tremendous

development pressure. It is obvious that demand for coastal space will continue and perhaps
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accelerate as western Washington realizes its potential in Pacific Rim trade and commerce:
What is not so obvious are the impacts these developments will have on the shoreline....
Obviously risks cannot be eliminated, but they can be minimized. Americans’ have had a
great deal of experience with shoreline development elsewhere. The rush to the Puget

Sound shoré comes relatively late. We can benefit from the mistakes made elsewhere.”

Over the past few years, the Puget Sound region has experienced extraordinary growth in
its population, economy, and related development. The basin’s current population is about
3.4 million people, of which three-quarters live in King, Pierce, and Snohomish Counties.
Between 1980 and 1990, the basin’s population grew by almost 620,000 people, some -
23 percent. Some of the highest growth rates were recorded from previously more rural
counties: San Juan (28 percent), Island (37 percent), Jefferson (28 percent), and Kitsap
(29 percent). The state Office of Financial Management projects that these development
trends will continue with another 1.1 million people moving into Puget Sound basin by the
year 2010 (PSWQA, 1992).

The recent Task 1 inventory of shoreline residential bulkheading in Thurston County
(Morrison et al., 1993; Macdonald, et al., 1993) documents an increase from 16 to.
35 miles of armoring between 1977 and 1992. During this same period, the county popu-
lation grew from less than 120,000 to over 160,000. Thurston County’s population is
forecast to reach 240,000 by 2010; if shoreline development and bulkheading continue at
their present pace, virtually the entire county shoreline will have been developed by 2010.

The dilemmas and land management choices caused by intensifying shoreline development
are eloquently documented in Hood Canal: - Splendor at Risk. This outstanding
publication, put out by Bremerton’s Sun Newspaper (Brody, 1991), outlines challenges
faced by Kitsap, Mason, and Jefferson Counties, searching for ways to manage growth that

is threatening to overwhelm both the shoreline and watershed of Hood Canal (Figure 2-3).
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Source: Brody (1881}
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2.4 Photo Examples

This brief ';egional overview of Puget Sound’s shoreline slopes concludes with a collection
of phbtographs_ .thait illustrate both undisturbed and developed banks and bluffs around the
Sound. - The photographs and accompanying descriptions were generously provided by

Hugh Shipman 6_f ‘Ecology’s Shorelands and Coastal Zone Management Program.
While the criginal color. slides are much more impressive, these photo examples
demonstrate the variety and habitat complexity of undisturbed bluffs; the simplification" or

loss of complexity that often accompanies development; and the fact that. installation of

shoreline a_rmoring‘ does not necessarily increase upslope bluff stability.

sa10028C8D. wp5
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Bainbridge Island, Kitsap County: Medium bank with. extensively modified shoreline.
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Pierce Cezmty: Showing extensive shoreline modification, rock bulkhead and slope
buttressing.



Pierce County (Winter): Bulkbeading has not stopped shallow slides and slumps on this
steep bluff.

hursw County: Upslope debris slides have removed vegetation and overtopped
bulkbheads.
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Green Point, Pierce County: Partially vegetated bluff with small slides.
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Thurston County: Developed, armored shoreline. Note "clean” beach, absence of
overhanging vegetation and large organic debris.

Thurston County: Developed, armored shoreline. Note "clean” beach, absence of
overhanging vegetation and large organic debris.
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3.0 Types of Slope Failure

Slope failures along Pu'g'et Soun_d shorelines result from a combiﬁation_of various factors
including steep (glaciated) slopes, high seasonal rainfall amounts, and variability in the
permeability of the exposed glacial sediments. Typical types of slope failures which occur
in the Puget Sound area include soil and rock falls, shallow slides and flows, and deep-
seated slumps and flows, Some Puget Sound shorelines are also the sites of ancient slides
and slumps. Most slope failures reflect some combination of these various processes and
events. Descriptions of the following types of slope failures along Puget Sound shorelines
come from Thorsen (1989), Canning (1991), Tubbs (1975), and Varnes (1978).

3.1 Seil and Rock Falls

Falls involve a mass of any size which is detached from a steep slope along a surface on
which little or no shearing takes place. The material descends mostly through the air by
free fall, leaping, bouﬁding, or rolling, with movement occurring at very rapid to ex-
tremely rapid rates. This movement may occur suddenly or may be preceded by minor
movements which result from the progressive separation of the mass from its source
(Varnes, 1978).

Soil or earth falls involve predominantly fine grained material which is characterized by
very rapid movement. Fine grained materials present along the bluffs of Puget Sound
include glacial till and lacustrine or lake-bed deposits. Soil falls are often precipitated by
undercutting of the banks/bluffs which typically occurs along Puget Sound due to shoreline

wave erosion (Figure 3-1).
Rock falls involve a newly detached mass from an area of bedrock. As in soil falls, the

"toe support" at the base of a bluff can be removed by erosion, with the resulting failure of

“the mass. As a result of glaciation, ice scour locally caused steepening of bedrock slopés.
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Rock falls occur from the weathering face and build up a pile of rock debris or talus at the
base of the slope (Figure 3-2). Rock falls are limited to the relatively few areas around
Puget Sound were bedrock outcrops occur, principally, in portions of the San Juan, What-
com, and Skagit Counties. Local examples are described in the following Coastal Zone
Atlas (Vol. 3, San Juan County, 1978) quote: “ |

"During glaciation of the area, ice scour caused extreme steepening of bedrock slopes in
some pIace#. Rockfalls from the weathering rock faces occur nearly continually, and form
a continually thickening pile of rock debris (talus) at the base of &e slope. Because of the
A steepness of the slopes, hazards from rockfall, and the tendency of talus to flow when
disturbed, such areas should receive critical slope stability considerations. The southwest
coastline of Lummi Island and the steep sfopes near the north end of Deepwater Bay, Cy-

press Island, are examples of hazardous rockfall areas.”

3.2 Shallow Slides and Flows

Shallow slides and flows involve only the upper few feet of material on a slope. This
blanket of weathered surficial material, often held together by plant roots, and overlying
more consolidated sediments, is called the regolith (Figure 3-3). Wheh a slope fails by
sliding, the movement involves shear displaceme:it along one or several surfaces, or within
a relatively narrow zone which is visible or may be inferred. Flows in soil involve a
displaced mass where the distribution of velocities and displacements resemble viscous
fluids. There is a gradation from debris slides to debris flows which is dependent on
increases in water content and mobility, as well as type and rate of movement (Varnes,
1978).

The Coastal Zone Atlas (Vol. 3, San Juan County, 1978) provides the following description

of the process:

"Most of the Whatcom County seacliffs and many seacliffs in Skagit County contain silty,
clayey glaciomarine drift. This material is hard when dry, but becomes soft and weak when

saturated with water. In addition, it shrinks and swells. These properties render it unstable
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ROCK FALL

Sources: Sharpe (1938), Varnes (1978)

ROCK FALL

Figure 3-2
Rock Fall, Topple and Slide
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when exposed in steep slopes. Failure of the glaciomarine drift may begin by small scale
slumping, but is typified by mud and debris flows. The flows often empty an amphitheater-
like hollow at the top of the cliff. Such features may be the site of frequent mudflows for
many years ... It was noted during the field work that many of the sites of these landslides
had associated with them some type of artificial drain. Typically, the opening of a drain-
pipe coincided with the head of a landslide. This fact suggests that artificial drains along
seacliffs are locally increasing saturation of the glaciomarine drift, and accelerating the

landshide process.”

Debris slides and debri_gfayaianches ate a shallow form of failure which involve only the
upper few feet of soil (regolith) and are ty’pically only ten's of feet wide. When debris
skdes occur on slopes of sufficient steepness and hexght they can develop into debris
avaianches (Figure 3-4; Tubbs, 1975). Debris slides and avalanches can occur when the
upper few of soil has been loosened by weathering, freeze-thaw, or the action of roots; and
this loosened layer of soil overlies an impermeable layer, such as a rock layer, till or a
glaciolacustri'ne'unit consisting of silt or cIay (e.g., Lawton Clay). In periods of heavy
precipitation, thxs upper soil layer becomes saturated and the contact between this saturated
material and the underlying impermeable material becomes a zone of weakness where the
debris avalanche failure is initiated. Although debris avalanches typlcaliy involve small
amounts of material, they can travel at high speeds and pi'esent risks for structures located
below them. In cases where the debris avalahche or debris slide intercepts additional water
and becomes more mobile, it will become a debrls flow incorporating more matenaI and

affectmg a correspondingly larger area.

Soil creep involves the slow, imperceptible moveinent 'of the upper few feet of soil down-
slope due to gravitational forces (Figure 3-5). It is typically seen in steeply sloping
materials, however, due to the slow rate of movement, it does not pose a threat to the
safety to structures located upslope of the movement. Heavy rainfall and increased soil

saturation tend to increase the rate of soil creep.
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EVIDENCE OF SOIL CREEP

Soil creep causes districtive cun_fed form of trae trunks over time.
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Figure 3-5
Soil Creep




Rock slides (contrasted with rock falls) occur when blocks of rock slide downslope along
existing fracture planes, or zones of structural weakness (Figure 3-2). This is especially
common in areas where the orientation of the structural weakness is steeper than the exist-
ing slope. The action of glaciers has oversteepened many of the bedrock slopes bordering
Puget Sound making them more susceptible to rock slides. Water inﬁltr;a.tion into fractures

in the rocks can often weaken the rock and increase the instability.

Again the Coastal Zone Atlas (Vol. 3, San Juan County, 1978) provides local examples:

*Chuckanut Drive exhibits intermediate and unstable slope conditions that are in part due to
rock slide potential. South of Larrabee State Park, the rocks of the Chuckanﬁt Formation
have been steepened by glacier ice scour or plucking. In several places, the steep slopes are
nearly parallel to the dip of a prominent fracture plane within the rocks. . In some cases,

blocks of rock have slid downslope along these fracture planes.”

3.3 Deep-seated Slides and Flows

An important factor responsible for many deep-seated slides and flow failures is the
pronounced change in physical properties between geologic units present in the slope. The
principal properties responsible for many of the deep-seated stlumps and associated flows
are the permeability and shear strength of slope sediments under saturated conditions
(Coastal Zone Atlas, 1978).

Rotational slumps and earth flows are a common form of deep-seated failure on slopes
around Puget Sound (Figures 3-6 and 3-7). The surface of rupture of the slump is concave
and cuts through various units, leaving a characteristic scarp face at the top of the bluff
(Figure 3-8). The initiating force for this type of movement is usually high groundwater
levels and will typically bé found in interbedded units where high groundwater levels are
present, or at the contact of saturated units—such as outwash—with underlying imperme-
able units—such as till or lacustrine deposits. After the initial slump failure, the disturbed

material at the toe of the slump will often continue to flow down the siope as an earthflow.
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In areas of Puget Sound were coastal banks and bluffs coﬁsist predominantly of glacial
sedimentary deposits, debris slides (Figure 3-3)—leading to debris avalanches (Fig-
ure 3-4)—are the most common forms of slope failure. In a comprehensive study (Tubbs,
1975) of 47 landslides documented in the Seattle area during the unusually wet winter of
1972-72, 37 began as debris slides, of which 22 evolved into debrism avalanches. The
remaining 10 landslides all began as slumps (Figure 3-6) and five of these also evolved into
debris avalanches.

3.4 Ancient Landslides

Ancient landslides are present along many of the bedrock and soil slopes bordering Puget
Sound (Coastal Zone Atlas of Washington, Volumes 1-12, 1977-80; Thorsen; 1987). As
the glaciers receded, bluffs bordering Puget Sound were steeply cut because of the erosive
action of the glaciers. Often, groundwater levels present in the glacial deposits were high
and were reflective of a wetter time period. As a result of oversteepening and the high
water levels, many landstides occurred in these areas when the glaciers receded, especially
in those deposits whére the strength of the material was exceeded by the existing condi-
tidn‘s, namely, the steep slopes and high water levels. In some cases, these ancient land-
slides reached a flatter, more stable conﬁguraﬁon after the original landslide movement;
however, modifications of these slopes can re-initiate slope movement. Generally, old
landslide deposits are prone to renewed future activity because the strength of the existing

material has been modified and weakened by the past movement.

Thorsen (1987) notes additional characteristics of ancient landslides, as follows:

* Ancient slides and slide complexes are areas not only of broken, disturbed, and weakened
soil, but also of disrupted groundwater flow. The resuiting erratic distribution of soil
conditions make drainage or other stabilization techniques all the more difficult and expen-
sive. Such difficulties are compounded by the slide’s Jarge size. Ownership of land parcels
on such large slides is commonly divided, especially in high-value coastal residential areas.

In such instances, some kind of group effort, such as formation of a "Natural Hazard
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~ Abatement District” (Kockelman, 1986) may be a solution to slide control. Piecemeal or
lot-by-lot stabilization efforts are usually doomed from the start.”

Thorsen (1987) further indicates that:

*Landslide recognition is an art based on training, experience, and careful attention to
detail. Recognition is important because...almost all natural slides and most construction-

and drainage-related slides occur in areas where slides have previously occurred.”

Table 3-1 provides a list of some of the field characteristics and clues that might help in

recognizing the location of an ancient slide area.

s2a10028407.wp5
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' Table 3-1
Some Characteristic Features of Landslides

Geomorphic Characteristics

»

Amphitheaters or scallops in an otherwise straight bluff line

Low bank areas in an area of bluffs (ancient slides)

Local reversal in slope direction (slumps) hummocky topography, especially with
undrained depressions

Ground cracks (most slide forms) stair-step topography (multiple-slice slumps)
Slopes that steepen downward (very viscous flows)

Vegetation clues:

L

L 2

Distribution of water-loving plants on slopes, suggesting groundwater
concentrations :

Tilted or jackstrawed conifers (slumps, earthflows)

Patches of dead trees (suggesting sheared roots)

Linear groups of alder trees of the same age on a hillside (any active slide)
Bare soil patches, especially their slope and distribution (debris avalanches)
Buried logs and other vegetation (flows, debris avalanches)

Vegetation out of place (trees in ponds, etc.)

Split trees and/or stumps

Structural indications:

L]

Buckled or crooked fence lines

Broken undergrdund plumbing

Powerlines unusually taut or loose

Excessive foundation or driveway cracking

New gaps between parts of structures (e.g., between deck and house)
Vertical elements out of plumb, tilted poles, or walls

Sticking doors and windows

L ]

Other clues:

Aggregates of delicate ﬁne~grained sediment in a high-energy environment (e.g.,
silt "pebbles” in a gravel) -

Tilted sediments, such as lake bed silts that were deposited horizontally (slumps)
Muddy springs or muddy spring deposits
Water emerging or disappearing in a new area

Note: Few, if any these alone are certain indicators of landslides, but several in comb-
ination suggest that a landslide may be present.
Source: Thorsen (1987).

seal002840B.wp5
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4.0 Causes of Slope Instability

The stability of slopes is controlled by topographic, geologic, and climatic variables that
influence both the shear stress and shear resistance in a slope (Gray and Leiser, 1982).
Soil movement and siope failures occur when shear stresses exceed the shear strength or
resistance of the slope materials. The “failure surface” between stable ground below and
moving ground above occurs where the ratio of shear strength to shear stress is the lowest.
Varnes (1958) tabulates variables that cause slope' instability by either increasing shear
stress or decreasing shear strength (Table 4-1). Identification of the relative roles of these

variables at a particular site is the key to prevention and control of slope movements.

Recent commercial and residential developments on the bluffs surrounding Puget Sound are
increasingly directed towards those areas which are marginally stable as the more stable
locations have already been developed (Canning, 1991, Thorsen, 1989). There are three

prifnary reasons slopes fail:

. Removal of lateral support at the toe or along the side of the slope
. Surcharging (top loading) or adding materials to the head of the slope

. Changes in the moisture content or drainage pattern of the slope material

Typically, all three of these factors accompany shoreline development. Lateral support at
the toe of the slope can be removed by grading or development of neighboring properties,
or by natural forces, such as wave action, which undercut the slope. In order to create a
suitable bhilding pad for a proposed structure, site grading can result in fills at the top of
the slope. These fills load the top of the slope (surcharging/top loading), which increases
the instability of the slope. Finally, changes in the moisture content of the natural slope
material often accompany development. Surface drainage typically is altered or diverted
because of construction grading. Subsurface drainage is usually increased as a result of a
septic system installation and seasonal irrigation requirements of newly landscaped areas

with vegetation that may have higher water demands. These changes in drainage patterns
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Table 4-1
Factors Contributing to Unstable Slopes

Facrors THAT CONTRIBUTE TO High Shear Stress FacTors THAT CONTRIBUTE TO Low Shear Strength
A. Removal of lateral support A. Initial state
1. Erosion--bank cutting by streams 1. Composition—inherently weak
" and rivers : materijals
2. Human agencies—cuts, canals, 2. Texture—loose soils, metastable
pits, etc, o grain structures
3. Gross structure—faults, jointing,
B. Surcharge - bedding, planes, varving, etc.
1. Natural agencies—weight of snow, ice,
and rainwater B. Changes due to weathering and other physi-
2. Human agencies, fills, buildings, etc. co-Chemical reactions .
' 1. Frost action and thermal expansion
C. Transitory earth stresses—earthguakes : 2. Hydration of clay minerals
3. Drying and cracking
D. Regional tilting . 4. Leaching
E. Removal of underlying support C. Changes in intergrannular forces due to
1. Subaerial weathering—solutioning pore water
by groundwater 1. Buoyancy in saturated state
2. Subterranean erosion—piping 2. Loss in capillary tension upon
3. Human agencies—mining saturation o
3. Seepage pressure of percolating
groundwater

F. Lateral pressures

1. Water in vertical cracks

2. Freezing water in cracks D. Changes in structure

3. Swelling 1. Fissuring of preconsolidated clays
4. Root wedging due to release of lateral restraint
2. Grain structure collapse upon
disturbance

Source: Gray and Leiser (1982) after Varnes {1958)




load the top of the slope because of the increase in saturated soil mass (weight) and pore
water pressure. In addition, this increase in pore water pressure reduces frictional forces
(grain to grain contact) and lubricates the material in the deposit. This, in turn, decreases

cohesion and can result in slope failure (Varnes, 1978).

Additional forces that are not discussed in this report but which are also responsible for
negatively impacting the stability of a coastal slope include seismic shaking and vibrations

from man made sources.
4.1 Height and Slope Angle (Gravity)

The height of a coastal bank or bluff, together with the slope angle' (Figure 4-1) of the
bank or bluff face, might initially 'appear to be the most important variables determining
slope stability. Certainly, higher, steeper bluff faces are more prone to gravitational col-
lapse than lower, more gently sloping ones—particularly whén the bank or bluff is com-
posed of unconsolidated sedimentary materials. The relétionship is not always a simple
oné, however. Rock or sediment type, groundwater relationships, and the presence' or

absence of vegetation, all play a significant role in determining slope stability.

Herdendorf (1984) describing Ohio’s Lake Erie glacial till bluffs (much like those of Puget
Sound) notes that natural slopes in areas unaffected by erosion é‘re stable at a 34-degree
(1.5:1) slope. When fully vegetated and well drained, the till can remain stable on slopes
as steep as 60 degrees (0.6:1). In the absence of vegetation cover, dry till can remain
stable on 45-degree (1:1) slopes—but when saturated, unvegetated till becomes unstable on
slopes as low as 15 degrees (2.25:1).

The inclination of the Jand surface from the horizontal. Percentage of siope is the vertical distance divided
by the horizontal distance, multiplied by 100. Slope is also measured in degrees (90 degrees being vertical)
or as a ratio, A 100 percent slope would be 45 degrees or 1:1.
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Within Puget Sound, tall faces of solid bedrock in the San Juan Islands can be stable at
very steep slope angles, depending on the nature and angle of local rock jointing patterns.
Glacial deposits, however, exhibit a broad range of "friction angles” -(the angle at which a
cut slope in a given material will stand; see Section 4.3.1). A dense, consolidated till is
stable on 35- to 45-degree slopes, while fine-grained lacustrine deposits -may fail on slopes
above 15 to 35 degrees.

Tubbs’ (1975, and included references) extensive studies of landsliding in Seattle provide
the most detailed understanding, to date, of slope failure mechanisms in the banks and
bluffs around Puget Sound. In the winter of 1971 to 1972, widespread flooding and land-
- sliding in western Washington caused extensive property damage and resulted in part of the
Puget Lowland being declared a natural disaster area. Federal disaster assistance records
documented 47 landslides in Seattle during February and March, 1972. Tubbs (1974a)
examined each of these slides, relating their occurrence to certain geologic and climatic
factors. Subsequent studies at Discovery Park, Seattle (Tubbs, et al. 1974), confirmed a
relationship between slope failure and specific stratigraphic units, while an anaiysis of slide
frequency between 1932 and 1972 (Tubbs 1975) revealed a clear linkage to soil saturation

and short-term rainfall patterns.

Located near the center of Puget Lowland, Seattle’s glacial geology and climate are gen-
erally representative of conditions throughout much of Puget Sound. Tubbs’ studies of the
causal mechanisms of landsliding in Seattle thus provide an excellent model for application
to- shoreline banks and bluffs throughout the Sound, (An obvious already noted exception
are coastal bluffs dominated by bedrock outcrops rather than glacial deposits—e.g., parts of
the north Sound and San Juan Islands.)

. Of the 47 Seattle landslides examined by Tubbs, 37 began as debris slides (Figure 3-3)—
and 22 of which evolved into debris avalanches (Figure 3-4). These debris slides involved
movement of a relative shallow layer—usually only a few feet thick—of weathered soil
material (or regolith) that slid over the substantially more consolidated deposits beneath.

The remaining 10 landslides all originated as slumps (Figure 3-6), where the failure surface
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cut into the underlying consolidated deposits and both these deposits and the overlying
regolith were included in the slide mass. Five of the slumps also evolved into debris ava-
lanches. The debris avalanches occurred on taller, steeper slopes, moved downhill quite
rapidly (more than 1 foot per minute), and extended to the base of the slope or to a less
| steep break in slope. They were typically elongated in a downslope di;&ﬁon and about the
same width as the original failure scar. The avalanche debris caused relatively little scour

of the slope surface as it moved downhill.

Tubbs concluded that most slides originating as debris slides could be satisfactorily mod-
eled as "infinite slope failures" (Taylor, 1948; see also Edil and Vallgjo, 1980). They
occur on slopes of nearly constant inclination, are shallow relative to their aerial extent,
and involve a fairly uniform thickness of regolith. Assuming uniform soil properties within
- the regolith, the stability analysis of a potential slide mass is reduced to an analysis of the
stresses in a column of soil extending from the ground surface to the consolidated substrate
beneath (Figure 4-2).

Shear strength on the potential failure surface at the base of the regolith is related to the
effective cohesion of the soil, the effective angle of internal friction, and the pore water

pressure at the base of the soil column.

In subsequent stratigraphic analyses, Tubbs et al. (1974) demonstrated that local debris
slides were generally underlain by sedimentary units with very low permeability, such as
the Lawton Clay or most pre-Vashon sediments (Section 4.3, Figure 4-12). This causes
groundwater moving through the regolith to flow parallel with the surface of the slope. As
the total amount of groundWater rises within the regolith both the mass (weight) of the soil
column and the pore water pressure also increase. The increased weight of saturated soils
on the slope enhances the risk of failure, while the increased pore pressure effectively

"lubricates" the potential fajlure surface.



Source: Taylor (1948) in Tubbs (1975)

Ground Surface x
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Potential Failure
Surface
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i = Slope inclination (angle)
z = Regolith vertical thickness

W = Weight of soit column
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h = Height of water table
{saturated soil) above
consolidated substrate
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Theoretical calculations based on actual field measurements of Lawton Clay properties
indicate that the amount the watertable must rise within the regolith (i.e., the degree of
saturation of the potential slide mass) to induce a debris slide is a function of the slope
angle (Figure 4-3). Figure 4-3 suggests that debris slides should not occur on bluff slopes
of less than approximately 13 percent that are underlain by a consolidglted substrate with
physical properties similar to or exceeding those of the Lawton Clay. This theoretical
prediction gains support from the empirical data presented in Figure 4-4. The histogram
shows how the 47 Seattle landslides examined by Tubbs were distributed by slope angle
(plotted as percent slope). Only three of the landslides originating as debris slides occurred

on slopes of less than 15 percent inclination.

Figure 4-4 also shows a departure from the theoretical model. The model indicates that
significant quantities of regolith cannot accumulate on slopes of greater than approximately
27 percent—yet accumulation of significant quantities of this surficial, weathered regolith
material is a prerequisite for debris slides. Actual field data, however, show that numerous
debris slides occurred on slopes of greater than 30 percent. Obviously, the regolith must
be present for the debris slide to occur. Tubbs (1975) explained the discrepancy by noting
that many slides were actually underlain by material stronger than the Lawton Clay, which
was better able to accumulate the regolith. Tubbs also noted the probable anchoring role of
plant roots in allowing accumulation of a greater thickness of regolith material than could

be supported by the strength of the soil alone.

Analysis of the slumps, while more difficult than that of the debris slides, also showed a
close association with stratigraphically controlled groundwater conditions. Tubbs (1975)
work on the relationship of Seattle landslides to soil saturation and short-term rainfall

events is described in Section 4.5 of this report.
Miller (1973), studying west-central King County, south of Seattle, identified slope angle,

local stratigraphy and land modification by human activity as major components determin-

ing local slope stability. Areas sloping less than 15 percent were considered relatively
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stable, while areas with steeper than 15 percent slopes and underlain by "tight silt or clay”
units were considered relatively unstable. Areas with slopes steeper than 15 percent but
underlain by other stratigraphic units were described as having intermediate stability.
These criteria closely parallel those subsequently described by Tubbs (1974a, 1975).

Edil and Vallejo (1980) describe the mechanics of coastal landslides along the Great Lakes
shoreline and the influence of slope parameters. They note that landslides and slope reces-
sion triggered by wave-generated toe erosion involve some unique and complex features
that are very hard to model (see also Kamphuis, 1987; Wilcock, Miller and Kerhin, 1992,
1993). Whlle they present a more complex slope-stability analysm than that of Tubbs
(1975) their study conclusions, quoted below, are strikingly similar:

"The influence of slope parameters, namely, geometry (slope height and inclination),
material properties (strength parameters and unit weight), and the relative position of the
groundwater table on the limiting stability conditions of uniform slopes is presented based
on such a limit equilibrium analysis. The relative influence of some of these parameters
varies with slope height and the‘slopes can be viewed as low and high slopes with a height

of 25 m as an appropriate demarcation between the two groups. (Edil and Vellejo, 1980)."

The conclusion that "low" (less than 25 m) and "high" (greater than 25 m) slopes behave
differently at similar slope angles does not appear to have been examined for Puget Sound
coastal bluffs. Edil and Vallejo (1980) conclude that for unconsolidated till slopes around
the Great Lakes, high slopes can reach an unstable condition—with respect to deep slips—
faster than low slopes as the slope inclinations change by an equal amount. (Steeper slopes
can reach an unstable condition faster than flatter slopes as their heights change by an equal

amount.)
4.2 Beach Processes and Toe Erosion

It is extremely important to understand that all of the apparently distinct features of the
shore-zone—the shallow subtidal; the beach, banks, and bluffs behind the beach; and the
coastal uplands bordering the bluffs—are part of a closely integrated system. Further, this
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is true for a whole variety of interrelated physical and biological processes or "landscape
linkages” (Forman and Gedron, 1986) that operate across the shore-zone. Modification of
any part of this system is thus likely to have repercussions on other parts of the system—

some rapid and obvious, while other effects may occur more slowly and be easily missed.

Recent studies of seacliff erosion aiong the Oregon Coast (Shih, 1992) provide an excellent
overview of the wide array of factors that influence shoreline erosion (Figure 4-5). The

focus here is on toe erosion—wave action at the base of a bank or bluff, that results in a

- sequence of undercutting and oversteepening, slope failure, removal of the collapsed sedi-

mentary material (talus), and re-exposure of the bank or bluff face to renewed wave attack
(Figure 4-6; see also Kamphuis, 1987). Shih (1992) provides an excellent diagrammatic
‘summary of this cliff (or bluff) erosion "system,” identifying key interactions and feedback
loops that operate among the different processes (Figure 4-7). An obvious but not always
adequately appreciated element of this overall erosion system is the central role of the

beach as a buffer that can protect the adjacent bank or bluff from wave erosion.

Laboratory experiments designed to simulate wave erosion at the. base of coastal cliffs
(Sunamura, 1992, 1993, in Shih, 1992) show the importance of beach elevation in control-
ling cliff erosion. Plunging waves (Komar, 1976; Downing, 1983) produce relatively high
dynamic pressures and create a vortex containing sand grains that can "sandblast” fhe bluff
toe and accelerate erosion rates. Kamphuis (1987), modelling recessio;l rates of glacial till
bluffs bordering the Great Lakes, notes that wave action alone is insufficient to erode the
foreshore material. The presence of granual material in the water column as bed load or

saltation load, however, acts as an abrasive and can cause foreshore erosion.

Figure 4-8 shows a plot of (laboratory) cliff erosion rate versus the relative beach elevatioh
(h/d). The optimal condition for the formation of plunging waves, and thus maxirhum‘ toe
erosion, occurs when the cliff-beach junction (h) is at about sea level (d). Toe erosion
rates diminish as the height of the beach increases toward to limit of wave run-up. This
clearly demonstrates the practical importance of beach protection in buffering wave attack

at the toe of coastal banks and bluffs. If the beach is sufficiently developed to absorb
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normal wave run-up then thé waves do not reach the toe of the bluff and the bluff is
buffered from erosion, except under severe storm conditions. Conversely, if the beach is
low and narrow, waves can readily reach the bluff and cause active toe erosion. Different
rates of toe erosion—working in concert with local stratigraphic and erosional
characteristics—can result in distinctly different and characteristic slop;-: forms in coastal
bluffs (Hutchinson, 1973, in Wilcock, Miller and Kerhin, 1993).

Beach sediments in Puget Sound are largely derived from river input and erosion of coastal
bluffs. An estimated 3.2 million metric tons of sediment enters the Sound each year from
major rivers. Ninety percent of this river input consists of fine-grained sediments that do
not accumulate as beach deposits. Another estimated 2.7 million metric tons of sediment
enter the Sound each year from erosion of coastal beaches, banks, and bluffs (Downing,
1983). The fact that Puget Sound’s coastal bluffs provide the principle source, over
90 percent, of local beach materials illustrates a critical feedback loop within the coastal
erosion system (Figure 4-7). Bluff erosion generates the material that forms the beaches—

which then, in turn, protect the bluffs from further erosion.

The intricate coastline of Puget Sound is divided among large numbers of relatively short
littoral cells or "coastal drift sectors” (Schwartz and Wallace, 1986; Terich, 1987). Each
drift sector includes three elements: (1) a feeder bluff or source of new beach sediments;
(2) a transport sector or driftway, in which newly deposited sediments are sorted, win-
nowed and carried downdrift by the wave-generated alongshore. drift éircuiation system;
and (3) a sediment "sink," often an accreating beach, where sediment moving downdrift
accumulates. This is, of course, an idealized model that changes from sector to sector
reflecting local conditions and .may also change seasonally to reflect different wave and
current regimes. While the bluff erosion/beach protection interaction noted above is real,
in most drift sectors actively eroding bluffs tend to be spatially separated from the
depositional beaches that buffer bluffs from wave attack.

Understanding these dynamic spatial interrelationships has important consequences for
developing appropriate bluff protection strategies. The nature of “the problem" is clearly

different in each segment of a drift sector. Tée erosion may be a concern at the foot of a
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feeder bluff but is of no consequence behind an accreating beach. If a seawall is installed
to halt toe erosion at the feeder bluff, however, sediment input from the bluffs will be cut -
. off from the beach and over time, downdrift sections of the beach will experience increased
erosion and beach loss. A classic example of one property owner’s “sol_ution" becoming a

nearby property owner’s problem!

Other reports in this series describe a broad range of specific solutions for shore protection
(Task 2: Engineering and Geotechnical Tech.r'xiques for Shoreline Protection in Puget
Sound), as well as the potential physical (Task 3: Shoreline Armoring Effects on Physical
Coastal Processes in Puget Sound) and biological (Task 5: Shoreline Armoring Effects on
Coastal Ecology and Biological Resources in Puget Sound) consequences of such protec-

tion.
4.3 Local Geology

"Quaternary events in the Puget Lowland have produced materials and landforms that are

highly susceptible to landsliding (Tubbs, 1975)."

4.3.1 Stratigraphy and Landsliding

Tubbs’ (1975; Tubbs et al., 1974; Tubbs and Dunne, 1977) studies of landsliding in Seattle
(see also Sections 4.1 and 4.5) documented a close relationship between slope stability and
stratigraphic factors (Figure 4-9). Thirty-seven of the 47 landslides he examined in the
winter of 1971-72 involved either the Lawton Clay (12 debris slides, 3 slumps) or pre-
Vashon sediments (15 debris slides, 7 slumps; Figure 4-9). Taken together, these strati-
graphic units underlie less than 10 percent of Seattle yét théy were present beneath nearly

80 percent of the landslides.
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The distinguishing characteristic of both the Lawton Clay and pre-Vashon sediments is their
very low permeability relative to other local stratigraphic units. This encourages the build-
up of groundwater in overlying units, a factor Tubbs (1975) clearly demonstrated is critical
to slopé stability in the Seattle area.

Tubbs (1975) also noted that 21 of the 47 landslides examined occurred at locations were
contacts between the Esperance Sand (Figure 4-12) and either the Lawton Clay (14 sites) or
pre-Vashon sediments (7 sites) were present. The high permeability of the Esperance Sand
relative to both lower units results in extensive groundwater seepage at their stratigraphic
contact. This contributes to saturation of the regolith along the contact, incréasing pore
water pressures and thus décreasing the stability of the overlying Esperance Sand unit.
" Tubbs found evidence of similar effects at locations were sand beds were intercalated wi_th-;
in the Lawton Clay. |

The importance of Puget Sound’s unique glacial history and sediments to understanding
regional bluff stability issues is clearly demonstrated by Tubbs (1975) Seattle landsliding
studies. The following subsections therefore briefly summarize recent glacial events with
the Puget Lowland, glacial sediment characteristics, and the availability of geologic maps

and reference materials covering the Puget Sound coastline.
4.3.2 Regional Glacial History and Sediments

Glaciatién has been a dominant force in the recent histofy of Puget Sound shorelines-—both
the erosive action of glaciers as they alterna{tely advanced and recedéd from the area, and
the unique sediment types deposited by these glaciers. General discussions of the glacial
geology of Puget Sound can be found in Cascadia (McKee, 1972, pp. 290»3()4} and Land-
forms of Washington (Easterbrook, 1970, pp. 42-72). The following discussion will famil-
iarize readers with the glacial geologic processes responsible for much of the present topog-

raphy and sedimentary deposits of Puget Sound’s coastal banks and bluffs.
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In Puget Sound, there is evidence for four different glacial advances and retreats, as shown
in the stratigraphic table (Table 4-2 from Easterbrook (1970). Many of the older glacial
deposits have either been completely or partially eroded away by the more recent glacial
advances, or in some locations, were never deposited. This creates a complex glacial
stratigraphic sequence that varies both laterally and vertically, often within short distances
(see Fact Sheets).

Much of the topography and glacial deposits that crop out on the bluffs bordering Puget
Sound are the result of the most recent glacial episode—the Vashon glaciation—which
advanced into the Seattle area about 15,000 years ago. The older glacial deposits are
usually buried beneath those of the Vashon glaciation and are often exposed by wave ero-
sion at the toe of coastal bluffs. The thickness of the ice during the Vashon Glaciation
variéd from about 5,700 feet near the Canadian border, to about 3,000 to 4,000 feet in the
Seattle area, and decreased to about 1,800 feet in Tacoma. The maximum extent of the
- glacial advance in the Puget Lowland was in Tenino, about 15 miles south of Olympia
(Figure 4-10; Easterbrook, 1970).

As a glacier advances into an area, meltwater streams are present at the front of the glacier
and deposit a variety of coarse grained materials ranging in size from sand to coarse grav-
el. These deposits are referred to as advance outwash. The Esperance Sand is an
advance outwash deposit that preceded the deposition of the Vashon téll. In looking at a
stratigraphic section of glacial deposits, the advance outwash typically coarsens upward as
the source of the material moves closer to where it is being deposited (Figure 4-11,
McKee, 1972). In other areas, at a greater distance from the glacial ice front, or where
drainages are blocked by glacial ice, glacial lakes are formed in which fine grained sedi-
ments such as silt and clay are deposited. In the Seattle area, the Lawton Clay is a glacial
lake deposit, which preceded the deposition of the Esperance Sand (Figure 4-12). " As the
glacier advances, these lake deposits are fypicaﬂy overridden and consolidated by the
weight of the glacial ice and as a result are extremely dense and compact. They possess
higher strength than a water deposited sand, silt, or clay that has not been overlain by

glacial ice, and typically are more stable in steeper natural or cut slopes and are more
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) Table 4-2 |
, ' Pleistocene Sequence in the Puget Lowland

Geologic Climate Units
Fraser Glaciation Sumas Stade

Stratigraphic Units
Sumas Drift

C* Age
11,000

Everson Interstade | Everson Glaciomarine Drift 13,000
Vashon Stade Vashon Drift
Evans Creek Stade | Evans Creek Drift 18,000
Olymupia Interglaciation Quadra Sediments 23,000
| Kitsap Formation 27,000
Salmon Springs Glaciation Salmon Springs Drift 35,000
l Possession Drift 47,000
Puyallup Interglaciation Puyallup Formation 50,000
Whidbey Formation Older than
50,000

Stuck Glaciation

Stuck Drift

Double Bluff Drift

Alderton Interglaciation

Orting Glaciation

Orting Drift

"Source: Easterbrook (1970).
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resistant to erosion. Because the material is granular, it is generally very permeable to the
flow of water. High water levels are not typically found in outwash except where the

outwash is underlain by finer grained till or lake deposits.

As a glacier progresses into an area, material is picked up at the base 6f a glacier. This
unsorted mixture of clay, silt, sand, gravel and boulders is referred to as till. Most of the
till deposits covering the Puget Lowland are the result of the last glacial zidvance in the
area and are referred to as the Vashon till. The Vashon till on some geologic maps has
been broken out into two units, lodgement and ablation till. Till that has been overridden
by the Wéight of the glacial ice is lodgement till and is typically highly overconsolidated
and impermeable, and forms a barrier to the vertical movement of groundwater. Ablation
till is material trapped or carried within the ice that is deposited as the glaciers melt and
recede from the area. It tends to be less dense and more permeable than the underlying
lodgement till. Groundwater is generally present at the contact between the overlying
ablation till and the lodgement till, or at the contact of the upper weathered portion of the
till and the unweathered till. Because glaciers are dynamic systems, local ice fronts can
move back and forth many times within each respective major advance or recession and -
sandy outwash lenses are common within most till units. Groundwater may also be present
within these sandy lenses and may lead to unstable conditions on the slopes if water levels

within the sand lens are high.

Recessional outwash consists of coarse grained material that was deposited from rnélt_water
of the glacier as it receded from the area. Since recessional outwash has not been overrid-
den by the weight of the glacial ice, it is gefxe'raliy not as dense as the underlying till or
advance outwash sediments. As a result, it is only stable on shallower slopes and is more

susceptible to the effects of water erosion.

The composition of both recessional and advance outwash varies depending on the location
of the ice front. Deposits near the front of the ice tend to be coarser grained, reflecting a
higher energy environment. As the glacier advances or recedes, local drainages can be

dammed by glacial ice, thus forming lakes where fine grained silt and clay are deposited.
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Abrupt changes between sediment types often occur both lateréllly and horizontally. Reces-
sional outwash typically has finer sediment near the top of the unit as the source of the
material recedes from the area, and as a result, silty materials may be present near the
surface. Figures 4-13 and 4-14 (Thorson, 1980) illustrate the generalized distribution of

various glacial deposits present within the Puget Sound Lowland.

As the Vashon glaciers receded, bluffs bordering Puget Sound were steeply cut because of
the erosive action of the ice. Often, groundwater levels present in the glacial deposits were
high, reflective of the earlier, wetter time period. As a result of oversteepening and the
high groundwater water levels, niany landslides occurred along the bluffs when the glaciers
receded. This was especially true for those deposits where the strength of the material was
exceeded by the existing conditions, namely, the steep slopes and high water levels. These
areas are ﬁlapped as the "ancient landslides" present on many regional geologic maps. In
many cases, these ancient landslides reached a more stable, flatter configuration after their
original movement—however, modifications of these slopes can re-initiate slope movement
(Thorsen, 1987).

4.3.1 Strength of Glacial Materials

The strength of natural deposits is a combination of friction and cohesion. Friction is a
resisting force between two surfaces and is influenced by the shape of the mineral grains as
well as the type of mineral components which make up a soil unit. Friction is a direct
function of the normal force. Cohesion is related to the bonding between sediment parti-
cles resulting from electrochemical or other forces, and is not related to the normal force.
Strength is not a constant value for a given material but rather is ‘dependent upon many
forces, incléding material propertiés, the magnitude and direction of the applied force and
the rate of application, drainage conditions in the material, and the magnitude of the con-
fining pressure (Hunt, 1986). When speaking of a friction angle or a cohesion value for a
given material, a range of values is typically listed to account for the variety of natural
conditions which are likely to be present in a given area. The following discussion gives

values of friction angles and cohesion for various glacial deposits; these values are intended
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for general guidance only. The friction angle can be commonly taken as the angle at
which a slope cut in a given material will stand. This value can be increased or decreased
by a series of variables that are not always obvious because of the variable nature of the
deposit. These variables include position of the groundwater table, cohesion, stratigraphic
anomalies within the deposit, and the natural and man-made forces thatuare applied to the
deposit.

In those areas where till outcrops, existing slopes are typically steep because of the dense,
hard, overc_:pnsolidated nature of the material. A friction _anglé in till typically ranges from
35 to 45 degrees, but may be less depending on stratigraphic interbeds, such as sand lenses
or high gr0undwafer levels. Cohesion values are high and can vary from 1,000 to
4,000 pouﬁds per square foot (psf; Koloski et al., 1.989). Failures in till usually occur for
two Teasons: (1) surficial weathering and loosening of the exposed material that causes the
till to Siough down the slope (e.g., debris slide), and (2) freeze-thaw cycles and stress
cracking that tend to loosen blocks of material from the slope, resulting in failure of large
intact blocks of till (e.g., slump). Stress cracking occurs when soil that was previously
subjected to a heavy load (such as that of a glacier)—is relieved of the_ 'load (as when the
glaciers receded from the area). The soil rebounds to an open surface which in this case is
the existing slope or ground surface, accompanied by cracking. Foundations for structures
founded on till can support loads from about 1,500 to 5,000 psf (Koloski et al., 1989).
The lower values are likely reflective of éondit:ions on weathered or ablation till, while the

* higher values are more applicable to unweathered material.

Areas that are underlain by outwash deposits have friction angles ranging from 30 to
40 degfees. Cbhesion values vary from 0 to 1',000 psf depending on the amount of fine
grained sediment in the deposit (Koloski et al., 1989). The presence of a high ground-
water table or a steeply dipping impermeable layer within the deposit, will also decrease
the natural angle at which the slope is stable. Advance outwash that has been overridden
by the glacier dnd is thus more consolidated, tends to be stable at steeper angles than those
. areas underlain by recessional (unconsolidated) outwash. Foundation loading for structures
on advance outwash vary from 1,500 to 3,000 psf (Koloski et al, 1989).
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Finer grained lake, or lacustrine deposits which have been overridden by glaciers have
friction angles ranging from 15 to 35 degrees, and cohesion values of 0 to 3,000 psf
(Koloski et al., 1989). Because of their fine grained nature, these deposits typically act as
barriers to groundwater movement allowing water to collect at the interface between these
and other, more permeable units. When these déposits are interbedde& with other units,
and outcrop on a slope, water tends to flow along the contact and exit on the slope face as
a seep or Spring, saturating the overlying material. These areas are zones of weakness

where slope failures commonly occur (Figure 4-9; Tubbs, 1975).

4.3.2 Available Coastal Mapping

The Coastal Zone Atlas of Washington (Washington Department of Ecology, 1977- 1980), |
was published to alert owners of property bordering Puget Sound to the concerns and
hazards associated with coastal development. Maps of the geology and relative stability of

coastal slopes are included in the Atlas.

Thé map scale used results in features narrower than 200 feet being difficult to portray
accurately. Small and/or ancient landslides that were difficult to identify because landslide
features were masked by dense vegetation are not shown. In addition, new slides have
occurred since Atlas publication. Thus, the Atlas maps likely underestimate the total num-
bér of landslides that are present on Puget Sound bluffs. The intent of the maps, how-
ever, is to alert the public of potential hazards, but not to be the definitive resource as to

whether the hazard exists on a specific property parcel.

The slope stability classification used in the Coastal Zone Atlas is presented in Table 4-3.
This classification identifies which combinations of geologic units, slope angles, and
groundwater conditions present the most likely conditions for sidpe failure. This classifica-

tion—or one closely similar—is used on many published slope stability maps.
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Table 4-3
Slope Stability Class Definitions

. CLASS 1; S, Stable Slopes: Believed to be stable. Slopes are generally less than 15%, but may be
greater than 15% in local areas of low relief and low ground water concentration. Includes
mostly rolling uplands underlain by very stable material, such as young glacial tili, covered in
places by a thin layer of sandy gravel or-other permeable material; also included are flood plains,
deltas, alluvial fans, and some beach deposits. Normal, proper engineering practices generally are

~ adequate to-ensure continued stability

CLASS 2; 1, Intermediate Slopes: Believed to be stable under natural conditions; may become
unstable if disturbed. Slopes generally greater than 15%, but may be less than 15% in areas with
less stable geologic materials. Includes areas underlain by: (1) well-drained sand and gravel,
mostly in valley sides; (2) glacial till on slopes greater than 15%; and (3) bedrock. Destabilization
may be caused by man’s activities, oversteepening by erosion, or strong seismic shaking. Local
minor modifications in slope for small buildings and narrow roads will probably result in little or
no hazard unless proper engineering practices are ignored. Geologic engineering studies should
precede significant development.

CLASS 3; U, Unstable Slopes: Inferred to be unstable. Slopes generally are greater than 15%, in
areas underlain by weak, unstable materials in which old or recently active landslides have
occurred. Includes areas of sand and gravel on top of impermeable till, silt, or clay, mostly along

_steep valley sides and Puget Sound shorelines. Most of these slides occur during periods of heavy
rains. These slope failures include a few landslides of moderate size, but the most common
occurrences are of slumping, slicing, and falling of relatively small amounts of earth materials.
Thorough geologic engineering investigations imperative for safe development.

CLASS 4; Ues, Unstable Old Slides: Former landslide areas. Generally located within Class 3
areas. Includes relatively large slumps, flows, and slides of soil, rock, and debris that have occurred
since the retreat of glaciers from the region. Present stability unknown, but sliding may be
reactivated by excavations, slope modifications, or strong seismic shaking. These areas should be
considered unstable land unless and until proven otherwise by thorough geologic engineering
investigations.

CLASS 5; Urs, Unstable Recent Slides: Recent landslide areas. Known areas of recently active
rapid downslope movement (probably within the past 50 years) generally within Class 2 and 3
areas. Includes relatively large- to moderate-sized landslides, but most commonly only slumping,
sliding, and falling of relatively small amounts of earth material, usually occurring during periods
of heavy rains. Presently stability considered very poor.

UNCLASSIFIED; M, Modified Slopes: Areas highly modified by human activities. Slope responses
to a combination of natural processes and man’s activities may be unpredictable. (Coastal Zone

Atlas mapping only.)

1. As defined by the US Geological Survey and Washington Department of Natural Resources for
Washington. Numerical classes are USGS and WDNR designations. Letter codes are Washing-
ton Department of Ecology Coastal Zone Atlas designations.

Source: Canning (1991)
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Four Fact Sheets are included in this report to illustrate how local geological data and the
accompanying slope stability maps in the Coastal Zone Atlas can be interpreted. The four
examples include a range of different coastal types located from Chuckanut Bay, Whatcom
County, to Budd Inlet in Thurston County.

Appendix B

Appendix B of this report provides a general bibliography on landslides of shore areas in
Puget ,Souncf, as well as slope stability maps and publications for each of the counties
bordering the Sound. These bibliographies supplement the Washington Coastal Zone Atlas
and include geologic and slope stability maps that may provide additional information
relating to the causes of potential stability problems on a local bluff. Also included are
citations for soil surveys for each county, which are published by the United States Depart-
ment of Agriculture, Soil Conservation Service. These soil surveys generally provide more
detailed mapping of the soils present at a given site, however, their descriptions are limited
to the top 5 feet of surface material. These publications typicaﬂy include descriptions of
the erosion potential of the soil and in some specific cases, the report will note whether the
material is subject to slippage. The determination for these classifications are based pri-
marily on slope angle, soil type', and water levels. Soil maps are presented at a scale of
1524,000, with the soil types superimposed on an aerial photograph of the area. Springs,

seeps, wet areas, and slides are also mapped. Because of the mapping scalé, areas denoted
| as "stable" but located next to unstable areais should be considered suspect, as movement in

one area can have deleterious effects on the neighboring parcels.

If after checking the existing literature there appears to be a stability problem at a partic-
ular site, the assistance of a geologist or geotechnical erigineer specializing in slope stability
issues is recommended. These professionals can search for more definitive evidence to
substantiate or refute the presence of a landslide and can recommend remedial measures to
minimize the impacts of the siope stability hazard on the proposed construction or develop-

ment.
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4.4 Vegetation Management

The shores and bluffs of Puget Sound support a wide variety of trees and shrubs, herba-
- ceous plants and grasses, mosses and lichens all adapted to local site conditions (Franklin
and Dyrness, 1988; Kruckeberg, 1991). Many environmental factors influence local vege-
tation including steepness of the slope, soil type and development, hydrology (soil moisture
conditions), aspect (orientation of a slope face relative to the sun), microclimate, micro-
habitat, and site disturbance~whether caused by natural processes (erosion, fire, extreme
climate events, seismic activity) or human impacts (logging, clearing, road building, grad-
ing, construction). Menashe (1993) discusses how these various factors influence shorelarnd

vegetation and provides a listing of plants commonly found on Puget Sound shorelands.
4.4.1 Vegetation Indicators

Menashe (1993) also cites examples of how species composition and other vegetation char- -
acteristics can provide valuable clues or indicators of the history and stability of coastal
slopes. For example, alder (4lnus sp.), willow (Salix sp.), and fireweed (Epz’lobium
angustifolium) are all relatively short-lived pioneer species that readily colonize recently
disturbed bare soil. A predominantly single-species, even-aged stand of red alder (Alnus
rubra) or willow along with an understory of stinging nettle (Urtica sp.) and bracken fern
(Pteridium aquilimum) can indicate a fairly recent, Iarge-Scale slump or earth flow. Alter-
natively, healthy vegetation composed of a variety of deciduous and evergreen trees, shrubs
and groundcovers—all of various ages—usually indicates the site has not been recently

disturbed and that vegetation cover has stabilized local soil movements.

A line of moisture-loving red alders or willows growing across a slope might reflect coloni-
zation of bare ground following a recent slide—or a zone of groundwater seepage marking
the junction between an impervious clay layer and overlying sandy soils. In either case,

there is a potential for unstable slope conditions that should be investigated further.
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Downed trees may reﬂecf diseases such as root rot, shallow rooting and wind-caused blow
down, poorly planned tree removal that exposes previously stable trees to new wind stress-
es, or slope disturbances that undermine the trees’ root mass. Curved tree trunks such as
shown in Figure 3-5 usually reflect slow, gradual soil creep, while the jumbled appearance
of "jackstrawed" trees often results from a slurﬁp or earth flow. Deadm trees in the latter
situation probably indicate the roots were sheared or broken loose during the earth move-

ment.

Banks or bluffs devoid of vegetation typically suggest the site is either too steep to support
\}egctatioﬁ (near vertical bluff faces of glacial till, foi' example), or that recurrent erosion
and slumping preclude plant establishment (retreating sandy bluffs, for example). Bare
bluffs can also indicate recent or ongoing siope failure due to wave-related toe erosion and

upslope slumping (e.g., feeder bluffs).
4.4.2 Vegetation and Slope Stability

The presehce or absence of vegetation on the shoreline banks and bluffs of Puget Sound—
and how that vegetation is managed during and after site development—usually plays a
crucial role in determining local slope stability. Some of the ways in which vegetation

. cover influences slope stability are illustrated in Figure 4-15.

The presence of végetation reduces the potential for slope erosion in at least three different
ways. First, plant .roots, large and small, provide a fibrous web that stabilizes and anchors
the soil. Second, plant cover intercepts the falling fain, reducing the direct impact of
raindrops on the ground surface and protecting the soil from surface runoff and erosion.
Dense groundcovers, especially grasses, reduce runoff velocity and act as filters trapping
soil particles that would otherwise be washed downslope. Thirdly, vegetation, and associ-
ated plant litter, the partially decomposed remains of roots, stems and leaves, moderate
critical soil moisture relationships. By slowing runoff, vegetation enhances infiltration;
associated litter acts like a sponge, holding the moisture and releasing it slowly over an

extended period. Plants can also play an important role in dewatering unstable slopes.
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Soil moisture is drawn up through roots and stems, trunks and branches, into plant leaves
where transpiration releases it back into the atmosphere. This reduction in soil moisture

can contribute significantly to soil stability.

Gray and Leiser (1982) in their classic text, Biotechnical Slope Protec;.‘ion and Erosion®,
‘summarize an extensive body of quantitative laboratory and field research that documents
the role of vegetation in the stability and protection of slopes. Defining the "hydro-me-
chanical” influences of vegetation they distinguish between the role of shallow-rooted
grassés and forbs in preventing surficial erosion on slopes, from that of deeper-rooted

“shrubs and trees that help prevent mass movement—particularly shallow sliding in slopes.
Major effects of herbaceous plants in controlling erosion include:

Interception—Foliage and plant litter absorb the energy of falling raindrops and reduce

direct impacts on soil.

Restraint—Root systems physically bind soil particles and above-ground plant parts filter

sediment out of runoff.

Retardation— Above-ground plant parts and litter increase surface roughness and reduce

runoff velocity.
Infiltration —Roots and plant litter help maintain soil porosity and permeability.

Transpiration—Depletion of soil moisture by plants delays the onset of soil saturation and

surface runoff.

2Regrettably, this excellent text, published by Van Nostrand Reinhold Company, Inc., New York, is preseatly
out of print. It is well worth obtaining a copy from a college or public library.

4-37



The role of vegetation in controlling rainfall erosion is well known and other effects such
as slowing runoff and filtering sediment (suspended solids) have been successfully incor-
porated into stormwater biofiltration systems (SWPCD 1992, Ecology 1992, EPA 1993).

The influences of woody plants on mass movement (shallow sliding) are less well docu-

mented but probably include the following:

Root Reinforcement—Roots mechanically reinforce soil by transferring shear stresses in the

soil to tensile resistance in the roots.

Soil Moisture Depletion —Interception of raindrops by foliage as well as evapotranspiration

limit buildup of soil moisture.

Buttressing and Arching—Tree trunks can act as buttress piles or arch abutments in a

slope, counteracting shear stresses.

Surcharge—The weight of vegetation on a slope exerts a destabilizing downslope stress and

a stress component perpendicular to the slope that increases resistance to sliding.

Root Wedging—Roots invade cracks and fissures in soil or rock causing local instability by |

wedging action,

Windthrowing —Strong downslope winds exert an overturning movement on trees causing

blowdowns (usually of aged, diseased, or undermined trees) that disturb slope soils.

The first three effects—root reinforcement, soil moisture depletion, and buttressing—
enhance slope stability. Surcharge may have either beneficial or adverse impacts depend-
ing on local soil or slope conditions. The last two effects—root wedging and
windthrowing —are likely to decrease slope stability. While a full discussion of experimen-
tal data supporting each of these effects is beyond the scope of this report, some iepresen—

tative examples are outlined below.,
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4.4.3 Roof Reinforcement

Root reinforcement is the most obvious way in which woody vegetation stabilizes soils.
The intermingled lateral roots of plants bind the soil together into a monolithic mass. Soil
reinforced with either artificial fibers or roots behaves as a composite material with high
tensile strength elastic fibers embedded in a plastic soil matrix. Shear stresses in the soil
mobilize tensile resistance in the fibers (roots), thus imparting greater strength to the soil.
Some soils are also made tougher, better able to resist continued deformation without loss

of residual strength.

Figure 4-16 (top) illustrates the results of a test in which 1.75mm-diameter reed fibers were
added to otherwise unreinforced clean dune sand. The addition of more fibers clearly
increases the shear strength of the dune sand over a range of shear strain values. Addi-
tional experiments demonstrated that several fiber properties and parameters—e.g., fiber
length, length/diameter ratio, tensile strength, skin friction—can all influence the level of

increased shear strength.

Figure 4-16 (bottom) illustrates the results of a broad group of root and fiber reinforcement
studies that show a general increase in soil shear strength with an increase in total cross-
sectional area of r’ooté (i.e., more roots result in greater shear strength). Endo and Tsuruta
(1969, in Gray and Leiser, 1982) studying the reinforcing effect of young European aider
tree roots on clay loam soils confirmed a similar finding: soil shear strength increased
directly with the bulk weight of roots per unit volume of soil. A variety of theoretical root
reinforcement models have been developed ‘that help to both explain and predict these
relationships (Gray and Leiser, 1982). Clearly, the depth and extent of root branching are
important in choosing plants for soil stabilization. Theoretical root reinforcement models
indicate that a high concentration of long, flexible roots per unit volumé of soil and roots

with relatively high tensile strength will maximize soil rooting strength.

Figure 4-17 (left) shows the typical root morphology of a 60-year-old pine tree. The ma-
jority of roots, 80 to 90 percent, are laterals, concentrated in the top few feet of soil.
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Figure 4-16
Root Reinforcement
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Additional downward penetrating central roots and semivertical "sinkers,” growing out of
the Jaterals, penetrate deeper substrata and anchor the tree more firmly. The regionally
important Douglas fir (Pseudotsuga menziesii) exhibits a similar pattern, with vertical roots

becoming more pronounced in older trees.

The tensile strength of live roots and the decline in strength of roots with time after cutting
have each been extensively investigated (Gray and Reiser, 1982). Several studies indicate
that tensile strength decreases with increasing root size for diameters up to 15 mm. Spe-
cies differences are pronounced: Pacific Coast Douglas fir roots yielded an average tensile
strength of 510 kg/cm? (2-10 mm root diameter), more than five times the average record-

ed for Sitka spruce and Western hemlock roots (99 kg/cm?, 2-6 mm root diameter).

Figure 4-17 (right) illustrates a typical pattern of declining root strength, as a function of
root size and age, after a tree is felled. Fir roots lose 50 percent of their strength after
one year and five years after felling a 1-cm diameter root has lost 75 percent of its fresh
strength. This information, along with the root reinforcement models referenced earlier,
has been used to evaluate the impact of cutting woody vegetation on soil shear strength and
slope stability over time, While root strength decline after tree cutting is clearly both
species and site dependent, several studies suggest a common general pattern. Landslide
hazards increase with the loss of root strength and are generally greatest 4 or 5 years after
tree removal. The hazard remains high for up to 10 years after removal, but by the end of

20 years is likely to have returned to predisturbance levels.
4.4.4 - Soil Moisture Modification

The ability of vegetation and especially trees 'to.'depiete soil moisture to considerable depths
and develop large moisture deficits in soils is well esiablished (Brenner, 1973; Gray and
Leiser, 1982 and included references). Since fates of soil creep and the risk of landslides
increase with periods of higher or prolonged soil moisture stress (Tubbs, 1975), the degree
to which slope vegetation can reduce soil moisture stress will also reduce the risk of mass

movement. Because rooting depths are limited, the presence of vegetation alone, or its
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potential effects on soil moisture, cannot prevent deeper-seated structural or rotational

slides.

Plants transpire water through their leaves and thus deplete soil moisture. Bluff vegetation
can also intercept and adsorb rainfall in the tops of trees and bushes, as \;sieli as in the plant
litter below. This combination of interception and evapotranspiration tends to maintain
drier bluff soils and delay the onset of saturated or waterlogged conditions. Conversely,
removal of trees and/or other vegetation from coastal bluff slopes tends to result in wetter

soils and faster groundwater recharge times following heavy rains (Figure 4-18, bottom).

Figure 4-18 (top) illustrates typical results from an experimental and modeling study by
Brenner (1973), who examined differences in soil moisture patterns between forested and
clear-cut slopes. A matric suction value (i.e., tensiometer measurement of suction required
to draw water out of the soil) of zero indicates saturated soils. In this example, on a
20-degree slope, soils on the clear-cut slope becomé saturated (fully recharged) after less
than 3 hours of simulated storm rainfall, while at least 8 hours are required to saturate soils
on the comparable forested slope. Depletion of soil moisture, reflected by an increase in
matric suction, begins on both the clear-cut and forested slopes almost immediately after
rainfall ceases. While both slopes return to pre-storm conditions within 170 hours, the
degree of moisture removal is five to seven times greater for the forested slope than the

clear-cut.

Field studies in clear-cut versus adjacent forested plots in a virgin Douglas ﬁr—Hemlock
forest in the Oregon Cascades generally support Brenner’s experimental results. Within
3 years of the clear-cut, however, herbs and shrubs invading the cutover site were nearly
as effective as old-growth timber in depleting soil moisture (Gray and Leiser, 1982). This
confirms the importance of vegetation cover in moderating soil moisture on unstable slopes
and also suggests that the first year after cutting is likely to be the most critical for mois-

ture-related (versus root reinforcement) landslide hazards.
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Once soils are fully saturated then the significance of vegetation in "holding” a slope be-
comes one of root reinforcement or bultressing rather than soil moisture control. Under
drier conditions, however, the vegetation-related decrease in soil moisture can increase

shear r_e:siétance, slow soil creep movement, and provide a slope stabilizing influence.
4.4.5 Slope Buttressing

In addition to root reinforcement, firmly anchored, rigid tree trunks groWing in slopes
provide buttressing and "soil arching” action against shallow slope movement (Gray and
Leiser, 1982). Figure 4-19 shows a good exén’:ple of a tree trunk buttressing an upslope
earth mass.

Arching occurs in slopes when the soil attempts to move around or between a row of piles
(trees) firmly anchored in an unyielding layer. Under the right circumstances, the trees act
as both cantilever piles and abutments to "soil arches” that form in the ground upslope of
the trees. Theoretical models incorporating variables such as the spacing and diameter of
tree trunks, slope angle and thickness of the yielding soil profile, and soil shear strength
properties, have been developed to predict the potential magnitude and effectiveness of
such buttressing and soil arching. The "critical distance" between adjacent tree trunks to
achieve effective arching is very sensitive to soil cohesion, especially along the basal slid-
ing surface between the surficial soil layer (regolith) and unyielding deeper slope material.
Assuming zero soil cohesion, arching might requii'e the critical distance between adjacent
tree trunks to be as little as 4 feet, but with even minimal soil cohesion (e.g., SO psf) this

distance could increase to over 20 feet.

The examples outlined above, along with other theoretical and experimental studies, clearly
demonstrate that woody vegetation increases the soil shear resistance through Toot re-
inforcement, soil moisture depletion, and soil arching. All of these effects can enhance the
stability of Puget Sound’s coastal bank and bluff slopes. Gray and Leiser (1982) cite addi-
tional evidence from numerous studies of forest clear-cuts on watershed slopes in the Ore-

gon western Cascades and elsewhere. Loss of rooting strength and increased soil moisture
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Slope buttressing by ponderosa pine, Mendocino National Forest,California
Unbutiressed slope 10 the left has failed

Source: Gray and Leiser (1982)
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levels frequently result in a cause-and-effect relationship between tree cutting and siope
instability. An analysis of nearly 400 slides (debris-avalanches) from four different for-
ested regions of the Oregon Cascades, the Olympic Peninsula, and the British Columbia
Coast Ranges showed a 2- to 4-fold increase in debris-avalanche erosion (as m’/km?/year)

as a direct result of clear-cuts.
4.5 Surface and Groundwater Management

Longterm recession of coastal slopes is ultimately triggered by wave erosion at the toe of
the slope; however, a variety of complex "face degradational processes” —sheet or surface
wash, seepage effects such as piping and sapping, frost and ice action (solifluction), and
weathering —can all influence slope stability above the toe (Figure 5-18); Edil and Vallejo,
1980; Menashe, 1'993). Hydrogeologic erosion processes driven by seepage discharge and
surface flow often determine the types and rates of slope erosion, especially of the middle
and upper portions of coastal bluffs (Wilcock, Miller and Kerhin, 1992).

Raindrop erosion loosens soil particles which are carried downslope in surface flow. |
Topographic features such as ditches and swales concentrate sheet flow into 1ills and gul_lies
- which experience accelerated rates of soil erosion and transport downslope. As water
moves faster down steeper slopes, its erbsive capacity also increases (Menashe, 1993). As

noted in Section 4.4, the presence of vegetation modifies surface runoff and erosion effects.

Groundwater moving through a bank or bluff may reflect local rainfall percolating through
surficial layers of sands and gravels. Alternatively, the groundwater may have originated
some distance away and moved laterally towards the bluff face—usually within a sandy

horizon overlying an impervious till or clay layer.

Groundwater discharge from seeps and springs within the bluff face undermines overlying
materials, as well as eroding the soils &ownslope. Increased soil saturation and pore water
pressures reduce the strength of bluff sediments and increase the likelihood of landslides
(Gray and Leiser, 1982; Menashe, 1993).
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Seepage zones are marked by saturated sediments. Clays are maintained in a moist, plastic
state, while sands are prone to piping and sapping which removes the sand and creates gaps
which eventually collapse. Water oozing from the seepage zones undercuts overlying
material and carries sediment and debris downslope via gullies. These gullies typically
widen downward. Stormwater runoff also washes over the bluff face—especially in the
absence of vegetation cover—carrying weathered loose debris to the beach below (Wilcock,
Miller, and Kershin, 1993).

No quantitative studies of bluff-face degradation processes or erosion rates have been found
for Puget Sound locations. Wilcock, Miller: and Kershin (1992, 1993, and included
references) provide an excellent example of such a study for Calvert County bluffs, that -
border the Maryland shore of Chesapeake Bay. They relate bluff-face erosion rates to
specific erosion mechanisms, local stratigraphic/sedimentary characteristics, and the
groundwater regime (monitored with piezometer records) at each of their study Sites.
Many of the landslides in the Puget Sound area occur in the spring after an intense rainfall.
During the spring, unlike in the fall, the ground is saturated from previous winter rain-
storms, and the additional moisture builds up high groundwater pressures that contribute to
slope failure. The high water levels not only load the slope with the additional weight of
.water, the increased pore water pressure reduces the strength of the material. Control of
both surface and groundwater is thus essential in attempting to minimize impacts on the
slope (Figure 4-20).

Tubbs’ (1975, and included references) studies of Seattle landslides provide additional in-
sights into the role of rainfall and glfoundwater‘in triggering both slumps and debris slides
on coastal banks and bluffs (also see Sections 4.1 and 4.3). Tubbs noted the rapidity with
which both slumps and debris slides responded to rainfall, suggesting that the slides were
reié.ted to changes in pore water pressures within a few feet of the ground surface. He
concluded that many of the slumps involved "retrogressive failure" triggered by debris
slides, or by localized failures near the contact between an overlying permeable unit (e.g.,
Esperance Sand, Figure 4-12) and underlying impermeable unit (e.g., Lawton Clay), where

a local rise in the watertable can be expected immediately following heavy rains.
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South Whidbey Island. Rain readily infiltrates sandy upland until downward movement is impeded by
impermeable siit layer. Saturated zone above silt interface (marked by seeps and water-loving plants)
causes siumps and flows in overlying sands.

Source: Thorsen (1987)

Figure 4-20
Surface and Groundwater Flow
Influence Bluff Stability
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Extensive analysis of daily rainfall records and landsliding in the Seattle area for the period
11932 to 1972 (Tubbs 1975) revealed several significant posmve correlations. The correla—
tion coefﬁcxents (r) are h1ghest for the relationships mvolvmg daily total (r-() 95), and
two-day total (Figure 4-21, r=0. 97) ramfall amounts (both significant at P <0.01 level)
Slope failure and landshdmg in Seattle thus appears to be commonly tnggered by relatxveiy
short periods of intense rainfall (i.e., over 2 inches per day, or two successive days with
over 1 inch)—a model that presumabiy also extends to shoreline bluffs throughout much of
Puget Sound. : '

Tubbs demonstrated that iandslxdmg on Seattle slopes typlcaily 1nv01ves faﬂure of a rela—
tively thin regolith—often just a few feet of weathered surficial matenal Slnce faﬁufe
clearly relates to soil saturation of the potenﬂal slide mass, it is reasonable to expect a thm
i regohth to be mgmﬁcantiy affected by short penods of mtense ramfall '

Addmonai analyses suggest that neither longer-term cumuiaﬁve ramfall amounts (1 e. up to
) ;_' 5 days prior to a shde), nor freeze—thaw effects are important factors affecting landshdmg

in the Seattle area.
46 Human-"i)ismxbance‘ .

Vegetation Management: A Guide for Puget Sound Bluff Propeny Owners (Menashe,
1993) begins with a daunting scenario of bluff development. The bluff top is cleared and
graded, trees are cut to open up the view, and debris pushed over the bluff edge. The
hdme is sited ‘élose to the bluff crest to take full advantage of the view. WUtility trenches,
roof and footing drains, and a septic system are all installed. Grading activities and con-
struction traffic compact the upland soil, reducing its porosity and causing new topsoil to
be brought in for landscaping. A stairway is constructed to the beach causing more vegeta-
tion to be cleared from the bluff face.

Each of these human disturbances to the natural bluff setting creates or aggravates a poten-

tial destabilizing factor that will affect longer-term slope stability. Vegetation clearing
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eliminates the soil binding action of plant roots. Soil compaction, trenching, and the addi-
tion of a septic system, all have the potential to alter surface water runoff and groundwater
relationships. The addition of a home and new topsoil each increase the load at the top of
the bluff slope. Not surprisingly, this all adds up to a recipe for increased slope erosion,

soil slumping, and the potential for a serious landslide.

Figure 4-22 diagrams many of the ways in which bluff top construction can directly and
indirectly influence surface and groundwater movements in coastal bluffs—as well as some
other causes of bluff instability. Figure 4-23 illustrates some homeowner "solutions” to
typical shoreline bluff instability concerns. Clearly, considerable time and resources have
gone into protecting the homeowner’s investment in shoreline property. Note, however,
that property protection has been achieved at the cost of disrupting many of the "landscape
linkages" —those natural processes that unite upland and offshore habitats—across the shore
zone. Bluff sediments can no longer reach the beach; potential fluxes of ‘groundwater,
nutrients, and organic matter (leaf fall, LOD, insect "fallout") have all been disrupted; and
with time, the beach fronting the seawall can be expected to becdme lower and coarser-
grained (see Section 4.2; Macdonald et al., 1993; Thom et al., 1994).

Tubbs (1975) examined the role of "human factors” in his studies of Seattle area landslides.
One or more of the human factors noted below may have contributed to landsliding at over

80 percent of the 47 sites he examined:

. Diversion of water onto slope— 18 debris slides/3 slumps

. Steepening of slope by excavation—12 debris slides/8 stumps
. Placing of fill—13 debris slides/2 slumps

* Failure of retaining wall-—4 debris slides/1 slump

. One or more of the above—29 debris slides/10 slumps

Tubbs confirms that diversion of water onto (and into) a slope was the most common con-
tributing factor to landsliding, and was noted at over 40 percent of the 47 slide sites exam-

ined. The water source was typically runoff from roofs and paved areas. Unnaturally.
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Fox Island, Pierce County. Tide approximately Mean High Water. Note contrast between
the structurally modified shoreling {vertical rock bulkhead, plank/pile retaining wall} and
adjacent more natural shoreline. The exposed, eroding bank fo the ieft faces Mt. Rainier
and correlates with major vegetation clearing.

Photo: Hugh Shipman

Figure 4-23
Bluff Impacts From
Development Practices
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steep excavated slopes were also noted at 40 percent of the slide sites. Over 30 percent of
the landslides occurred at sites where fill had been placed on a slope, often a siope
underlain by an impermeable substrate. The impacts of each of these "human factors”
generally confirms the importance of topography, local stratigraphy, and rainfall in
determining the occurrence of landslides. Interestingly, Tubbs’ studies do not address the

potentially protective role of vegetation cover in landsliding.

‘Narrative on the seacliffs of Whatcom and Skagit County (Coastal Zone Atlas Vol. 3,
1978) quoted in Section 3.2 again emphasizes the role of human disturbance on landsliding,
noting that, “... many of the sites of these landslides had associated with them some type of
artificial drain. Typically the opening of a drainpipe coincided with the head of a land-

slide.”

Loads placed at the top of the slope increase the driving forces which increase the potential
for landsliding. These loads can take the form of debris from grading and clearing placed
at the edge of the slope or fill used for grading to construct a level pad for construction.
In addition, an increase of water levels resulting from modifying the drainage patterns in an
area, an increase of watering for irrigation, or installation of a septic system also function
to load the top of the slope. What may appear to be a minor grading change over an area
can have significant effects on the slope. Generally, Puget Sound counties monitor this by
requiring a grading permit which may include a drainage and erosion control plan and/or a
geotechnical/geologic report in areas havir;g unstable slopes where grading is réquircd
(Gabriel, 1988).

sea] 00283 F0.wp5
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FACT SHEET

The following discussion is taken from information
presented in the Coastal Zome Adas of Washington
{Volume 1, 1977). The purpose of the fact sheet is to
Hlustrate examples of local geology and thelr influence
on bluff stability.

The geologic unit mapped in the highlighted section of
Whatcom County is part of the Chuckanut Formation,
denoted by the symbol TKe. This urdt is a sedimentary
rock urdt consisting of interbedded sandstone, con-
glomerate, shale and coal. In this area, the rock units
which make up this formation are not horizontally
i bedded, but have been folded. The orientation of the
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FACT SHEET

The slopes in the area highlighted have been classified
as either stable (5) or intermediate (I). Stable slopes
denote areas of competent bedrock with slopes less
than 15 percent Intermediate slopes are those areas
that are generally steeper than 15 percent—except where
conditions conducive to ground fallure exist, such as
high groundwater. or weak soils. No known faitures
exist in thess areas.

been classified as stable because of the dip of the bed-
rock units, The units are dipping to the northeast, west
- of the syncline axis, and to the southwest, east of the

Chucksny
island 7

Slope Stability

NORTH -

It appears the majority of the slopes in this area have

syncline axis. This orientation is favorable with respect
to the exposed coestal bluffs at most Iocations as the
rock dips info the hillside instead of towards the ex-
posed bluff. At the northeast end of Governors Point
and the northern portion of Chuckanut Drive, the rock
exposed in the bluff dips toward the water, which if
disturbed could result in rock slides, although none
have been documented to date. s

No indication is given with regards io the thickness of
the glacial drift on top of the Chuckanut Formation. I
is likely a thin deposit, as its lateral extent js limited. It
has not negatively impacted the stability of the deposits
in this area as it is located on gently sloping terrain
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FACT SHEET

The following discussion is taken from information
presented in the Coastal Zone Atlas of Washington
{Volume 4, 1579}, The putpose of the fact sheet is to
Hustrate examples of loca] geology and their influence
on bluff stability. a

The geologic units mapped in the highlighted section
of Island County are a series of glacial deposits. The
i enlarged stratigraphic section at Possession Point in-
{ cludes units that are mapped in detail at what geolo-
i gists refer to as “type sections”. Type sections represent
those areas which illustrate the features of a geologic
unit that are used to describe it for all future reference.
These are of interest to a geclogist, because the soit
type indicates what type of events ocourred during the
deposition of the units and a more accurate geologic
history can be drawn from their study. This section is

Geaiégﬁf _.

L T
Pogzession Point

d

NORTH

Island County-Possession Point, South Whidbey Island

unique in the region because it is the only example that
exposes gladal deposits representing three separate gla-
cial advances. For the purpose of this study, the Pos-
sesston Dirift, {Qpd), the Whidbey Formation, {Qw), and
the Double Bluff Drift, {Qdb),  are units that were de-
posited prior #o the Praser Glaciation (see Table 1 in
text). The two drift units consist primarily of Hll. The
Whidbey Formation is a fine grained luke deposit that

-correlates with the silt deposit shown (Qns) in the strati~

graphic section to the north of Possession. Above these

- 6l units is 2 sand deposit (Qps) overlain by the Vashon

#ll {Qvi). Because of difficuities correlating strati- |
graphic units, the surficial geologic mapping of the avea
has grouped all the geologic units exposed along the
coastal bluff as "undifferentiated gladial and nonglacial
deposits (Qu),” separated by landslide areas (Qls). The
fatlying areas on the coast are undevlain by recent

1Cps

| Qns (sit)

Covered
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beack deposits (Qb) and swamp or marsh deposits
{Qos). The majority of the upland area is underlain by
Vashon 4l (Qvt). The slopes in this avea are primarily
classified as unsteble, with mapped areas of unstable
recent (Urs) and old (Uos) landslides. The stable areas
that are mapped on the coast are the fat-lying beach
sand deposits and the swamp and maysh deposits.
Since these arezs are bordered by unstable slopes, this
classification can «reate a false sense of security, as
failure of the upper slope can affect the safety of these
flat-lying deposiis for any development, The genily
stoping upland area underlain by the Vashon 1 is also
mepped as stable.

Although no information’ is provided vegarding water
levels in the slopes, the geologic stratigraphy present at

Slope Stability
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this location is condudive to unstable slopes. This in-
dudes interbedded fine grained and course grained
deposits where high water levels can accumulate. In
this South Whidbey Island location, a permeable sand
umit ((ps) overlies efther an impermerble till (Opd)ora
silt (Qns), providing a location where water can saturate
and accumulate, resulting in a layer of wealkmess where
slumping can owcur. Sand interbeds with high water
levels may alsc be present within the Possession Drift
(Qpd) and the Double Bluff Drift (Qdb). These umits are
also separated by an impermeable unit, the Whidbey
Formation {(Qw) which can also serve as contact for the
faiture of the slope. In addition, because of the steep
slopes present in this location, it is likely that wave
erosion at the toe of the bluffs also coniributes to the,

instability of the east slopes. '
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{The following discussion is taken from  information
presented in the Coastal Zone Atlas of Washington
(Volume 6, 1979). The purpose of the fact sheet is to
ihustrate examples of local geology and their influence
on bluff stability.

exposed in coastal biuffs-advance outwash, lake, and
dll deposits. The upland area is covered with Vashon
1 (Qwt), the thickness of which tapers off to the south.
Two stratigraphic sections are presented. ‘It would ap-
pear initally that different geclogic units are present
within close proximity %o each other on the bluff. In
the western secton, tent feet of an advance outwash
1sand (Qps) is mapped over a greater thickness of 2 fine

grained lake deposit (Qns). No 4l is mapped in this

kicd ] Qvt

Geology

-{ The highiighted section includes typical glacial deposits’

South King County-Dash Point

section because the il has Hkely been eroded by allu-
vial deposits (Qal and Qa2) which have been mapped
locally in the area. I the secHon to the east, a sub-
stantial thickness of the outwash sand (Qps) is present
above a thin layer of the lake deposit {Ons), with the
total section being capped by 2 thin layer of €1 {Qvi)..
This apparent anomaly in material types between two
locations can occur when the deposits were originally

-1aid down on a sloping or an erosional contact, and not

horizontally bedded as one irdtially assumes. Land-
slides {(Qls) have been mapped along the slope and
represent both recent and ancient Iandslides. - ;

The slopes in this area vary from. stzble to unstable. |
Asone would suspect, the gently sloping upland |
area underlein by &l is considered stable (8). An |

30028900p.Wp5/5
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intermediate (I} classification is given to the area at the
far western portion of the section. Intermediate slopes
are those that are gemerally steeper than 15 percendt,
except where conditions conducive to ground failure
exist—such as high groundwater or a susceptible stra-
dgraphy. Geologic mapping suggests this area is
underlain by a thin section of outwash sand, which in
turn is underlain by a fine grained lake deposit. This is
a situation where slope failures can ocour—especially if
the units become saturated. No known faflures have
occurred in areas which have the intermediate classi~
fication. The small section of land classified as modi-
fed (M) represents an area impacted by filling or
grading. The entire coastal slope, with the exception of
the small portion rated as intermediate, has been

Slope Stability

classified as unstable. Both vecent {Urs) and andernt |
(Uos) landslides are present in this avea.

Ancient failures have likely occurred as a result of the
steep slopes, in conjunciion with gladal stratigraphy,
which includes interbedded permeable (advance out-
wash) and impermeable (Hll and lakebed) deposits.
High groundwater levels present in the past would ziso
cortiribute to these ancient slope failures. Recent land-
slides reflect continuation of this process in some areas,
and may represent re-activation of the anclert land-
siides. Re-activation may have resulted from home and
road construction, with the accompanying increase in
water levels from disturbance of surface drainage, septic
systems and irwreased lawn watering.
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The following discussion is taken from information
presended in the Coastal Zone Atlas of Washington
(Volume 8, 1980). The purpose of the fact sheet is to
Husirate examples of jocal geology and their Influence
on Diuff stebility.

The glacial deposits present on the east shore of Budd
Inlet consist of glacial €1, advance outwash and reces-
sional lake deposits. The surficial mdpping of the area
shows Vashon til (Qvi) to be present at the surface at
the higher elevations in the upland area. At the lower
| elevations in the upland area, yet above the 1 sira-
| dgraphically (younger} is 2 recessional lake deposit
{Gve) which covers the remainder of the upland area
In other words, this lake deposit cover much of the
surface of the tll, with portions of the till above the
level of deposiion. The remainder of the deposits

Geology
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Thurston County-Gull Harbor, Budd Ixﬂei

have been mapped as undifferentiated glacial and in-
terglacial deposits (Qu), a general term used when the
existing stratigraphy is unknown or too comphca’ced to
delineate on the scale of map used.

Four stratigraphic sections are shown in the highlighted

_area. The sections o the far north and the far south

show the umit present 1o consist of pre-glacial lake
deposits (Qns)-typically, fine grained, impermeable silt
and dday. The two center sections show the diversity
which often occurs within glacial deposits. The second
section to the north extend to the top of the slope and
includes recessional lake deposits (Qve) and il (Qvi) in
the upper portion of the section. In the next section to
the south, the recessional lake deposits are not present
and may have been eroded away or not deposited in
this location. Below the ¢l in each of the secHons is |

- 300289005 wp5/7
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a series of glacial outwash. (Qps, primarily sand and
Cpg, primarily gravel) and lake deposits {Ons). The
lake deposit is present only in the section to the north
and Lies between the gravel and the sand. This likely
reflects a dynamic ive front which locally has b
pounded Iake sediments—or alternatively, these lake
sediments may have been eroded away in the more
southern location. The slack water deposits which are
| present in Gull Harbor may be a remnant of this lake.

The slopes in this area vary from stable to unstable
The stable (5) classifications indude the gently sloping
upland areas underlain by till and the recessional lake
deposits, which are stable because of the gentle topo-
graphy. The intermediate (D) areas incdlude the side
slopes along the drainage into Gull Harbor and the

Slope Stability

NORTH

incised drainage area at the south end of the section
Intermediate slopes are those that are generally steeper
than 15 percent, except where conditions conducive to
ground faflure exist~such as high groundwater or a sus-
ceptible statigraphy. From the existing stratigraphic
sections discussed above, one could infer that there is’
Bkely interbedded permeable and impermeable units
present in the undifferentiated unit {Qu) mapped. In
addition, since this is a drainage area, high water levels
are likely to be present, and may contribute to the pos-
sibility of slope fallure. No known faflures have oc-
curred in areas having the infermediate classification.
The remainder of the siopes bordering the water are
dlassified unstable (1), This dassification likely results
from the steep slopés, wave erosion, and interbedded
permeable and impermeable geologic units,
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5.0 Managing Unstable Shoreline Slopes

5.1 General Approach

This section presents a broad arfay of different approaches to the management of unstable
shoreline slopes. “The various approaches are presented in a general sequence from least to
most "intrusive" —reflecting the degree to which each approach modifies both the existing

slope and natural environmental processes.

Least intrusive is the complete avoidance of construction in areas of unstable slopes and
slides. Next come construction setbacks from an unstable slope- or bluff-edge, and the
establishment of special blufftop constructi'.on requ_iremen-ts. Management practices con-
cerning existing vegetation, surface runoff control, and groundwater drainage systems, are
each somewhat more intrusive but still leave the slope largely unaltered. Biotechnical slope
protection uses live vegetation to prevent erosion and arrest shallow slope failures. Sub-
stantially more intrusive approaches combine vegetation with revetments or retaining walls,
transitioning into conventional structural engineering solutions—breast walls, crib walls,
and shoreline bulkheading structures. Finally, most intrusive of all, is the complete reshap-

ing. of unstable slopes by cut and fill.

This sequence of increasingly intrusive approaches to unstable slope management also
generally reflects increasingly costly solutions—both directly to the landowner, and in-
directly in terms of increasing disruption of natural environmental processes and loss of
habitat values.
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5.1.1 Existing Versus Proposed Construction

Addressing watershed restoration issues, Alan Johnson recently noted: "There is no doubt,
when the houses go in—the rules change.'” The same holds true for managing coastal
slopes and shoreline hardening. While this may not reflect regulatory policy, there is little
doubt that more intrusive and potentiaily damaging slope management solutions are used to
protect .existing older structures than newly constructed ones. In large part, this reflects
our previous ignorance of the potential direct, mdn‘ect a.nd cumulative envuonmental

impacts associated with poorly planned coastal development

From direct landowner cost, indirect public cost, and environmental protection perspec-
tives, it makes more sense to avoid or mxmm;.ze problems assocmted thh unstable slopes

prior to construction—rather than pay to repair the damage after it has already been done.

Recognition of this concern appears to be implicit in Engrossed Serate Bill 6128, passed by
the Washington State Legislature in 1992. Comprehensive erosion management standards
are to be included in local government Shoreline Master Programs, The standards must
give a preference for permitting of erosion. protection measures for residences occupied
prior to January 1, 1992, where the erdsion protection measure "is designed to minimize
harm to the shoreline natural environment.” This implies no preferencé for permitting

erosion protection measures for residences first occupied afier January 1, 1992,

In this regard, the mitigation “sequencing procedure” adopted by federal agencies to protect
sensitive habitats and environmental functions or processes, offers a potential model for
managing unstable shoreline slopes. This sequencing procedure requires strict adherence to

the following steps during project design:

1. Design project to completely avoid impacts to sensitive habitat (substitute--

unstable slopes) areas and functions

1 Alan Johnson (Aquatic Resource Consultants, Seattle), "Restoration Ecology: Urban Watershed Manage-
ment," University of Washington Center for Urban Horticulture, Seattle. March 21, 1994,
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2. Should this prove impracticable, design project to absolutely minimize

impacts to . . . unstable slope habitats and functions

3. When project design has avoided/minimized impacts to areas and functions
of... unstable slopes... to the maximum extent practicable, any remaining

impacts must be offset by appropriate mitigation measures.

A recommendation that a similar sequencing procedure be followed during site develop-
"ments involving potentially unstable bluffs would, at 2 minimum, alert the property owner
and permitting agencies to possible future concerns and costs—and potentially could reduce

poorly planned construction and unnecessary damage to shoreline natural resources.
5.1.2 Geotechnical Site Surveys

If existing geologic mapping indicates the potential for stability problems at a site, énd
therefore the need for special construction requirements, a geologic or geotechnical evalua-
tion of the site by a qualified professional is appropriate. The bluffs of Puget Sound are
typically underlain by glacial deposits or at some localities, bedrock. The glacial deposits
can consist of granular deposits, generally outwash sand and gravel, whose strength is
controlled primarily by the friction angle; and finer grained material, such as till or lake

deposits, whose strength is controlled by a combination of friction and cohesion. At many
| locations, the materials in the slope consist of an interbedded sequence of ‘both fine and
coarse grained déposits, whose strength is usually dictated by the strength of the weaker
material. In areas underlain by bedrock, the strength of the rock is usually controlled by
fractures or bedding planes and their orientation to the slope angle. Complicating all of
this is the presence of groundwater at various levels within the slope. An evaluation by a
geologist or a geotechnical engineer is recommended not only to identify the various slope
materials and site conditions, but to establish appropriate criteria for design and construc-
tion. What is appropriate for a site underlain by till is likely not suitable for a site under-

lain by granular outwash.



Two levels of site survey may be appropriate. At a minimum, the results of these survéys
should be reviewed by the Jocal permitting agcnéy, and by an appropriately qualified geolo-
gist or geotechnical engineer for consistency with generally accepted principles of slope
stability.

The initial survey would involve conducting a geologic reconnaissance of the site. A pro-
fessional geologist would be contracted to review the existing published information relat-
ing to stability at th.e site and to conduct a brief field reconnaissance at the site to determine
-whether the stability problems discussed in the literature relate to this site, During this
survey, the geologist would evaluate the conditions at the site as they relate to the geology,
geometry (steepness and length) of the slope, groundwater and drainage conditions, and site
vegetation for indications of slope stability problems. If after assessment of field condi-
tions, the available evidence indicates that slope stability is an important factor in the
development of the site, additional study would be required.

This second level geologic/geotechnical survey involves additional research and analyses to
determine the cause of the stability problems and what type of solutions would be appropri-
ate at the site. Typically, stability problems along coastlines pertain to problems resulting
from toe erosion, surficial stability, deep-seated stability, or some combination of these
factors. The second, more detailed survey . would determihe which of these factors are

responsible for the stability problems at the site. Geotechnical criteria for the design of
 structures that are relevant to the problem would then be developed. The field work, in
. conjunction with the additional research and éngineéring, can often be expensive for the

individual homeowner.

Without objective peer review, a specialized geotechnical report may be of little value to a
Jocal shoreline administrator. Yet many jurisdictions around Puget Sound cannot maintain
a geologist or geotechnical engineer on staff. In these circumstances it may be beneficial
for the local jurisdiction to contract out the peer review task to an appropriately qualified
third party.



5.1.3 Slope Stabilization—A Caution

Property losses in areas of larger slides often lead to demands for potentially expensive
pubic works projects to protect existing (public or private) developments. Kockelman

(1980) points out, however, that such slide control can be self-defeating:

" As building on slide areas continues, the number of persons and the value of the property
tend to increase at a rate faster than that which protection can be provided. Development
up-slope often causes trouble for down;slope developments. Grading, drainage improve-
ments, paving, and watering, for example, may load, or cause instability of, a slide and

require public expenditures for slide control.

Remedial public-wotks construction for slide control, such as restraining structures, may
encourage development of slide areas in the expectation that additional works will be forth-
coming. The public may befieve that the slide problem has been eliminated, rather than
simply reduced. Also, eanhquake-tﬁggered slides may not be prevented by such construc-

tion. Intelligent management and regulation of the slide areas is still required,”

Thorsen (1987), describing slide hazards in the Puget lowland, confirms Kockelman’s

conclusions:

“In general, the individual would do well to avoid slides. Structural controls are often
extremely expensive and seldom justified for low- or even moderate-density residential

areas”

Discussion of possible remedial and preventative measures will‘ be referenced back to the
reasons discussed which contributed to slope instability. Though specific measures will be
discussed under each section, effective landslide control typically involves a combination of
methods which together have the effect of minimizing the driving forces (surcharging or
adding fills or removing lateral support, and\or increase in water levels) and increasing the
resisting forces (installing a buttress system). In addition to being expensive, construction
methods for landslide stabilization will frequently require more space than is available in

most coastal situations to safely and economically operate the construction equipment

5-5



without additional slope movement developing. This alone makes preventing the situation
from occurring always the more desirable option. Where structures are located in areas
that are susceptible to landslide movement, the property owner should be prepared to
assume long term maintenance of the buildings. This can include flexible connections for
utilities, and foundations that can be re-leveled if movement reactivates e;nd is slow enough
such that remedial measures can safely counteract the motion. If required, corrective mea-

sures should be adapted to the type of materials present as well as the type of failure.
5.2 Avoidance

As noted above—from direct landowner costs, indirect public costs, and environmental
protection perspectives—it makes more sense to avoid or minimize problems associated
with unstable slopes prior to construction, rather than pay to repair the damage after it has

already been done,

It should be clear from Section 4.0 that the fundamental causes of bluff instability and the
various mechanisms that can trigger slumps and slides are quite well understood. 1n many
cases, quantitative field, laboratory, and engineering research .is available to quéntify and
model cause-and-effect relationships. Further, local resources such as the Coastal Zone
Atlas (Ecology, 1977-1980) and Tubbs’ (1975) studies provide an extensive quantifiable
data base for specific Puget Sound situations. Given this level of understanding, using
avoidance as a strategy for managing unstable shoreline slopes can be pursued in two dif-

ferent but complementary ways.

Residential development can be discouraged or restricted in Puget Sound shoreline areas
known to have highly unstable slopes. Private landowners need to be fully appraised of the
potential risks and costs of building in these areas. The public sector also needs to clearly
understand the potential longterm infrastructure and publ.ic health and safety risks that may
accompany approval of such development (see Section 5.1.3; Kockelman, 1980). Areas of
greatest concern would probably include highly unstable slopes (see Table 4-3, and the

Costal Zone Atlas, 1977-80 that are experiencing active toe erosion or frequent landsliding
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and are also known to be active feeder bluffs (Macdonald et al., 1993). Unstable banks
and bluffs shown to be supporting other critical functions for the adjacent beach and shore-

'zone might also be "off limits" to development.

A less restrictive "avoidance strategy” involves performing a thor(;ugh, site-specific
analysis of factors enhancing slope stability—and then carefully planning site development
to specifically avoid impacting those factors. Obvious examples might include: minimal
disruption (and possibly enhancement) of natural vegetation (Menashe, 1993); appropriate
management ("no net changes") of onsite surface and groundwater resources; maximum use
of soil bioengineering methods for slope stabilization (Myers, 1993); and use of "soft"
methods of shoreline armoring (Cox et al., 1993). Indeed, the goal would be to avoid any
disruption of natural processes that encourage or enhance slope stability. This approach is
appropriate to development of all coastal bank and bluff situations and would take
maximum advantage of the various slope protection methodologies ouflined in greater detail

below.
5.3 Establish Construction Setbacks

Erosional bluffs are a common feature around Puget Sound. Since they often provide dra-
matic views they are increasingly under pressure for residential development. It is im-
portant to balance the urge to build closer to the bluff crest (or even on the bluff face) to
gain befter views, against the increased risks ‘(and costs) of bluff collapse and structural
damage, as well as risks to personal and public safety. Risk reduction through
establishment of appropriate construction setbacks from the bank or bluff edge is an
obvious solution—but establishment of "appropﬁate“ setback distances can be difficult
(Canning, 1991). |

Construction setbacks are conceptually straightforward. Decide the functional life of the
structure being built; estimate bluff erosion/retreat expected over that time period; and set
the structure a safe distance behind the projected position of the retreating bluff crest. As

noted in the accompanying Fact Sheet (Shipman, 1993), however, coastal erosion tends to
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be highly episodic. Long periods of relatively minimal erosion are punctuated by unusually
heavy rainfall years when slides and slumping increase dramatically (e.g., Tubbs, 1975);
or by particularly powerful storms with high winds, waves, and tides that sharply increase
toe erosion and resulting bluff collapse. Accurate erosion estimates might thus require that
measurements be taken over a 50 or 100-year time span. One approach used successfully
elsewhere is careful comparison of recent and historic {(some early California photo series

go back nearly 70 years to 1928) vertical aerial photo sets showing coastline features.

Because of its generally more sheltered character, Puget Sound bluff erosion rates tend to
be lower ihan those recorded for open coast situations. Shipman notes that Keuler (U.S.
Geological Survey) measured maximum long-term shoreline erosion rates of over one foot
per year on the exposed west side of Whidbey Island. Other exposed feeder bluffs
retreated at rates in the 4 to 8 inches per year range. Less exposed shorelines where
erosion is less active probably retreat, on average, much less than 4 inches per year.
Indeed, Keuler (1979) cites a mean, minimum long-term erosion rate for unconsolidgted_

bluff materials in Skagit County of approximately 2 inches (5 cm) per year.

Several shoreline counties have already developed bluff setback criteria, that are reviewed
by Canning (1991). They were originally established under the authority of Zoning
Ordinances and Land Development Standards and are now being incorporated into revised
Local Shoreline Master Programs, Sensitive Areas Ordinances and the recenily enacted
Growth Management Act (cf. Ecology, 1993; PSWQA, 1994a).

Thurston County (Figure 5-1, top) will not approve development, including onsite sewage
~ disposal, within a 2:1 slope setback from the toe of a marine bluff judged to be hazardous
by Planning or Engineering staff. A waiver may be obtained if supported by the results of

special geological engineering studies and appropriate development design criteria.
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When geologists speak of coastal erosion rates, they
usually mean long-term average rates of shoreline
retreat.  When property owners speak of coastal ero-
sion rates, they usually mean the amount of bluff that
slid during the previous winter. Both of these rates are
important, and it is critical to wunderstand the
distinction.

Shoreline retreat is the rate at which the toe of the bluff
moves landward and must be documented over a long
enough period so as not to be influenced by short-term
variations. Short-term erosion typically refers to slope
failures such as landslides, slumps, or simply the
sloughing of a layer of soil and vegetation. In the case
of slope failures, it is useful o know the frequency and
the maximum extent of such an event.

Shoreline Erosion Rates

Ralph Keuler, with the US. Geological Survey,
measured long-term shoreline erosion in much of north-
em Puget Sound. The fastest rates are over 1 foot per
year at Point Partridge on the exposed west side of
Whidbey Island, but this rate is unusually high for
Puget Sound. Even on exposed feeder bluffs such as
Forbes Point near Qak Harbor, the north end of
Marrowstone Island, or Yellow Bluff on Guemes Island,
retreat rates are in the 4- to 8-inch per year range. On
less exposed shorelines, the erosion rates are often much
less than 4 inches per year.

Coastal erosion is highly episodic. Long periods during
which erosion is negligible are interrupted by short,
impressive slumps and landslides. These slope failures
are triggered by saturated soils, tree blowdown, or the

nant winds, coupled

- combination of storm
High rates of bluff retreat waves and high tides.
occur when: 60 Average eroslon rat - Although these events may-

4 Wave energy is high. l cause the top of the bank

" Long fetches in the equals 2 fect/decade \ to retreat several feet, and

direction of predomi- 40 Normal conditio: o may appear even worse

since they strip away ma-

with deep water close
to shore, allow large
waves to develop and
to reach the toe of the
bluff. "Energetic waves

8

Shoreline retreat In fest

! 4 .

ture vegetation, the jong-

can break apart rocks 0
more easily and can 1800

of the bluff, exposing
fresh material.

4 Bluff materials are weak. Many factors affect the
resistance of rock to erosion, including rock type,
fractures, and groundwater saturation. The glacial
sediments typical of Puget Sound bluffs may erode
several inches per year, whereas massive bedrock
such as that in the San Juans may erode only a
faction of an inch per year.

centuries.

4 Beaches are narrow. Beaches provide excellent
natural protection, dissipating wave energy over a
broad area and limiting the frequency with which
waves actually reach the base of the bluff.

These three conditions are most often met on classic
feeder bluffs such as Birch Point in Whatcom County,
Scatchett Head on south Whidbey Island, and Green
Point south of Gig Harbor. As one moves downdrift
within a coastal drift sector, beaches generally become
wider, and erosion rates may diminish.

rapidly remove eroded Fjgure 1. Long term erosion rates are an average of many
material from the base p.p4qiide or erosion events over a period of decades to

Landslide or term rate at the location
cmﬁlon. event may still be very slow. It
may be many decades
before that portion of the
bank slides again.
1900 2000 2100 ghoreline property owners

often accelerate erosion
rates by weakening the
bluff or causing the beach
to diminish. The former is easily done by clearing up-
land vegetation and changing bluff hydrology by mis-
directing storm runoff or placing sewage drain fields too
close to the bluff.

The latter is best done by armoring the shoreline up-
drift, effectively starving the beach of needed sediment.

There is a tendency around Puget Sound to exaggerate
the rate of long-term shoreline erosion, yet ignore the
potential for short-term bluff failure. When developing
near marine bluffs, we need to recognize that both slape
stability and chronic shoreline erosion affect the safety
of the property but that, if the geology of the site is
known and the structure is adequately set back, pro-
blems will be uniikely.

—Hugh Shipman (1993)
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Setback = 2H ,

=5
6&33 2, 3, 4, or §
plus aty area within 200
feet of a 20' high bank
{or higher).

{1, U, Uos, or Urs} slopes,

¥o development allowed
within 2:1 (hatched)

area except as determined
ag safe by a geologic
engineering study.

(May be waived upon
ingpection by Cowrty
Enginger.)

Thurston County

Top (edge) of
bluff or slope

Class 3, 4, or &

(U, Uos, or Urs) slops,
or aty cthep area
otherwise fowown ta

be potentially

wnstable, o ———m

Toe (bottom)
of bluff or
slope o,

—

&i‘*

| Setback = H/3 + 40 feet
_‘IA_

Island County

Source: Canning (1991)

Fi gure 5-1
Bluff Setback Criteria
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Istand County (Figure 5-1, bottom) requireé the County Engineer review all construction
proposed for potentially hazardous bluffs. If the Engineer determines the slope is hazard-
ous, no development is allowed within a distance of "one-third the bluff height plus forty
feet." Again, a waiver may be obtained based on the outcome of appropriate geological
engineering studies. In the cases of potential waivers based on appropriate geotechnical
studies, keep in mind the concern noted in Section 5.1.2—that not all coastal jurisdictions
maintain appropriate geotechnical specialists on staff and peer review services may need to

be contracted out.

Tefferson County (Figure 5-2) has different setback requirements for low (less than 10 feet)

versus high (greater than 10 feet) bank situations. Structures must be setback 30 feet |
inland from the Ordinary High Water line on low banks; while the high bank setback can
range from 30 to 100 feet from the bluff crest. Canning (1991) notes that these are
building setbacks rather than slope hazard setbacks and thus not subject to waivers based on
geological studies. Jefferson County also coordinates the siting of coastline septié

drainfields between the County Planning and Health Departments.

The City of Edmonds, Snohomish County, has both a Sensitive Areas Ordinance and
Building Development Codes that address steep slope and landslide hazard areas (Steve
Bullock, Community Services Dept., to Douglas Canning, Ecology, August 1993).

Edmonds Sensitive Areas Ordinance includes provisions for identifying both steep slope
(slopes over 10 feet high with inclinations greater than 30 percent) and landslide (slopes
over 15 percent; with interbedded clays; springs, or seeps, etc.) hazard areas. A buffér
width of 25 feet or more from the slope is required for "steep slopes” —and buildings must
be set back an additional 15 feet beyond the buffer edge. Development within the bﬁffer is
strictly limited to installation of drainpipes, utilities, trails, and some vegetation clearing
(requires a preapproved plan). An exception is possible for steep slopes less than 20 feet
high~provided geotechnical studies demonstrate no adverse impacts will result from

proposed development.
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Bluff height (H)
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B. HICH BANK (GREATER THAN 10 FEET) SETBACK.

{Vertical scale exagerated.)

Jefferson County -

Source: Canning (1991)
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No alteration of landslide hazard areas on slopes of less than 30 percent is permitted unless
it can be proved that: (a) development will not reduce the stability of any adjacent
property; and (b) the proposed development design will eliminate any onsite landslide

hazard,

The Development Code permits development to occur within landslide hazard areas
provided the potential risk: (a) is demonstrated to be within "acceptable limits" as defined
in the Codc; (b) that the potential risk is fully disclosed in public records for future
landowners; and (c) that all present and future risks associated with construction and
habitation are assumed by the builders and owners. The Code defines a site as unstable
and precludes single-family residential development if there is a greater than 30 percent
risk of earth movement (slope failure) within a 25 year period. Extensive geotechnical

studies are required to establish satisfactory compliance.

Additional discussion of federal, state, and local regulatory requirements that address issues
of shoreline armoring and coastal slope management in Puget Sound are addressed in the
Task 4 report of this series: Policy Alternatives for Coastal Erosion Management (McCabe
and Wellman, 1993). New and innovative regulatory strategies are discussed in the Task 7
report: Regional Approaches to Address Coastal Erosion Control Issues (McCabe and
Wellman, 1994).

5.3.1 Examples From Other States

Bfuff hazard setback programs established in other states also offer insights that may be
applicable to Puget Sound shorelines. The Southeastern Wisconsin Regional Planning
Commission (SWRPC, 1988) established model ordinances for management of development
on the bluffs that border the Great Lakes (Figure 5-3); see also Tainter, 1982; Herdendorf,
1984; Edil and Bosscher, 1988). Two different approaches to the problem of actively

evolving/retreating coastal bluffs are considered.
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In presently undeveloped areas, hazard mitigation can be planned and managed for an ex-
tended stretch of shoreline. (In Puget Sound planning on a coastal drift sector basis might
be most appropriate.) Setback requirements for new development incorporate two compo-
nents: an erosion risk distance and a minimum facility (building) setback distance (Fig-
ure 5-3, top). The former includes allowancés for predictable long-teizm bluff erosion, as
well as establishment of a more stable bluff slope angle. The facility setback provides an
additional safety factor to prevent a building being sited too close to the future bluff crest
(Edil and Bosscher, 1988).

A different "structural setback" approach is used for coastal bluffs that have already been
extensively developed (Figure 5-3, bottom). This is a site-specific approach that is in-
tended to slow beach and bluff-toe erosion through "hard” or "soft” methods of shoreline
armoring (see Cox et al., 1993 and Macdonald et al., 1993). Bluff stabilization is en-
hanced through a three-pronged appfoach that includes (a) protection against toe erosion,
(b) slope stabilization against deep slips, and (c) bluff face stabilization by proper water
management and vegetative cover. The resulting structural setback can now be narrower to
reflect (theoretically) a reduced bluff erosion risk distance (Figure 5-3, bottom; Edil and
Bosscher, 1988).

Griggé, Pepper, and Jordan (1992) proposed guidelines for assessing the stability of coastal
bluffs in California, and related setback requirements to three different levels of relative
bluff stability (Figure 5-4). They proposed that "geologic stability” must be demonstrable
for a structure for a time period of 50 years, that construction must not contribute to
instability of any cliff or beach, and must be consistent with all other coastal zone planning
policies. Further definition of their proposed stability categories is presented in Figure 5-4.
Application to Puget Sound would obviously require assessment of regional/local bluff and

bank retreat rates (see Fact Sheet).
Two reports from North Carolina (Henderson and Owens, 1983; Watts, 1987), while

covering very different coastal regimes from those of Puget Sound, also offer useful

background information.
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Coastal Erosion Guideiines for Geologic Stabitity

Al developments within the immediate beach-coastal bluff area
must demonstrate geologic stability of the structure for a 50-
year period, must not contribute to instability of any cliff or
beach, and must be consistent with other planning policies in
the coastal zone. ‘

The following definitions of coastal stability shall apply:

High stability areas (1} less than 1 foot per year historic cliff
' retreat, :
{2) inherently stable cliff material, and
(3) not dependent upon a beach for its
stability,

in high stability areas, any deveiopment proposed within the
area from the toe of the biuff to 2 point on top of the bluff at
a 1:1145") slope from the toe must demonstrate stability as
defined above {with a geologic engineering report).

Moderate stability areas (1) less than 1 foot per year historic
' cliff retreat,
{2} inherently unstable ¢liff materiai,
and
{3} may be dependent upon a front-
ing beach for stability.

in moderate stability areas, any proposed development within
the area of 2:1 {30°) slope from the toe to the top of the bluff
must demonstrate stability as defined above.

Low stability areas {1} greater than 1 foot per year historic
clitf retreat, or
{2) tandslides or other inherently unstable
material {such as beach sand or active
dunes).

In low stability areas, any proposed development must be ex-
cluded from the area of 1:1 {45°) slope from toe to top of
bluff, and-from the area of active movement, and stability must
be demonstrated for a 50 year economic life within the remain-
ing area of 2:1 (30"} slope.

Source: Griggs, Pepper and Jordan (1992}
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5.3.2 Broadening Our Perspective

It will be noted that the emphasis of most examples cited above is towards georechnical
issues, the principal focus presumably being to avoid unnecessary property losses due to
predictable long-term bluff retreat. This may be too narrow of a focus to adequately pro-
tect Puget Sound’s coastal banks and bluffs. Other sections of this and related repbrts
(Macdonald et al., 1993; Thom et al., 1994) have stressed that bluff erosion is a natural
and desirable process that plays a critical role in the overall health and maiﬁtenance of
Puget Sound coastal ecosystems. The importance of numbers of "landscape linkages” —
processes that tie together marine and terrestrial ecosystefns—has also been.noted. Eroding
bluffs provide a majority of sediment for Puget Sound beaches, which then in turn protect

shorelines from wave erosion (Downing, 1983).

Construction setbacks around Puget Sound need to incorporate a broader perspective of
coastal bank/bluff processes and values. Generic setbacks need to be tailored to site-
specific conditions; for example, the geology and stratigraphy of local slopes, natural
stability of slope material, prior local experience with landsliding, local long-term bluff
erosion/retreat rates, unique local site features, and the potential life of the proposed struc-

tures, should all be reviewed in establishing site-specific setback requirements.

The potential impacts of proposed bluff development on regional fish and wildlife re-
sources, public recreational and aesthetic values, public health and safety concerns, as well
as regional publicly-supported hazard insurance costs, should all be rolled into construction

-setback considerations.

Recognition that "shore protection” methods have rarely considered the full range of
functions of the natural shoreline and need to be broadened to encompass an "ecosystem
approach” is gaining ground. A workshop entitled, An Ecosystem Approach to Shoreline
Treatment, held in November 1993 by the Canadian Center for Inland Waters (Nairn,
1994), focused on
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"understanding that any shoreline treatment must function as a component of the shoreline

ecosystem, not as a single purpose one-time solution to a problem. "
To further quote Nairn (1954):

"An ecosystem approach will enable us to guard agaihst unwanted effects and achieve a
'greater range of benefits in the future, hopefully leading to a future shoreline which is no

less productive than the original undeveloped shoreline.”

More detailed understanding of the true complexity of and interactions among shoreline
processes, such as recently detailed by Kreutzwiser and Gabriel (1993; see also Bauer,
1991; CCCPTF, 1993), will go a long way to supporting such broader "ecosystem

approaches” to shoreline armoring and slope stabilization treatments.
5.4 Establish Blufftop Construction Requirements

In addition to establishing construction setbacks for the major building or residence planned
for a shoreline bank or bluff, other special blufftop construction requirements may also be
appropriate. Examples include, minimizing blufftop fill (surcharging/toploading), requiring
setbacks for swimming pools and septic drainfields, and checking the site’s potential for
drainfield/soil saturation problems.

'Typically, a generic requirement for increasing stability of slopes is to minimize fill place-
ment, and thus decrease the loading on the slope. While this is a recommended procedure
for soil slopes, the impact on slopes underlain by bedrock, may be insignificant—depending
on the type of bedrock, the orientation of fractures and controlling structural features, and
the depth and character of the rock surface. This information can be obtained by working
with a professional geologist who is familiar with both the local geology and the problems

~ that can result from the type of material underlying the site.

Construction setbacks may be appropriate for extensive paved surfaces, septic drainfields,

or swimming pools located near the edge of a slope. Each of these examples share the
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possible concern that increased surface or subsurface drainage might weaken the adjacent
slope—depending, of course, upon local, site-specific geological conditions. In the case of
a large pool located near the edge of a slope, the added weight of the structure (toploading

again) as well as accidental drainage, could be of concern.

Different criteria would be appropriate for slopes underlain by lower strength sands or
clay, versus higher strength material such as till or bedrock. For construction setbacks to
be site specific, knowledge of the underlying cause of the stability, as well as the failure
mode is required.' A geologic reconnaissance takes these natural features into account

when evaluating a site.

. A sanitarian will locate septic drainfields a required distance above the seasonal high
groundwater table or recommend alternative systems, but may not be aware of the effects
of the additional saturation on the stability of the adjacent bluff slope. Because drainfields
add water to the slope, the drainfields should be located such that they would not nega-
tively impact the natural slope drainage or increase discharge in areas that are marginally
stable. Similzirly, leakage from swimming or landscape pools can also negatively impact
the slopes. Large, quantities of water that can abruptly leak from failed pools can be the

cause of sudden slope failure.
5.5 Management of Existing Vegetation

Removal of vegetation often accompanies development of a shoreline bluff to take advan-
tage of the view. In most cases, this action is deleterious to the stability of the bluff be-
cause the roots of the trees not only remove water, but also contribute to the stability of the
upper few feet of soil by the binding stxengih of the roots. Older trees susceptible to decay
and rot, and prone to windfall, loosen the upper soil léyér tﬁrough the movement of the
tree with wind action and allow soil féil to occur downsiope.. Consequently, it may be
advantageous to remove these trees. If the stumps are left in the ground, certain species of
deciduous trees aggressively re-sprout using the existing root system and cutting them back

can have minimal effects on the stability of the slop (Urban Forestry Services, 1992). An
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arborist should be consulted—prior to cutting or pruning trees—regarding the existing
vegetation and the long term effects on the slope with respect to the binding action of the

TOOtS.

Vegetation Management: A Guide for Puget Sound Property Owners (Menashe, 1993),
recently published by' Ecology’s Shorelands and Coastal Zone Management program, is an
excellent resource on regional shoreline vegetation management. Using a well-illustrated
and easy-to-follow format, Menashe first describes Puget Sound’s shoreline environments
and the vegetation typical -of regional coastal bluffs. He outlines factors to be considered
before any trees are removed and describes both the potential consequences of—and the
alternatives to—tree removal. A discussion of tree topping identifies the much greater
benefits of alternative pruning practices, and Menashe concludes by outlining some local

landscaping solutions to potential bluff erosion problems.

Vegetation on the bluff crest forms a protective buffer for the bluff face. A bluff-crest
greenbelt keeps traffic (logging, agricuitural equipment) away from the edge of the bluff
and retards runoff. If the bluff edge is presently cleared, it can be left undisturbed to allow
natural establishment of vegetation or planted to speed up to the process (Tainter, 1982).

Clearly, a major reason for living on the

banks and bluffs surrounding Puget

\\\’W Sound is to take advantage of the views.

\\“ oy ;\“'."‘ P = ) . . . )
’2”4‘\{&?@{ A/ While clear-cutting trees to improve

I

views is a common practice, it carries
the risk of significantly increasing slope
stability problems (See Section 4.4). A

practical alternative is to use vegetation

in creative ways to enhance desirable

KE%RD R\Jl’*ﬁ)é’f’& AgF% < views while screening out undesirable
' E’gsg%ﬂsfcér To 5,‘_'\”“?“(: sights. Thought should also be given to

Tainter (1992)
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how others may view the property, from either the beach, or offshore (Figure 5-5);
Tainter, 1982). ' |

In reviewing possible tree removal, Menashe (1993) indicates that the following factors

should be considered;

. Dominant trees, larger and usuaily older than those around them, are likely to have
better developed, stronger root systems and thus have a greater stabilizing

influence.

. Minimize removal. -To quote Menashe (1993), "The valve of a healthy, strong tree

on a slope or bluff far outweighs its value as lumber or firewood.”

. Do not remove trees on slopes until after construction is complete —maybe they can

stay. Use an accredited tree service familiar with updated tree care practices.
. Consider the species, age, and health of individual trees before removal. A red
alder, for example, lives around 70 years, while a Pacific madrone can live beyond

200 years.

. Closely spaced trees should be cut or thinned with care. They may shave inter-

dependant root systems or gain mutual support against wind damage (windthrow).

. Cutting trees may also result in view blockage from more vigorous growth of
understory shrubs and bushes (Menashe, 1993).

. Carefully assess the specific roles of vegetation in enhancing slope stability at the

site being developed.
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Source: Tainter (1982)
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o Beware of recommendations that tree removal for site development is "routine.” As
Menashe (1993) notes, "...the overwhelming conclusion is, that in the vast majority

of cases, vegetation (especially well-rooted, mature trees) helps to stabilize a slope.”

. Consider how the tree or shrub species being cut will respond. For example, most

conifers will not resprout, but willow, red alder, bigleaf and vine maple often do.

. If trees must be removed, try to leave the stumps undisturbed. Their root systems
will offer some slope stability and erosion benefits while new replacement growth is

developing.

As with tree removal, tree topping is strongly discouraged. Despite common arguments
promoting topping—it reduces height, protects views, decreases wind resistance—it has
been clearly demonstrated to be a poor, shortsighted, and damaging practice (Menashe,
1993). Several practical tree trimming practices are available as successful alternatives to

both tree removal and topping. Some of these are illustrated in Figure 5-6.

Menashe (1993) also addresses a variety of other issues relating to shoreline vegetation

management:

. The values and limitations of lawns-shallow rooting limits erosion control value
(good groundcover for septic drainfields); becomes saturated easily, resulting in

ponding or runoff.
. The importance of using deep-rooted groundcovers near the crests of slopes (e.g.,
salal, Oregon grape, wild rose, etc.), to better reduce surface water runoff and thus
soil erosion. '
. Avoiding construction damage during development—soil compaction, burial or

exposure of tree roots, mechanical injury of trees by heavy equipment.
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e Removal of cleared plant debris—by chipping, nor pushing it over the bluff!

» _ Identifying and avoiding potential conflicts between maintenance requiréments for
native vegetation versus introduced landscaping. A mature Pacific madrone, for
example, can be killed by root disturbance and summer wateﬁngmyet tilling and

watering may be common requirements for surrounding flowerbeds.

. The value of snmags—dead, standing trees; big ones can persist for years, offering

critical perching and nesting sites for a wide variety of birds and wildlife.

This section has stressed the benefits of protecting and maintaining native vegetation that is
already present on a potential bluff development site. Vegetation can also be installed
"proactively” using techniques that reduce erosion and increase slope stability. Some of
these "soil biocengineering" or "biotechnical engineering” approaches are described in Sec-
tion 5.8.

Presently, there is no clear regional policy for protection and management of native vegeta-
tion on the banks and bluffs surrounding Puget Sound. There is local precedent for using
"Clearing and Grading Codes," or "Tree Protection Ordinances," to encourage appropriate

vegetation management strategies (Canning, 1991; Johnson and Stypula, 1993).
5.6 Surface Runoff Control

Minimizing surface runoff at a development site, particularly over the crest and down the
face of a bank or bluff, will reduce surface erosion and help maintain slope stability.
Temporary measures for use during actual site construction, as well as measures that pro-
mote more permanent, long-term runoff control are both important. Basic approaches
include source reduction, enhancing infiltration, and the diversion, collection, and con-

trolled removal of surface runoff.
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The most useful regional reference outlining surface runoff controls is Ecology’s, Storm-
water Management Manual for the Puget Sound Basin (The Technical Manual), published
in February 1992. Additional useful sources include, Bluff Slumping and Stability, a Con-
sumer’s Guide (Tainter 1982), and Guide to Lake Erie Bluff Stabilization (Herdendorf
1984)—both of which deal with glacial till bluffs around the Great Lakes. Local clearing
and grading ordinances, requirements for site grading and sediment control plans, and Best
Management Practices (BMPs) for construction sites, are also likely to address some of

these issues.
5.6.1 Source Reduction

Clearly rainfall can’t be stopped—although layered vegetation consisting of trees, shrubs,
and groundcover can reduce the amount of rainfall that actually reaches the ground.
Rather, the concept here is to minimize all additional sources of surface water that might

contribute to runoff.

The most obvious example is the addition of water (irrigation) for landscaping purposes,
either by hand or with automated sprinkler systems. While automated systems may be
- "convenient" for the homeowner they should be monitored to preclude unnecessary water-
ing in wet weather or when the ground is already saturated. Pressure washing driveways,
the roof or house-siding, hosing off a deck, draining a hot tub; spa, or swimming pool,
even washing the car, are all activities that potentially can contribute to increased surface

runoff.

A very common but less obvious potential source of added surface water runoff comes
from rainfall landing on any impervious surface. Roadways, driveways, parking areas,
patios, decks, Toofs of houses or other buildings, areas lacking vegetation ~especially if the
soils are compacted or have low permeability —are all sites where rainfall can runoff into

adjacent areas potentially increasing surface erosion and sediment transport.
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5.6.2 Enhancing Infiltration

Surface runoff can be dealt with in two different ways. The first is to slow it down.
Reducing the velocity of the flow diminishes its capacity for soil erosion, allows sediment
pafticles being carried in the flow to &rop out, and may provide a better opportunity for
' infiltration and percolation into the'groun'd. The second approach is to collect the runoff

and drain it away in the manner that has the least potential for further harm.

More efficient infiltration offers both benefits and risks. The reduction in runoff slows
surface erosion. Rills and gullies are less likely to form on shoreline slopes and less sedi-
ment and organic material will be washed downslope. As surface water percolates into the
ground, however, some of it may contribute to soil saturation (reducing slope stability),
‘some may be removed by piémt transpiration (increasing slope stability) and some may join

the groundwater —another potential source of slope stability problems.

Clearly, the most effective long-term solution to slowing runoff and encouraging infiltration
is development of a dense, continuous groundcover of vegetation. Menashe (1993) notes
that grasses and lawns can be effective on upland sites—provided they slope away from
(and thus drain away from) the bluff crest. On the crests of banks and bluffs and in down-
slope situations deeper-rooted groundcovers like salal, Oregon grape, wild rose, trailing
blackberry, kinnikinnick, or other low-growing plants, are recommended. Development of
a multilayered vegetation structure with shrubs and trees, as well as groundcovers, is likely

to increase slope Stability.

Alternative methods are available for temporary use during site development when vegeta-
tion is being cleared and soils left exposed to rainfall. Methods available to reduce runoff
velocity and encourage infiltration here include the use of mulches, temporary seeding, and
erosion blankets (nets and mats), as well as more mechanical approaches such as surface
roughening, grooving, and stair stepping of cut slopes. Some of these approaches are
illustrated in Figure 5-7 and detailed descriptions are provided in the Technical Manual
(Fcology, 1992; see also Johnson and Stypula, 1993).
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Mulching —preferable with organic mulch materials such as straw, wood chips, bark and
wood fiber —provides instant protection to exposed soils. A surface mulch is recognized as
one of the most effective means of controlling runoff and erosion on disturbed land. It can
increase the infiltration rate, reduce soil moisture loss from evaporation, prevent crusting
or sealing of the soil surface, modify soil temperatures, hold fertilizer, ‘seed, and topsoil in
place, and provide a suitable microclimate for seed germination (Ecology, 1992,
BMP E1.15%). Unlike plastic sheeting, an organic mulch need not be removed for vegeta-

tion can grow right through it.

Nets and mats (typically made of plant fibers such as jute or coconut; Figure 5-7) may be
used alone or in connection with organic mulches (i.e., erosion blankets), where soils are
highly erodible, on slopes up to 50 percent, and along the banks of waterways. correct
orientation of the netting and secure anchoring to the underlying soil are both important

considerations (Ecology, 1992).

A smooth, graded soil surface tends to "crust” or harden up. Infiltration is reduced, vege-
tation hard to establish, and the potential for damaging runoff and soil erosion increases.
A variety of surface rdughening techniques can reduce these potential problems and are
especially applicable on newly graded slopes (Ecology, 1992, BMP E2.35/40). Figure 5-7
jllustrates gradient terraces and stair-step grading of cut slopes. Other methods include
grooving, furrowing, and tracking (with bulldozer treads)—but the potential for
unnecessary soil compaction from heavy eqﬁipment must be considered. Surface roughen-

ing offers only temporary benefits and seeding should be accomplished at the earliest
opportunity.

5.6.3 Diversion, Collection, and Removal of Surface Runoff

Source reduction and infiltration enhancement provide solutions to runoff concerns that

depend respectively on avoidance of the problem, and taking advantage of natural

’BMP E1.15—Refers to specific Best Management Practices described in the Stormwater Management Manual
for Puget Sound Basin (Ecology, 1992).
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envirbnmental processes. This third approach provides engineering/construction solutions
to surface runoff control. The goal is to identify and collect together as many sources of
surface runoff as possible from across a development site. Depending on specific site char-
acteristics it may be appropriate to grade shallow drainage swales or install low interceptor
dikes (e.g., Ecology, 1992, BMP E3.35) to channel sheet flow and surface runoff into a
diversion channel or small holding pond {sediment trap). Once in the channel or pond,
runoff would be carried via an inlet structure and closed "tightline” drain pipe from the top
to the bottom of the shoreline bank or bluff (Figure 5-8; Herdendorf, 1984). - The tightline
drain can run down the surface of the bluff or be buried in a trench. (Be sure the trench
- itself does not become a drain or erosional gulley!) The purpose, of course, is to get the

runoff to the beach without causing any erosion down the bluff face.

- The upslope inlet structure allows excess water to drain, while trapping any sediment that
has settled out in the diversion channel or pond. This reduces runoff-related turbidity
problems. The drain outlet at the bottom of the bluff also needs to be designed to reduce
outflow velocity and minimize beach erosion (Figure 5-7, bottom; Ecology, 1992, BMP

E2.25). Discharge across a pile of rocks or cobbles may be appropriate.

Clearly, this type of engineering solution requires careful planning and is likely to be more
expensive than the previous alternatives. Drainage swales, diversion channels, or ponds
must all be sited carefully to avoid adding undesirable weight close to the bluff crest (i.e.,
surcharging). The diversion channel and temporary storage ponds should be lined with
impermeable material (clay layer or plastic liner) to preclude infiltration. The purpose,
remember, is to get as much surface runoff offsite as possible while avoiding both overland

flow (and surface erosion) and infiltration (which adds to groundwater concerns).

Alternative approaches to that just described might be to collect runoff from all impervious
surfaces and drain it in a direction completely away from the shoreline bank or bluff
slopes—or drain it into the local storm water sewer system. The availability and/or appro-

priateness of these solutions will depend on the site location and local regulatory policies.
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In addition to development-related runoff, natural surface water, seeps, or springs that
occur onsite can be collected in shallow interceptor trenches and diverted from the hiliside

by piping to a point below the slope.

The key to a successful drainage plan is one that will continue to work _with_ minimal main-
tenance. Often pipes are placed on slopes that expcrience a slow failure or soil creep,
which can displace and break the pipe. This can add more water to the slope and to criti-
cal stratigraphic units, compounding the problem rather than rehevmg it. Drainage pipes
should be periodically checked, especmﬁy on slopes after penods of mtense rainfall to see
that they are operaung as deszgned :

5.7 _Grcuf;dsvater Drainage Systems

It is more difficult to adequately control groundwater. Frequently, high groundwater levels
are a result of interbedded and erratic sand lenses which can occasionally be intersected
and pumped with wells or drains. But because of the fine nature of the soils which can
. surround the sand lenses, it can be difficult to intersect and effectively lower the water
levels. Often, the source of groundwater recharge at the site comes from an area at a
distance from the site and, as a result, it is hard to :reguléite the amount that is present at
the site. Key approaches here include groundWater source reduction and the installation of

different forms of subsurface drainage systems.
5.7.1 Source Reduction

Source reduction is a very significant component of controlling gfoundwater concerns for
many coastal banks and bluffs. Capturing surface runoff from impervious areas and
removing it before it infiltrates into the ground can reduce potentlal groundwater sources.
The use and location of septic systems and sepnc drainfields also deserves particularly

careful attenfion.
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Canning (1991) notes that residential onsite sewage disposal systems can inject 40 to
100 gallons per person per day into the ground through the drain (leaching) field. If
underlying strata or impervious horizons slope towards the shore then this additional source
of groundwater can increase soil saturation at the bank or bluff face and increase
landsliding hazards. As noted in Section 5.4, a qualified sanitarian sh(;uld be consulted to
help locate the new septic drainfield. An understanding of local stratigraphy and
subsurface drainage patterns is critical, and recommended or required setbacks from the

bluff crest may also be appropriate.

Once a;gain source reduction is important. While installation of a drainfield may be
unavoidable, its use can be minimized. More thought needs to be given throughout the
Puget Sound coastal region to requiring installation of "water saver" toilets, with low flush
volume requirements (Johnson and Stypula, 1993). Septic holding tanks with pump-out
facilities may be preferable to drainfields in some locations, and use of totally self-
contained "composting toilets" that have no drainfield, holding tank, nor chemical
requirements deserves greater consideration. While these applications are not preéentiy
common they offer regional water-saving benefits, can reduce groundwater/soil saturation
concerns, and could redlice nearshore pollution of shellfish beds that typically results in
part, from poorly installed or inadequately maintained shoreline septic systems (Dunagan,
1991; PSWQA, 1992; Sargeant, 1993; PSWQA, 1994b).

5.7.2 Subsurface Drains

References cited for Section 5.6-~Ecélogy (1992), Tainter (1982), and Herdendorf (1984)—
also provide guidance for groundwater drainage systems. Additional details are included in
- A Lake Michigan Shoreline Erosion Management Plan for Northern Milwaukee County,

Wisconsin (SEWRPG, 1988).

Subsurface drains provide a dewatering mechanism for draining excessively wet, sloping

soils. A perférated conduit of pipe, tubing or ftile is installed beneath the ground to
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intercept the groundwater and carry it away. The soil must be relatively deep and

permeable for the system to be effective.

Relief drains are used to lower the water table (to improve vegetation growth, for
example) or remove surface water. They are installed along a slope and drain in the
direction of the slope. Typical installation patterns are shown at the top of Figure 5-9
(Ecology, 1992, BMP E2.30).

Interceptor drains are used to remove water as it seeps down a slope, thus reducing soil
saturation and the associated risk of slippage. Here, the installation typically consists of a

single underground perforated pipe that cuts across the slope and drains to the side of the -

. slope. Figure 5-9 shows an installation cross section. The pipe is surrounded by gravel

and wrapped in filter fabric to prevent infiltration and clogging of the drain with fine
sediments. Figute 5-9 (bottom) illustrates how a successful interceptor drain modifies the
local groundwater table. Given the regional groundwater/landsliding relationships
documented by Tubbs (1975), lowering of the groundwater table should result in increased
slope stability. ‘ |

As with surface drains, itis very important that the outlet of a subsurface drain empty into
a sediment trap or pond. If the flow is free of sediment it can be discharged into a
receiving channel, drainage swale, or stable well-vegetated area adequately protected from
surface erosion (Ecology, 1992, BMP Ei.30). If appropriate, discharge could again be
"tightlined" to the toe of the bank or bluff, for release over a pile of rock or cobbles, and
across the beach. Subsurface drains need to be maintained to be sure they are free-
flowing. - Tree roots can be a problem for subsurface drains and buried pipes must be

adequately protected if crossed by heavy vehicles.

Figure 5-10 (SEWRFC, 1988) illustrates three variations of groundwater drainage systems
that may be appropriate for dewatering coastal banks and bluffs. The inverted triangle in
each diagram indicates the location of the groundwater table. The horizontal drainage

system (top) is operating as a relief drain; while the vertical well drainage system (center)
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and trench drains (bottom) are each modifications of interceptor drains. Finally, Figure
5-11 (Herdendorf, 1984) illustrates a conceptual bluff drainage system, also from the Great
Lakes, that incorporates both vertical well and horizontal drainage systems—and as in
Figure 5-8 carries the outflow to the toe of the bluff for discharge. .Additional design
details are presented in Herdendorf (1984). | —

It is important to remember with ail the surface and subsurface drainage systems described
above (Sections 5.6 and 5.7) that individual site conditions will dictate specific solutions.
The specifics of drainage design must also be adequate to handle "design storm" runoff and
infiltration characteristics given the size, slopes, and cover types of the site. Professional

advice should be sought before installing such systems (Tainter, 1982).
5.8 Biotechnical Slope Protection

Slope stabilization has been traditionally viewed as an "engineering problem" and a
common first response is to recommend building something —preferable something big and
heavy. The sheer mass and strength of a reinforced concrete wall, cantilevered pilings, or
a sheetpile bulkhead may certainly do the job, and in some situations, may represent the
only viable solution. This is the "brute force" approach to overcoming natural slope
processes, however, and it tends to be expensive, may require heavy equipment access, and

is visually intrusive—especially in a natural forested bluff or shoreline setting.

Biotechnical slope protection (Gray and Leiser, 1982) offers a range of poorly known
but increasingly popular alternatives in which vegetation is used to provide slope
reinforcement and barriers to soil movement. Here, the key is to understand and take
advantage (i.e., leverage) natural slope processes rather than overcome them by brute
force. A broad range of biotechnical slope protection methods is available (Table 5-1).
Some rely solely on the use of vegetation (soil bioengineering; Myers, 1993), while others
combine the soil reinforcement and buttressing qualities of vegetation with other slope

stability structures (biotechnical engineering; Myers, 1993). Conventional structures—the
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Table 5-1
Approaches to Biotechnical Slope Protection

STABILIZING MECHANISM

CATEGORY EXAMPLES AFPROPRIATE USES - OR ROLE OF VEGETATION
Live —Grass seeding —Control of surficial rain- T bind & restrain soil particles
construction fall & wind erosion - To filter soil from runoff
: —Transplants ~To intercept taindrops
Conventional plantings - To minimize frost effects —To maintain infiltration
. —To change thermal character of -
ground surface
Woody plants used «wLive staking —Control of surficial Szame as above, but also to rein-
as reinforcement & —Contour-wattling rainfall erosion | force soil & resist downslope
as barriers to soil ~Brush-layering {rilling & guilying) mavement of earth masses by
movement —~Reed-trench-terracing —Cantrol of shallow buttressing & soil arching
§ «Brush mats (transiational) mass action, :
‘g movement
§ Woody plants grown —Vegetated reverments ~~Control of shallow mass —To reinforee & indurate soil or
- in interstices of low, (riprap, grids, gabion movements & resistance fill behind structure into
2. pOTOUS StIuctires or mats, blocks) to low~mod, earth forces monolithic mass.
= benches of tiered ‘
structures ~Vegetaled retaining wails ~Improvement of appearance «~To deplete & remove moisture
(open cribs, gabions, & performance of struc- from soil or fill behind struc-~
stepped-back walls, & tures ture.
welded-wire walls)
Toe walls at foot of Low, breast walls (stone, Control of erosion on cut Td stop or prevent erosion on
slope used in conjunc- masonry, etc.} with vege- & fill slopes subject 1o slope face above retaining wall
tion w/ plantings on tated slope above (grasses undermining at the toe ;
the face and shrubs)
Inert —Qravity walls —Control of deep-seated mass- Mainly decorative role
Construction ~Cantilever walls movement & restraint of
~Pile walls ‘ high lat. earth forces
Conventional structures —Reinforced earth —Retention of toxic or
walls agpressive fills & soil

Source: Gray and Leiser {1982)
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brute force solutions, discussed in Section 5.9 —may also use vegetation, but solely in a

decorative role.

There are an increasing number of excellent sources available— several of them focused
specifically on the Puget Sound region —that provzde descriptions of biotechnical slope
protection methods. These references typically outline detailed planning and installation
procedures, list plant species (preferably native plants) appropriate to the different methods,
and include photo sequences of before-during-after field installation. The following
references are particularly useful: Biotechnical Slope Protection and Erosion Control (Gray
and Leiser, 1982); Slope Stabilization and Erosion Control Using Vegetation; A Manual of
Practice for Coastal Property Owners (Myers, 1993); Guidelines for Bank Stabilization
Projects in the Riverine Environments of King County (Johnson and Stypula, 1993); and
' Soil Bioengineering for Upland Slope Protection and Erosion Reduction (Soil Conservation
Service, 1992). '

This section of the report, rather than repeating the excellent material available in these
references, briefly outlines the most éommonly used slope stabilization planting techniques
and provides typical illustrations of each method. The reader is referred back to the
original references for more specific installation and performance details. The methods
outlined include: seeding,. container or bare root plantings, live staking, contour wattling,
reed trench terracing, and contour brush layering. Myers (1993) provides a table,
“reproduced here as Figure 5-12, summarizing the general -applicability
(advantages/disadvantages) of most of these methods.

Myers’ (1993) introductory discussion reinforces the value of maintaining native vegetation
onsite; leaving a dense, protective greenbelt along the crest of the bluff; and carefully
planning the specific location of a bluff- or bank-site residence. He recommends separate
planting approaches be used for the crest (strengthen soils, reduce erosion), face (resist
shallow sliding and manage surface runoff), and toe (resist downslope soil movements, wet
soils, some saltwater spray) of a slope, and provides an extensive plant selection guide for

Puget Sound sites.
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GENERAL APPLICABILITY
ADVANTAGES/ _— ‘ :
SEEDING CONTAINER LIVE CONTOU B
DISADVANTAGES (MIXED SPECIES) BARE ROOT STAKING Wgﬁftﬂzé ugg::}:le
Rainfall Eroslon: Follage
intercapts ralndrops g . ® L . L o
Runoff Eroslon Gontrol: Roots
bind surfaca soll patticles ‘ L ® e L L
Wind Eroslon Control; Plants
raduce wind exposure ® ® ® ¢ ¢
Frost Actlon Eroston Control: -
Roots restrain soll movement L L o ® ®
St StabHization: Relnforce soll
& resists shatlow seated landsliding L4 ® ® L J
Slope Stabilization:
Fiants help dewater slope . *® L ®
Aunoff Erosion Control: Plants
filter soil particles from runoff ® L L
immediate Erosfon Y
Control/Siope Stabilization
SImo Stablilzation: Resistance
to deep seatad landshding
Low Initial maintenance ®
Low fong-term maintenance . . ® ® 9
Low Impact construction . @ ® ® ¢
Plants prevant slope undercutting
by waves
Relative low-cost construction ® ® ] o ®
Plants combine with other
structuraf foatures ® ® L ) Y
Aosthetic/wlidiife benefits ® ® ® ®
Source: Myers Biodynamics (1993}
Figure 5-12
Applicability of
Planting Techniques
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Seeding

The application of grass, forb, and woody plant seeds to slope areas—by hand-broadcasting
seed mixes, placing seeds in individual holes, or hydroseeding —creates a shallow, fiberous
rooting zone that effectively binds near-surface soils against surface runoff and wind
erosion. The use of fertilizers, mulches, and matting (Section 5.6.2) may all be
appropﬁate._ ' o

Container or Bare Root Plantings

Use of nursery-grown container or bare root plantmgs, installed in holes excavated on the
bank/bluff crest or face, achieves faster rooting results than seeding. Plant material is best
installed in the fall or spring. Myers (1993) suggests _pla_ntmg closely-—spaced' groups of
mixed species. This way, a variety of difference rooting structures is developed and the
species best adapted to the particular planting micrf)habitat will become dominant.

© Watering can be a problem during plant establishment and mulching can be beneficial.
Live Staking

Live staking (Figure 5-13) involves cutting lengths of live woody plant branches (2-3 feet
long, 0.5-1.5 inches diameter) and installing them into a slopé face. The plant material is
both cut and installed in the fall or spring, when dormant. Live stakes should be placed in |
predrilled holes a little smaller than the stake diameter. Myers (1993) suggests planting in
a diamond pattern across the slope so that consecutive rows of live stakes are offset from
one another. Hardy speéies that root easily and grow into mature woody shrubs are
preferred (see Myers, 1993). Stake sources are plentlful and inexpensive, but it takes time
for the stakes to root and grow sufficiently to offer slope stablhty and protection agamst

erosion.
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Figure. 5-13
Live Stake Installation
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Contour Wattling

Contour wattling (also referred to as live wattling or live fascine installation) involves
bundling together a group of long, live branches. Cut and uncut ends 'a:re alternated to
create a bundle—often of mixed species or spécies sources—6 to 10 inches in diameter, 4
to 8 feet long, and tied with twine at 12 to 15 inch intervals (Figures 5-14 and 5-15).

These wattles or fascines are then installed in shallow trenches cut parallel with the
contours across a sloping bank or bluff face. Wooden stakes and live stakes are used to
anchor the wattles in place, and the trench is backfilled with moist soil (Figure 5-15). A
small amount of the wattle material (20 percent) should remain above the soil after

installation.

The end result, show immediately after installation in Figure 5-16, creates a series of steps
or ridges that parallel the slope contours, helping to intercept both surface runoff (and

sediment) and route it laterally before it causes problems.

Myers (1993) notes that willow, red-osier dogwood, and snowberry are local, woody plants
particularly suited to contour wattling. The method is rather slow and time consuming,
requires considerable plant matérial, and may initially require additional watering to get the
plants started. As both the wattle material and live stakes take root and grow, this method

provides good erosion control.
Reed-Trench Terracing

Reed-trench terracing (Figure 5-15) involves burying bundles of reeds in the bottom of a
narrow trench, dug across a slope and supported by a downslope retaining board. It is
most commonly used to stabilize sandy banks and bluffs. The effect is to create a series of
shallow benches or terraces that stop sandfall and allow the establishment of more

permanent slope-holding vegetation.
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Figure 5-14
Live Wattling (Fascine)
Installation

5-45



SUDEIIA], YOULL-PIdY pue SUIfIIBA IAT]
. $1- 2Bl

‘ ‘weibep ayl u
AlfeoieLIsL0s UMOUS st suoliesado jo eousnbesg

. “PUES S198W POOM BIaUM
ainoun| J& a4 p|NCYS Spoal JO SSBW-{0-191us)

‘spieog Buiuieial puiyag Bnp ssysuail molieu ul peoejd
a.e spaoy 'Buiorus) Yousil-peeal Jo weibelp Aemeing

sposy jo
1UB WAL}

\\ .._o‘cﬁ&_. |

B 2NN

pioog
Suiuoiey

~  {z96}) J9sia] pue ARlL) 190N0S

"2inpedoid uofejelsul pue Buliiem jo uopeiedaid”

g daig ybnosys (dais
woJ} $peedsoid puo

i} 20 INO jo wooq
JO SHDIS WIOM 3LON

_ Kuray
dw} *[os Yim
Buliom 10000 'S

sapung Mojoq P
yBNOsY} SIS PPV b

goco.._. uj
sojpung 9990|d ¢

sojpung 30 O 2/1
93OS 9AOGD YOURAL 2

ANOJU0D
UO OIS 1

'po110j0id 01D JOOU

YoM sepeds 90 cI-21 pel “oip O1-8
‘BuiiousslD SHNG YIM ySRIg 8Al] JO
soppung pedoys-iobid BulllIom eipdaid

5-46 .




Newly recontoured slope stabilized by contour wattling, Redwood National Park, California

iser {1982)

Gray and Le

Source
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The buried reeds perform both mechanical and organic functions. They prevent sand
washing out below the bottom of the retaining boards and they absorb and retain water.
This reduces erosion and gullying while at the same time providing a source of _moisture

and soil aeration to support new plant growth' (Gray and Leiser, 1982).

| Common' reed grass (Phragmites communis) is primariiy an East'Coast species, although it
occurs as an exotlc m Washington. Other specws such as cattalls mxght servo a similar
: purpose if not taken from a protected wetiand 31te ' o

Contour Brush Layenng L

: Brush layenng (Flgure 5 17) mvolves mstaihng a contmuous layer or band of live plant

" material (e1ther cut green branches or live saplmgs) across a senes of contoured terraces or

trenches dug on'a slope face. Unhke wattimg where the plant matenal is installed parallel
with the slope face, in brush layenng, the live plant material protrudes at a nght angle
from the slope. The brush layers, in effect, act as fences to capture debris that would
otherwise move downslope. Myers (1993) notes that this technique can be highly
disruptive of natural slopes and is best used in situations where coastal slopes are already
highly disturbed or badly eroded. With some modification, the brush layering approach
can also be used to restore highly eroded gully areas (Gray and Leiser, 1982).

It should be noted with regard to all of the biotechnical slope protection approaches
described above, that they work best on slopes of up to about 33 degrees (1.5:1).
Vegetation is difficult to establish on slopes that are steeper than this without also
employing other slope reinforcement techniques (Gray and Leiser, 1982). Examples of

these more conventional construction techniques are described in Section 5.9.
5.9 Conventional Structures

Prior to discussing conventional structures for slope stabilization, it is important to review

the processes that affect the stability of coastal bluffs. Recognition of these processes and
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how they impact the slope will alert the property owner to the most appropriate methods
for slope stabilization. The three processes and the engineering solutions are shown sche-
matically in Figure 5-18. Stru__ctural stabilization implements solutions that are site-specific
and reduce coastal eroéion. These solutions are accomplished by providing an artificial
protective barrier against direct wave attack on fh‘e beach and bluff toé, by increasing the
extent of the beach to absorb and dissipate wave energy before the water reaches the bluff
and/or by stabilizing bluff slopes. The problems associated with structural solutions are
generally of three types: ('.1) attempts that are not engineered and fail to solve the problem;
(2) engineered solutions that neglect to consider all the processes shown in Figure 5-18 and
how they apply to a site and; .(3)‘ solutions that address a short _length of shoreline rather
than the entire shoreline reach, and therefore resuit in adverse affects on adjacent shoreline
areas (Edil and Bosscher, 1988). '

It must be remembered in many cases slide areas extend beyond limits of one piece of
property and to properly stabilize an area, a stabilization scheme must incorporate the total
~ landslide area and the cooperation of all involved. Costs involved with stabilizing large
Jandslide can often be prohibitively expensive. When dealing with large landslides, con-
struction sequencing becomes critical, so that any further disturbance does not initiate any

additional movement,
5.9.1 Slope Stability

Factors that dictate the inherent stability of the slope are those related to the geometry
(slope height and slope inclination), 'drainage (surface water and groundwater), stratigraphy
(type and orientation of geologic units), and forces that act on the slope (wave, water, and
wind erosion). The extent of these factors acting on the slope will determine whether the
slope is subject to either deép or shallow failures, or degradation of the face of the sldpe,
and will dictate which solutions are most appropriate. A knowledge of the pdtential type of
slope failure is essential in evaluating natural slopes and in determining a solution to pre-
vent such a failure. Additional information regarding the causes of slope instability is

presented in Section 4.0 of this report.
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5.9.2 Toe Erosion

Starting at the base of the shoreline bank or bluff, one of the major factors in reshaping the
slope is wave action resulting in toe erosion (Figure 5-18). Toe erosion undermines the
slope and can result in slope instability. Howe‘}er, it should be noted that controlling toe
erosion will not prevent a landslide on a slope that is inarginally stable from factors
not related to wave action (Figure 5-19). Wilcoek, Miller and Kerlin (1992) confirm that
recession of the middle and upper portions of c'eastal bluffs (in Chesapeake Bay—as in
Puget Sound) is driven by hydrogeological erosien pro'cesées related to surface runoff and
groundwater seepage rather than wave undercuttmg, which 1mpacts the lower slopes (i.e.,
toe erosion}. Toe erosion has be prevented with man~made structures for decades at two of

their Calvert Cliffs study sites, yet a_ctwe erosion of the middle and upper slopes continues.

Various factors must be considered in _. eiraiuating wev_e action that itself is not a constant
and also varies from site to site. The exient .of wave erosion on a slope will be dependent
on the foliowing factors: (1) wave climate (velocity, duration, and fetch); (2) nearshore and
offshore bathymetry; (3) shore configuration (orientation); (4) water level; (5) composition
of bluff (underlying geologic units); and man-made coastal structures (Edil and Vallejo,
1980; Shih 1992). The extent of wave action on the toe of a slope should be evaluated by
a qualified coastal engineer. Engineered approaches that resist toe erosion include "hard
solutions” such as seawalls, bulkheads, and revetments, as well as "soft solmions“ such as
beach nourishment. Many of these approaches are discussed in the Task 2 report titled
"Engineering and Geotechnicel Techniques fer Shereiine Protection in Puget Sound".

Additional information regarding the de31gn of these structures can be found in the Shore

Protection Manual (U.S. Army Corps of Engmeers, 1973)

Cutting the toe of the slope whether by natural or manmade alterahons will also negatively
impact the stability of the slope. Often, the actlon can be as minor as a small cut to open
up an area for construction. In the case of shorehne slopes, constant wave action at the toe
of the slope will eventually weaken the materials in contact with the waves, causing failure

or slippage of that unit, and in many cases, the overlying units. A variety of methods can
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be used to reduce the impact from removal of this support. However, it must be remem-
bered in many cases slide areas extend beyond limits of one piece of property and to prop-
erly stabilize an area, a"stabﬂiiatioo ‘soh'e_me- must incorporate the total landslide area and
cooperation of all involved.,._'Costs‘ iﬁﬁolVed_ZWith stablhzmg lafge landstides can often be
prohibitively expenszve When deeling with lafge landslides,' ' bonsoucﬁon sequencing

becornes cnucal SO that any further dlsturbance does not initiate any addmonal movement.
5.9.3‘;Deepfseaj¢¢di _s_lopé‘ Fa;itafes' -

Engmeered solutzons that protect agamst deep«seated siope fallures 1nclude regrading to
remove the unstable matenal buttresses, and vanous retammg structures—-often used in
con}unction w1th dramage 1mprovements where feasible. Tt is often dlfﬁcult to adequately
drain deep landshdes Frequenﬂy, hzgh water 1evels are a result of interbedded and erratic
sand lenses that can occasxonally be mtersected and pumped w1th ‘wells or drains. But
because fineﬂgramed soils often surround the sand lenses, 1t can be difficult to intersect
them~ and effecuvely Iower the water levels In addmon the e}ustmg strata are often
dxsturbed SO extenswely from Tandslide movements that there is no continuous permeable
layer from which to’ pump or dra:m water even though the depos1t itself is saturated.
Often, the source of groundwater recharge to a partlcular site is located some distance
away from the sxte and, as a resulf; it is hard to regulate the amount of groundwater that is

present at the site. -

Effective landslide control typically involves a combination of methods that together have -
the effect of minimizing the driving forces (surcharging or adding fills or removing lateral
support, and/or increases in water levels) and increasing the resisting forces (installing a
buttress system). In addition to being expensive, construction methods for landslide stabili-
zation can frequently require more space than is available in most coastal situations to
safely and economically operate the construction equipment without additional slope move-

ment occurring.
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Magnblia Bluff, immediately behind Elliott Bay Small Craft Harbor in Seattle, provides an
exampie of major, deep-seated, rotational slide movements on a coastal bluff that have been
stabﬂlzed with a gravity fill. Two adjacent deep»seated slides, each several hundred feet
: across ‘were impacting as many as ten or more home sites on top of Magnoha Bluff
(Flgure 5-20). . As each slide rotated downslope, its toe was causing uphft in the intertidal
zone. - As part of the marina construction plan, both slides were stabilized by adding an
a:{rerage of 25 feet of fill over the slide toes (Figure 5-21). This provided sufficient mass
to halt rotational movement within the bluff (U.S. Army Corps of Engineers, 1987).

Buttressing

i EUttresSihg the toe of a slope is a common method for slope stabilization. A buttress
:Syétem provides sufficient dead weight or artificially reinforced restraint near the toe to
;'II)IIf_zv_ent __maés movement (Gedney and Weber, 1978). A series of figures, illustrating vari-
ous met_ﬁods of buttressing slopes are included as Figures 5-22 through 5-25. In addition
td_rg:straining the slope from moving, to be effective in the long term, a buttress must‘ also
be _f(_}undéd on a layé’r that is stable. Drainage systems, usually incorporating graded
sediﬁ_le_nt filters and use of geotextiles (Peck et al., 1974; Department of Navy, 1982;
H.ou_'t:, 1984), need to be incorporated within the retaining walls and buttress systems to

'inin_imize "piping" or groundwater washouts of the buttressed slope material (Hunt, 1986).

In the case of shoreline stability, the buttress system must also be designed to withstand the
| éffects of wave erosion. A layer of rip-rap (sized for the appropriate wave and storm
ac_tion), can be placed at the toe of the buttress above the expected high water level (Cox et
al., 1993; Notes from Slope Stability and Landslides, Technical Course, 1988). Buttress
system.s can be constructed with earth or rock components, the weight of which provides
the buttress. Other construction systems are available that use the buttressing concept.
These include reinforced earth, timber, metal, or concrete crib walls, retaining walls, and
_ gabion;s'.” . Again, construction using these methods may be difficult in shoreline areas

because of space limitations for the necessary equipment.
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Gravity Retaining Walls

Timber, metal, and concrete crib walls, reinforced earth, and gabions are all types of
gravity retaining walls. These structures depend on their mass to resist the load imposed
by the failing slope (Rodgers, 1988). Examples of these types of walls are shown in Fig-
ures 5-22, 523, and 5-24. |

Uncemented rock walls which function as gravity walls are a common form of bluff toe
protection and shoreline armoring around Puget Sound. Cox et al. (1993) provide general
guidance on the installation of rock walls, but note that rigorous, fully-tested design criteria
are not available for Puget Sound. While rock walls do well in calm conditions, they may
collapse if undermined by larger storm waves. Rock (rockery) walls are commonly used in
upland settings throughout the Puget Lowlands. Standardized construction guidelines and
specifications have recently been pro;iosed (Associated Rockery Contractors, 1992; Hemp-
hill Consulting Engineers, undated). Hopefully, additional studies of the use of rock walls

in coastal shoreline settings will also be forthcoming.

Recently, geotextile walls have also been used as gravity retaining walls. These walls use
synthetic fabrics and geogrids to provide reinforcement and drainage for the slope. A
benefit of these systems over the more traditional buttressing systems is their flexibility.

Geotextile walls can tolerate some slope' movement without failure.

Many of these retaining wall structui"e's can be combined with biotechnical slope restoration
plantings (Figure 5-25), thus allowing the stabilized slope to assume a more natural
condition (Notes for Slope Stability and Landslides, Technical Course, 1988).

Cantilevered Retaining Structures

Cantilevered retaining structures resist the driving forces of slope failure by imbedding
piles, piers, or a reinforced concrete stem or "key” on a retaining wall, into stable

material underneath the slide mass. Examples are shown in Figure 5-26. Pipe or pier
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foundations are typically used in conjunction with concrete or timber lagging, to reinforce

the unstable slide mass.
Tie-back walls

Other methods that can be used to stabilize slopes are anchor systems that include tie-back
walls. These wall designs use the principal of transferring the load with the use of cables,
rods or bolts, to an area behind the slide mass where adequate resistance can be established
by the anchor system (Kockelman, 1986). Tie-backs can be used in combination with
cantilever systems to obtain additional load capacity. An example of these is shown in
Figure 5-27. Costs associatéd with installing these types of systems are dependent on
whether the area is accessible for a drill rig and whether the material can be drilléd
| economically (Rodgers, 1988). The drillability of the material would be more of a concern
in fractured rock areas--which are rare around Puget Sound. Problems can occur if the
tie-backs corrode, or if the soil mass in which the tie-backs are anchored is subject to move-
ment {Notes from Slope Stability and Landslides, Technical Course, 1988).

Flexible Walls

A final more recently used retention structure is a flexible structure that can bend or de-
flect, so that the soil mass can mobilize its sirength (Rodgers, 1988). Examples include
steel sheetpile bulkhead walls, sackcrete walls (composed of bags of concrete in which the
concrete sets up over time; a.k.a. grout-filled bags), and concrete block walls (preformed
interlocking blocks of concrete which are vertically stacked). These are shown in
Figure 5-28. The concrete walls are cost efficient, but because of their rigid structure in
combination with their flexibility, they offer poor resistance to earthquake loading (Notes
from Slope Stability and Landslides, Technical Course, 1988).
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5.10 Reshaping Unstable Slopes

If adequéte room is available, slopes can be regraded and flattened to obtain a stable con-
figuration. This has the effect of unloading the top of the slope. The final slope angle will
be a function of the stratigraphy or what geologic and soil materials are present and how
they are arranged, groundwater levels. in the slope, and what type of wave action would be
expected in the future. In addition, an assessment of the risk of future slope failure would
be required. For example, areas that are underlain by till, which has a high friction angle
and cohesive strength, will likely stand on very steep slopes. Till generaily fails from
superficial weathering—which causes the material to slough down the slope; or more dra-
matically from block failures—where larger blocks of till are loosened from stress cracking:
or freeze-thaw of water within the till. If the use of the land near the edge of the slope is
not critical, all that may be required for development in this case is an adequate setback for

structures.

qur different methods are generally used for reshaping unstable slopes. All four methods
of reshaping aim to flatten slopes to a more stable angle of natural repose. Some methods
also provide a buttress at the toe to reinforce the slope. The four methods of reshaping

slopes discussed here include:

. Cutback Stabilization Method

. Fill Stabilization Method

. Cut and Fill Stabilization Method
. Terraced Stabilization Method

These methods are shown schematically in Figure 5-29. The suitability of each method is
dependent not only on the proposed use of the site, but also on natural features of the site
including site geology, slope geometry, and drainage features. It is assumed that these
methods would only be used to stabilize slopes that are potentially unstable in their existing
state (for example, naturally oversteepened slopes, or slopes with high groundwater tables).

In addition, these methods are used in conjunction with toe protection to provide defense
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against wave erosion. These methods alone will not protect a slope that is subject to

wave erosion, so it is essential to understand the forces that are affecting the slope.

The site owner needs to be forewarned that it may be difficult to mobilize the construction
equipment required for reshaping high bluff slopes. In addition, mobilizing the construc-
tion equipment to the site is not only disruptive to the natural environment of the site, but
can be expensive for the property owner. Construction on lower banks is more feasible
and cost-effective.  The information presented outlines general guidelines only. Each
individual site has unique design requirements that should be e\‘raluated by an appropriately
qualified geotechnical engineer. |

5.10.1 Cutback Stabilization Method

This method cuts the existing slope back to a stable angle of natural repose. Many of the
slopes bordering Puget Sound are oversteepened as a result of glacial scouring, and are
unstable in their existing configuration. The cutback stabilization method is most appropri-
ate for Puget Sound bluffs on slopes that are underlain by granular materials or where a
shallow landslide exists and can be removed completely by cutting back to a stable angle.
Slopes underlain by till or rock, have higher strength and it is difficult to assess a stable
slope angle. Till and rock slopes typically fail as blocks that separate from the slope. As
a result, it is likely not worth either the cost to construct, or the loss of land at the top of
the slope, to remove these materials to an assumed stable configuration. Known values
exist for stable slope configurations for granular material (Hunt, 1986) and the potential for
a successful slope stabilization exists in these types of materials. It is advisable to remove
landslide deposits from the face of a slope. Because of the disturbed state of the landslide
debris on the slope, natural drainage is often blocked, which may lead to even more stabil-
ity problems. In addition, new vegetation may not be sufficiently established in the land-
slide deposits on the slope because of the wet conditions typically associated with landslide

material and the potential for additional movement, which would shear plant root systems.
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5.10.2 Fill Stabilization Method

The fill stabilization method adds fill to oversteepened slopes to bring the slope to an ac-
ceptable angle of natural repose. The majority of the fill is placed at the bottom of the
bank or bluff, so toe protection from wave erosion may be critical and must be assessed for
this method to be successful. The specified fill material should be granular and free-drain-
ing so as to not impede drainage on the slope. This method of slope stabilization generally
adds more fill to the lower portions of the slope and in a sense, acts as a berm or a buttress
in stabilizing the existing slope. This method is most appropriate in those areas where the
slope is underlain by an interbedded sequence of geologic units of different permeabilities.
An example of this would be fine grained material such as till or lakebed deposits (silt and
clay) interbedded with outwash (sand and gravel). In combination with a seasonally high
groundwater table, the contact between these units is typically a potentially unstable zone.
Placing a permeable, free-draining fill against the slope allows the groundwater seepage to
exit the slope, while the fill acts as a berm to keep the material on the slope. In the case
where substantial seepage is expected along the slope, consideration should be given to
placing a geotextile/geofilter designed to intercept drainage under the fill. While this
method would also work with slopes underlain by other materials, such as till or rock, it
would be advisable to understand the potential failure mechanism so as not to overdesign
the remedial measure. Slopes in permeable material will likely naturally assume the angle
of repose over time through surface erosion, as well as wave erosion at the toe. In order to
maintain the stable slope configuration, toe protection from further wave erosion and slope

protection from surface erosion are both required.
5.10.3 Cut and Fill Stabilization Method

The cut and fill stabilization method uses a combination of the above techniques to- stabilize
the slope. ‘In this method the upper portion of the slope is cut while the lower portion of
the slope is filled. Generally, it is assumed that the fill material placed at the bottom of the
slope is the cut material taken from the top of the slope. In order for this method or any
fill method to work succéssfully, the fill material that is placed must be permeable. If the
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upper cut material is fine grained, it should be disposed of and replaced with suitable fill
material. Alternately, a geotextile or geofilter designed to intercept the drainage can be
placed between the contact of the existing slope and the fill material. The cut and fill
stabilization method can be used for the types of slope material discussed in both the cut-
back and fill stabilization methods. This method is particularly suitable in interbedded
sequences where permeable material is located at the top of the slope and has had some
small initial failures. In the cut and fill stabilization method, this failed material would be
removed and could be used as fill at the base of the slope. The placement of this fill
material at the base of the slope would serve as a berm or buttress against further failures
of the siope. In areas where till or a fine grained deposit is underlain by a sand or gravel
at the base of the slope—which has failed because of oversteepening from wave erosion—
toe protection, in conjunction with a fill placement, would restore the natural angle of
repose at the base of the slope. In this case, minimal cutting at the top of the slope would
be required because of the high existing strength of the native materials.

5.10.4 Terraced Stabilization Method

The terraced stabilization method uses a series of retaining walls separated by a regraded
slope at various elevations along the bank or bluff. This method would be suitable for
slopes underlain by either granular outwash (sand and gravel) or interbedded deposits that
show evidence of shallow failure. In granular material where it is important to maintain
the property at the top of the slope, the terrace stabilization method offers an alternative to
the cutback stabilization method. The series of retaining walls can be driven into stable
material and the excess material from regrading the slope can be used as backfill for the
retaining walls. Where this method is used in interbedded deposits exhibiting shallow slope
failures, it is essential that the retaining walls be founded in stable material below the zone
of failure. As for all retaining walls, adequate embedment must be provided in the native
material, and retaining structures located near the base of the slope must be protected from
wave action. Adequate drainage should also be provided for each of the retaining walls.
The terraced stabilization method would not be suitable for slopes underlain by rock

because of the nature of the construction on the underlying material.
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5.10.5 Rock Slopes

The above methods of stabilization (sections 5.10.1 through 5.10.4) are primarily suited for
soil slopes. Removal of failed surficial rock can be accomplished by the cutback stabiliza-
tion method, however the intent is not to grade the slope to a stable angle of repose but
simply to remove failed material. In addition, a rock slope that is failing may also be
stabilized by the fill stabilization method. In this case, the fill is acting as a buttress or
retaining wall, a common but expensive method used to stabilize rock slopes. On rock
slopes that are unstable because of unfavorably oriented fractures or discontinuities with
respect to the slope, rock bolts are often used to secure the rock face. Where there is
concern that loose ravelling rock on the slope may cause damage to structures beiow the -
. slope, wire mesh is frequently used to cover the slope to capture the falling rock. When
appropriate, all of these methods can be used in conjunction with improved drainage to aid
in the stabilization of the rock slope (Notes for Slope Stability and Landslides, Technical
Course, 1988).

5¢21002840A.wps
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6.0 Summary: Selecting Appropriate Solutions

What are some of the major conclusions to be drawn from the preceding report sections?

Section 2.0, Regionai Overview, confirms that steeply sloping banks and bluffs fronted by
narrow, gravelly beaches are common landforms along the shores of Puget Sound. The
majority of these banks and bluffs are composed of relatively unconsolidated glacial
deposits —glacial till, outwash sands and gravels, and clayey lacustrine deposits. Shoreline
outcrops of consolidated bedrock are uncommon around the Sound—but do occur in Skagit

County and the San Juan Islands.

A key feature of the Sound’s banks and bluffs is their variability. Several closely spaced
home sites, for example, could easily exhibit differences in bluff height, slope angles,

and/or stratigraphic sequences.

Section 3.0, Types of Slope Failure, conéludes that relatively shallow, surficial debris
slides and/or slumps that develop into debris avalanches are the most common form of
slope failure around the Sound. These are often small scale slides that might impact a
single home site; thoughtful site vegetation and water management can often substantially
reduce their risk of occurrence. Deep-seated rotational slides are a much more serious
hazard; they typically involve larger stretches of shoreline (several home sites, for

example) and are more difficult and costly to stabilize.

Section 4.0, Causes of Slope Instability, confirms that bluff height, slope angles, and loéai
geology/stratigraphy all influence slope stability. Slope stability is also impaéted by other
processes in quite different ways. Wave action and toe erosion can undermine a slope
from below, while vegetation clearing and poor surface and groundwater management
practices can cause surficial slumping higher up the bluff face. These processes are largely

independent of one another. Shoreline armoring, for example, may temporarily slow toe



erosion, but will not halt slumping from the bluff face due to tree cutting or soil saturation.

Similarly, vegetation management alone can do little to halt toe erosion.

Another key conclusion from Section 4.0 is that human disturbance of natural, undisturbed
slopes during land development, construction, and habitation is a major cause of increased

slope instability.

Section 5.0, Managing Shoreline Slopes, describes potential management approaches to
minimize the causes of slope instability (i.e., risk factors) identifiéd in the preceding
section. The clearly preferred approach to minimize properfy losses, protect public safety,
and minimize disruption of important natufai shoreline processés and habitat values is to
first avoid unstable slopes; second, to minimize potential prdblems at their source (.e.,
minimize vegetation remo__\}'al, surface runoff, soil saturation); and only then begin imple-
~menting control measures. An increasingly complex aﬁd expensive series of control mea-
sures includes surface runoff control, groundwater drainage systems, biotechnical slope
protection, conventional engineering structures (retéining walls, shéreline armoring, eic.),

and finally the complete reshaping of unstable slopes.

The diversity of coastal banks and bluffs around the Sound requires that each existing or
potential development site be subject to site-specific studies. Only when the site
characteristics and potential local causes of slope instability are thoroughly understood can

an appropriate series of site management strategies be developed.
6.1 Homeowner Questionnaires

Homeowner questionnaires provide a valuable tool to organize relevant information about
a site that is either already developed or is about to be. Several samples of such
questionnaires (Canhing, 1991; Myers, 1993; Menashe, 1993; King County, 1990; and
Tainter, 1982) are included in Appendix A.



By carefully observing the stud.y site and systematically answering the questions, the
property owner is preparing a preliminary site evaluation. What is the nature of the bank
or bluff—its toe, face, and crest? What are the existing soil and vegetation conditions?
What evidence is there of slope problems or potentially hazardous areas? What evidence is
there of factors that could contribute to slope instability —groundwater séepage, soil satura-

tion, wave action, toe erosion, etc.?

Once collected and organized, this information can be compared with the material in
Sections 3.0 and 4.0 of this report. Has the study site already experienced slope failure
and, if so, of what type? Is there evidence of potential causes of slope instability as
outlined in Section 4.0?7 Once these potential problems are identified, then finding the
appropriate solutions can follow. Other resources that should be checked include the
Coastal Zone Atlas of Washington (Ecology, 1977-1980) and Terich (1987). Keep in mind
that, while these sources provide useful regional and local perspective, their scales preclude
detailed study of a single-family home site.

As noted in Section 4.0, it may also be appropriate to have the site inspeéted by a
geologist, geotechnical engineér, sanifarian, and/or arborist. Each of these specialists can
provide a greater level of understanding about a site and its potential stability problems.
Keep in mind that many of the approaches outlined in this report are only now gaining
- familiarity in the Pacific Northwest and they are not yet widely practiced. Check the
credentials, experience, and references of specialists called to a site fo confirm they are

aware of these more progressive approaches to unstable slope management.
6.2 Selecting Appropriate Solutions

By now the philosophy underlying the unstable slope management strategy presented in this
report should be quite clear:

Identify the common causes of local slope instability —and then identify

management methods to either minimize or eliminate them.
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The procedure for identifying the most appropriate solutions to deal with site-specific

~causes of slope instability readily follows:

1.

First, know your site and know your slope.

Review all the key factors likely to control onsite slope stability ~bluff height and
slope angle, local geology and sedimentary sequence, beach processes including
wave action and toe erosion, existing vegetation, surface runoff, and groundwater
seepage conditions. . Which of these factors appear to offer the greatest risks to
onsite slope stability? |

Next, examine the site from a "landscape perspective.” What position does the site
occupy on the shoreline and within a coastal drift sector? What envirbnmental or
ecological processes may be taking place between the study site and adjacent upland
or offshore areas? This knowledge of potential "landscape linkages" will provide a
more adequate perspective for selecting the least environmentally damaging manage-

ment alternatives to protect the site.

Having identified the processes that need to be protected against and the landscape
setting in which protection needs to be accomplished —select the solutions (Sec-
tion 5.0) that appear most appropriate. '

Geological features of the site must be assessed to determine if active or dormant
slides are already present, and to assess the inherent stability/instability of local
sedimentary sequences. If the site is clearly an unstable one, it should either be left
undeveloped—or development should be carefully planned and well set back from

the bluff crest to minimize future problems.
Beach processes impacting the toe of the bank or bluff need to be monitored to

assess the potential for wave-generated toe erosion. Local planning records should

be checked, and surrounding property owners contacted, to see how the area
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responded during unusually powerful storm events. This information can be used to
assess whether or not shoreline armoring might offer real benefits—and, if so, how
it can be best accomplished with a minimum of harm to natural resources, both on-

site and downdrift.

Careful attention should be given to the role of vegetation —especially deeper-rooted
shrubs and trees—in stabilizing slopes before any cutting or clearing is begun.
Alternative pruning techniques should be given higher priority (to enhance views)
than tree removal. If the site has already been cut and cleared, the potential for
slope failure should be assessed and an appropriate revegetation plan developed.

During site planning, careful attention needs to be given to any increase in surface
water accumulation and runoff that will result from construction of any proposed
hard surfaces (including compacted bare ground). Every effort should be made to
avoid increasing surface runoff down the bluff or bank face. Plans need to be
included for collecting this increased runoff and either diverting. it to the local

stormwater sewer system or “tight lining" it down the bluff face to the beach below.

If groundwater seepage and soil saturation are obvious across the bluff face, thought
should first be given to reducing groundwater sources and, second, to the least

disruptive forms of groundwater drainage.

At this point, it would be wise to check potential slope management approaches and
solutions with several appropriate professionals to be sure the proposed approaches
will be as expected. Proposed solutions will also need to be checked out through
the local/state/federal permit approval process, as may be appropriate.

6.3 Regulatory Review

A review of potential regulatory requirements that might need to be addressed prior to

developing a shoreline or blufftop site—or further altering an already developed site—is
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beyond the scope of this report. It is important to note, however, that a variety of local,
state, and even federal regulations may need to be addressed. A variety of special plans
and specifications will need to be submitted before local (city, county, special districts) and
state permits can be approved and issued. Figure 6-1 (King County, 1993) provides a
generic outline of the regulatory evaluation process that a proposal for new shoreline

development will need to go through.

It admittedly can be a cumbersome and rather frustrating process, but it should be clear
from this and related task reports that there is considerable potential for significant impacts
to environmental and public resources well beyond the immediate development site. It is
also ehcouraging to note that many state and local jurisdictions are actively exploring ways
in which the regulatory process can be speeded up and simplified, while still retaining
much needed environmental and "public trust" protections (Washington State, 1994; Slade,
et al., 1990).

6.4 Future Research and Management Needs '

As noted in Section 4.0, the common éauses of siope failure around Puget Sound, as well
as a broad array of slope management strategies to deal with most of them, are quite well
known. This is quite different from the Task 4 (Macdonald, et al., 1993) conclusion that
considerable basic research is still needed to fully assess the affects of shoreline armoring

on physical coastal processes in Puget Sound.

While several "unstable $lopes" topics undoubtedly warrant more research, the greater need
for unstable slopes management seems to be better public dissemination and implementation
of what is already known. Outstanding examples that meet this need are Ecology’s recent
publications on bluff vegetation management (Menashe, 1993) and the use of vegetation for
slope stabilization (Myers, 1993),
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IDENTIFY ALL REASONABLE SOLUTIONS FOR THE PROBLEM SITE
AND EVALUATE EACH ACCORDING TO THE FOLLOWING CRITERIA:
POLICY/REGULATIONS: ,
Is the project compatible with _ p?;? ;:te.‘?:t?;fgz :i:i:azsa Project
existing agency policies and/or other varganc!e or exemption? dropped
jurisdictional regulations? prion*
TECHNICAL FEASIBILITY: '\ Project
Is the project technically feasible? dropped
RISK/HAZARD REDUCTION:
Does the project significantly reduce No Project
the risk to the public health & safety ] dropped
and/or fish & wildiife resources?, :
ENV]RONME!‘““L ‘MPACTS‘ Do other benefits of the Proiect
Are the net en\flronmel:lt_al impacts project outweigh negative g roje 5
of the project positive or environmental impacts? . droppe
insignificant?
COMPARE ALL SOLUTIONS THAT REMAIN AND
SELECT THE ONE THAT BEST MEETS THE CRITERIA.
‘Source: King County (1993)
Figure 6-1
Regulatory Evaluation
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An increasing number of slope stabilization demonstration projects have been undertaken
by public agencies —Ecology, King County Surface Water Management, Snohomish County
Stormwater Management, and Seattle Parks Department, for example. These are now
yielding valuable field data, before-and-after site comparisons, and important "how to"
implementation tips that are available for others. These examples énd their practical

successes —and failures—need to be more widely publicized.

To date, most demonstration projects have involved bank stabilization and stréam
restoration issues; vegetation techniqu_es are commonly stressed. There is an obvious need
to expand demonstration projects to coastal banks and bluffs—and to incorporate surface

runoff and groundwater management solutions as well as vegetation management.

To encourage the growing interest in bioengineering approaches to slope stabiiity (and
habitat restoration), Ecology recently hosted a series of workshops. around the state that
promoted some of the soil bioengineering methods described in Section 5.0. Again, the
workshop focus has been on stream and riverbank protection_; but it could easily be

expanded to include coastal settings.

There is a need to more thoroughly inform both owners and potential buyers of shoreline
property of the inherent hazards that might accoinpany shoreline or blufftop development.
Commercial and rési_dential ‘real estate sales staff—at least those .dealing w1th coastal
propertiés ~also need to become much more familiar with both potential concerns regarding
shoreline/bluff development and the potential solutions that are out there to help.
Homeowner éuestionnaires such as produced by King County (1993) are a significant

contribution in this regard.

More field 4practiti6n.ers who are farﬁili__ar with and can implemént the various slope
stabilization methods described in this report are needed. More land developers, architects
and builders, civil engineers, and landscaping specialists need to understand the broad
range of relatively "low-tech" solutions that are available and appropriate to deal with

unstable shoreline slopes around Puget Sound.
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Finally, the public at large needs to be better informed about the roles of shoreline bluffs
and beach processes in promoting the overall health and well being of Puget Sound and its
biological resources. In particular, the concept of "landscape linkages" and the signifi-
cance of their disruption needs to be more widely understood and promoted. More aware-
neés of the importance of these linkages between uplands, shore, and Sound is likely to
result in more thoughtful long-term stewardship of Puget Sound’s coastal resources in

general.
6.5 Postscript

This report was last to be completed of the seven Task reports (Tasks 1-7) produced to °
-date. As an author/contributor to four of the reports Macdonald has had a unique oppor-
tunity to see how results from the various studies overlap and fit together. With this in
mind it is now apparent that several conclusions involving earlier studies deserve more
emphasis than they formerly received. It is also likely that they will be further developed
or modified during Ecology’s remaining study tasks.

1. The impacts of both shoreline armoring and bluff development are substantially

more wide-ranging than was realized at the beginning of these studies.

2. There is a lot of good information "out there" concerning alternative approaches to
shoreline armoring, unstable slope management, and resource values of bluffs and

nearshore/shoreline habitats, as well as potential impacts to such resources.

Much of the information, however, is scattered and hard to obtain. While some of
" it has been gathered here, more remains to be added—and most importantly, it
deserves easier access and wider public dissemination. In particular, there is 2
critical need to synthesize, publish and distribute the tremendous wealth of field
observation and experience of the Washington State’s fish and wildlife biologists.
These data are critical to the tasks at hand but inadequate financial support is avail-

able to get them into print.



The conclusions drawn from study Tasks 3, 5, and 6 strongly support the view that
a number of critical landscape linkages exist between the banks and bluffs that sur-
round Puget Sound, their associated intertidal beaches, and shallow subtidal habitats
offshore. Some of the more obvious linkages are shown in Figure 6-2. Disruption
of these linkages, due to inappropriate or short-sighted development along the

shoreline, can be expected to have rather complex and broad-ranging impacts.

A broad array of general information (but very few specific studies) supports the
view that identical shoreline armoring will cause very different impacts depending
on where it is placed. This is true of both its position in the landscape and its
position on the beach. 1t also appears likely that the specific nature of the armoring
“can also significantly alter its impact. These concepts are summarized in flow dia-

gram form in Figure 6-3.

To the extent that this observation is confirmed, it could be valuable to generate
shoreline armoring/bluff development “risk assessment maps” for Puget Sound.
These maps would rank the relative severity of impacts that shoreline armoring
could be expected to have on beach erosion, bluff stability, and/or natural resource

values around the Sound.

A broad array of hypotheses have been proposed herein, regarding the impacts of
shoreline armoring on physical and biological processes, as well as potential link-
ages between shoreline bluff and beach processes. The information available to
rigorously test these hypotheses remains very uneven and there is a critical need for
field measurements and documentation. In many cases, relatively simple field data

gathering would allow the significance of proposed interrelationships to be

quantified:
. Measure beach parameters before and after bulkheading
. Measure old bulkhead footings and related beach elevations
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4 Compare armored and unarmored beach habitats (habitat complexity,

LOD, organic inputs, etc.)
. Document beach sediment temperature in shaded/unshaded conditions

. Document leaf fall, insect "fall out,” and other organic or nutrient

inputs to developed versus undeveloped shoreline sites

. Document shoreline sediment sources versus local beach erosion

rates.

6. There is a critical need for the public at large to better understand the possible roles
of shoreline armoring and bluff development practices on the overall health and bio-
logical productivity of Puget Sound. Public lectures, news articles, informative
posters, scientific and popular publications all provide complimentary mechanisms
to disseminate better understanding. Puget Sound is a unic{ue resource with values
and benefits well beyond its immediate shores; much that has been discussed herein
is also closely related to increasing public interest and concerns regarding watershed

management and regional fisheries resources.

seal00291A5.wps
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DIAGNOSING COASTAL EROSION

Before designing a coastal erosion structure or system, before selecting the type of erosion control
structure desired, in fact, before even determining whether an erosion control structure is
desirable for a specific site and problem, it’s important to identify the exact causes of the erosion.
Professional assistance may be necessary and may be available from your local Soil Conservation
District.

The following checklist, adapted from a Cornell University Cooperativé Extension publication, will
enable a simple do-it-yourself evaluation of most shoreline erosion, and a preliminary determina-
tion as to the primary cause(s) or the erosion, if any. It cannot be stressed enough, however, that
coastal ercsion control engineering and design are complex and difficult, and the potential impacts
far-reaching. - :

Three major causes of coastal erosion are wave action, surface runoff, and groundwater seepage.
Bulkhcading and other forms of shoreline hardening can be effective only against wave action. A
predominance of “yes” answers in any section is a good indication that that particular cause of
erosion may be one, if not the primary, cause of erosion. -

Wave Action

1. Is the site a headland that juts out, unprotected, into the water?

2. Is there a long fetch (stretch of open water) in front of the site over which the wind can blow
and generate waves? ‘

3. Does the site face prevailing wind and waves?

4. a) Is there a beach along this section of shoreline?
b) If yes, is the beach often covered by waves, particularly during storms? :
c) If yes, can you see a decrease in the size of the beach after it has been covered by storm

waves? '

5. If the shoreline is a bluff, is there evidence of wave action such as undercutting of the slope

during storms? ' )

Is the site subject to flooding during storms?

Is there an existing erosion control structure at the site or at an adjacent site which is being

flanked, that is, is erosion is cutting around the ends of the structure?

oA

" Surface Runoff
1. Is the face of the slope unvegetated and unprotected from the action of rain and flowing
water?
2. During a rainfall, can you see a sheetlike flow of water over the surface of the slope?
3. a) Are there rills (tiny channels) cut into the surface of the slope?
b) Are there gullies (larger channels) cut into the surface of the slope?
4. a) Does the lawn (or other large, flat area) at the site slope toward the face of the bluff?
b) Is the runoff from that area allowed to flow uncontrolled over the face of the slope?
5. a) Does the runoff from the roof of any building on the site run directly off the roof and
over the face of the slope? _
b) Does any driveway or parking lot runoff go directly over the face of the slope?
c) Is there any lawn sprinkling or irrigation taking place at the top of the slope?

Source: Canning {1891}
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Groundwater Seepage

1. a)

After a rainfall or during the winter or spring, can you see seep zones (dark, wet-looking
layers of soil) along the face of the bluff?

If yes, are they still there after the rest of the slope has dried up?

Is there active slumping or Iandsi;dmg taking place on the bluff?

Are there any mudflows or springs along the face of the bluff?

Does the runoff from any roof drains discharge into the soil at the top of the bluff?
Does the driveway of parking lot runoff soak into the soil at the top of the bluff?

Is there any lawn sprinkling or irrigation taking place at the top of the bluff?

Is there a septic system leach field near the top of the biuff?
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COASTAL PROPERTY OWNER CHECKLIST

WHAT LANDFORM(S) ARE LOCATED
ON MY PROPERTY? (check glossary definitions)

{1 Low Bluf (for this publication, £ 10 feet)

1 High BlufF (for this publication, > 10 feet)

[ Low CIiff (not generally applicable to this publication}
] High CIiff (not generally applicable to this publication)
{] Low Bank {for this publication, £ 10 feet)

] H.igh Bank (for this publication, > 10 feet)

{71 Beach with Backshore Berms of
Sand/Gravel/Cobbles {marine/estuarine)

(] Wetlands {check with the County Planning Office)

PROPERTY DESCRIPTION AND
OBSERYATIONS

. What is the elevation of the house above the
high tide water surface?

. What is the average angle of the slope face?

Do waves reach the toe of the slope?

— What are the diameters of beach sediments
' around the slope toe? (e.g. sand/gravel/cobbles)

e Has the slope face been recontoured or filled?
— . What is soil material type(s) of the slope?

FACTORS INFLUENCING SLOPE EROSION
AND STABILITY

* SURFACE WATER RUNOFF, WIND
AND FROST WEDRGING

Can the effects of surface water runoff be
visually identified?

[} Rainfall impact erosion

[ Soil rills and gullies

L] Winter freeze-thaw evidence

[J Wind erosion

L] Pipe discharge erosion

What does your property contribute to runoff?
[ Significant upland impervious surface

[0 Drainage pipe discharge onto slope

[J Sprinklingfirrigation/hot tub releases

[ Other

¢ GROUNDWATER
Is there evidence of groundwater in the slope?

L] Seepage or damp surfaces seen on the slope face

{1 Active or historical landslides

What are your contributions to groundwater
in the slope?

L] Water infileration areas (roof and curtain drains)
0 Septic system

L] Irrigation systems

* VEGETATION
Is there vegetation on or adjacent to the slope?

If yes, where is it and what are the species.

If no, is there evidence of past vegetation?
What happened to it and what were the species?
(check other propertes) ‘

— Is there evidence of vegetation movement
down the slope?

* MARINE WATERS

Is there a noticeable beach width above the high

water line?
Are wave energies eroding the toe of the slope?

Are there coastal erosion control
structures along the beach of your or
neighboring properties? (c.g. bulkheads)

— If yes, ate these structures causing erosion?
Is your property flood prone?

* SLOPE USE
How do you use the slope?
[J Access to the beach {traii/road/stairsfother)
[] Vegetation removal for view maintenance
] Horticultural/garden areas
[ Waste/debris fills
[J Natural greenbelt including slope crest

Source: Myers (1993)




Menashe (1993): Questions to Answer Before You Begin

The key to maintaining a stable bluff lies in recognizing the natural forces at work on
your site. We have discussed the major processes that contribute to unstable situations

and the factors that need to be considered.

are considering the purchase of bluff property, these questions will be valuable guidelines

for what to avoid. If you already own a problem site, the questions below will serve asa

checklist to help you make decisions.

Is the bluff presently stable.

Are there signs of past instability (Iandshdes)"
Can you determine when the last one occurred?
Is the bluff toe subject to wave attack?

If subject to wave attack, what is the nature and frequency of such action?
Is the shoreline accreting or eroding?

If eroding, what is the rate of bluff retreat?

Would a greater setback of structures from the edge be practical?

What materials comprise the bluff?

What is the stratigraphic sequence of the sediments making up the bluff?
What are the soil moisture and groundwatér conditions?

Is there surface water drainage over the bluff on or adjacent to the
property?

What is the angle of the bluff?

What vegetation is present?

Is the property large enough for your purposes (i.e., required setback,
driveway, septic, yard, and home)?

Can the property be developed successfully w1thout 1mt1atmg or
aggravating erosion?

Some of these questions cannot be answered adequately by the homeowner and reQﬁire
the help of a geotechnical expert.

seal0028F7B.wp5

Obviously, some properties and bluff sites are
- difficult or impossible to develop while maintaining stability. It is important to recognize
these sites and to avoid the expense and frustration of attempting to develop them. If you
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bulletin

Shoreline erosion control: -

Puget Sound and Lakes Washington and Sammamish

This Bulletin provides information to help property
owners assess beach and bluff erosion problems,
outlines regulations regarding construction of
shoreline erosion control structures such as bulk-
heads, and discusses the permits required.

INTRODUCTION

Shoreline erosion on Puget Sound and Lakes
Washington and Sammamish is a problem encountered
by many owners of waterfront property. in King County,
shorelines are characterized by relatively narrow
beaches adjacent to steep bluffs rising from a few{eetto
over a hundred feet above the water. The term
“shoreline erosion” commonly includes erosion by
waves and currents, which result in the loss of material
from beaches and bluffs, '

in King County, most material eroded from beaches and
bluffs consists of sand, gravel, clay and till deposited by
glaciers which last visited Western Washington about
thirteen thousand years ago. The particle size of this
material affects how easily it is eroded and determines
its ultimate fate.

When fine grain particies such as silts and clays are
eroded, they are held in suspension by the moving water
and swept away. Sand is transported along the beach in
the direction of prevailing winds, waves and currents,
This helps maintain a sandy beach and builds accretion
deposits such as spits and bars. Pebbles, cobbles {fist-
size rocks), and boulders too large to be moved by the
waves and currents remain on the beach, forming a “lag
_deposit” that is highly resistant to erosion.

. The changing tides and winds affect wave erosion in that

the water level moves up and down, subjecting parts of
the beach to wave action at different times during the
tidal cycle. Awide, well-maintained sand or gravel beach
is good protection against wave erosion because wave
energy is dissipated on the beach before it reaches the
bluffs behind and because the upper part of the beach is
subjected to wave action only during high tidal

- elevations and storm conditions.

The preparation of this document was financially aided
by a grant from the Washington State Department of
Ecology with funds obtained from the National Oceanic
and Atmospheric Administration appropriated for

~Section 306 of the Coasta! Zone Management Act of

1972,
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ASSESS!NG ms PROBLEM '

To heip cfetermme the nature ‘of your own shoreline -
erosion probiem answer the foilowmg questions.

* Questions

1.

2.

What is eroding? - the beach, the bluff or both?

How far back horizontally is yowr house (or the
closest building) from the high water line? What is

the verticai elevation between your house and high

water?

. What is the approximate rate of erosion? {You can

keep track of the rate by periodically measuring the
distance from a fixed object, (corner of a building, for
exampie) to the top of the biuff.

. 18 the erosion more or less continuous at a constant

rate, oris it sudden and severe (such as during a bad
storm)?

. What is the character of the beach surface? See

Figure 1 for exampies of sand, gravel, and hardpan
beaches.

. Ifithe beach issandy, how thick is the sand layer? (To
. Mmeasure this, drive a slender steel rod, such as a

o . piece of concrete reinforcing bar, into the beach at

several boints - The rod should push easily through

" loose sand and gravel, but stopata layer of hardpan

or cobb[es)

. Wh'at is the biuff made of? See Figure 2 for examples

of sand, clay and glacial till, One or more of

. these may be present in layers visible where
: vegetati'on is absent from the bluff’

. What type of vegetatnon is present onthe beach and

C bluff” {trees, brush, vines, seaweed, beach grass,

10.

etc.)? Are there any bare landslide areas on the

property or nearby?

. Look at the surface drainage. Are open drain pipes,

sewers, streams, or lawn and garden watering
causing surface run-off probiems?

Has surface water run-off eroded gfx%iies inthetopor
face of the bluff?

Think about ground water inside the bluff. Surface
water can become ground water, causing problems

within the bluff. Is there any ponding of water at the

top or bottom of the bluff? Is water seepage visible
on an exposed bluff face (sometimes at the
boundary between clay and sand, where the sandis
on top of the clay)?

1.

W

o o

“ Answers.+

Building a structure to controf beach erosion When
it’s really the bluff that is eroding (or vice versa) may
be avoided by knowing where the problem lies.

The distance from the eroding beach or bluff to your
house, and the rate of erosion are important in
assessing the immediacy of the problem. A situation
in which a stucture is not in immediate danger
provides more time to evaluate the problem
carefully than a situation in which the structure isin
immediate danger.

. Continuous beach erosion is different froma case in

which beach erosion occurred all at once during a
severe storm. In some cases beaches “heal”
themselves after a bad storm; the sand may returnin
a few months, building the beach back to its former
shape.

The kind of material comprising the beach
determines how easily the beach can be eroded.
Sand is easily eroded, but hardpan or cobbles are
extremely difficult to erode. A hardpan beach with a
thin sand layer on top may have the sand eroded
away, but in many cases the hardpan beneath won't
be eroded significantly.

. The material or materials comprising the bluffs help

determine how easily this materiai can be eroded.
Sand in a bluff, exposed at the water line, can be
easily eroded, whereas till may be quite resistantto
erosion. A clay layer, especially when combined
with excess ground water can cause potential
landslide problems that require special engineering

consideration.

Vegetation is a stabilizing influence on beaches and
biuffs. Large, mature trees indicate that a slope has
not moved much recently. The. absence of
vegetation means erosion or movement has
occurred recently,

Surface and ground water are common causes of

. problems in bluffs. This is one type of problemthat a

bulkhead alone often cannot alleviate.




11. Is there any direct evidence of on-going erosion,
such as cracks or fissures in the slope, piles of
debris {rocks, sand, gravel, etc.) at the base of a bluff,
leaning trees or exposed roots, cracked founda-
tions, retaining walls or pavement, or wave-cut
notches at the base of the bluff?

FIGURE 1

HARDPAN BEAC

BE A BLUFF WATCHER

Because of the serious consequences of shoreline
ercsion and landsilides, owners of waterfront property
shouid develop a habit of watching and maintaining their
beaches and bluffs. In much the same way as home-
owners think about fire safety by taking care of hazards
before they become a problem, owners of waterfront
property can do certain things to reduce the likelihood
of shoreline erosion and {andslides, including:

® Maintain catch basins and surface drainage
systems in good working condition.

11. Such evidence of on-going erosion can heip
determine the nature and immediacy of the
problem.

FIGURE 2

GLACIAL TILL

CLAY

® Dorn'tlet drain pipes or surface run-off spill down the

unprotected face of a biuff.

® Use appropriate plantings whosé roots help

stabilize biuffs.

® Keep fast-growing bruéh or trees on bluffs trimmed

back to keep their weight from toppling them over.

® Use tight-line pipe for drainage to keep water from

seeping into the ground through leaky pipe joints.

& Avoid making cuts and fills near bluffs or on steep

slopes. This can lead to erosion or landslide
problems.



EROSION CONTROL STRUCTURES

Before you decide to build a shoreline erosion controt
structure such as a bulkhead, get competent,
professional advice about the causes of the problem
from a licensed engineer or geologist. Bulkheads are
expensive to build and don't always solve the problem.
Professional engineering advice may save you time,
money, and trouble by identifying the problem and
recommending appropriate solutions. ‘

SIDE EFFECTS OF BULKHEADS

A properly designed and constructed bulkhead may
help control a shoreline erosion problem. But itcan have
some undesirabie side effects. On Puget Sound, most of
. the sand making up local beaches comes from the
gradual erosion of nearby biuffs. Bulkheads alter or
restrict the natural supply of sand to the beaches.
© Without a continuing supply of sand, other beaches in
the area may be eroded by waves and deposits of sand
such as spits and bars which also depend on a
. continuing sand supply, may be endangered.

Because .you might create other ergsion problems for
. your neighbors by blocking natural sand supplies to a
beach, consider non-structural alternatives to a
bulkhead, that will not block sand supplies. Again, the
services of a licensed professional engineer can be

. heipful in choosing non-structural methods for reducing -

or controling an erosion problem.
'REQUIRED PERMITS.

Listed below are examples of some of the permits that
may be required, should you decide to build a-butk_head:

@ A Shoreline Substantial Development Permit.
® Building Permit.

® U.S. Army Corps of Engineers Section 10 Permit.

Application for the Building and Shoreline Permits may
be made at the Building and Land Development
Division at the address below. (Phone 296-6650). The
U.S. Army Corps of Engineers Permit may be obtained
from the Corps’ Seattle District Office, 4735 E.
Marginal Way So., Seattle, WA. (Phone: 764-3495).

RESTRICTIONS ON BULKHEADS

Bulkheads are not an outright permitted use in King
County. Restrictions on bulkheads in King County
include: :

@ A bulkhead is normally permitted only when
necessary to protect iegally established structures
and public improvements, or to preserve important
agricultural lands, as determined by King County
Building and Land Development Division.

® Bulkheads on property without structures require
a Shoreline Substantial Development Permit.

® The elevation of the toe of a bulkhead must be at or
above the elevation of Mean Higher High Water in
Fuget Sound or Ordinary High Water in Lakes
Washington and Sammamish, except when
necessary totie inwith adjacent, legally constructed
bulkheads or to replace an existing bulkhead
instalied no farther offshore than the original.

® Construction of a bulkhead for the purpose' of
creating landfill is prohibited. Jme

For more detailed information call 2 Shoreline Planner
at 296-6650. : ' :

PENALTIES AND LIABILITIES

It is important to obtain the necessary permits before
beginning construction of a bulkhead or other shoreline
erosion control structure. As part of their mandate to
oversee construction in navigable waters, the U.S. Army

‘Corps of Engineers pericdically conducts aerial photo-

graphic surveys to check compliance with their
regulations. lllegally constructed or otherwise non-
conforming structures are spotted and appropriate
action is taken. s

Anyone found guilty of willfully violating the King
County Code may be subject to a fine andfor County
jail sentence. In addition, civil suits may be filed
holding a violator responsible for any damages caused
by such violation, even to the extent of restoring all
affected areas to their previous natural state. Take time

Note: BALD Development Assistance Bulletins and other written information should not
be used as substitutes for codes and regulations. You should review all the details of

your project to be sure they comply with the applicable codes and regulations.

Building and Land Development Division

to know the law to protect yourself,

3600 - 136th Place Southeast, Suite A
Bellevue, WA 98006-1400
Telephone (206) 296-6650

2090
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Know Your Situation

Some 80 percent of the Great Lakes shoreline is privately owned.
About half the private shore which is susceptible to erosion is used for
residences. This means the responsibility for controlling erosion is in your
hands. :

How do you approach an erosion problem?
First use the site assessment checklist to learn what is happening on

your bluff site. By the time you have finished filling out the assessment
sheet, you will know most of the relevant information for determining what

erosion problems you have.

Then you can match the natural factors you are up against with your
options in erosion protection.

Finally, when you've made a decision on what to do, you can make
a detailed plan of how to go about it.

Assessing Your Property - A Checklist

WHAT IS YOUR BLUFF SITE LIKE? |
Dimensions
____height above the water
width of beach between water and bluff toe
'____slmpe angle
Composition |
Of what materials is the beach n';ade'?
sand __ gravel _  cobbles
Of what materials is the bluff made?

sarud silt glacial till clay combinations

Make @ diagram of your bluff showing the relative vertical location,
depth, and thickness of the materials in the bluff.

Source: Tainter (1982)

A-9



Wave Action
___waves éroding the beach __ waves eroding the bluff toe
Are there any shore protection devices nearby?
___on your property _ on adjacent property
Are these devices protecting the beach?
Are neighbors having problems?
Surface‘ Drainage |

Is water running over the face of the bluff after rainfall or
sprinkling?

What are ybur contributions to surface runoff?
___msprinkling wdownspo_uts/rain gutters
Subsurface Dra.inage | | .l
Do you have a septic system drain field?
Are there.lseep areas on the bluff face?
Are there wet areas?
Is the soil saturated during heavy rains?
Are any drains installed in the bluff? If so, do they operate

correctly and is the drain outlet correctly situated to cause no
further face or toe erosion?

Toe ‘
grasses shrubs trees
Face
grasses shrubs trees
Top
_ grasses or lawn green belt trees

no roots exposed
roots exposed

If there used to be vegetation on the toe, face, or top of the
biuff, but it is no longer there, what happened to it?
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4. WHAT USES WILL YOU MAKE OF THE PROPERTY?

Access to the beach

_foot path __ stairs __ roadways
A place from which to view the lake
Building site

5. WHAT LOCAL, STATE, AND FEDERAL RESTRICTIONS APPLY TO
YOUR PROPERTY?

Once you have identified the type of property you have and the problems
you may encounter, then you can determine how to handle your problems.

A1
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Geological Resource Materials
GENERAL RESOURCES

Canning, Douglas J., 1985, Shoreline bluff and slope stability--Technical management options: Washington Department
of Ecology Shorelands Division Shorelands Technical Advisory Paper 2, 64 p.

Geographic: PUGET LOWLAND

Subject: LANDSLIDES AND SLOPE STABILITY/ENGINEERING GEOLOGY/SHORELINES

Canning, Douglas J., 1991, Shoreline bluff and slope stability--Management options: Washington Department of Ecology
Shorelands Technical Advisory Paper 2, 56 p.

Geographic: PACIFIC COAST/PUGET LOWLAND

Subject: SHORELINES/LANDSLIDES AND SLOPE STABILITY

Galster, Richard W, 1987, A survey of coastal engincering geology in the Pacific Northwest: Association of Enginecring
Geologists Bulletin, v. 24, no. 2, p. 161-197.

Geographic: PUGET SOUND/STRAIT OF JUAN DE FUCA/PACIFIC COAST

Subject: SHORELINES/ENGINEERING GEOLOGY/GEOMORPHOLOGY/LANDSLIDES AND SLOPE STABILITY

Menashe, Elliott, 1993, Vegetative management--A guide for Puget Sound bluff property owners: Washington Department
- of Ecology Publication 93.31, 46 p.

Geographic: PUGET LOWLAND

Subject: SHORELINES - EROSION/LANDSLIDES AND SLOPE STABILITY - VEGETATIVE CONTROL

Mintz, D. W.; Babcock, R. S.; Terich, T. A., 1976, Potential land use problems of Puget Sound shore bluffs. IN
Washington Dwmon of Geology and Earth Resources Engineering geologic stud:es Washington Division of Geology
and Earth Resources Information Circular 58, p. 21-33.
Geographic: PUGET LOWLAND
Subject: GEOLOGIC HAZARDS - LANDSLIDES /SHORELINES/COASTAL ZONE MANAGEMENT/LAND USE
PLANNING

Myers Biodynamics, Inc., 1993, Slope stabilization and erosion control using vegetation--A manual of practice for coastal
property owners: Washington Department of Ecology Publication 93-30, 42 p.

Geographic: PUGET LOWLAND

Subject: SHORELINES - ERQOSION/LANDSLIDES AND SLOPE STABILITY - VEGETATIVE CONTROL

Peck, Craig A., and Associates, 1976, Draft environmental impact statement for Seacliff, residential development
Whatcom County Planning Department, 1 v.
Geographic: WHATCOM CO./POINT ROBERTS, WASH.
Subject: ENVIRONMENTAL IMPACT STATEMENTS/STRATIGRAPHY/LANDSLIDES AND SLOPE
STABILITY/SHORELINES/SOIL MECHANICS

Terich, Thomas A., 1987, Living with the shore of Puget Sound and the Georgia Strait: Duke University Press, 165 p.

Geographic: PUGET SOUND
Subject: SHORELINES/COASTAL ZONE MANAGEMENT/GECLOGIC HAZARDS - COASTAL LANDSLIDES



AND FLOODING/LANDSLIDES AND SLOPE STABILITY/FLOODING

Washington Department of Ecology, 1977, Coastal zone atlas of Washington; volume 1, Whatcom County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000. .

Geographic: WHATCOM CO. : _ :

Subject: AREAL:- GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT

. Washington Department of Ecology, 1978, Coastal zone atlas of Washington,; volume 2, Skagit County: Washmgton
Department of Ecology, 1 v., maps, scale 1:24,600.

Geographic: SKAGIT CO.

Subject: AREAL GEOLOGY/MAPS -  GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COA~STAL ZONE MANAGEMENT

Washington Department of Ecology, 1978, Coastal zone atlas of Washington; volume 3, San Juan County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000. . _
Geographic: SAN JUAN CO. S : '
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES. AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT

Washmgton Department of Ecology, 1979 Coastal zone atlas of Washmgton volume 4, Isiand County Washmgton
Department of Ecology, 1 v., maps, scale 1:24,000. ‘
- Geographic: ISLAND CO.
- Subject: AREAL GEOLOGY/MAPS - ' GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT

* Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 5, Snohomish County: Washington
Departnient of Ecology, 1 v., maps, scale 1:24,000.
Geographic: SNOHOMISH CO.
- Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT

Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 6, King County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000.

Geographic: KING CO. ‘ . :

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT -

Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 7, Pierce County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000.

Geographic: PIERCE CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT

Washington Department of Ecology, 1980, Coastal zone atlas of Washington; voiume 8, Thurston County: Washington
Department of Ecology, 1 v., maps, scale 1:24, 000

Geographic: THURSTON CO. :

Subject: - AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT
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Washington Department of Ecology, 1980, Coastal zone atlas of Washington; volume 9, Mason County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000.

Geographic: MASON.CO, :

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND - SLOPE
" STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT -

Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 10, Kitsap County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000, .

Geographic: KITSAP CO.

Subject:. AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT

Washington Department of Ecology, 1978, Coastal zone atlas of Washington; volume 11, Jefferson County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000.

Geographic: JEFFERSON CO. .
~ Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT

Washington Department of Ecology, 1978, Coastal zone atlas of Washington; volume 12, Claliam County: Washington
Department of Ecology, 1 v., maps, scale 1:24,000. '

Geographic: CLALLAM CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES AND SLOPE
STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE PLANNING/COASTAL ZONE MANAGEMENT
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Clallam County

Brown, R. D., Jr., 1970, Geologic map of the north-central part of the Olympic Peninsula,
Washington: U.S. Geological Survey Open-File Report 70-43, 2 sheets, scale 1:62,500.
Geographic: CLALLAM CO. )
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Brown, Robert David, Jr.; Gower, Howard Dale; Snavely, Parke Detwiler, Jr., 1960, Geology
of the Port Angeles-Lake Crescent area, Clallam County, Washington: U.S. Geological Survey
Oil and Gas Investigation Map OM-203, 1 sheet, scale 1:62,500.

Geographic: CLALLAM CO./PORT ANGELES, WASH./LAKE CRESCENT

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Frederick, J. E., 1979, Map showing natural land slopes, Port Townsend quadrangle, Puget
Sound region, Washmgton USs. Geologxcai Survey Mlscellaneous Investagatlons Series Map
1-1198-A, 1 sheet, scale 1:100,000.

Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO. /JEFFERSON

CO./ISLAND CO./SNOHOMISH CO./SKAGIT CO./SAN JUAN CO.

Subject: TOPOGRAPHY/GEOMORPHOLOGY

Halloin, Louis J., 1987, Soil survey of Clallam County area, Washington: U.S. Soil
Conservation Service, 213 p., 67 plates.

Geographic: CLALLAM CO.

Subject: SOIL SURVEYS

Keuler, Ralph F., 1988, Map showing coastal erosion, sediment supply, and longshore
transport in the Port Townsend 30- by 60-minute quadrangle, Puget Sound region,
Washington: U.S. Geological Survey Misceiianeous Investigations Series Map 1-1198-E, 1
sheet, scale 1:100,000.

Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO /ISLAND

CO./JEFFERSON CO./CLALLAM CO.

Subject: SHORELINES/LITTORAL DRIFTI/EROSION

Maytin, Tury L.; Gilkeson, Raymond A., 1961, State of Washington engineering soils
manual--Soils of Clallam County: Washington State Institute of Technology Division of
Industrial Research Bulletin 253, 130 p.

Geographic: CLALLAM CO.

Subject: SOILS/ENGINEERING GEOLOGY

Miller, Robert D.; Pessl, Fred, Jr., compilers, 1986, Map showing unconsolidated deposits
grouped on the basis of texture, Port Townsend 30’ x 60' quadrangle, Puget Sound region,
. Washington: U.S. Geological Survey Miscellaneous Investigations Series Map 1-1198-D, 1
sheet. '
Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO./JEFFERSON
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COJ/ISLAND CO./SKAGIT CO./SNOHOMISH CO.
Subject: SEDIMENTARY PETROLOGY/SOILS

Miller, R. D.; Safioles, S. A.; Pessl, Fred, Jr., 1985, Map showing relative slope stability in
the Port Townsend 30' x 60' quadrangle, Puget Sound region, Washington: U.S. Geological
Survey Miscellaneous Investigations Series Map I- 1198-C, 1 sheet, scale 1:100,000.
Geographic: PUGET LOWLAND/SKAGIT CO./SNOHOMISH CO./ISLAND
CO./SAN JUAN CO./CLALLAM CO./JEFFERSON CO./PORT TOWNSEND
QUADRANGLE
Subject: LANDSLIDES AND SLOPE STABILITY

Noble, John Boardman, 1960, A preliminary report on the geology and ground- water
resources of the Sequim-Dungeness area, Clallam County, Washington: Washington Division
of Water Resources Water Supply Bulletin 11, 43 p., 3 plates.
Geographic: CLALLAM CO./SEQUIM, WASH./DUNGENESS, WASH.
- Subject: AREAL GEOLOGY/HYDROLOGY - GROUND WATER/MAPS -
GEOLOGIC/DRILLING LOGS -

Othberg, K. L.; Palmer, Pamela, 1979, Preliminary surficial geologic map of part of the
Gardiner quadrangie Clallam County, Washington: Washington Division of Geology and
Earth Resources Open-File Report 79-19, 3 p., 1 plate, scale 1:24,000.

Geographic: CLALLAM CO./GARDINER QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Othberg, K. L.; Palmer, Pamela, 1979, Preliminary surficial geologic map of the Dungeness
quadrangle, Clallam County, Washington: Washington Division of Geology and Earth
Resources Open-File Report 79-17, 3 p., 1 plate, scale 1:24,000.

Geographic: CLALLAM CO./DUNGENESS QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC



Othberg, K. L.; Palmer, Pamela, 1979, Preliminary surficial geologic map of the Sequim
quadrangle; Clallam County, Washington: Washington Division of Geology and Earth
Resources Open-File Report 79-18, 4 p., 1 plate, scale 1:24,000.

Geographic: CLALLAM CO./SEQUIM QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Othberg, K. L.; Palmer, Pamela, 1982, Preliminary surficial geologic map of the Carlsborg
quadrangle, Clallam County, Washington: Washington Division of Geology and Earth
Resources Open-File Report 79-20, 1 sheet, scale 1:24,000.

Geographic: CLALLAM CO./CARLSBORG QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Pessl, Fred, Jr.; Dethier, D. P.; Booth, D. B.; Minard, J. P., 1989, Surficial geologic map of
the Port Townsend 30- by 60-minute quadrangle, Puget Sound region, Washington: U.S.
Geological Survey Miscellansous Investigations Series Map I-1198-F, 1 sheet, scale

~ 1:100,000, with 13 p. text.

Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO. /SNOHOMISH
CO./ISLAND CO./SAN JUAN CO./CLALLAM CO./JEFFERSON CO.

Subject AREAL GEOLOGY/MAPS GEOLOGIC

R.atchle A M, 1958 Recognmon and xdentlﬁcanon of landslides. In Eckel, E. B., editor,
1958, Landslides and engineering practice: Highway Research Board Special Report 29, p.
48-68. ) ' ‘

Geographic: KING CO./CLALLAM CO.

‘Subject: LANDSLIDES AND SLOPE STABILITY/LANDSLIDE

BIB/ENGINEERING GEOLOGY

U.S. Army Corps of Engineers, 1972, Erosion control, Ediz Hook, Port Angeles, Washington.
In Schwartz, M. L., editor, 1972, Spits and bars: Dowden, Hutchinson and Ross Benchmark
Papers in Geology, p. 401-438.

Geographic: EDIZ HOOK/CLALLAM CO.

Subject: SHORELINES/EROSION/COASTAL ZONE MANAGEMENT

Washington Department of Ecology, 1978, Coastal zone atias of Washington; volume 12,
Clallam County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: CLALLAM CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY /LITTORALDRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT

Whetten, J. T.; Carroll, P. 1; Gower, H. D.; Brown, E. H.; Pessl, Fred, Jr., 1988, Bedrock
geologic map of the Port Townsend 30- by 60-minute quadrangle, Puget Sound region,
Washington: U.S. Geological Survey Miscellaneous Investigations Series Map 1-1198-G, 1
sheet, scale 1:100,000. ‘
Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO./SNOHOMISH
CO./ISLAND CO./JEFFERSON COQ./SAN JUAN CO./CLALLAM CO./PUGET
LOWLAND
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC
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Island County

Anderson, H. W, Jr., 1968, Ground-water resources of Island County, Washington:
Washington Department of Water Resources Water-Supply Bulletin 25, part 2,317 p.
Geographic: ISLAND CO.
Subject: HYDROLOGY - GROUND WATER

Easterbrook, D. J., 1968, Pleistocene stratigraphy of Island County: Washington Department
of Water Resources Water-Supply Bulletin 25, part 1, 34 p,,1 plate (in 4 parts).
Geographic: ISLAND CO./DOUBLE BLUFF DRIFT/WHIDBEY
FORMATION/POSSESSIONDRIFT/QUADRA FORMATION/VASHON
DRIFT/PARTRIDGE GRAVEL/EVERSON GLACIOMARINE DRIFT
Subject: QUATERNARY - PLEISTOCENE/STRATIGRAPHY/GLACIAL
GEOLOGY/SEDIMENTARY PETROLOGY

Frederick, J. E., 1979, Map showing natural land slopes, Port Townsend quadrangle, Puget
Sound region, Washington: U.S. Geological Survey Miscellaneous Investigations Series Map
I-1198-A, 1 sheet, scale 1:100,000.
. Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO./JEFFERSON
CO./ISLAND CO./SNOHOMISH CO./SKAGIT CO./SAN JUAN CO.
Subject: TOPOGRAPHY/GEOMORPHOLOGY

Keuler, Ralph F., 1988, Map showing coastal erosion, sediment supply, and longshore
transport in the Port Townsend 30- by 60-minute quadrangle, Puget Sound region,
Washington: U. S. Geoiogxcal Survey Miscellaneous Investigations Senes Map 1-1198-E, 1
sheet, scale 1:100,000.

Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO. /ISLAND

CO./JEFFERSON CO./ CLALLAM CO.

Subject: SHORELINES/LITTORAL DRIFT/EROSION

Miller, Robert D.; Pessl, Fred, Jr., compilers, 1986, Map showing unconsolidated deposits
grouped on the basis of texture, Port Townsend 30’ x 60' quadrangle, Puget Sound region,
© Washington: U.S. Geological Survey Miscellaneous Investigations Series Map 1-1198-D, 1
sheet.

Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO./JEFFERSON

CO./ISLAND CO./ SKAGIT CO/SNOHOMISH CO.

Subject: SEDIMENTARY PETROLOGY/SOILS

Miller, R. D.; Safioles, S. A.; Pessl, Fred, Jr., 1985, Map showing relative slope stability in
the Port Townsend 30' x 60' quadrangle, Puget Sound region, Washington: U.S. Geological
Survey Miscellaneous Investigations Series Map I~ 1198-C, 1 sheet, Miller, Robert D.; Pessl,
Fred, Jr., compilers, 1986, Map showing unconsolidated deposits grouped on the basxs of
texture, Port Towscale 1:100,000.

Geographic: PUGET LOWLAND/SKAGIT CO./SNOHOMISH CO./ISLAND
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CO.JSAN JUAN CO./CLALLAM CO./JEFFERSON CO./PORT TOWNSEND
QUADRANGLE
Subject: LANDSLIDES AND SLOPE STABILITY

Minard, James P., 1982, Distribution and description of geologic units in the Mukilteo
quadrangle, Washmgton U.S. Geological Survey Miscellaneous Field Studles Map MF-1438,
1 sheet, scale 1:24,000. '

Geographic: ISLAND CO./MUKILTEO QUADRANGLE/SNOHOMISH CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Minard, James P., 1985, Geologlc map of the Tulalip quadrangle, Snohom1sh County,
Washington: U.S. Geological Survey Miscellaneous Field Studies Map MF- 1744, 1 sheet,
scale 1:24,000,

Geographic: SNOHOMISH CO./ISLAND CO./TULALIP QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Ness, A. O.; Richins, C. G., 1958, Soil survey of Island County, Washington: U.S. Soil
Conservation Service Series 1949, no. 6, 58 p., 16 plates.

Geographic: ISLAND CO.

Subject: SOILS

- Pessl, Fred, Jr.; Dethier, D. P.; Booth, D. B.; Minard, J. P., 1989, Surficial geologic map of
the Port Townsend 30- by 60~mmute quadrangle Puget Sound region, Washington: U.S.
Geological Survey Miscellaneous Investigations Series Map 1-1198-F, 1 sheet, scale
1:100,000, with 13 p. text.
Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO. /SNOHOMISH
CO./ISLAND CO./ SAN JUAN CO./CLALLAM CO./JEFFERSON CO. '
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

“Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 4,
Island County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: ISLAND CO.
Subject: AREAL. GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT




Jefferson County

Birdseye, R. U.,, 1976, Geologlc map of east-central Jefferson County, Washington:
Washington Division of Geology and Earth Resources Open-File Report 76- 26 1 sheet, scale '
1:24,000.

Geographic: JEFFERSON CO

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

- Birdseye, R. U, 1976, Relative slope stability in east-central Jefferson County, Washington:
. Washington Division of Geology and Earth Resources Open-File Report 76-27, 1 sheet, scale
1:24,000.

Geographic: JEFFERSON CO.

Subject: LANDSLIDES AND SLOPE STABILITY

Carson, R. J., 1976, Relative slope stability of the Brinnon area, Jefferson County,- -
Washington: Washington Division of Geology and Earth Resources Open-File Report 76-15, 1
sheet, scale 1:24,000,

Geographic: JEFFERSON CO./BRINNON AREA.

Subject: LANDSLIDES AND SLOPE STABILITY

Frederick, J. E., 1979, Map showing natural land slopes, Port Townsend quadrangle, Puget
Sound region, Washington: U.S. Geological Survey Miscellaneous Investigations Series Map
1-1198-A, 1 sheet, scale 1:100,000.

Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO./JEFFERSON

CO./ISLAND CO./SNOHOMISH CO./SKAGIT CO./SAN JUAN CO.

Subject: TOPOGRAPHY/GEOMORPHOLOGY

Galster, Richard W.; Ekman, Mark, 1977, Field trip 5--Coastal engineering geology, northern
Olympic Peninsula. In Association of Engineering Geologists, Guidebook to field trips; 1977
National Meeting, Seattle, Washington: Association of Engineering Geologists, p. 115-133.
Geographic: JEFFERSON CO./CLALLAM CO./DUNGENESS SPIT/EDIZ HOOK.
- Subject: GUIDEBOOKS/SHORELINES/LITTORAL DRIFT/ENGINEERING
GEOLOGY

Gayer, M. 1., 1976, Slope stability map of northeastern Jefferson County, Washington:
Washington Division of Geology and Earth Resources Open-File Report 76-22, 1 sheet, scale
1:24,000.

Geographic: JEFFERSON CO.

Subject: LANDSLIDES AND SLOPE STABILITY

Grimstad, Peder: Carson, Robert J., 1981, Geology and ground-water resources of eastern
Jefferson County, Washington: Washington Department of Ecology Water-Supply Bulletin 54,
125 p., 3 plates.

Geographic: JEFFERSON CO.
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Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/HYDROLOGY - GROUND
WATER

Hanson, K. L., 1976, Geologic map of the Uncas-Port Ludlow area, Jefferson County,
Washington: Washington Division of Geology and Earth Resources Open-File Report 76-20, 1
sheet, scale 1:24,000.

Geographic: JEFFERSON CO./JUNCAS-PORT LUDLOW AREA.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Hanson, K. L., 1976, Slope stability map of the Uncas-Port Ludlow area, Jefferson County,
. Washington: Washington Division of Geology and Earth Resources Open-File Report 76-18, 1
sheet, scale 1:24,000. _
' Geographic: JEFFERSON CO./UNCAS-PORT LUDLOW AREA
Subject: LANDSLIDES AND SLOPE STABILITY

Keuler, Ralph F., 1988, Map showing coastal erosion, sediment supply, and longshore
transport in the Port Townsend 30- by 60-minute quadrangle, Puget Sound region,
Washington: U.S. Geological Survey Miscellaneous Investigations Series Map I-1198-E, 1
sheet, scale 1:100,000. '

Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO./ISLAND

CO./JEFFERSON CO./ CLALLAM CO.

Subject: SHORELINES/LITTORAL DRIFT/EROSION

McCreary, F. R., 1975 Soil survey of Jefferson County area, Washington: U.S. So;l
Conservation Service,
100 p., 70 plates.

Geographic: IEFFERSON CO.

Subject: SOILS

‘Miller, R. D.; Safioles, 8. A.; Pessl, Fred, Jr., 1985, Map showing relative slope stability in
the Port Townsend 30' x 60' quadrangle, Puget Sound region, Washington: U.S. Geological
Survey Miscellaneous Investigations Series Map 1-1198- C, 1 sheet, scale 1:100,000.
Geographic: PUGET LOWLAND/SKAGIT CO./SNOHOMISH CO./ISLAND
CO./SAN FUAN CO./ CLALLAM CO./JEFFERSON CO./PORT TOWNSEND
QUADRANGLE.
Subject: LANDSLIDES AND SLOPE STABILITY

Pessl, Fred, Jr.; Dethier, D. P.; Booth, D. B.; Minard, 1. P, 1989, Surficial geologic map of
the Port Townsend 30- by 60-minute quadrangle, Puget Sound region, Washington: U.S.
Geological Survey Miscellaneous Investlgatlons Series Map I- 1198-F 1 sheet, scale
1:100,000, with 13 p. text.

Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO. /SNOHOMISH

CO./ISLAND CO./SAN JUAN CO./CLALLAM CO.JJEFFERSON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

B-10




Washington Department of Ecology, 1978, Coastal zone atlas of Washingion; volume 11,
Jefferson County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: JEFFERSON CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT :

Yount, . C; Minard J. P.; Dembroff, G. R., 1993, Geologic map of surficial deposus in the
Seattle 30' x 60' quadrangle, Washington.:. U S. Geological Survey Open-File Report 93-233, 2
sheets, scale 1:100,000.. ‘

Geographic: KING CO./KITSAP CO./SNOHOMISH CO. /SEATTLE

QUADRANGLE/ISLAND CO./JEFFERSON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/STRATIGRAPHY

B-11



King County

King County Parks, Planning, and Resources Department, 1990, Sensitive areas map
folio--King County, December 1990: King County Parks, Planning, and Resources
Department, 1 v.
Geographic: KING CO.
Subject: GEOLOGIC HAZARDS/LAND USE PLANNING /WETLANDS /FLOODS -
/EROSION /LANDSLIDES AND SLOPE STABILITY /EARTHQUAKES AND
SEISMOLOGY/COAL MINE SUBSIDENCE '

Woodward, D. G., 1992, Evaluation of the ground-water resources of southwestern King
County. In Wayenberg, J. A.; Renslow, V. F., compilers, Summary of water-resources
- activities of the U.S. Geological Survey in Washington--Fiscal year 1991: U.8. Geological
Survey Open-File Report 92-92, p. 27.

Geographic: KING CO.

Subject: HYDROLOGY - GROUND WATER

- Yount, J. C.; Minard, J. P.; Dembroff, G. R., 1993, Geologic map of surficial deposits in the
 Seattle 30' x 60' quadrangle, Washington: U.S. Geological Survey Open-File Report 93-233, 2
sheets, scale 1:100,000.
Geographic: KING CO./KITSAP CO/SNOHOMISH CO./SEATTLE
QUADRANGLE/ISLAND CO./JEFFERSON CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/STRATIGRAPHY

Booth, D. B., 1991, Geologic map of Vashon and Maury Islands, King County, Washington:
U.S. Geological Survey Miscellaneous Field Studies Map MF-2161, 1 sheet, scale 1:24,000,
with 6 p. text.
' Geographic: KING CO./VASHON ISLAND/MAURY ISLAND
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Friedman-Thomas, Rachel; Minton, Gary, 1988, Erosion control--What is the state of the art?
In Washington State Puget Sound Water Quality Authority, Proceedings--First annual meeting
on Puget Sound research: Puget Sound Water Quahty Authority, v. 2, p. 718-722.
Geographic: KING CO.
Subject: ENGINEERING GEOLOGY - EROSION/SOIL EROSION CAUSED BY
DEVELOPMENT

Galster, R. W.; Laprade, W. T., 1991, Geology of Seattle, Washington, United States of
America: Association of Engineering Geologists Bulletin, v. 28, no. 3, p. 235-302, 1 plate..
Geographic: SEATTLE, WASH./KING CO.
Subject: AREAL GEOLOGY/ENGINEERING GEOLOGY/MAPS -
GEOLOGIC/EARTHQUAKES AND SEISMOLOGY/GLACIAL GEOLOGY

Grant, W. P; Perkins, W. J.; Youd, T. L., 1992, Evaluation of liquefaction potential, Seattle,
Washington: U.S. Geological Survey Open-File Report 91-441-T, 44 p., 1 plate.
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Geographic: SEATTLE, WASH./KING CO.
- Subject: EARTHQUAKE-INDUCED LIQUEFACTION/AREAL GEOLOGY/MAPS -
GEOLOGIC/ENGINEERING GEOLOGY - SOIL MECHANICS

King County Department of Community and Environmental Development, 1975, Vashon-
Maury Island--Physical characteristics and shoreline inventory: King County Department of
Community and Environmental Development, 63 p.

Geographic: KING CO./VASHON ISLAND/MAURY ISLAND

Subject: SHORELINES/LAND USE PLANNING

King County Parks, Planning, and Resources Department, 1990, Sensitive areas map
folio--King County, December 1990: King County Parks, Planning, and Resources
Department, 1 v.
Geographic: KING CO.
Subject: GEOLOGIC HAZARDS/LAND USE PLANNING /WETLANDS /FLOODS
/EROSION /LANDSLIDES AND SLOPE STABILITY/EARTHQUAKES AND
SEISMOLOGY/COAL MINE SUBSIDBNCE

Liesch, B. A.; Price, C. E.; Walters, K. L., 1963, Geology and ground-water resources of
northwestern King County, Washington: Washington Division of Water Resources
Water-Supply Bulletin 20, 241 p., 3 plates.
Geographic: KING CO.
" Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/HYDROLOGY - GROUND
WATER

Livingston, V. E., Jr., 1971, Geology and minera! resources of King County, Washington:
Washington Division of Mines and Geology Builetin 63, 200 p., 8 plates.

Geographic: KING CO.

Subject: AREAL GEOLOGY/MINERAL RESOURCES/MAPS - GEOLOGIC

McGavock, Edwin H., 1990, Evaluation of ground-water resources in southwest King Cbunty.
‘In Wayenberg, J. A, editor, Summary of water-resources activities of the U.S. Geological
Survey in WashmgtonwFlscal year 1989: U.S. Geological Survey Open-File Report 90-1380,
p. 43.
. Geographic: KING CO.
Subject: HYDROLOGY - GROUND WATER

‘Miller, R. D., 1973, Map showing relative siope stability in part of west- central King
County, Washington: U.S. Geological Survey Miscellaneous Investlgaﬁons Series Map
1-852-A, 1 sheet, scale 1:48,000.

Geographic: KING CO.

Subject: LANDSLIDES AND SLOPE STABILITY

Minard, James P., 1982, Landslides mapped in Seattle, Washington [abstract]: U.S.

Geological Survey Professional Paper 1275, p. 222-223.
Geographic: SEATTLE, WASH./KING CO.
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Subject: LANDSLIDES AND SLOPE STABILITY

Minard, James P., 1983, Geologic map of the Edmonds East and part of the Edmonds West
quadrangles, Washington: U.S. Geological Survey Miscellaneous Field Studies Map
MEF-1541, 1 sheet, scale 1:24,000.

Geographlc KING CO./SNOHOMISH CO. /EDMONDS EAST

QUADRANGLE/EDMONDS WEST QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Yount, J. C.; Minard, J. P.; Dembroff, G. R., 1993, Geologic map of surficial deposits in the
Seattle 30" x 60' quadrangie Washmgton U.S. Geological Survey Open-File Report 93-233, 2
sheets, scale 1:100,000.

Geographic: KING CO. /KITSAP CO./SNOHOMISH CO. /SEATTLE

QUADRANGLE/ISLAND CO./JEFFERSON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/STRATIGRAPHY

Reichert, W. H., 1978, Annotated guide to sources of information on the geology, minerals,
- and ground-water resources of the Puget Sound region, Washington, King County section;
with supplemental references by D. D. Dethier: Washington Division of Geology and Earth
Resources Information Circular 61, 63 p.

- Geographic: KING CO.

Subject: AREAL GEOLOGY/MINERAL RESOURCES/HY DROLOGY GROUND

WATER/ BIBLIOGRAPHY

Ritchie, A. M., 1958, Recognition and identification of landslides. In Eckel, E. B., editor,
1958, Landshdes and engineering practice: Highway Research Board Spemal Report 29, p.
48-68.
Geographic: KING CO./CLALLAM CO.
~ Subject: LANDSLIDES AND SLOPE STABILITY&ANDSLIDE
BIB/ENGINEERING GEOLOGY

Smith, Mackey, 19’75, Preliminary surficial geologic map of the Edmonds Fast and Edmonds
West quadrangles, Snohomish and King Counties, Washington: Washington Division of
Geology and Earth Resources Geologic Map GM-14, 1 sheet, scale 1:24,000.

Geographic: SNOHOMISH CO./KING CO/EDMONDS EAST .

QUADRANGLE/EDMONDS WEST QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Snyder, D. E.; Gale, P. S.; Pringle, R. F,, 1973, Soil survey of King County area,
Washington: U.S. Soil Conservation Service, 100 p., 22 plates.

Geographic: KING CO. ‘

Subject: SOILS

'Tub‘bs, D. W, 1974, Landslides and associated damage during. early 1972 in part of
west-central King County, Washington: U.S. Geological Survey Miscellaneous Investigations
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Series Map 1-852-B, 1 sheet, scale 1:48,000.
.Geographic: KING CO. -
Subject: LANDSLIDES AND SLOPE STABILITY/GEOLOGIC HAZARDS -
‘LANDSLIDES

Tubbs, D. W., 1974, Landslides in Seattle: Washington Division of Geology and Earth
Resources Information Circular 52, 15 p. ' - :
Geographic: KING CO./SEATTLE, WASH.
Subject: LANDSLIDES AND SLOPE STABILITY

. Tubbs, D. W.; Dunne, Thomas, 1977, Geologic hazards in Seattle--A field guide for the
Geological Society of America Annual Meeting, 1977: Geological Society of America, 37 p.
Geographic: SEATTLE, WASH./KING CO.
Subject: GEOLOGIC HAZARDS/LANDSLII)ES AND SLOPE STABILITY

Waldron, H. H., 1961, Geo]ogy of the Poverty Bay quadrangle, Washington: US Geologzca]
Survey Open-File Report 61-167, 2 sheets. (Published as USGS map GQ- 158.) '
Geographic: KING CO./PIERCE CO./POVERTY BAY QUADRANGLE
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

‘'Waldron, H. H., 1967, Geologic map of the Duwamish Head quadrangle, King and Kitsap
Counties, Washington: U.S. Geological Survey Geologic Quadrangle Map GQ- 706, 1 sheet,
scale 1:24,000.

Geographic: DUWAMISH HEAD QUADRANGLE/KING CO./KITSAP CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC : .

Waldron, H. H.; Leisch, B. A.; Mullineaux, D. R.; Crandell, D. R., 1961, Preliminary
geologic map of Seattle and vicinity: U.S. Geological Survey Open- File Report 61-168, 3
sheets. (Published as USGS map 1-354.)

Geographic: KING CO./SEATTLE, WASH.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Walsh, Timothy J., 1987, Geologic map of the south haif of the Tacoma quadrangle,
Washington: Washington Division of Geology and Earth Resources Open-File Report 87-3,
10 p., 1 plate, scale 1:100,000.

Geographic: TACOMA QUADRANGLE/THURSTON CO./PIERCE CO./KING

CO./MASON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Walsh, Timothy J.; Korosec, Michael A.; Phillips, William M.; Logan, Robert L.; Schasse,
Henry W., 1987, Geologic map of Washington--Southwest quadrant: Washington Division of
Geology and Earth Resources Geologic Map GM-34, 2 sheets, scale 1:250,000, with 28 p.
fext.
Geographic: SOUTHWESTERN WASHINGTON/GRAYS HARBOR CO./MASON
CO./THURSTON CO./PIERCE CO./KING CO/KITTITAS CO./PACIFIC CO./LEWIS
CO/YAKIMA CO./KLICKITAT CO./SKAMANIA CO./CLARK CQ./COWLITZ CO./
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WAHKIAKUM CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 6, King
County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: KING CO. .
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT '

- Washington Surveying and Rating Bureau, 1966, Seattle and vicinity, Washington earthquake
map, showing general areas of filled or unstable ground: Washington Surveying and Rating
Bureauy, 1 sheet, scale 1:48,000, with 1 p. text.

Geographic: SEATTLE, WASH./KING CO.

Subsect EARTHQUAKES AND BUILDING/SOIL MECHANICS

Yount, J. C,, 1982, Barthquake hazards Puget Sound, Washmgton In Jacobson M. L;
Rodriguez, T. R.; Seiders, W, H., compilers, Summaries of technical reports, Volume XIV:
U.S. Geological Survey Open»]?iie Report 82-840, p. 70-71.
Geographic: PUGET LOWLAND/SEATTLE, WASH./KING CO.
Subject: EARTHQUAKE INDUCED LANDSLIDES/GEOLOGIC HAZARDS/AREAL
GEOLOGY/ SEISMOLOGY/LANDSLIDES AND SLOPE ‘ '
STABILITY/EARTHQUAKES

Yount, James C., 1983, Geologic units that likely control seismic ground shaking in the
greater Seattle area. In Yount, J. C.; Crosson, R. S., editors, Proceedings of workshop X1V,
Earthquake hazards of the Puget Sound region, Washmgton Us. Geologxcai Survey
Open-File Report 83-19, p. 268-279. .

Geographic: KING CO./SEATTLE, WASH

Subject: SEISMOLOGY/AREAL GEOLOGY
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Kitsap County

Garling, M. E Molenaar, Dee; and others, 1965, Water resources and geology of the Kitsap
Peninsula and certain adjacent islands: Washington Division of Water Resources
Water-Supply Bulletin 18, 309 p., 5 plates. _
Geographic: KITSAP CO./MASON CO./PIERCE CO./PUGET LOWLAND/KITSAP
PENINSULA
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/HYDROLOGY GROUND
WATER

Hansen, A. J, Ir; Bolke, E. L., 1980, Ground-water availability on the Kitsap Peninsula,
Washington: U.S. Geological Survey Open-File Report 80-1186, 70 p.

Geographic: KITSAP PENINSULA/KITSAP CO./PIERCE CO.

Subject: HYDROLOGY - GROUND WATER

McMurphy, C. J., 1980, Soil survey of Kitsap County area, Washington: U.S. Soil
Conservation Service,
127 p., 31 plates.

Geographic: KITSAP CO:

Subject: SOILS

Othberg, K. L., 1975, Geologic interpretive map showing areas of unstable slopes, Kitsap
County, Washington: Washington Division of Geology and Earth Resources Open-File
Report 75-7, 11 sheets, scale 1:24,000.

Geographic: KITSAP CO.

Subject: LANDSLIDES AND SLOPE STABILITY/MAPS - GEOLOGIC

Sceva, Jack E., 1956, Geology and ground-water resources of Kitsap County, Washington:
Annotated Bibliography of Economic Geology 1954, v. 27, no. 2, p. 289.

Geographic: KITSAP CO.

Subject: HYDROLOGY - GROUND WA’IER

Sceva, Jack Edward, 1957, Geology and ground-water resources of Kitsap County,
Washington: U.S. Geological Survey Water-Supply Paper 1413, 178 p,, 3 plates
Geographic: KITSAP CO.
Subject: AREAL GEOLOGY/HYDROLOGY - GROUND WATER/MAPS -
GEOLOGIC

Smith, Mackey, 1974, Poulsbo slide:. Washington Geologic Newsletter, v. 2, no. 3, p. 7.
Geographic: KITSAP CO./POULSBO, WASH.
Subject: LANDSLIDES AND SLOPE STABILITY

Smith, Mackey; Carson, R. J., 1977, Relative slope stability of the southern Hood .Canal area,
Washington: U.S. Geological :Survey Miscellaneous Investigations Series Map 1-853-F, 1
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sheet, scale 1:62,500.
Geographic: MASON CO./KITSAP CO/HOOD CANAL
Subject: LANDSLIDES AND SLOPE STABILITY

Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 10,
Kitsap County: Washington Department of Ecology, 1 v., maps, scale 1: 24 ,000.

' Geographic: KITSAP CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES

AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE

PLANNING/COASTAL ZONE MANAGEMENT

- Yount, J. C.; Minard, J. P.; Dembroff, G. R., 1993, Geologic map of surficial deposits in the
Seattle 30" x 60' quadrangle Washington: U. S Geological Survey Open-File Report 93.233,2
sheets, scale 1:100,000.

Geographic: KING CO./KITSAP CO. /SNOHOMISH CO./SEATTLE

QUADRANGLE/ISLAND CO./JEFFERSON CO. -

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/STRATIGRAPHY
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Mason County

Carson, R. J., 1975, Slope stability map of north-central Mason County, Washmgton
Washington Division of Geology and Earth Resources Open-File Report 75-4, 1 sheet, scale
1:62,500.

Geographic: MASON CO.

Subject LANDSLIDES AND SLOPE STABILITY

Carson, R. 1., 1976, Geologic map of north-central Mason County, Washington: Washington
Division of Geology and Earth Resources Open-File Report 76-2, 1 sheet, scale 1:62,500.
Geographic: MASON CO.
Subject: AREAL GEOLOGY/MAPS - GECLOGIC

Garling, M. E.; Molenaar, Dee; and others, 1965, Water resources and geology of the Kitsap
Peninsula and certam adjacent islands: Washington Division of Water Resources
Water-Supply Bulletin 18, 309 p., 5 plates.
Geographic: KITSAP CO./MASON CO./PIERCE CO./PUGET LOWLAND/KITSAP
PENINSULA
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/HYDROLOGY - GROUND
WATER

Molenaar, Dee; Noble, J. B., 1970, Geology and related ground- water occurrence,
southeastern Mason County, Washington: Washington Department of Water Resources
Water-Supply Bulletin 29, 145 p., 2 plates.

Geographic: MASON CO.

Subject: HYDROLOGY - GROUND WATER/AREAL GEOLOGY/MAPS -

GEOLOGIC

Ness, A. O.; Fowler, R. H., 1960, Soil survey of Mason County, Washington: U.S. Soil
Conservation Service Series 1951, no. 9, 76 p., 24 plates.

Geographic: MASON CO.

Subject: SOILS

Smith, Mackey; Carson, R. J., 1977, Relative slope stability of the southern Hood Canal area,-
Washington: U.S. Geological Survey Miscellaneous Investigations Series Map 1-853-F, 1
sheet, scale 1:62,500. ‘

Geographic: MASON CO./KITSAP CO/HOOD CANAL

Subject: LANDSLIDES AND SLOPE STABILITY

Walsh, Timothy J., 1987, Geologic map of the south half of the Tacoma quadrangle,
Washington: Washington Division of Geology and Earth Resources Open-File Report 87-3,
10 p., 1 plate, scale 1:100,000.
Geographic: TACOMA QUADRANGLE/THURSTON CO./PIERCE CO./KING
CO./MASON CO.
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Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Walsh, Timothy J.; Korosec, Michael ‘A.; Phillips, William M.; Logan, Robert L.; Schasse,
Henry W., 1987, Geologic map of Washington--Southwest quadrant: - Washington Division of
Geology and Earth Resources Geologic Map GM-34, 2 sheets, scale 1:250,000, with-28 p.
text. .
Geographic: SOUTHWESTERN WASHINGTON/GRAYS HARBOR CO./MASON
CO./THURSTON CO./PIERCE CO./KING CO./KITTITAS CO./PACIFIC CO./LEWIS
CO./YAKIMA CO/KLICKITAT CO./SKAMANIA CO./CLARKCO. /COWLITZ
CO./WAHKIAKUM CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

© Washington Department of Ecology, 1980, Coastal zone atlas of Washington; volume 9,
Mason County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: MASON CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE -
PLANNING/COASTAL ZONE MANAGEMENT |
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Pierce County

Anderson, W. W.; Ness, A. O.; Anderson, A. C,, 1955, Soil survey of Pierce County,
' Washington: U.S. Soil Conservation Service Soil Survey Series 1939, no. 27, 88 p.
Geographic: PIERCE CO.

Subject: SOIL SURVEYS

Garling, M. E.; Molenaar, Dee; and others, 1965, Water resources and geology of the Kitsap
Peninsula and certain adjacent islands: Washington Division of Water Resources
Water-Supply Bulletin 18, 309 p., 5 plates.
Geographic: KITSAP CO./MASON CO./PIERCE CO./PUGET LOWLAND/KITSAP
PENINSULA
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/HYDROLOGY - GROUND
WATER

Smith, Mackey, 1976, Relative slope stability of Gig Harbor Peninsula, Pierce County, -
Washington: Washington Division of Geology and Earth Resources Geologic Map GM-18, 1
sheet, scale 1:31,680,

Geographic: PIERCE CO./GIG HARBOR PENINSULA

Subject: LANDSLIDES AND SLOPE STABILITY

Smith, Mackey, 1976, Surficial geology of northeast Tacoma, Pierce County, Washington:
Washington Division of Geology and Earth Resources Open-File Report 76-9, 1 sheet, scale
1:24,000. '

Geographic: TACOMA, WASH./PIERCE CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Smith, Mackey, 1977, Geologic map of the city of Tacoma, Pierce County, Washington:
Washington Division of Geology and Earth Resources Open-File Report 77-9, 1 sheet, scale
1:24,000.

Geographic: PIERCE CO./TACOMA, WASH.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Waldron, H. H., 1961, Geology of the Poverty Bay quadrangle, Washington: U.S. Geological
Survey Open-File Report 61-167, 2 sheets. (Published as USGS map GQ- 158.)

Geographic: KING CO./PIERCE CO./POVERTY BAY QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Waldron, Howard Hamilton, 1961, Geology of the Poverty Bay quadrangle, Washington: U.S.
Geological Survey Geologic Quadrangle Map GQ-158, 1 sheet, scale 1:24,000.

Geographic: POVERTY BAY QUADRANGLE/KING CO./PIERCE CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Walsh, Timothy J., 1987, Geologic map of the south half of the Tacoma quadrangle,
Washington: Washington Division of Geology and Earth Resources Open-File Report 87-3, 10
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p., 1 plate, scale 1:100,000.
Geographic: TACOMA QUADRANGLE/T HURSTON CO./PIERCE CO./KING
CO./MASON CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Walsh, Timothy I.; Korosec, Michael A.; Phillips, William M.; Logan, Robert L., Schasse,
Henry W., 1987, Geologlc map of Washmgton--Souﬂzwest quadrant: Washmgton Division of
Geology and Earth Resources Geologic Map GM-34, 2 sheets, scale 1:250,000, with 28 p.
text
Geographlc: SOUTI—I‘WES’I’ERI\I WAS}HNGTON/GR_AYS HARBOR CO./MASON
CO./ THURSTON CO./PIERCE CO./KING CO/KITTITAS CO./PACIFIC
CO./LEWIS CO./YAKIMA CO/KLICKITAT CO./SKAMANIA CO. /CLARK
CO./COWLITZ CO./WAHKIAKUM CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 7,
Pierce County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: PIERCE CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT

Zulauf, A. S., 1979, Soil survey of Pierce County area, Washington: U.S. Soil Conservation
Service, 131 p. ' ' ‘
Geographic: PIERCE CO.
Subject: SOILS
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San Juan County

Cowan, D. S.; Whetten, J. T.; Brown, E. H,, 1977, Geology of the southern San Juan Islands.
IN Brown, E. H.; Ellis, R. C., editors, Geological excursions in the Pacific Northwest,
Geological Society of America annual meeting, 1977: Western Washington University, p.
309-338.
Geographic: SAN JUAN ISLANDS/FIDALGO FORMATION/SAN JUAN CO.
Subject: AREAL GEOLOGY/GUIDEBOOKS

Danner, Wilbert Roosevelt, 1962, Guidebook for geological field trips, San Juan Island,
Washington State: University of British Columbia Department of Geology Report 1, 25 p.,, 2
plates. : _

Geographic: SAN JUAN ISLAND/SAN JUAN CO.

Subject: GUIDEBOOKS/AREAL GEOLOGY

Dietrich, W. E., 1975, Surface water resources of San Juan County. IN Russell, R. H., editor,
" Geology and water resources of the San Juan Islands, San Juan County, Washington:
Washington Department of Ecology Water-Supply Bulletin 46, p. 59-125.

Geographic: SAN JUAN CGO./SAN JUAN ISLANDS

Subject: HYDROLOGY

Eddy, P. A., 1975, Quaternary geoiogy and ground-water resources of San Juan County,
Washington. IN Russell, R, H., editor, Geology and water resources of the San Juan Islands,
San Juan County, Washington: - Washington Department of Ecology Water-Supply Bulletin
46, p. 21-39.

Geographic: SAN JUAN CO./SAN JUAN ISLANDS

Subject: AREAL GEOLOGY/QUATERNARY/HYDROLOGY - GROUND WATER

Frederick, I. E., 1979, Map showing natural land slopes, Port Townsend quadrangle, Puget
Sound region, Washington: U.S. Geological Survey Miscellaneous Investigations Series Map
[-1198-A, 1 sheet, scale 1:100,000.

Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO./JEFFERSON

CO./ISLAND CO./SNOHOMISH CO./SKAGIT CO./SAN JUAN CO.

Subject: TOPOGRAPHY/GEOMORPHOLOGY

Miller, R. D.; Safioles, S. A.; Pessl, Fred, Jr., 1985, Map showing relative slope stability in
the Port Townsend 30' x 60' quadrangle, Puget Sound region, Washington: U.S:. Geological
Survey Miscellaneous Investigations Series Map 1-1198-C, 1 sheet, scale 1:100,000.
Geographic: PUGET LOWLAND/SKAGIT CO./SNOHOMISH CO./ISLAND CO./
SAN JUAN CO./CLALLAM CO./JEFFERSON CO./PORT TOWNSEND
QUADRANGLE
Subject: LANDSLIDES AND SLOPE STABILITY

Pessl, Fred, Jr.; Dethier, D. P.; Booth, D. B.; Minard, J. P, 1989, Surficial geologic map of
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the Port Townsend 30- by 60-minute quadrangle, Puget Sound region, Washington: U.S.
Geological Survey Miscellaneous Investigations Series Map I-1198-F, 1 sheet, scale
1:100,000, with 13 p. text.

Geographic: PORT TOWNSEND. QUADRANGLE/SKAGIT CO. /SNOHOMISH

CO./ISLAND CO./SAN JUAN CO./CLALLAM CO./JEFFERSON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Russell, R. H., editor, 1975, Geology and water resources of the San Juan Islands, San Juan
County; Washington: Washington Depaﬂment of Ecology Water»Supply Bulletm 46, 171 p,,
3 plates. :

Geographic: SAN JUAN CO./SAN JUAN ISLANDS

~ Subject: AREAL GEOLOGY/HYDROLOGY/MAPS - GEOLOGIC |

Schlots, Fred E.; Ness, Arnold O.; Rasmussen, Jack J.; McMurphy, Carl J.; Main, Lauren L.;
Richards, Ralph J.; Starr, Warren A.; Krashevski, Stephen H., 1962, Soil survey of San Juan
County, Washington: U.S. Soil Conservation Service Series 1957, no. 15, 73 p., 36 plates
Geographic: SAN JUAN CO.
Subject: SOILS .

Washington Department of Ecology, 1978, Coastal zone atlas of Washington; volume 3, San
Juan County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: SAN JUAN CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT
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Skagit County

Artim, E. R.; Wunder, J. M., 1976, Preliminary geologic map of the La Conner quadrangle in
Skagit County, Washington: Washington Division of Geology and Eaﬂh Resources Open- -File
Report 76-1, 1 sheet, scale 1:24,000.

Geographic: SKAGIT CO./LA CONNER QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

‘Dethier, David P.; Whetten, John T., 1981, Preliminary geologic map of the Mount Vernon 7
1/2 minute quadrangle, Skagit County, Washington: U.S. Geological Survey Open-File
Report 81-105, 9 p., 1 sheet, scale 1:24,000.

Geographic: SKAGIT CO./MOUNT VERNON QUADRANGLE

Subject: MAPS - GEOLOGIC/AREAL GEOLOGY

' Frederick, J. E., 1979, Map showing natural land slopes, Port Townsend quadrangle, Puget
Sound region, Washington: U.S. Geological Survey Miscellaneous Investigations Series Map
1-1198-A, 1 sheet, scale 1:100,000.

Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO./JEFFERSON
CO./ISLAND CO./SNOHOMISH CO./SKAGIT CO./SAN JUAN CO.
Subject: TOPOGRAPHY/GEOMORPHOLOGY

Heller, P. L., 1979, Map showing landslides and relative slope stability of Quaternary deposits
of the lower Skagit and Baker Valleys, north Cascades, Washington: U.S. Geological Survey
Open-File Report 79-963,
30 p., 2 plates, scale 1:62,500.

Geographic: SKAGIT VALLEY/BAKER VALLEY/SKAGIT CO.

Subject: LANDSLIDES AND SLOPE STABILITY/QUATERNARY

Heller, P. L., 1979, Map showing surficial geology of parts of the lower Skagit and Baker
Valleys, north Cascades, Washington: U.S. Geological Survey Open-File Report 79-964, 16
p., 1 plate, scale 1:62,500.

Geographic: SKAGIT CO. /SKAGIT VALLEY/BAKER VALLEY'

Subject: AREAL GEOLOGY/MAPS -~ GEOLOGIC/QUATERNARY

Heller, Paﬁl L., 1981, Small landslide types and controls in glacial deposits-- Lower Skagit
River drainage, northern Cascade Range, Washington: Environmental Geology, v. 3, no. 4, p.
221-228. '
Geographic: SKAGIT CO./SKAGIT RIVER BASIN/BAKER RIVER BASIN
Subject: LANDSLIDES AND SLOPE STABILITY/GLACIAL GEOLOGY

Heller, Paul L.; Dethier, David P., 1981, Surficial and environmental geology of the lower
Baker valley, Skagit County, Washington: Northwest Science, v. 55, no. 2, p. 145-155,
Geographic: SKAGIT CO./BAKER VALLEY/BAKER RIVER BASIN
Subject: AREAL GEOLOGY/LANDSLIDES AND SLOPE STABILITY
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Keuler, Ralph F., 1988, Map showing coastal erosion, sediment supply, and longshore
transport in the Port Townsend 30- by 60-minute quadrangle, Puget Sound region,
' Washington: U.S. Geological Survey.Miscellaneous Investlgatxons Series Map I-1198-E, 1
sheet, scale 1:100,000.
Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO /ISLAND
CO./JEFFERSON CO./CLALLAM CO.
Subject: SHORELINES/LITTORAL DRIFT/EROSION

Miller, R. D.; Safioles, S. A.; Pessl, Fred, Jr., 1985, Map showing relative slope stability in
the Port Townsend 30' ¥ 60' quadrangle, Puget Sound region, Washington: U.S. Geological
Survey Miscellaneous Investigations Series Map 1- 1198-C, 1 sheet, scale 1:100,000. ‘
Geographic: PUGET LOWLAND/SKAGIT CO./SNOHOMISH CO./ISLAND
- CO./SAN JUAN CO./CLALLAM CO. /IEFFERSON CO./PORT TOWNSEND
QUADRANGLE
Subject: LANDSLIDES AND SLOPE STABILITY -

Ness, A. O.; Buchanan, D. E.; Richins, C. G., 1960, Soil survey of Skagit County, -
Washington: U.S. Soil Conservation Service Series 1951, no. 6, 91 p., 40 plates.
' Geographic: SKAGIT CO. _

Subject: SOILS

Pessl, Fred, Jr.; Dethier, D. P.; Booth, D. B.; Minard, J. P., 1989, Surficial geologic map of
the Port Townsend 30- by 60-minute quadrangle, Puget Sound region, Washington: U.S.
Geological Survey Miscellaneous Investigations Series Map 1-1198-F, 1 sheet, scale
1:100,000, with 13 p. text.

Geographic: PORT TOWNSEN'D QUADRANGLE/SKAGIT CO. /SNOHOMISH

CO./ISLAND CO./SAN JUAN CO./CLALLAM CO./JEFFERSON CO.

Subject: AREAL GEOLOGY/MAPS GEOLOGIC

Washmgton Department of Ecology, 1978; Coastal zone atlas of Washmgton volume 2,
Skagit County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: SKAGIT CO. _
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT

‘Waunder, 1. M., 1976, Preliminary geologic map of the Utsalady quadrangle, Skagit and
Snohommish Counties, Washington: Washington Division of Geology and Earth Resources
Open-File Report 76-10, 1 sheet, scale 1:24,000.
Geographic: SKAGIT CO./SNOHOMISH CO./UTSALADY QUADRANGLE
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC
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Snohomish County

Capps, Gerald; Simmons, J. D.; Videgar, F. D., 1973, Preliminary report on the geology of
southern Snohomish County, Washington: Washington Division of Geology and Earth
Resources Open-File Report 73-1, 11 p., )
2 plates.

Geographic: SNOHOMISH CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Debose, Alfonso; Klungland, Michael W., 1983, Soil survey of Snohomish County area,
Washington: U.S. Government Printing Office, 197 p., 59 plates.

Geographic: SNOHOMISH CO.

Subject: SOILS

Frederick, J. E., 1979, Map showing natural land slopes, Port Townsend quadrangle, Puget
- Sound region, Washington: U.S. Geological Survey Miscellaneous Investigations Senes Map
1-1198-A, 1 sheet, scale 1:100,000.
Geographic: PORT TOWNSEND QUADRANGLE/CLALLAM CO. /JEFFERSON
CO.ISLAND CO./ SNOHOMISH CO./SKAGIT CO./SAN JUAN CO.
Subject: TOPOGRAPHY/GEOMORPHOLOGY ’

Miller, R. D.; Safioles, S. A.; Pessl, Fred, Jr., 1985, Map showing relative slope stability in
the Port Townsend 30' x 60' quadrangle, Puget Sound region, Washington: U.S. Geological
. Survey Miscellaneous Investigations Series Map 1-1198-C, 1 sheet, scale 1:100,000.
Geographic: PUGET LOWLAND/SKAGIT CO./SNOHOMISH CO./ISLAND CO./
SAN JUAN CO./CLALLAM CO./JEFFERSON CQ./PORT TOWNSEND
QUADRANGLE

Subject: LANDSLIDES AND SLOPE STABILITY

Minard, J. P., 1980, Distribution and description of the geologic units in the Stanwood
quadrangle, Washmgton U.S. Geological Survey Open-File Report 80-464, 6 p., 1 plate scale
1:24,000.
Geographic: STANWOOD QUADRANGLE/SNOHOMISH CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Minard, J. P., 1980, Distribution and description of the geologic units in the Tulalip

 quadrangle, Washmgton U.S. Geologicat Survey Open-File Report 80-465, 6 p., 1 sheet,
- scale 1:24,000.

Geographic: TULALIP QUADRANGLE/SNOHOMISH CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Minard, James P., 1981, Distribution and description of the geologic units in the Everett

quadrangle, Washington: U.S. Geological Survey Open-File Report 81- 248, 5 p., 1 sheet,
scale 1:24,000.
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Geographic: SNOHOMISH CO./EVERETT QUADRANGLE -
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Minard, James P., 1982, Distribution and description of geologic units in the Mukilteo .
quadrangle, Washmgton U.S. Geological Survey Miscellaneous Field Studies Map MF- }438
1 sheet, scale 1:24,000.

Geographic: ISLAND CO./MUKILTEO QUADRANGLE/SNOHOMISH CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Minard, James P., 1985, Geologic map of the Stanwood quadrangle, Snohomish County,
Washington: U.S. Geological Survey Mlscelianeous Field Studies Map MF- 1741,.1 sheet,
scale 1:24,000.
- Geographic: SNOHOMISH CO./STANWOOD QUADRANGLE
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

~ Minard, James P., 1985, Geologic map of the Tulalip quadrangle, Snohomish County,
Washington: U.S. Geological Survey Miscellaneous Field Studies Map MF- 1744, 1 sheet,
scale 1:24,000. _
Geographic: SNOHOMISH CO. /ISLAND CO. /TULALIP QUADRANGLE
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC _

Newcomb, Reuben C., 1952, Ground-water resources of Snohomish County, Washington: U.S.
Geological Survey Water-Supply Paper 1135, 133 p.
Geographic: SNOHOMISH CO:
Subject: HYDROLOGY - GROUND WATER/AREAL GEOLOGY/MAPS -
GEOLOGIC

Pessl, Fred, Jr.; Dethier, D. P.; Booth, D. B.; Minard, J. P., 1989, Surficial geologic map of
the Port Townsend 30- by 60-minute quadrangle, Puget Sound region, Washington: U.S.
Geological Survey Miscellaneous Investigations Series Map [-1198-F, 1 sheet, scale
1:100,000, with 13 p. text.
Geographic: PORT TOWNSEND QUADRANGLE/SKAGIT CO./SNOHOMISH
CO./ISLAND CO./ SAN JUAN CO./CLALLAM CO./JEFFERSON CO. - ‘
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Smith, Mackey, 1975, Preliminary surficial geologic map of the Edmonds East and Edmonds
West quadrangles, Snohomish and King Counties, Washington: Washington Division of
Geology and Earth Resources Geologic Map GM-14, 1 sheet, scale 1:24,000.

Geographic: SNOHOMISH CO./KING CO/EDMONDS EAST

QUADRANGLE/EDMONDS WEST QUADRANGLE

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC



Smith, Mackey, 1976, Preliminary surficial geologic map of the Mukilteo and Everett
quadrangles, Snohomish County, Washington: Washington Division of Geology and Earth
Resources Geologic Map. GM-20, 1 sheet, scale 1:24,000.

Geographic: SNOHOMISH CO./MUKILTEO QUADRANGLE/EVERETT

QUADRANGLE

Subject AREAL GEOLOGY/MAPS - GEOLOGIC

Washington Department of Ecology, 1979, Coastal zone atlas of Washington; volume 3,
Snohomish County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
Geographic: SNOHOMISH CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
~ AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT

Weber, Paul R., 1977, Landslides in Puget Sound glacial sediments. In Canadian Geotechnical
Society, 30th Canadzan geotechnical conference (proceedings); "Geotechnical aspects of
glacial deposits": Canadian Geotechnical Society, p. VIII-26 - VIII-46

Geographic: KING CO./SNOHOMISH CO.

Subject: QUATERARY/GLACIAL GEOLOGY/LANDSLIDES AND SLOPE

STABILITY/ SEDIMENTS

Wunder, J. M., 1976, Preliminary geologic map of the Utsalady quadrangle, Skagit and
Snohomish Counties, Washington: Washington Division of Geology and Earth Resources
Open-File Report 76-10, 1 sheet, scale 1:24,000.
Geographic: SKAGIT CO/SNOHOMISH CO./UTSALADY. QUADRANGLE
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Yount, J. C.; Minard, J. P.; Dembroff, G. R., 1993, Geologic map of surficial deposits in the
Seattle 30' x 60' quadrangle Washington: U. S Geolog:cal Survey Open-File Report 93-233, 2
sheets, scale 1:100,000.

Geographic:KING CO./KITSAP CO./SNOHOMISH CO. /SEATTLE
QUADRANGLE/ISLAND CO./JEFFERSON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/STRATIGRAPHY
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Thurston County

Artim, E. R., 1976, Slope stability map of Thurston County Washington: Washington

" Division of Geology and Earth Resources Geologic Map GM-15, 1 sheet, scale 1:125,000.
Geographic: THURSTON CO.

Subject: LANDSLIDES AND SLOPE STABILITY

Noble, J. B.; Wallace, E. F., 1966, Geology and ground-water resources of Thurston County,
Washmgton Volume 2: Washmgton Division of Water Resources Water-Supply Bulletin 10,
v. 2, 141 p,, 5 plates.

Geographic: THURSTON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/HYDROLOGY - GROUND

WATER .

Pringle, Russell F., 1990, Soil survey of Thurston County, Washlngton U.S. Soil .
Conservation Serv:ce
283 p., 49 plates.

Geographic: THURSTON CO.

Subject: SOIL SURVEYS

Wallace, Eugene Francis; Molenaar, Dee, 1961, Geology and ground-water resources of
Thurston County, Washington, volume 1: Washmgton Division of Water Resources Water
Supply Bulletin 10, v. 1, 254 p "
2 plates.

Geographic: THURSTON CO.

Subject: AREAL GEOLOGY/HYDROLOGY - GROUND WATER/DRILLING LOGS

Walsh, Timothy J., 1987, Geologic map of the south half of the Tacoma quadrangle,
Washington: Washington Division of Geology and Earth Resources Open-File Report 87-3,
10 p., 1 plate, scale 1:100,000.

Geographic: TACOMA QUADRANGLE/THURSTON CO. /PIERCB CO./KING

CO./MASON CO.

Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

- Walsh, Timothy J.; Korosec, Michael A.; Phillips, William M.; Logan, Robert L.; Schasse,
Henry W., 1987, Geologic map of Washington--Southwest quadrant: Washington Division of
Geology and Earth Resources Geologic Map GM-34, 2 sheets, scale 1:250,000, with 28 p.
text. '
Geographic: SOUTHWESTERN WASHINGTON/GRAYS HARBOR
CO./MASONCO./THURSTON CO./PIERCE CO./KING CO/KITTITAS
CO./PACIFIC CO./LEWIS CO./YAKIMA CO./KLICKITAT CO./SKAMANIA
CO./CLARK CO./COWLITZ CO./WAHKIAKUM CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC
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Washington Department of Ecology, 1980, Coastal zone atlas of Washington; volume 8,
Thurston County: Washington Department of Ecology, 1 v.; maps, scale 1:24,000.
Geographic: THURSTON CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE
PLANNING/COASTAL ZONE MANAGEMENT
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Whatcom County

Cline, D. R,, 1974, A ground-water investigation on the Lummi Indian Reservation,
Washington: U.S. Geological Survey Open-File Report 74-1016, 66 p.
Geographic: WHATCOM CO./LUMMI INDIAN RESERVATION
Subject: HYDROLOGY - GROUND WATER

Easterbrook, D. J., 1973, Environmental geology of western Whatcom County, Washington:
Western Washington State College Department of Geology, 78 p

Geographic: WHATCOM CO.
Subject AREAL GEOLOGY/GEOLOGIC HAZARDS/ENGINEERING GEOLOGY

Easterbrook, D. J., 1976, Geologic map of western Whatcom County, Washington: U.S.

Geological Survey Miscellaneous Investigations Series Map 1-854-B, 1 sheet, scale 1 62,500.

Geographic: WHATCOM CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC

Easterbrook, D. J., 1976, Map showing engineering characteristics of geologic materials,
western Whatcom County, Washington: U.S. Geological Survey Miscellaneous Investigations
Sertes Map I-854-D, 1 sheet, scale 1:62,500. -

Geographic: WHATCOM CO.

Subject: ENGINEERING GEOLOGY/SOIL MECHANICS

Easterbrook, D. I, 1976, Map showing slope stability in western Whatcom County,
Washington: U. S Geological Survey Mlscellaneous Investlga’uons Series Map I- 854-C, 1
“sheet, scale 1:62,500.

Geographic: WHATCOM CO.

Subject: LANDSLIDES AND SLOPE STABILITY

Goldin, Alan, 1992, Soil survey of Whatcom County area, Washington: U.S. Soil
Conservation Service, 481 p., 54 plates.

Geographic: WHATCOM CO.

Subject: SOIL SURVEYS

Newcomb, R. C.; Sceva, J. E.; Stromme, Olaf, 1949, Ground-water resources of western
Whatcom County, Washxngton U.S. Geological Survey Open—Flle Report 50- 7, 134 p,, 2
plates.

Geographic: WHATCOM CO.

Subject: HYDROLOGY/AREAL GEOLOGY/MAPS - GEOLOGIC

Peck, Craig A., and Associates, 1976, Draft environmental impact statement for Seacliff,
residential development: Whatcom County Planning Department, 1 v. '
Geographic: WHATCOM CO./POINT ROBERTS, WASH.
Subject: ENVIRONMENTAL IMPACT
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STATEMENTS/STRATIGRAPHY/LANDSLIDES AND SLOPE
STABILITY/SHORELINES/SOIL MECHANICS

Phillabaum, S. D.; Schwartz, M. L., 1974, A geomorphic shoreline inventory with
management considerations for Whatcom County, Washington: Shore and Beach, v. 42, no.
1, p. 21-24. )

Geographic: WHATCOM CO.

Subject: SHORELINES/COASTAL ZONE MANAGEMENT

Poulson, E. N.; Flannery, R. D., 1953, Soil survey of Whatcom County,

Washington: U.S. Soil Conservation Service Soil Survey Series 1941, no. 7, 153 p., 6 plates.
Geograpbic: WHATCOM CO. :
Subject: SOILS :

Terich, T. A., 1977, Coastal processes of the Whatcom County mainland: Washington
Division of Geology and Earth Resources Open-File Report 77-1, 36 p. .
Geographic: WHATCOM CO.
Subject: SHORELINES/COASTAL ZONE MANAGEMENT

Washington Department of Ecology, 1977, Coastal zone atlas of Washington; volume 1,
Whatcom County: Washington Department of Ecology, 1 v., maps, scale 1:24,000.
' Geographic: WHATCOM CO.
Subject: AREAL GEOLOGY/MAPS - GEOLOGIC/SAND/GRAVEL/LANDSLIDES
AND SLOPE STABILITY/LITTORAL DRIFT/SHORELINES/LAND USE '
PLANNING/COASTAL ZONE MANAGEMENT
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