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[ ntroduction

A requisite task in the effective management and regul ation of the
Northwest CQuter Continental Shelf (0cS) is an assessnent of the regiona
environment in all its aspects. The purpose of this study was to conduct
a conprehensive literature and information survey characterizing the
current disposition of natural, social and economc resource data for the
Oregon, Washington and Southern British Columbia coastal zone and offshore
areas. The vulnerability of recreational resources in the coastal zone to
OCS devel opment was al so assessed. This study provides the primary data-
base required to conduct a regional environnental assessnent.

This investigation sought all pertinent information from published and
unpubl i shed research docunments, doctoral and masters theses’ naterial,
federal and other governmental agencies, and current and proposed research
projects in the study area. Conpilation of the information involved inte-
gration, analysis and interpretation of the collected data, as well as
documentation of gaps that exist in the current environnental data base

The study disciplines covered in this report include the follow ng:

. geol ogy e industrial and comrercial activities
« neteorol ogy «petroleum industry activities
« 0Oceanogr aphy . denogr aphy and socio-economic

characteristics

. marine ecol ogy

.land and water use characteristics
. terrestrial ecology

.pollution sources
.water quality

.transportation systens
o marine traffic and

navi gational hazards « recreational resources

Al'though the total duration of the study was ten nmonths, the mjor data
collection tasks were acconplished in the first four to six nonths. In the
course of these initial tasks, information was gathered from a variety of
sources.  Socio-economic data was collected by the nost readily available
and utilized detailed characteristics for 1960, 1970, and 1975 (where avail -
able) for: states; Standard Metropolitan Statistical Areas (SMSA's); coun-
ties; and incorporated areas. Extensive environnental data was gathered
from federal sources; state, county and local governnent offices; academc
institutions; industry; consulting groups; and other published and unpub-
|'i shed sources.

The marine coastal zone in Oregon and \Washington extends for some 3000
mles. This shoreline area includes over two-thirds of the Northwest
region’s residents enconpassing 22 counties and nearly 50 cities. This
coastline area, its associated continental shelf and slope to the distance
of 100 mles from shore, the counties adjacent to the Pacific Qcean and
the Puget Sound and Colunbia River estuaries and the portion of Vancouver
I'sland, British Colunbia, south of the 49th parallel conprised the project
study area.
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. CGEOLOGY

Janet Cullen, Tom Pi erson and
Li ncol n Loehr

A, Introduction

The inland boundaries of this discussion are defined on the basis of
geologic history (Table 1-1). A though the strata underlying all of western
Oregon, Washington and southern British Colunbia were derived primarily from
an Eocene eugeosyncline that extended from southern Vancouver Island into
northern California and as far inland as the site of the present Cascade
Mount ai ns, subsequent convergence of the Juan de Fuca and North Anerican
plates during the Mocene Epoch and uplift of the Coast Ranges during the
Pliocene have created a structural barrier which divides the inland pro-
vinces from the coastal and offshore units. A though sedinents from the
Cascades are incorporated into the waters of the Columbia River and Puget
Sound, the Cascade Province is not included in this coastal study.

For the purposes of this report, the southern boundary of the Puget
Low and Province is defined as the limt of the Fraser Gaciation. Present
landforms and their acconpanying geol ogi cal processes, surficial strata and
soils, as well as surface response to earhquake shaking, are all a product
of the Pleistocene glaciers. The remaining Puget-WIlanette basin to the
south is, therefore, separated from the study area by its Quaternary his-
tory.

Sediment transport, bathymetry, offshore bedrock geology, and of fshore
geol ogi ¢ processes are discussed in detail. Bathymetry of the Strait of
Juan de Fuca-Puget Sound system is presented in Chapter III., Cceanography,
because of its influence on currents and water properties.

The offshore geology is divided into three distinctly different regions
These are 1) the offshore region, 2) the coastal estuaries, and 3) the
Strait of Juan de Fuca-Puget Sound system  The offshore region includes
the continental shelf, continental slope, and the Cascadia Basin. Bathy-
nmetric features in this region include submarine canyons, deep-sea channels,
and an oceanic ridge system The geologic processes of sedimentation and
sediment transport are discussed. The coastal estuaries are where the river-
ine and narine systens come together, and are characterized by large vol unes
of sedinment transport and high sedimentation rates. The Strait of Juan de
Fuca-Puget Sound systemis treated separately because of its glacial origin
and its tremendous size.

The discussion of onshore geologic structures is nore detailed than the
di scussion of offshore geology. There are two primary reasons for this.
First, very little is known -- or can be known, considering the present
state-of-the-art -- about the bedrock geology of the ocean floor. There are
no quarries or road cuts fromwhich to determ ne stratigraphy. Very little
bedrock drilling has been done on the continental shelf off Oregon and \Wash-
ington; the cores contain sediments, primarily. Aso, the process of bed-
rock coring is expensive, so the coverage is spotty. Seismc profiling can
show only the structure of the rock layers. Different rock layers can be
distinguished by their reflective and refractive qualities, but their indi-
vidual mneral constituents cannot be “seen.” Their positions in relation
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to other layers can be discerned, but their individual color, grain size,
and other vital distinguishing characteristics are hidden.

The second reason stems froma basic |ack of know edge of offshore
geol ogy: an understanding of onshore geology is vital to the understanding
of subsea geology in that it establishes the geologic character of the area.
Cores and seisnmic profiles are correlated with known structures and forma-
tions. It is the landward geology that furnishes the key to interpreting
submari ne stratigraphy.

Concerning tectonics and seisnicity, events lying outside of the study
area are included because of their inpact inside it. Detailed descriptions
(e.g., soil properties) are confined to the coastal strip -- fromthe shore-
line to approximtely 16 km inland,

The geol ogi ¢ provinces discussed are: the Klamath Muntain Province,
whi ch includes the southwest corner of Oregon fromthe border to the
Cascades (in the vicinity of the town of Bandon); the Coast Range Provinces,
whi ch include the Klamath Muntains northward to the vicinity of Aberdeen,
Washington; the Oynpic Muntains Province, which includes the coast of the
O ynpic Peninsula and the Strait of Juan de Fuca; the Puget Low and Pro-
vince, which includes the area adjacent to Puget Sound, the San Juan Is-

ands, and where relevant, the southern portion of the Strait of Georgia
and the Fraser Delta: and the southern portion of the Insular Muntains

Provi nce, which includes the area in and around Vancouver Island and the
QIT TslTands (Figure I-1).

The rationale for the subdivisions is based on the needs of this
study, the geol ogic provinces as they are conmonly accepted, and the geo-
graphic paraneters set by the U S. Bureau of Land Managenent (BLM). Al -

t hough nuch of the Fraser Delta is outside the boundaries set by BLM it
is geologically relevant to the Strait of Georgia and northern Puget Sound.
It cannot logically be separated from them in discussions of sedinentation,
slunping and other geol ogi ¢ hazards.

The primary sources of data were academia (Universities of Oregon,

_Oregon State, Washington, Portland State, and British Colunbia), governnent

agencies (federal and state agencies in Oregon, Wshington and British

Col unbi a, and county planning agencies in Oregon and Washi ngton), and
industry (consulting firms and oil conpanies).

Both historical and current information were used. Mjor texts, many
i ndi vi dual publications and unpublished reports, and academ c theses were
consulted. Scientists were interviewed in person and by tel ephone with
regard to current and proposed research, updating of historical mterial,
and existing data gaps.

B. Results of Data Collection and Data Analysis

1. Regional Geologic Setting and History.

a. Tectonics. According to the theory of plate tectonics (sea floor spread=
ing, confinental drift) the crust and upper mantle of the earth are subdi-

vided into a series of sem-independent slabs or plates, each of which is
moving laterally in response to deeper seated activity within the earth.
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The boundaries between the plates are characterized by sea floor rises in
areas of divergence or spreading, trenches or related features in areas of
convergence or subduction, and transform faults in zones of parallel nove-
nent .

A relatively conpl ex border zone has devel oped in the northeastern
Pacific Basin between the Pacific Plate on the west and the North Anerican
Plate on the east. As the Pacific Plate moves northward relative to the
North Anerican plate, a right lateral conponent of novement is experienced
along the faults and rises separating the two plates. These areas include
t he Mendocino Escarpnent, the Gorda Rise, the Blanco Fracture Zone, and the
Juan de Fuca Rise off the Oregon coast (Figure I-2).

The Puget Sound region of western Washington lies in a north-trending
structural and topographic trough between the O ynpic Muntains on the west
and the Cascade Range on the east. The geol ogical structure of the basin
itself is poorly known, largely due to the thick accumulation of glacial
deposits that hide the underlying bedrock structure.

In recent years, several researchers have focused attention on the
pl ace of Puget Sound and adjacent regions in the emerging pattern of sea
floor spreading and global tectonics. The Juan de Fuca and Gorda plates
seemto be remants of a once nore extensive plate. They are now caught in
the interaction between the North American and Pacific plates.

There exists abundant evidence that the oceanic crust is, or was until
recently, being subducted along a Iine generally coinciding with the coast
of North America between Vancouver Island and Cape Mendocino (Crosson,

1972) . However, the motion may be either slowed or presently inactive,
since there is neither oceanic trench nor Benioff Zone along the plate
mar gi n.

The geometric relationships of the Puget Sound depression are still
uncl ear.

b.  Physiography. The Oregon and Washington coasts are outlined by a Coast
mountal n range which nmerges with the Klamath Mountains of southern Oregon
and northern California at the southern end. At the northern end, the
Coast Range rises to its greatest elevation on the O ynpic Peninsula of
Washington in the Oynpic Muntains. There are few rivers which breach it
conpletely from east to west -- the Rogue and Umpqua in southern Oregon,
the Columbia River, formng the boundary between Oregon and Washington, <¢he
Chehalis at the southern end of the Aynpics, and the Strait of Juan de
Fuca at the northern end of the O ynpic Peninsula. In British Col unbia,

t he geol ogi ¢ and topographi c continuations of the Coast Range are Vancouver

Island and the Queen Charlotte Islands, which together define the Insular
Mount ai ns Provi nce.

The maj or physiographic features found off the coast of Oregon, \Wash-
ington, and British Colunbia are a continental shelf, a continental slope,
a deep sea basin, and a md-ocean-type ridge offset along the major frac-
ture zones. The shelf slopes gradually seaward fromthe shoreline to a
depth of about 183 m It varies in width fromless than 1.6 km off the
Brooks Peninsula near the northern end of Vancouver Island to about 80 km
opposite the Strait of Juan de Fuca. The average width of the shelf is

I-5



Figure 1-2
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about 40 km  The continental slope passes from the shelf edge down to the
margin of the deep sea floor, with an average width of 48 kmand a slope
of 3 to 4 degrees.

The sea floor between the continental slope and the ridge is known as
t he Cascadia Basin. Its average depth is approximately 3,000 m  The sur-
face slopes gently southward. The maximum width of the basin is about
820 km off central Oregon. The Cascadia Basin, |ocated between an actively
eroding continent and an oceanic nmountain belt, seems to be a huge sediment
trap, the largest single sedinent source being the Colunbia River. The
surface of the Basin is cut by well-defined channels bounded by natural
levees. The nost prominent are the Cascadia and Vancouver Channels. These
join near the southern end of the Basin and run westward through a canyon
In the Blanco Fracture Zone (off southern Oregon) to reach the Tuffs Abyssal
Plain. Cccasional turbidity currents pass down these channels, carrying
fine sediment out into the Pacific Ccean.

The ocean ridge is conmposed of several separate ridge segments, offset
along major fracture zones or transform faults. From south to north, the
segments are Gorda Ridge, Juan de Fuca Ridge, and Explorer Ridge. Eachis
a conplex region of nmountains, hills, and depressions, as are the fracture
zones joining them Mst of these features lie outside the inmmediate study
area, but they are included to conpletely describe the general physio-
graphy of the region.

¢. Bedrock Ceol ogy of the Cordilleran geosyncline. The continental margin
off Oregon and Washington represents the western portion of a Tertiary de-
positional trough (geosyncline) that extended southward from what is now
Vancouver to the Klamath Mountains. The width of the trough extended from
the Cascade Muntains to near the base of the present continental slope
[Figure 1-3). The Cobb and Blanco Fracture Zones represent the approxinmate
of fshore boundaries on the north and south.

The ol dest rocks in the depositional basin are early Eocene pillow
lavas and breccias that erupted from numerous centers. The entire Tertiary
basin sequence is thought to overlie oceanic crust, although sone Creta-
ceous deposits may be present within the southern part of the trough.

There was a mld regional uplift of the southern part of the geosyn-
cline during early and mddle Oigocene times, with regional subsidence
taking place in the northern part. In places, marine Oigocene beds overlap
upper Eocene strata and rest unconformably on |ower Eocene vol canic rocks.
On the eastern side of the geosyncline there was vigorous pyroclastic
vol canism which, conbined with |arge amounts of water-laid tuffs, buried
the late Eocene coastal plain. Mch pumce-rich material was transported to
the nearshore marine environnment, in sone areas formng deltas. Sl unping
and submarine landsliding carried this detritus into deeper parts of the
basi n.

In early Mocene tine, deposition continued essentially uninterrupted
in the same basins that received upper Oigocene sedinents. In the early
part of the mddle Mocene tinme older Tertiary strata were fol ded and
faulted along northeasterly structural trends in Oregon and northwesterly
trends in Washington. The coarse elastic debris that characterizes nmuch of
the sedinmentary rocks of mddle Mocene age was furnished by the erosion
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of the land areas elevated during this period of deformation.

During the mddle Mocene tectonic activity, shallow narine bays en-
croached eastward along structural downwarps. The nmaxi num known extent of
marine expansion was in the Gays Harbor basin and in a broad west-trending
downwarp just south of the present Colunbia River. An enbaynent seens to
have extended along the Strait of Juan de Fuca as far east as Puget Sound.
Also during the mddle Mocene, basalt extruded onto the sea floor froma
north-trending series of vents and fissures to build small islands.

Many of the headl ands along the northern part of the Oregon Coast were
centers of this local activity. The npst w despread lavas, however, were
the Mocene flood basalts that flowed down the Col unbia River downwarp and
spread northward as far as the Gays Harbor basin. These flows -- the
Col unbi a River Basalts -- reached the nmarine environment and formed thick
accunul ations of pillow lava and breccia. Near the close of the M ocene,
marked regional uplift of the Coast Ranges and intense deformation in the
O ynpic Muntain area further reduced the area of narine deposition.

Pliocene strata consist mainly of debris eroded fromolder Tertiary
formations that bordered the basin. Mre than 900 mof shallow water
marine strata rest unconformably on ol der rocks in the Coos Bay and G ays
Harbor structural enmbaynents. Slunp structures in the Pliocene beds
indicate that the deeper part of the basin still lay west of the present
coastline.  Downwar pi ng and sedinentation continued in the depression along
the Puget-WIlanette |ow and.

During late Pliocene, the Oynpic Muntains and the Coast Ranges
probably attained nost of their present elevation. There is sonme evidence
that uplift is still continuing along the Coast Ranges. Structurally, the
Coast Range is a broad regional upwarp consisting of numerous alternating
structural ridges and troughs. These folds continue offshore and appear
to be still growing. The late Tertiary strata are cut by nunerous shale
diapirs on the Washington and the western half of the Oregon continental
margin. Late Pliocene vol cani smprovided the platformon which the andesite
cones later formed what now characterize the Cascade Range.

In summary, the depositional history of the coastal geologic provinces
has been conplicated by periodic submarine, subaerial, and deep-seated
vol cani sm acconpani ed by several phases of tectonic uplift and subsequent
erosion. In view of the linted well data and thick overburden of Hol ocene
sediments, estimates on the nature and distribution of the offshore Tertiary
strata are largely speculative and must be |argely inferred fromonshore
structures.

The portions of the study area outside of the eugeosynclinal structure
and the pretertiary history of the area are covered in the follow ng dis-
cussion of the individual provinces.

2. Brief Geologic History of the Separate Provinces.

a. Lithology/ Stratigraphy.

i. Klamath Mountain Province. The Klamath Mountains extend from
northern California Into southwestern Oregon. They are surrounded on




three sides by other nountain ranges: the Oegon and California
Coastal Ranges and the Cascades. For purposes of this study, the
Klamath Mountain Province enconpasses the Klamath Muntains area and
its adjacent coastal area southward from Bandon, Oregon to the Cali-
fornia border.

The preceding and following materials are taken from MKee (1972),
Snavely and Wagner (1962), Loy (1976), Beaulieu and Hughes (1975), Koch
(1966), Baldw n (1964) and personal comunications with Ewart Bal dwin
and Allen Kays (1977).

The Klamath Mountains are conposed of conplex overlapping thrust
sheets that becone progressively older from west to east and contain
the oldest rock in Oegon. Structure and stratigraphy define their
limts, which are drawn arbitrarily at the edge of the younger strata
out cropping extensively in the surrounding nountains. These are Lower
Tertiary marine beds to the north, Cretaceus marine beds to the
south, and nomnmarine Lower Tertiary volcanic rocks to the east.

The stratigraphic record of the Cordilleran geosyncline in the
Klamath Mountains is more conplete and less metanorphosed than in the
nearby Sierra Nevada Province of California. The overall picture is
one of generally marine sedimentation, volcanism and periods of |ocal
uplift and erosion, with nuch of the sediment comng from weathering
of the volcanic materials. Westward, the core of the Klamaths has
been highly deformed and mnetanorphosed.

The | ate Mesozoic record consists of (1) very thick sections of
marine vol canic sandstone, shale, and lava of Late Jurassic age; (2)
I gneous intrusions, also Late Jurassic; and (3) various shallow water
marine sandstones and shales of Late Jurassic and Cretaceus age.

Jurassic rocks in the Klamath Mountains Province lie largely in
a north to northeast-trending belt extending fromthe southwestern
corner of the state to the Riddl e quadrangl e, where they are covered
by the younger volcanics of the Cascade Range.

The Qtter Point Formation is a conplex structural assenbl age of
highly varied rocks of diverse origin, that is, a nelange. It
corresponds to part of the Franciscan Assenblage in California (Ghent
and Col eman, 1973).

Rhyt hm ¢ bedding of sand and siltstones indicates a turbidity
origin for parts of the Qtter Point Formation (Beaulieu and Hughes,
1975) . It also contains blue schist pods of older age. The Oter
Point Formation is thought to represent Mesozoic sea floor and island
arc rocks (Coleman, 1972) that were subducted beneath the continental
curst .

Al though the termhas been | oosely applied to several groups of
coastal rocks, the Qtter Point Formation is found in exposures along
the South Fork of the Coquille River between Myrtle Point and Powers
and in coastal and upland exposures south of Bandon, and more recent-
|y extending under the Coast Range into the Roseburg area (Baldw n,
1977) . 1t flanks the periphery of the Klamath Mountains and extends
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down the Curry County coastline into California. All observable
contacts with younger and ol der rocks are faulted. Conplex structure
and areal repetition of simlar 1lithologic types nake questionable any
i nference regarding the original thickness of this formation or the
distribution of its different rock types. However, field relations
and | aboratory studies suggest that the Oter Point and Lower Creta-
ceous are unconformabl e (Koch, 1966).

The late Mesozoic (Mddle Cretaceus) strata are represented by
the Hornbrook Formation -- 600 mof arkosic sandstone, siitstome, and
conglonerate, found in the Medford-Ashland area and northern Califor-

nia. These sedinments were laid down in a shallow water marine environ-
ment .

Late Cretaceus beds, younger than the Hornbrook Fornation, ave
present at Cape Sebastian (Dott, 1971). The basal beds are medi um
grai ned, massively bedded sandstone and mnor amounts of conglonerate.
The upper part of the section is thin bedded, dark gray siltstone.
Both the sandstone and siltstone units have been traced to Pistol
River and to Mack Arch, where they termnate against border faults.

Most of the Tertiary strata of the Klamath Mountains are present

along the coastal margin. It is known that the Eocene geosyncline re-
ferred to in the introduction received |arge anounts of volcanics
during the early part of the epoch. In mddle Eocene tine, mjor up-

lift south of the geosyncline resulted in the deposition in that
ancient basin of great quantities of arkosic, volcanic, and lithic
detritus derived fromthe Klamath metamorphic, igneous, and sedinentary
terra. It is thought that this is one of the major sources of nmaterial
for the Tyee Formation of the Coast Range Province.

Wiere sedinent-bearing streans fromthese source areas reached the
coast, large deltas and submarine fans were constructed. Periodic
slunping of large anounts of unconsolidated delta material caused the
sands and silts to be transported, probably by turbidity currents, into
the deeper parts of the geosyncline. Near the close of the Mddle
Mocene, the southern part of the geosyncline was filled with turbidity
current deposits. During this time, coal-bearing beds and nearshore
bar-type sands were laid down in the southern part of the basin. By
the end of the Pliocene, the Klamath source area apparently was eroded
to a region of noderate relief, furnishing |ess debris to the marine
envi ronnent .

The southern part of the Tyee Formation (see discussion of Coast
Range Provinces below) is present only in a narrow syncline south of
the Mddle Fork of the Coquille River. It crops out in Bone Muntain,
Eden Ridge and termnates at Bald Knob, overlooking the Rogue River at
Illahee. Coal is interbedded with the massive sandstone. Thin nenbers
of conglonerate are present in the basal part of the formation.

Pliocene formations at Cape Blanco will be described in the dis-
cussion of the Coast Range. Somewhat sinilar beds abut the Klamath
Mountains near the California line. These are the Wimer beds. They
contain a few narine fossils and sone |eaves, indicating an inter-
fingering of near shore and nonmarine sediments. They are generally
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consi dered to be Mio-Pliocene. The Klamath Muntains were evidently
peneplaned during the M ocene and Pliocene.

The Cenozoic record is thin. Cenozoic rocks near the Klamaths
are excluded fromthe province by definition. Within the range there
are stream gravel s and sands, sone of which date to the M ocene.
Apparently they were deposited at a time when the range was lower with
less erosion. The uplift of the Klamath Mountains in the past few
mllions of years has elevated many of these ol der gravels, preserving
sonme remants. Recent uplift is also shown by raised, wave-cut benches
and terraces along the Pacific shore. A few of the higher peaks in the
Klamaths underwent Pl eistocene gl aciation. These glaciers were small
and | ocated mostly on the relatively sheltered north- and east-facing
slopes. Little is known of them and there are no glaciers in the area
t oday.

Quaternary geol ogy of the Klamath Muntain Province is discussed in
Section 3.1., Surficial Geol ogy.

i . Coast Range Provinces. The Coast Range in Oregon extends from
roughly the Mddle Fork of the Coquille River northward to the Col um
bia. It is succeeded on the north by the Washington Coast range,
which, in turn, beconmes the O ynpic Muntains.

The following material is taken primarily from MKee (1972),
Bal dwi n (1964), Schlicker, et aZ. (1972, 1973), and Schlicker and
Deacon (1974).

The summits of the Coast Range passes lie east of the axis of the
range because of nore active erosion by the shorter, steeper coastal
streams, the steeper overall gradient, and the higher rainfall on the
western slope. A wave-cut terrace forms a narrow coastal plain along
the western edge of the Range between headl ands of resistant rock.
Remants of even high wave-cut terraces are present up to 490 m
Drowning of river mouths by rising sea |evel formed bays and the
| arger coastal |akes.

The seaward side of the Coast Range contains younger and |ess
conti nuous Oligo-Miocene formations. These generally wrap around the
north end of the range along the Col unbia, and extend a |esser dis-
tance southward along the east slope. Mrine Pliocene rock, unknown
on shore, is present in Stonewall Bank west of Newport. The Eocene
sedinents are exposed in a narrow syncline which extends as far south
as the mouth of the Illinois Rver. Although this syncline is largely
within the Xlamath Highlands, it is usually included with a discussion
of the southern Coast Range.

Nearly all of the rocks in the southern end of the Coast Range
are Eocene sedentary and vol canic rock. Younger marine Teritary and
Quaternary formations are present only near Coos Bay and Cape Blanco.

In the south, the Eocene Umpqua Formation is generally equivalent
to the Siletz River Volcanics, but contains a |arger percentage of
sedimentary rock. The central part of the Coast Range is occupied by
the massive Tyee Formation, which is intruded by dikes and sills. The
coal bearing Coaledo Formation overlies the Tyee in the Coos Bay
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basin, and in turn is overlain by later Tertiary sedinentary forma-
tions in the same basin. Late Eocene volcanics at Heceta Head and Cape
Per pet ua are general |y equival ent to the Coaledo.

Early Oigocene seas may have partially covered the Coast Range,
but there is evidence that |and took shape as the Qigocene progressed,
so that the late Oigocene and early Mocene enbayment reached around
only the north end of the Coast Range into the northern Willamette
Valley. (Qigocene stratigraphy in the Coast Range is dom nated by
marine shales containing a very high proportion of volcanic ash. This
was probably derived fromvents in the ancestral Cascades and carried
to the sea by winds and streams. Conpared to the Eocene, the Qigocene
was fairly stable, with little offshore volcanic activity, folding, or
vaulting. It was a time of slow accunulation of fine-grained tuffa-
ceous sedinent, with coarser sands and gravel s deposited near shore.

By the mddle of the Mocene nost of the Coast Range region had
merged from the Pacific. Subsidence, rather than uplift, had until
then characterized the continental margin. Wdespread enplacement of
gabbroic sills, as much as 300 m thick, acconpanied the uplift.

As the shoreline of the geosyncline withdrew to the western edge
of the Coast Range and uplift continued, the older Cenozoic formations
were shaped by erosion and the present river valleys were cut. This
reveal ed the dikes and sills and stripped their cover, so nearly all
the central Coast Range peaks are made up of the remaining intrusive
rock.

Very little is known of the pre-Tertiary history of the O egon
Coast Range and very little of the Washington Range prior to the Quat-
ternary. The earliest formations in the Coast Range date back to the
early Eocene, at which time the Coast Range and nmuch of the adjacent
Willamette Valley lay in the geosyncline. The ol dest unit consists of
| ayers of pillow basalt, breccia, and sedinentary rock. It was prob-
ably forned as an island arc conplex, later telescoped against the
continent and uplifted by crustal novenents near the close of the
Eocene. It outcrops near Tillamook, along the Siletz River, near Coos
Bay, and at Roseburg. The visible strata of the Washington Coast
Range are alnmost all of Pleistocene age, with a few exceptions that
are discussed near the end of this section.

The Umpqua Formation of Early to Mddle Eocene age makes up much
of the southern part of the Coast Range. One of the thickest sections
s exposed along the North Fork of the Umpqua River. On the southeast
side of the arch near Gide there are several thousand meters of sand-
stone and siltstone dipping gently eastward beneath the Cascades.

The Umpqua can be divided into three parts. The |ower part con-
sists of submarine basalt flows, siltstone, sandstone, and |ocal
congl omerates.  The base is sel dom exposed. Instead the lower part is
usual ly in fault contact with pre-Tertiary rocks and the basalt cor-
relates with the Siletz River Volcanics. The |ower beds and flows
were severely faulted and fol ded, in some places are now |ying
vertically or overturned.
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The mddle unit was deposited by the advancing sea that reoccupied
the southern part of the Coast Range. Beds are characterized by thick
congl onerates at the base that give way to sandstone and siltstone.

The top unit was laid down upon truncated beds of both of the ol d-
er units, but the unconformty is not as pronounced as the one preced-
ing the mddle unit. Fossiliferous sedimentary rock resting with an-
gular unconformty on the |ower Umpqua basalt is assigned to the upper
and mddle units. All three units are unconformably overlain by the
Tyee Formati on.

The Siletz River Volcanics is the oldest formation exposed in the
Coast Range. FEarly Eocene age has been assigned. The formation has
not been found south of Alsea, and the area between Alsea and Drain is
covered by the Tyee sandstone. Although the volcanics thin toward the
margi ns of the geosyncline, geol ogi cal and geophysical data suggest
that the sequence is probably nore than 3000 mthick in nost parts of
the Coast Range. These basaltic flows are estimated to have the
| argest volume of any volcanic unit in the Pacific Northwest -- nore
than 2S0, 000 kmi.

The middie =ocene saw a general cessation of volcanismin O egon,
but renewed uplift of the Klamath Mountains produced an influx of
sand. The sedinents piled tenporarily on river deltas before being
swept by currents along the basin floor and out to the sea bottom
These currents produced graded beds.

Vol canismwas renewed in the [ate Eocene, but not as extensively
as earlier. Coal formed in swanps along the margin of the basin.

The M ddl e Eocene Tyee Formation is the nost wi despread indurated
formation underlying the area. It extends from near the coast to the
eastern boundary of the study area. The formation is conposed of
massive, rhythmcally bedded sandstone and siltstone and is nore than
1500 mthick. It is extensively faulted in the areas where it has
been mapped. The Tyee is particularly w despread in the central part
of the Coast Range.

The Yamhill Fornation is Mddle to Late Eocene. It is exposed
along the south slope of the Yamhill Valley and southward to the Luck-
lamute River, where it appears to interfinger with beds of the Tyee.
The Yamhill directly overlies the Siletz River Volcanics in the MII
Creek and Rickreall Creek areas, a position usually occupied by the
Tyee. Thus the Yamhill is either equivalent to the Tyee or is uncon-
formabl e upon the volcanics.

The Yamhill consists of several thousand neters of indurated,
massive to thin-bedded clayey siltstone. Some minor interbeds of
arkosic, basaltic, and glauconitic sandstone are also present. The
Yamhill i s conformable upon the Tyee and unconformably overlain by
t he Nestucca Formation.

The Late Eocene Coaledo Formation is the coal bearing formation
in the Coos Bay area. The Coaledo enconpasses nost of the beds of
Late Eocene age. It is divided into three nenbers. The | ower
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Coal edo nenber crops out along the beach from Cape Arago to the light-
house. It iS composed predom nantly of blue-grey medi um to coarse-
grained nodul ar sandstone, with sone grit and intercal ated fine-grain-
ed sand shal e beds. The sandstone i S tuffaceous, With many of the
pebbles in the conglonerate being | enses of fine-grained basalt.

The mddle nenber is exposed between the |ighthouse and Yokam
Point (Muissel Reef]. It is a nediumgrey tuffaceous shale and silt-
stone with some sandy |enses. Several beds of well indurated |ight
colored tuff are present.

The upper Coaledo makes up Yokam Point and extends to the west
side of Bastendorff Beach near the mouth of Mner Creek. It is a
medium to fine-grained gray, tuffaceous sandstone that contains carbo-
naceous sandstone, sandy shal es, carbonaceous shales, and coal. The
measured thickness of the coastal section is 400 m wth one coal bed.
The principal coal bed of the nmenber is the Newport-Beaver H |l bed,
from which nost of the coal has been m ned.

The Bastendorff Formation is apparently conformabl e upon the
Coaledo. The best exposures are along the coast and good exposures
are present at Eastside across the bay from Coos Bay and near Beaver
H Il on the Coos Bay-Coquille hi ghway. The section is 700 mthick at
Bastendorff Beach. The beds are conposed of a thin-bedded medium-
to dark-gray shale streaked by lighter colored thin tuffaceous beds.
The formation is easily eroded by wave action, accounting for the
very broad beach. It is dated as Late Eocene to Early Qi gocene.

The Nestucca Formation, of Late Eocene age, consists of 240 to
1500 m of I ndurated thin-bedded tuffaceous clayey siltstone, wth
subor di nate anounts of ash and interbedded arkosic, basaltic, and
glauconitic sandstone. Snall sandstone dikes and sills are conmon in
the upper part of the section. The Nestucca rests unconformably on
the Yamhill Formation. Exposures of the Nestucca Formation are |ocated
at Lincoln Gty, in the Toledo area, and south of Yaquina Bay. It was
previously mapped as part of the "lower Tol edo” formation in the south
coastal area.

Late Eocene volcanic rock of basaltic conposition forns the head-
| ands south of Yachats and at Cascade Head. The total area of these
units is approximtely 80 kn2. These are the Yachats and Cascade Head
Basalts. They are 700 mthick at Cape Perpetua, and consist of basal-
tic flows, breccia, and lapilli tuff. Flows are generally 3 to 6 m
thick and appear to have been subaerially extruded. Dike rocks are
general 'y basaltic but range to dacites locally. At Cascade Head, the
volcanics consist mainly of fine-grained to glassy basaltic breccias
and lapilli tuffs with intercalated siltstone.

Intrusive rocks occur in nunerous, wdely scattered places through-
out the area. They are nost abundant between Cape Perpetua and Heceta
Head and easterly in the uplands, where they intrude the Yachats
Basalt. They intrude the Tyee Formation as well. They range in thick-
ness froma meter to several hundred neters and extend to a length of
several kilonmeters in some outcrops. Late Eocene basaltic dikes in the
Waldport, Marys Peak, and Al sea quadrangles are sinmilar to those along
the coast. It is possible that volcanism continued into the ol dest
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A igocene.

The siltstone of Alsea is a nassive, fine-grained indurated sedi-
mentary rock of Oigocene age in the Newport and Waldport areas. It
used to be included in the "upper Toledo" formation. The unit is well-
exposed at Alsea Bay and forns a 2 km wide bank that extends northward
past Toledo to the mouth of the Siletz River. It is 450 mthick at
Yaquina Bay, where it is predom nantly a massive, tuffaceous Siltstone
with subordinate fine-grained sandstone. Concretions are abundant.
The siltstone passes laterally and downsection into firmy cenented,

t hi ck- bedded basal tic sandstones that grade down into poorly sorted

basaltic conglonerates formng the base of the Oigocene section near
Yachats. The Siltstone of Al sea overlies the Nestucca Formation and
late Eocene vol cani ¢ rocks.

The Yaquina Formation conformably overlies the Siltstone of Alsea
and is conformably overlain by the Nye Mudstone. It consists of delt-
aic sedimentary rock up to 600 mthick. 1Itis exposed ina 2 to 8 km
wi de band from Siletz Bay southward through the uplands imediately
west of Toledo to the coastal parts of the Waldport quadrangle south
of Waldport. To the north and south it passes laterally into fine-
grained sediments of the Al sea siltstone and Nye Midstone.

The Yaquina Formation exhibits a diverse lithology. It is com
posed of micaceous, tuffaceous, arkosic sandstone that is hard but
locally friable and massive to well bedded and cross bedded, pebbly
sandstone, conglonerate, nassive tuffaceous siltstone, and coal de-
posits. The lithology, together with thickness patterns and fossil
types, indicates that the Yaquina was |aid down as a |arge delta.

Late O igocene age has been assigned to nmost of the unit, but the upper
part is Early M ocene.

Large dark-colored bodies of rock were intruded into the Eocene
strata during Late Oliogocene time, as in the Late Eocene. The softer
Eocene sedi ments have been eroded so that these Late Oigocene intru-
sives now form nost of the higher peaks. Only slight changes took
place in the depositional environnment in western WAshi ngton during
Late Oigocene time. Farther south along the present site of the
Oregon Coast Range the widespread enpl acement of gabbroic sills was
acconpanied by broad uplift. Late Qigocene narine deposition was
restricted generally to the west flank of the uplift, with the ex-
ception of a marine embayment that extended into the northern part of
the present Willamette Valley. \Westward-flow ng streans constructed
deltas. The crossbedded sandstone of the Yaquina Formation is typical
of these deposits.

The Nye Midstone disconformably overlies the Yaquina Formation
and unconformably underlies the Mddle Mocene Astoria beds. Thus, an
Early Mocene age is assigned to the Nye Formation. The unit is ex-
posed along the sea cliffs and coastal creeks of the southern Yaquina
quadrangl e and extends 13 km north of Yaquina Bay, where it is onl apped
by the Astoria Formation inland from Cape Foul weather. The Nye Mud-
stone is exposed for 8 kmalong the Siletz River inland from Depoe
Bay. The thickness ranges from 150 mnorth of the Bay to 1340 m at
Yaquina Bay.
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The unit consists of indurated, massive to indistinctly bedded
clayey siltstone, rich in organic matter. Thin, calcareous ienses and
i nterbeds of sandstone are common in the |ower section, and large con-
cretions are comon in the upper part.

The Astoria Formation consists of a variety of nearshore marine
sandstones and siltstones of Mddle Mocene age, overlying the Nye
Formation and underlying the Mddle Mocene rocks of Depoe Bay. It is
conposed largely of hard, massive, fine to nediumgrained, micaceous,
arkosic sandstone and interbedded carbonaceous siltstone. The Astoria
Formation is approximately 600 m thick where the total section is ex-
posed near Depoe Bay. An outcrop at Beverly Beach is 150 m thick.

The ancestral Colunbia River, which then ran along a west-trending
downwarp across western Oregon, transported large quantities of sand
and silt to the marine environnent. These deposits have a higher per-
centage of heavy mnerals than are present in the upper Eocene and
Qigocene rocks. Pyroclastic materials from the ancestral Cascade
vol canoes also are included in the detritus. Overturned folds in
slunp structures, which are present in many parts of the Astoria Form
ation, indicate that the deepest part of the geosyncline |ies near the
present coast |ine.

The Tunnel Point Sandstone is of Mddle Oigocene age. It overlies
the Bastendorff shale wth apparent conformty and is unconformnmably
overlain by the Enpire Formation. The base of the unit on the west side
of Tunnel Point contains a nassive concretionary bed conposed of quartz
and feldspar with an adm xture of tuffaceous material and glauconite.
The sandstone is interbedded with brittle shale near the top. A thin
bed of tuff is also present. About 2SO0 m of sandstone is exposed at
Tunnel Point, but no other outcrops are known. Farther inland, the
Tunnel Point Sandstone is overlapped by the Enpire Formation and
Pl ei stocene deposits.

The Depoe Bay Basalt is a Mddle Mocene unit exposed about 2 km
north and south of Depoe Bay, covering an area of about 2.5 knf. It
consists of about 23 m of submarine basalt that contains many pillows
in a palagonitized basaltic glass matrix. To the south, the pillows
pass laterally into a subaerial flow of columar fine-grained basalt.
Nurrer ous dikes and sills in the vicinity attest to the local origin
of the unit.

Volcanics of similar age and lithology are found to the north at
Capes Lookout and Meares and Tillamook Head. They are all petrochemi-
cally equivalent to the Yakima Basalt in eastern O egon.

The Sandstone of Whale Cove is a thick-bedded, sem-friable sand-
stone overlying the Depoe Bay Basalt. The unit is restricted to the
sea cliffs in the Depoe Bay and Wale Cove area, where it is covered
by a thin layer of marine terrace sand. The Sandstone of Whale Cove
is 60 to 90 mthick. It consists of massive to thick-bedded, medium-
to fine-grained arkosic sandstone and thin-bedded, carbonaceous, very
fine-grained sand- and siltstone. Deposition in a shallow water
environnent is indicated. The unit is unconformably overlain by
terrace sands and Cape Foul weather Basalt and lies with slight uncon-
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formity upon the Depoe Bay Basalt.

The Cape Foulweather Basalt forms the headl ands at Cape Foul-
weather and overlies the Wale Cove sandstone at Depoe Bay and Govern-
ment Point. Its total extent is approximately 8 square km It con-
tains nostly basaltic breccias and water laid fragmental rocks. Pillow
lavas and massive flows are subordinate. Mst of the unit is of sub-
aerial extrusion. The nunerous feeder dikes surrounding Cape Foul-
weather are lithologically simlar to some of the basalts at Cape Look-
out and Ecola State Park. The unit unconformably overlaps the Wale
Cove sandstone, the Depoe Bay Basalt, and the Astoria Formation. It
is apparently no ol der than M ddle M ocene.

Not all of the Middle M ocene basaltic magna reached the surface.
Swarms of intrusive in the Cape Foul weat her and Yaquina quadrangl es
are probably of the same origin as the Cape Foul weather and Depoe Bay
basalts. Farther south, at Seal Rocks, Mddle Mocene bhasaltic sills
intrude the Yaquina Formation to form small rocky headl ands.

The Enpire Formation is situated in the center of the South Slough
Syncline along the west side of the Coos Bay area. It is conposed of
as much as 900 m of massive, poorly-bedded sandstone with mnor inter-
beds of siltstone and at |east one prom nent fossiliferous conglonerate
lens that crops out at Fossil Point. Oher outcrops are at Coos Head
and between South Slough and Pigeon Point. Relatively l|arge blocks of
fossil-bearing sandstone are incorporated within the conglonerate.

The beds at Fossil Point contain many nore fossils than the rest of the
formation. A lower and mddle Pliocene age has been assigned to the
Enpire Formati on.

M ocene and Pliocene beds (the “Enpire Beds”) at Cape Blanco are
made up of tuffaceous indurated sandstone with fossil-bearing concre-
tions. Sone of these nmay be of Mocene Age. The “Enpire Beds” are
overl ain unconformably by the Port Orford Formation, a sequence of nuch
| ess indurated beds with an approxi mate thickness of 60 m The base
is concealed and the top has been renoved by erosion. There are con-
glonerates at the north end, but nost of the formation is conposed of
a massive, poorly consolidated sandstone of quite uniform lithology.
The “Enpire Beds” and the Port Orford Formation have been described as
the “Cape Blanco Beds” by earlier geologists. The age is probably
Middle to Late Pliocene. The Port Orford Formation has a slight east-
ward dip, indicating recent deformation along this part of the coast.

Pliocene sedinentary rocks known as the Troutdale Formation are
found along_the Colunbia River fromthe St. Helens area to the nouth.
It is composed mainly of quartzite pebbles in partially indurated con-
glonerates.  The formation indicates that the Col unbia has flowed
along this general path since the early part of the Pliocene, perhaps
1 onger. On the coast, the Troutdale Formation is restricted to a
relatively small exposure of unsorted gravel in south-central Astoria.

Little is known about bedrock geology of the southern Véashington
coast. Until very recently, the only definitive study has been
Weaver's 1916 paper, Post-FEocene Formations of Western Washington and
his 1937 book, Tertiary Stratigraphy of Western WAshi ngton. The




Raymond and South Bend quadrangl es were mapped in 1967 by Holly C.
Wagner of the U S. Geological Survey (USGS). Ray Wells of the Menlo
Park office of the USGS and Sandra Leo of the University of Washington
Dept. of Geology are currently working in this area.

Virtually nothing is known of the pre-Tertiary stratigraphy of
this particular area. During the early Eocene, the volcanic rocks of
the Umpqua and Siletz Formations in Oregon fornmed the Crescent and
Met chosin vol canic series in the Aynpics and Coast Ranges of western
Washington in the Late Oigocene. Only slight changes took place in
the depositional environment. The sedimentary basin largely dis-
appeared by the Mocene. This was probably due to filling in by sedi-
nments and to regional uplift. Early Mocene marine deposition occurred
on the continental shelf and in a few shal |l ow embayments, nost notably
those along the | ower reaches of the present Colunbia River and in the
Grays Harbor area. Colunbia River Basalt flows of Mocene age are
found in the Washington Coast Range fromthe Willapa Hlls to the
Colunbia. In southwestern Washington, the best exposures are along
the north shore of the lower Colunbia, with sonme poorly exposed out-
crops in the Willapa Hills.

According to Weaver (1916, p. 19-23):

“Marine deposits of Tertiary age form a considerable part of the
formations exposed at the surface in western Washington. They have
been fol ded and eroded, and in some areas, are deeply buried beneath
sand and gravel of glacial and fluviatile origin. ..outcrops are usually
found in the formof low cliffs along the banks of rivers and creeks
or along the sea cliffs of the Sound or ocean. ..Marine deposits of
Pliocene age with the exception of a very small area of the O ynpic
Peninsula are unknown within the state. The uppernost division or
upper Mocene is separated fromthe |lower four divisions by a well-
marked unconformty. The pre-Pleistocene formations of the south-
western portion of the state are somewhat obscured by clays, sands
and gravels of fluviatile origin. In many areas the Tertiary rocks
t hemsel ves have been so deeply weathered that very little information
can be obtained concerning their lithological character and struc-
ture...

“The Oigocene and Mocene deposits of western \Washington exist
in three separate areas. The |argest and nost representative area
occupies the northern half of the Puget Sound basin and the north
border of the Qynpic Peninsula. A second area enbraces the western
portion of the Chehalis and Willapa River valleys in the southwestern
part of the state. A third area constitutes a belt ranging from

[eight’to twenty-four kilometers] in width and trending east and west
along the north shore of Colunbia River..

nFromthe Southern margin of the O ynpic Muntains.. .0ligocene

and Mocene formations extend southerly to the mddle of Pacific
county . ..They have been cut by the Colunmbia River and their southern
extension forms a part of the well-known series of outcrops occurring
at Astoria, Oegon. No marine deposits of Oigocene or Mocene age
are known to occur with the Cascade Mountains or within the great
basin area of eastern \shington.
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"Thick lavas, kmown as the Metchosin Volcanics, are found in the

extreme western part of Washington and on Vancouver Island and gradu-
ally di m ni sh toward the east in the wildcat Hills of Kitsap County.
The Teanaway basalt exposed in the eastern flanks of the Cascade Moun-
tains in Central \Ashington may represent the tine equivalent of the
Metchosin volcanics.

The fol | owi ng paragraphs are also from Weaver (1937):

"The Metchosin volcanics are exposed fromthe western part of Gays
Har bor southwesterly through Willapa Harbor into Pacific County, and
thence continue in a general southeasterly direction into the northern
part of wWahkiakum County and the southwestern part of Lewi s County.
This area of lavas varies in width from[nine to sixteen kiloneters]
forns the divide between the drainage passing directly into Shoalwater
Bay and Col unbia River and that which flows northerly into Willapa
Harbor and the south fork of Chehalis River...In the area fromthe city
of South Bend, upon Willapa Harbor, northwesterly to Gays Harbor
excel l ent exposures of the lava seguence my be observed. About [two
kilonmeters] west of the city of Rednond, these rocks are exposed in high
rugged cliffs along the northern bank of the Willapa R ver.

nabout [ NiNe and one-half kilonmeters] northwest of South Bend on the

north shore of Willapa Harbor and near the nouth of Smith Creek there
occur high cliffs conposed of agglonerates and basaltic lavas.

"The thick series of massive sandstones, shales, interstratified
sandstones, intercalated |ayers of carbonaceous shales and coal seams
exposed in Western Washington in the western foothills of the Casczde
Mount ai ns fromthe Canadi an boundary south to Col unbia River have been
described as the Puget Goup. . . This group consists of a sequence of
sandstones and shales the various nenbers of which vary in lithology
fromone locality to another rendering it inpossible to correlate the
details of any sequence at one locality with the stratigraphic col ums
at other adjacent places. The exposures are not continuous in their
north and south extent but are covered by varying thicknesses of sands,
gravel s, and clays of glacial origin. The exposures are best repre-
sented in the sea-coast cliffs or in the canyons which have been
carved downwards through the mantle of glacial deposits into the
underlying sandstones and shales. Because of the occurrence of com
mercial deposits of coal interbedded with these sediments, they have
been studied in far nore detail than the other Tertiary formations in
west ern Vshi ngt on.

"All the sediments. . . within the Puget Group are of continental
origin, and represent accunulation upon a floor slightly above sea
| evel which fornerly existed on the site of the western foothils of
the Cascade Muntains, and the eastern part of the Puget Sound trough.
The basal strata of the Puget G oup have been recognized at the surface
in very few localities. They may be seen in Skagit County in the
vicinity of McMurray and southeast of the Gty of Arlington.

“It is difficult to place the Puget Goup in its exact position

within the Eocene of the Pacific Coast.. .It is probable that the |owest
strata was deposited during the mddle and |ate Eocene and possibly to
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a small extent in the very earliest part of the Oigocene epoch.

"Oligocene sedinentary formations with a thickness of over [1500
meters] are exposed in the canyons of the Satsop, Wnoochee, Wishkah,
and Humptulips rivers, all of which flow in a general southerly
direction across the southern flanks of the O ynpic Muntains.

They rest unconformably upon the Metchosin volcanics. , . The eastern
border of these Oigocene formations is linted by the uplift of
the Black HIls in southern Mason and northern Thurston counties.
The basal contact between the Eocene and Oigocene may be foll owed
southerly to Chehalis River.

“I't is probable that the southern linmb of the North River syncline
continues beneath Grays Harbor and northwesterly to the vicinity of
Pacific Beach, although no exposures of rock are available.

"The Oligocene in the southern |inb of the South Bend anticline

occupies an area about [thirteen kilonmeters] in width and [forty”eight
kilometers] in length which progressively narrows toward the east.

The 1lithology differs fromthat farther north and consists of medium-
grai ned browni sh-gray massive and wel|-stratified sandstones together
wi th subordinate anounts of clay shales the thickness of which aggre-
gates nore than [1800 neters]. The strata on the western side of Gays
River, as far as the shore of Willapa Bay, are wel| exposed in the
canyons of the rivers and creeks as well as in the numerous railway

and hi ghway excavations.

"The M ocene Astoria Formation |ies within an elongate horseshoe

like area of a westerly plunging syncline situated on the north side

of Chehalis River with the open end pointed toward the west and the

nose between the towns of Elns and McCleary. The exposures in the
northern flanks of the syncline form an area of approximately [five
kiloneters] in width and {thirty-eight kiloneters] in length. ..the south-
ern linb occurs on the south side of Chehalis River east of the town

of Montesano but crosses to the northeast of Aberdeen. ..where it is
intersected by the |ower portions of Wishkah, Wynoochee, and Hoquiam
rivers. The exposures in both |inmbs are conceal ed on the western side
of Hoquiam River as far as the ocean.

“The Astoria sandstones south of the city of El ns which formthe
southern linb of the Gays Harbor syncline gradually flatten and in
the vicinity of Independence Creed are devel oped into a synclinal
flexure, termed the | ndependence syncline, which plunges to the
north. ..These sandstones rest upon the sandy shales of the Blakely
formation of the upper Oigocene and in apparent conformty.

"The Montesano formation of |ower Pliocene age is involved within
the axial portion of the fold in the Gays Harbor area north and south
of the city of Aberdeen. These formations are separated by unconform
ities of varying degrees of magnitude. ..The formation lies within two
synclinal troughs in the Gays Harbor area of Western Washington. .

The sandstones of the Mntesano formation occupy the axial portion of
this trough and forman area varying from[eight to thirteen kil oneters]
in width and nearly [forty-eight kilometers] in length. These beds are
exposed in the cliffs and river banks of the Wishkah, Wynoochee, and
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Satsop rivers.

nThe second trough lying both north and south of the eastern end
of Grays Harbor contains exposures of the Montesano formation on the
| ower portions of the Wishkah and Hoquiam Rivers in the vicinities of
the cities of Aberdeen and Hoquiam, and in the hills south of the
city of Cosmopolis. This broad fold plunges westerly beneath the silts
and sands of Gays Harbor and the Pleistocene terrace deposits north
of Hoquiam and the |ower portion of the valley of Humptulips River.

"The thi ckness of the Montesano strata on the south side of Gays
Harbor is approximately [s20 meters] and on the north side there may be
a maxi mum of [670 nmeters]. The thickness increases progressively west
of Aberdeen and Hoquiam due to the general plunge of the synclinal
trough and the corresponding existence of higher nenmbers of the forma-
tion. The basal beds are generally congl onerates and associ ated pebbly
sandst ones which may be observed in the road and railway cuts south of
Cosmopolis. The formation as a whole consists of sandstones of varying
degrees of coarseness and with characteristic cross-bedding. Ccca-
sional layers of shale occur.

"It is probable that the Mntesano formation was deposited during
an interval extending fromthe late Mocene up into the early and
m ddl e Pliocene since the strata fromwhich these fossil plants were
obt ai ned 1ie within the | ower portion of the Mntesano formation..."

Quaternary geol ogy of the Coast Range Provinces is discussed in
Section 3., Surficial Geol ogy.

iii. The Olympic Muntain Province. For purposes of this report, the

A ynmpi ¢ Mountain Province begins at Gays Harbor and borders the

O ynmpic Peninsula to the Clallam/Jefferson County line. It covers the
Strait of Juan de Fuca to the general vicinity of the international
border and the submarine edge of Vancouver Island. This line is not
sharply defined, since stratigraphy and structure are not defined by
i nternational boundaries. Sone of the inland geol ogy of the Qynpic
Mountains is herein discussed in general. Detailed information is
limted to those formations that outcrop in the study area. Aynpic
landforms are discussed in detail in Section 3., Surficial Geology.
The tectonics and structure are also examned in the appropriate
sections.

The following material is taken from MKee (1972), Danner (1955),
Rau (1973, 1975), Smavely and Wagner (1962), Tabor (1975), Brown, Gower
and Snavely (1960), and Cower [1960).

The A ynmpic Peninsula resulted fromthe collision of Tertiary geo-
synclinal deposits and volcanics on the Juan de Fuca plate with the
| eading edge of the North American plate, followed by uplift and
gl aci ati on.

A narrow coastal plain borders the peninsula on the northeastern
and southwestern sides, from which the mountains rise abruptly in the
northeast and nuch more gradually in the southwest. Rivers derived
from glaciers and snowfields radiate out from the mountains in all
di rections.
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The done-shaped rise of the Aynpics trends northwest-sout heast
across the peninsula. Beginning in the northwest at Cape Flattery
as a series of hills rising to elevations of over 300 m the mountains
gradual ly gain in elevation for a distance of 100 kmto the southeast,
reaching their highest point at M. QOynpus. They continue along the
same trend for approximately 40 km dropping to sea |evel along Hood
Canal. The nmountains are narrowest where they rise fromthe sea at
Tatoosh |sland off Cape Flattery and they widen to the southeast. The
hi ghest and w dest peaks are in the east central part of the peninsula.

Superinposed on the northwest-southeast trend is a belt of rela-
tively higher peaks and ridges fornmed by the outcrop of a group of
hard, resistant lava flows uplifted around the main nountain area.

This belt begins near Cape Flattery in the northwest and continues
around the borders of the mountains to just south of Lake Quinault.
This is the Crescent (Metchosin) Formation, which consists of ancient
lavas fromthe floor and borders of the Eocene geosyncline that were
rafted to, and crunpled by, their collision with the continental plate.

A major problemin the Aynpic Muntains has been interpreting the
rocks in the core of the range. They occur beneath the Crescent Forma-
tion. The rocks consist of dark sandstones and siltstones and altered
subnarine basalts. They have been markedly fol ded, fractured, and
slightly netamorphosed. This assenblage, once known as the Soleduck
Formation, was |ong assumed to be ol der than the Crescent and possibly
of Mesozoic age. However, mapping of the core rocks by the US. Geo-
| ogi cal Survey (USGS), the Washington State Dept. of Natural Resources,
and university graduate students has clarified several of the problens.
Except for the ancient rocks at Point of Arches, no rocks ol der than
those of the Eocene basaltic horseshoe and sone m nor sandstones and
shal es underlying it have been found in the core (Tabor, 1975). It

has been shown that the "Soleduck Formation” -- referred to (along with
the Hoh Rocks) as the "argillite-graywacke sequence" (Brown, Gower and
Snavely, 1960) -- is probably Tertiary in age rather than Mesozoic.

Moreover, the rocks of the core appear to have been enpl aced beneath
the Crescent Formation along mgjor thrust faults. This sequence
appears to have been the sedinents deposited in the Eocene geosyncline
that collided with the continental crust.

In the Eocene, subsidence followed erosion with encroachnment of
the sea to a few kilnmoeters east of the present site of Seattle. This
epoch began with intense volcanic activity. Fissures poured immense
quantities of basalt onto the sea floor. The greatest accumnulation
took place in the eastern part of the present Aynpic Peninsula -- at
| east 1500 mthick. The upper flows seldom show the pillow structure
of the lower flows, indicating subaerial extrusion. In other areas,
submarine lavas alternated with deposition of sandstone, shale, and
congl onerate.

A igocene rocks in the Coast Ranges are primarily marine shales
containing a high proportion of volcanic ash. This ash was probably
derived from volcanic vents in the ancestral Cascades. Locally fossil-
bearing sandstone and conglonmerate are interbedded with the shale.
Compared to the Eocene Epoch, the Oigocene was fairly stable, with
little offshore volcanic activity. It was, for the nost part, a tine
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of relatively slow accumulation of fine-grained tuffaceous sedi ment,
with coarser sands and gravels deposited nearshore.

The sedi mentary basin was being filled during the Mocene, while
regional uplift was occurring. Ear?y M ocene marine deposition
occurred on the continental shelf and in a few shallow embayments
inshore, in addition to deep water deposition of coarse gravel
(Stewart, 1977].

Wthin the Puget Sound basin and al ong the northern portion of
the A ynpic Peninsula, Mocene sedinents are nore or |ess covered
by deposits of glacial drift. Late in the Mocene, uplift renewed.
Between 12 and 30 mllion years ago, spanning the M ocene Epoch, the
maj or part of the subduction and continental underthrusting took place.
The thick mass of sedimentary rock that had been derived fromthe
continent was jamed agai nst and under the edge of the basalt, which
was in turn j ammed agai nst the continent (Figure 1-4).

Wien novenent on the sea floor began to diminish in the upper
Pliocene and | ower Pleistocene, the sedimentary rock began to rise.
The spreading ocean crust had acted to drive the rocks beneath the
continent, but, when novement ceased, the lighter rocks rose. This
| ate episode, acconpanied by faulting and folding, raised the Qynpic
Mount ai ns.

The Late Cenozoic stratigraphic record of the Coast Ranges, in-
cluding the Aynpics, is not extensive. Near the coast, the Pliocene
Montesano and Quinault Formations consist of shallowwater marine and
non-marine sandstone, siltstones, and conglonerates. These strata
suggest that the Pliocene shoreline was not far renoved fromits present
position. In many places Quaternary deposits rest unconformbly on
Tertiary rocks. However, contact relations are not fully known between
what is believed to be the ol dest gently dipping Pleistocene deposits
and the noderately dipping and faul ted Quinault Formation. In places,
the two units may well be conformable (Rau, 1973). Quaternary history
of the A ynpic Muntain Province is discussed in the section on
Surficial Geol ogy.

The argillite-graywacke sequence (Brown, Gower and Snavely, 1960)
constitutes the ol dest rocks known 1n nost areas of the province
CGood exposures of the argillite-graywacke sequence occur east of
Bigler Mountain and along Rainey Creek. Nearly half of the area under-
lain by the sequence is covered by glacial outwash and alluviumin the
val | eys of Soleduck River and Bear Creek

The sequence is in nost places intensely sheared, faulted and fol d-
ed, and the base is nowhere exposed and no accurate measurenment of its
thickness is possible. However, it is estimated to be nore than 2750 m

t hi ck.

The graywacke varies fromvery fine to very coarse-grained, but
fine-grained graywacke i S nost comnmon. It is usually very thin- to
thi n-bedded, but very thick beds do exist. Basaltic rocks consisting
of pillow |ava, flow breccia, and massive flows are interbedded with
the argillite and graywacke in a few places. These crop out in an
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Figure I-4

A Generalized Diagrammtic Section Show ng How the Structurally Conplex Rocks
of the Oynpic Muntains and the Coastal Area May Have Been Formed®™

Atgl |1l te . Greywacke Crescent Pormalion
Sadimant Sosalt
OLYMPIC PUGET
PACIFIC OCEAN PENINSULA / BASIN
/
JUAN ot puca RIDGE \ "0

= SEDIMENTS JUAN DE FUCA
#47iu", OCEANIC CRUST PLATE

iAdapted from Rau, 1973 and Tabor, 1975.
Selli ments (argillite-greywacke Sequence) and basaltic volcanics from the ocean floor (Crescent Formation)
have been carried eastward on-a thick oceanic crust of volcanic rock. where the heavier rocks of the
Juan de Fuca plate met the lighter rocks of the North Anerican plate, nost of the fornmer were subducted
beneath the continent. However, sonme of the materials were not subducted but were underthrust by the

continental rocks, “skimmed off", foreshortened, piled up, and accreted to the edge of the North
American plate.



approxi mately one kilometer wide belt south of the Soleduck River, an
estimated 1800 to 2100 m below the top of the sequence. The basalt

is most commonly fine-grained. Mst of the volcanic rocks are inter-
bedded with grayish-red argillite and siliceous argillaceous |inestone.

Argillite and graywacke, wth associated volcanic rocks and m nor
amounts of quartzose or feldspathic micaceous sandstone, crop out in
the area south of Lake Crescent, Barnes Creek, and Hughes Creek. Angu-
lar fragments of siltstone are scattered through the rock. A simlar
but thicker sandstone unit is exposed in the canyon of the North Fork
of the Soleduck River. Although part of the argillite-graywacke
sequence may be as old as Cretaceus, it is overlain by and locally
interfingers with the Crescent Formation, which has been dated as
Eocene. Thus, a tentative Eocene date has been assigned.

The ol dest rocks known along the southern coast of the Qynpic pro-
vince are largely vol canic breccias with a few interbeds of narine
siltstones. These rocks form nost of Point Grenville and the nearby
of fshore stacks. Microfossils contained in the interteds of marine
siltstone indicate that these rocks were formed during the mddle
Eocene.  The volcanics are submarine lava flows, in places incorporated
with existing sedinents or nud. Hghly broken, rhythmcally bedded
siltstones and sandstones outcrop imediately to the north of the main
vol cani ¢ body of Point Grenville. Microfossils indicate that these
were deposited during the late Eocene. These rocks are distinctly
younger than the nearly mddl e Eocene siltstone interbeds. Local re-
| ations between these two rock units are not clearly shown because of
limted exposures and structural conplications.

Tectonically nelanged materials are well exposed in the cliffs of
t he Hogsback area. Here, the harder rocks consist of conglonerates,
sandstones, siltstones, and altered volcanics. The softer, finer
grained materials of the matrix are nostly clays and badly broken
siltstone.

The two major Tertiary units, the noderately fol ded and faul ted
Pl i ocene Quinault Formation and the ol der intensely fol ded and faulted
unit are separated by a profound and w despread unconformty.  Struc-
tural relations clearly indicate that major tectonismtook place prior
to the deposition of the Quinault in the Pliocene and sometime follow
ing the mddle Mocene. Mich of the bedrock south of the Queets River,
east of the ClearWater River, and in the Hoh River valley is nasked
by thick deposits of drift. The extent of each Tertiary unit has not
been fully determned in these areas.

Destruction Island, about six kilometers offshore, is the |argest
island off the coast of Oregon and Washington, and the first one north
of the Farallons. It is the westernnost major bedrock outcrop exposed
above sea level in the area and is thought to be representative of
of fshore bedrock in the area. The foundation of the island and sur-
rounding lowtide reefs is very similiar to the bedrock exposed in the
Brown Point-Starfish Point area. Mbst strata are massive to thick-
bedded graywacke sandstone and represent typical turbidite deposition
of the rock assenbl age referred to by Rau (1973) as the Hoh Rock
Assenbl age.
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Overlying the argillite and graywacke sequence are 1500 to 2750 m
of predonminantly vol canic rocks assigned to the Crescent Formation.
The Crescent Fornation forms the high, rugged, northwest trending
ridges that include Deadman's Hill, Snider Peak, and North Point. The
vol cani ¢ rocks of the Crescent forma belt 3 to 5 kmwi de, extending
from near Munt Muller southeastward to Round Mountain. This outcrop
belt runs along the south linb of the Cilallam syncline. On the north
limb of the syncline the Crescent Formation is best exposed along the
Strait of Juan de Fuca at Crescent Bay eastward to the west edge of
Freshwater Bay. The thickness is difficult to estimte because of
| ocal accumul ations of lava and the scarcity of structural data. Near
the east end of Lake Crescent the formation is nore than 3000 m thick.

The Crescent formation consists of pillow basalt, massive diabasic
basalt, flow breccia, tuff breccia, and tuff, nost of which is of sub-
marine origin. Beds of basaltic conglonerate and sandstone, and well-
i ndurated nassive tuffaceous siltstone and argillite are interbedded
with the volcanic rocks. These rocks grade into each other and inter-
finger with other varieties of extrusive and pyroclastic rocks in the
Crescent Formation.

The contact between the Crescent and the underlying argillite-
graywacke sequence can be seen in the valleys of Rainey Creek, where
they are interbedded in a zone about 30 m thick.

On the basis of age and lithologic character, the Crescent Forna-
tion correlates in part with the Metchosin Formation of Vancouver Is-
|l and, the Siletz River Volcanics of Oregon, and the volcanic rocks of
the Umpqua Formation in Oregon.

The Crescent is overlain in nost places by the Aldwell Fornation.
The Aldwell consists mainly of laminated to thin-bedded, well-indurated
siltstone, with thin beds of fine-grained graywacke present in varying
proportions. Massive |enses of unsorted pebbles, cobbles, and basalt
boul ders occur throughout the siltstone. Their nature suggests that
they may have been forned by |andslides or mudflows in a marine environ-
ment. Al the elastics are hard and firnly conpacted. Pillow lava,
basalt breccia, and waterlaid lapilli tuff occur in places near the
base of the formation. These are sinilar to the volcanics of the
Crescent.

East of the Deep Creek CGuard Station the formation is as nuch as
75 mthick. To the west, near Beaver Lake, it appears to be nore than
240 mthick. The formation is exposed in the defile between the East
Twin River and the Elwha River. The formation has not been recogni zed
north of the axis of the Clallam syncline, but some of the basaltic
sandstone at Tongue Point on Crescent Bay nmay be equivalent in age to
part of the Aldwell Formation. The age of the Aldwell Formation has
been established as mddle to |ate Eocene. It correlates with the
M| ntosh Formation of southwestern Washington and the Yamhill Fornation
of southwestern O egon.

Basal strata of the Lyre Fornation rest unconformably upon and, in
places, interfinger with beds in the upper part of the Aldwell Forma-
tion. The resistant rocks of the Lyre Formation crop out in a series




of westerly-trending ridges north of Boundary Creek, Lake Sutherland,
and Indian Creek. This formation does not crop out in the north linb
of the Clallam syncline due to overlap by younger sedinentary rocks.

A sequence of sandstone and conglomerate that resenbles the Lyre out-
crops in the Morse Creek area. These rocks may represent an eastward
extension of the Lyre, but they may also be a downfaul ted block of the
| ower part of the Twin River formation.

The Lyre Formation consists of well-indurated relatively coarse-
grained elastic rocks, which include an upper conglonerate menber and
a |lower sandstone nenber. These nenbers interfinger and sonetimes only
one is present. The conbined thickness of both nmenbers does not exceed
460 m. The Lyre Formation is considered to be |ate Eocene, correlating
with the upper part of the MlIntosh Formation and the Northcraft Forna-
tion of southwestern Washington.

The Twin River Formation consists of nore than 5200 m of narine
elastic sedinmentary rocks, which may be divided into three sections: a
| ower section consisting mainly of bedded sandstone and siltstone, a
m ddl e section in which massive siltstone i S predom nant., and an upper
section consisting of massive mudstone wWith mnor anmounts of thin-
bedded sandstone. A conglomerate lentil occurs in the mddle menmber in
sonme local areas.

The lower menber is conposed of platy to nassive fine- to medium-
grained sandstone and bedded siltstone that intergrade and interfinger.
These rocks are noderately resistant and forma westward-trending range
of hills bordering the coastal plain of the Strait of Juan de Fuca.
They are exposed on the north side of the Clallam syncline south and
west of Crescent Bay.

The m ddl e menber crops out on both |inmbs of the Clallam syncline,
but is best exposed along the Strait of Juan de Fuca fromthe mouth of
Field Creek to a point past the mouth of Whiskey Creek. South of the
axis of the syncline, it crops out in a belt roughly parallel to the
south boundary of the coastal plain of the Strait of Juan de Fuca.

Near the Lyre River it is roughly 600 mthick. The nopst common rock
types are massive siltstone and clayey mudstone. |n places, these are
poorly sorted and contain mnor amounts of sand and pebbles of vol canic
rocks . A lentil of pebble and cobble conglonerate outcrops about 3 km
west of the Elwha River. It may represent reworked material from the
Lyre Formation. At its base is a sedimentary breccia of angular vol -
canic debris that apparently represents nmaterial eroded fromthe
Crescent Formation.

The upper menber of the Twin River Formation is conposed mainly
of massive, sem-indurated nudstone and sandy siltstone. In places it
contains beds of fine-grained calcareous sandstone. It crops out in a
belt westward from Freshwater Bay and at scattered |ocations along
streans in the coazzal plain east of the Elwha. East of the Elwha it
is largely conceal ed by glacial drift. The thickest known section is
about 900 mthick and is |ocated between the nmouth of Murdock Creek
and the nouth of the East Twin River, in sea cliffs and wave-cut plat-
forms . Beds of nassive calcareous sandstone occur in the upper menber.



Many exposures contain broken shell material and fragments of teredo-
bored wood. The age of the Twin River Fornmation is late Eocene to
early M ocene.

The Clallam Formation underlies most of the area morth of Last
Creek between PiTTar Point and Slip Point. It is well-exposed in sea
cliffs and wave-cut benches along the Strait of Juan de Fuca, but much
of the coastal section is so highly deformed that an accurate neasure-
ment of its thickness has not been made. It is conposed of poorly
sorted, nediumgrained, lithic sandstone. Carbonaceous flakes and
thin stringers of coal are common. Sone of the sandstone is pebbly
and thin lenses of pebble conglonerate are commn. At the base of -the
formation, the conglomerate locally contains angular to subrounded
pebbl es and cobbles of siltstone. A few sandstone beds are | ami nated
with argillaceous or carbonaceous naterial. The Clallam Formation is
correlated with the Astoria Formation of southwest Washington, to which
the age of mddle Mocene has been assigned.

The lithology of the Quinsult Formation varies widely. Mssive
to wel | -bedded siltstone are conmon, as are nassive to well-bedded
sandstones.  The former are well-exposed al ong the coast south of
Taholah and in cliffs south of Duck Creek. The latter beds can be
seen in the cliffs of the Cape Elizabeth area and northward for about
2 km

Al'though the formation or its equivalent is believed to be wide-
spread on the Continental Shelf, its known extent onshore is linted
to coastal outcrops which occur nmostly between the nouth of the
Queets River and Point Grenville. Qutcrops are al so known inland south
of Raft River and inland from Taholah. Melange rocks are frequently
found between ngjor outcrops of the Quinault, associated for the nost
part with faults along which major displacenent is thought to have
taken place. Sone of these are interpreted to be piercement structures
where the ol der nelange rocks are believed to have nmoved into the
Quinault Formation (Rau and \Wagner, 1974).

The Quinault rests with nmajor angular unconformty on Rau's (1973)
“Hoh Rock Assenblage”. Fossils indicate a Pliocene age for the for-
mation. However, the |owernost part may be upper Mocene. Data from
of fshore wells indicate that |ate Mocene strata are present between
the ol der rocks of middle Mocene age and Pliocene strata.

The Strait of Juan de Fuca is the principal marine re-entrant
connecting the inland waters of western Washington and British Col unbia
with the Pacific Ccean. It is bounded by Vancouver Island on the north
and the O ynpic Peninsula on the south; by northern Puget Sound on the
east and the Pacific Ccean on the west. For the nost part, the bottom
t opography is strikingly linear and is apparently unrelated to the
t opography and drai nage pattern of the adjacent |and nasses (Mayers
and Bennett, 1973). There is a northeast-southwest striking anticline
beneath the junction of the Strait and Juan de Fuca canyon, inmmediately
to the northwest of the Ovynpic Peninsula. Erosion of the anticline
has produced this partially filled canyon. The Iithographic nature
of the contorted, seni-consolidated, and consolidated material |ining
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the walls of the canyon has not been fully determned. The nono-
lithic nature of the deeper material suggests that the regional '"bed-
rock"” is texturally honogeneous and unstratified -- perhaps a

vol cani ¢ lava bed.

Eocene volcanics appear to underlie nost of the strait. The
vol canic sequence is believed to be thickest near the nouth. The
basalts are underlaid and overlain by relatively non-nmagnetic sedi-
mentary rocks. In the central sector of the strait, the basalts are
intruded by a nore magnetic, north-dipping rock mass believed to be
a submarine extension of the Sooke gabbroic intrusive of southern
Vancouver Island (Mayers and Bennett, 1973). West of the nouth of the
strait, the basalts have apparently been displaced along the Leech
River Fault. The Tertiary and Mesozoic rocks have subsequently been
unconformably eroded and covered by a |ayer of undeformed, interbedded
glacial and marine sedinent.

O fshore bedrock 1ithology and structure nust be inferred from
t he inland stratigraphy, since there is little or no definitive infor-
mation on units as a whole. Core sanples taken indicate that the
lithology is basically the same as the corresponding |and sections,
as do seismc surveys. Weldon Rau of the Washington State Dept. of
Nat ural Resources is constructing a map of the inferred bedrock geo-
| ogy of the shelf and slope off the O ynpic Peninsula, particularly
extending the thrust-faulted structures and major units beneath the
sea. floor. The project is to be conpleted by the end of 1977.

Quaternary geol ogy of the O ynpic Muntains Province is discussed
in Section 3., Surficial Ceol ogy.

v. Puget Low and Province. The Puget Low and is an elongated north-
south oriented structural trough that has been nodified by Pleistocene
glaciation. Channels were carved in the bedrock surface during at
least four major advances of a continental ice sheet southward from
Canada. The Province is bounded by the Cascade Muntains on the east,
the O ynpic Muntains and east end of the Strait of Juan de Fuca on
the west, the southern extent of glaciation on the south, and -- for
the purposes of this study -- the San Juan |slands and extrenme south
end of the Strait of CGeorgia on the north. The overall structure of
the low and is a broad, young downwarp between the Cascades and the
Coast Range.

The geol ogy of the Puget Low and Province is primarily Quaternary
glacial and post-glacial geology. During the |ast major advance of
the glaciers, the area was inundated by ice to a depth of as nuch as
1.6 km  The present topography was forned |argely by movenent of
glaciers within the structural trough. Toward the end of the 1last
glaciation, the Iow and area was flooded by the sea, and it has risen
as the weight of the ice was renoved during the last glacial retreat.

Except for a few outcrops that relate closely to the Tertiary
bedrock exposures in the adjoining Cascade and Coast Range Provinces,
the bedrock of the | ow and basin is buried beneath deposits of gl acial
materials up to 600 mthick. For this reason, pre-Quaternary strati-
graphy is largely inferred fromthe adjacent structures.
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“(In) detail, the structure is nuch nmore conplex, consisting of
nunerous m d-Cenozoic folds and faults that trend transverse to the
regional downwarp. Hlls within the |ow and consist nost comonly of
relatively resistant volcanic rock. In Washington, these volcanics
are correlated with the Eocene basalts of the Oynpics and the Willapa
HIlls. Aong the eastern side of the low and, they are correlated
with (subaerial) andesitic and basaltic flows in the Cascades. Sedi-
mentary formations interbedded with the flows locally contain fossils
that permt both dating and interpretation of the depositional environ-
nment” (MKee, 1972).

Al though the Puget Low and was a part of the great Eocene eugeo-
syncline, | ate Tertiary orogeny has separated it structurally fromthe
coastal and offshore geological province. The convergence of the Juan
de Fuca and North American plates and subsequent uplift of the O ynpic
Mount ai ns has isolated the Puget Low and fromits Eocene counterpart
on the continental shelf and slope. The detailed pre-Tertiary strati-
graphy of the Puget Low and is therefore a |ess relevant consideration
for offshore bedrock geology than that of the Coast Range and O ynpic
Provinces. The follow ng discussion of-pre-Quaternary history is
general. The material is taken primarily from Snavely and \gner
(1963], Cceanographic Commission of Wshington (1975), MKee (1972),
and Rogers (1970).

The Tertiary rocks of western Washington were |aid down on a base-
ment consisting of sedinentary, intrusive, and extrusive rocks that
have been netanorphosed in varying degrees and range in age from early
Pal eozoic to late Jurassic. There are al so cretacecus deposits con-
sisting of sandstones, shales, and conglonerates. Al of these ol der
strata show a conplicated tectonic history. In the general area of
interest of this study, pre-Tertiary rocks occur only in the San Juan
|'slands, along the west flank of the Cascade Muntains from North Bend
northward, and in the interior of the Oynpic Muntains. Wth these
exceptions, no pre-Tertiary rocks are known to be exposed at the sur-
face, or to have been penetrated by drilling wthin the Puget Low and
or its immediate borders (Rogers, 1970). The significance of the pre-
Tertiary rocks to this investigation lies chiefly in that they pre-
sumably form the floor upon which the Tertiary eugeosynclinal rocks
were deposited. Their structures and lithologic variations have at
| east influenced later structural developnents in the Low and, but
their discovery has yet to be made.

During the early Eocene, the northeast part of the geosyncline
was bordered by a broad, lowlying, swanpy coastal plain. Large
streans nmeandered across this plain carrying arkosic debris from pre-
Tertiary highlands in northern Washington. These continental deposits
are represented in parts of the Puget, Chuckanut, and Swauk Formations.
Marine equival ents of these sandstone beds are probably present downdip
fromthe outcrop area of the Puget Formation. Farther south, along the
eastern margin of the geosyncline, it is likely that nearshore marine
sands were deposited. If so, they are buried beneath the Cascades.

During mddl e Eocene tinme nore than 1S00 m of nonmarine coal-
bearing arkosic sands were deposited on a subsiding low alluvial plain
bordering the northeastern part of the geosyncline. These sands



intertongued locally with marine silt in the central part of the basin.
Downwar pi ng of the alluvial plain apparently equalled deposition, and
most of the coarser elastics were confined to the continental environ-
nent. Within this sequence occur the principal coal fields of Wstern
Washi ngton that extend fromthe Roslyn field east of the Cascades to
the Pierce and King County coal fields along the western side of the
range.

At the beginning of the late Eocene, areas of local uplift and
active vol canism divided the geosyncline into several separate basins
and reduced the area of marine deposition. Intermttent, rapid down-
warping of the basins produced interfingering of nearshore marine and
nonmarine coal-bearing strata in a coastal belt 48 to 64 km wide. A
relatively uniformthickness of the coal beds over broad areas in King
County and the Centralia coal districts indicates that coal swanps
tended to be wi despread on the lowlying coastal plain. Volcanic
activity along the eastern margin of the geosyncline contributed |arge
quantities of pyroclastic and epiclastic debris to these deposits. Ash
beds up to one-third meter thick are interbedded with the coal in one
bed in the Centralia coal district. In both Centralia and King County,
900 to 1070 m of coal -bearing strata were deposited after |ate Eocene
vol canic rock deposition came to an end in these areas.

In early and mddle Oigocene, mld regional uplift took place in
the southern part of the geosyncline, and regional subsidence occurred
in the northern part. The Puget Sound basin QOigocene and M ocene
area is thus effectively separated fromthat of southwestern Washington
by uplifted basalts and sedinentary rocks of the Eocene. In places,
marine O igocene beds overlap upper Eocene strata and rest unconform
ably on | ower Eocene volcanics. At the sane tine, vigorous pyroclastic
vol canic action adjacent to the eastern margin of the geosyncline
brought about a marked change in the type of sedinents that were being
deposited in the marine basins. Large quantities of pum ce-laden
detritus were transported to the nearshore marine environment.

In nost parts of the geosyncline, ash was rapidly and periodically
deposited. Typical Qigocene rocks consist of massive tuffaceous silt-
stone and fine-grained sandstone with intercal ated beds of pumiceous
lapilli tuff and glauconite.

Adj acent to the eastern margin of the geosyncline, thick deposits
of' water-laid andesitic and dacitic tuffs with interbedded lava and ash
flows eventually buried the | ate Eocene coastal plain and brought the
wi despread coal -forning environment to an end. The extensive accunu-
| ation of volcanic naterial along the northern part of the present
Cascade Range also cut off the streams that had carried arkosic detri-
tus to the northern part of the basin.

In the early part of the Mocene, deposition continued essentially
uninterrupted. Mddle Mocene, however, brought extensive folding and
faul ting along northwest trends in Washington as the Juan de Fuca plate
continued to force material fromthe western portion of the eugeo-
syncline against the North American plate. Erosion of the land areas
el evated by this period of deformation furnished the coarse elastic
debris that characterizes nuch of the sedinmentary rock of mddle
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Mocene.  Shallow marine bays encroached eastward along structural
downwar ps during this tectonic activity. Along the Strait of Juan

de Fuca, an embayment may have extended as far east as Puget Sound,
but no mddle Mocene rocks have been found in the Lowand to confirm
this possibility (Snavely and \Wagner, 1962).

In late Mocene, large shallow |akes existed in local structura
basins along the Puget-WIlamette | ow and. Sedimentation in these
basi ns equalled downwarping -- 300 m of claustrine clay, fluvial sand,
and vol canic nudflow deposits were laid down. Thick beds of partially
carboni zed wood are comon. These strata are in large part conposed
of pum ce-rich pyroclastics derived fromthe venting of granodiorite
plutons along the site of the present Washington Cascades. Hornbl ende
andesite flows were also extruded locally. Near the close of the
M ocene, considerable regional uplift of the Coast Ranges and def or ma-
tion in the Aynpic Muntains occurred, which further reduced the area
of marine deposition in western Washington.

The downwar pi ng and sedi mentation of the depression along the
Puget-Willamette | oW and continued throughout nost of the Pliocene.
During Late Pliocene, the Oynpics and Coast Ranges probably reached
the greater part of their present elevations, conpleting the isolation
of the Puget Low and fromthe sea coast. On the west, |ate Pliocene
vol canic action provided the platformon which the andesitic cones were
| ater constructed that now characterize the Cascades.

Detailed geologic maps for Admralty Inlet, in Puget Sound, are
unavai | abl e (Cceanographic Commission of Wshington, 197S). The U.S.
Geol ogical Survey is currently conducting detailed mapping in the area
but work is not yet conplete enough for general publication. The
general geologic conditions, however, are indicated by various state
of Washington geol ogic maps; based on reconnai ssance in the area
Essentially, Tertiary sedinentary bedrock underlies the west side of
the Admiralty Inlet channel and the adjacent islands. It slopes down-
ward to the east beneath the channel and Whidbey |sland, where the
bedrock surface is believed overlain by several hundred neters of
unconsol i dated glacial deposits.

The approxi mate thicknesses of unconsolidated deposits over bed-
rock are discussed in the section on offshore geology. There are
large areas for which little or not information is available on which
to base thickness contours. Barnes and Creager (Cceanographic Com
mssion of \Wshington, 1975) of the University of Washington Depart-
ment of COceanography have pointed out that the sill at the entrance
to the Inlet is likely underlain directly by bedrock:

"Marine sandstone of early Eocene age is reportedly exposed in the
| ower bluffs and beach area in approximately the south half of Marrow-
stone Island. In the area of Nodule and Liplip Points, the beds
strike east-west to east-northeast and dip about 10 to 20 degrees
south . Farther south on the east shoreline of the Quimper Peninsul a
near Basalt Point, pillow basalts of the Crescent formation are ex-
posed along the bluffs. Available maps indicated bedrock is not ex-
posed in the shoreline areas farther to the rorth including Port
Townsend nor along the entire west shoreline of Whidbey Island
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Apparently, in those areas unconsolidated glacial deposits sinlar

to that which overlie the bedrock on the west shore of Admralty Inlet
extend bel ow sea |evel . ..Subbottom profiles obtained in a single
traverse |lengthwi se along Adniralty Inlet perfornmed by the University’s
Department of Qceanography do not yield conclusive evidence of the
bottom conditions, including the possible presence of bedrock.

“Sounding charts prepared by a lead |ine survey in 1942 and 1943

i ndi cate somewhat nmore irregular bottomconditions in the Admralty
Head sill area and this contrasts with an apparent nmore even bottom
surface south of the sill. Based on this information, it is tenta-
tively concl uded that bedrock is at or within a meter of the bottom
in the sill area between Point WIlson and Admiralty Head, along

the east shore of Marrowstone Island and southward in the area of
Basalt Point. Somewhat greater thicknesses of unconsolidated sedi-
ments likely overlie bedrock near the northern end of Marrowstone
Island and possibly in Cak Bay near the south end of that Island.”

More than eighty percent of the San Juan Island Goup's total
area is contained in the three largest islands -- Orcas, San Juan,
and Lopez. Orcas is nearly cut in-half by East Sound. ‘Lopez Island
is covered largely by Pleistocene glacial deposits, with the only
extensive bedrock outcrops being at the south end. San Juan Island
has good exposures of bedrock on its northern and western shores. All
the smaller islands also have bedrock exposed in varying anounts.
Many rocks and reefs |ie barely submerged, in contrast to the Strait
of Juan de Fuca and the open waters of Puget Sound.

The geol ogic history resenbl es that of the Cascades: pre-Terti-
ary basenent rock, a late Paleozoic and early Mesozoic eugeosynclinal
sequence, Cretaceus thrust faults, and Lower Tertiary sandstones and
shales. There are no significant intrusions of Cretaceus or Tertiary
age.

The ol dest rocks in the San Juans are a series of gneisses and
granitic rocks, called the Turtleback Conplex. They crop out on
several of the islands, but are nmpbst promnent in the Turtleback Range
on the western half of Orcas Island. ‘These beds were deposited on top
of crystalline rocks. Conglomerate beds at the base of the Pal eozoic
section locally contain pebbles apparently derived from the Turtleback
gnei sses.  Radionetric dating of zircon crystals from Turtleback grani-
tics shows a Devonian or older age (MKee, 1972). The Turtleback com
pares well with the Yellow Aster Conplex of the North Cascades, which
I s pre-Middle Devoni an and perhaps as old as Precanbrian. The units
both consist primarily of quartz diorite and diorite, containing only
m nor amounts of ol der schists and gneisses. Metanorphosis occurred
prior to the deposition of Mddle Devonian strata.

The Chilliwack Formation rests unconformably on the Turtleback
Complex. Tt is conposed of 2300 m of andesitic breccia and tuff,
graywacke sandstone, shale, chert, and |inestone -- mostiy of marine
origin. San Juan, Orcas, and Shaw |slands contain outcrops of the
unit. It is dated as Perman through Devoni an.




No strata of Late Perman to Late Triassic have been found in
western Washington. This gap in the stratigraphic record indicates
uplift above sea level during at |east the iatter part of this inter-
val. Triassic deformation was apparently not severe, since the older
Chilliwack strata are not appreciably nore deforned than are Mesozoic
strata |ying above the unconfornmity. Mrine sedinmentation resuned late
in the Triassic Period and continued intermttently into the Creta-
ceus.

The principal formations of Mddle Mesozoic age in the San Juan
Islands are the Hare, Constitution, Deer Point, and Speiden Formations.
The Haro Formation underlies Davison Head at the northern top of San
Juan Island and contains the only certain Triassic fossils in all of
western Washington. It consists of 425 m of conglonerates, sand-
stones, and siltstones wth abundant vol canic rock fragments, along
with several very thin beds of |imestone and chert. The |imestone
contains shells of the distinctive Late Triassic clam Halobia, and
fragnents of a few other organisnms. |ts stratigraphic rel ationship
to the Constitution Formation is uncertain.

The Constitution Fornation covers nuch of the eastern half of
Orcas | sl and and much of the central part of San Juan Island. It con-
sists of 900 m of fine-grained, non fossil-bearing sandstones and
siltstones and rests unconformably on Permian beds. It is overlain
on sout heastern Orcas |sland by the Deer Point Formation, also 900 m
thick, which consists of a series of sandstones and shales with many
vol canic fragments. Deer Point beds are also well-exposed at the
south end of Lopez Island. They are non-fossiliferous. If the two

formations are contenporaneous, the Constitution nust then be older
than Late-Jurassic.

The Speiden Formation on Speiden Island i s equivalent to the upper
part of the Nooksack group of the Cascades. It consists of approxi-
mately 300 m of conglonerate with mnor anounts of marine fossil-bear-
ing sandstone, siltstone, and silty limestone. Sedinentary rocks
simlar to the Speiden are interbedded with volcanic strata on Lumm,
Eliza, Samish, and Fidalgo | sl ands.

A Late Cretaceus age has been assigned to the Nanai o Formation,
whi ch underlies nost of the Gulf Islands to the north of the San
Juans, as well as Stuart, Johns, Waldron, Pates, and Matia |slands of
the San Juan group. Nanaino strata also crop out along the north
shore of Orcas Island.

The Nanai no sedinents are of arkosic conposition. They were form
ed in a shallow marine trough that developed late in the Cretaceus
on the deforned, truncated remains of the Cordilleran Geosyncline. The
beds on Sucia |sland have been bent into open folds trending northwest
to southeast. The harder |ayers of sandstone and congl onerate, which
are nost resistant, form promnent ridges that project offshore as
subnerged reefs.

Cretaceus thrust faulting also occurred in the San Juans. The
Turtleback, Chilliwack, and Constitution Fornations have been sliced by
| ow angle thrusts on Orcas |sland.



The Chuckanut Formation, found in the North Cascades, Lumm |sland,
and possibly on Sucia Island, consists of non-marine arkosic sandstone,
siltstone and conglonerate, with abundant |eaf fossils. The unit is
4600 m thick in the Cascades. No definite age has been agreed upon for
fthe Cl|1uckanut, but an Early Tertiary age seens likely on the basis of
ossils.

Early Tertiary has also been tentatively assigned to the Cypress
Island Serpentine, an unusual nmass of serpentine and ultrabasic rocks
found on Cypress and Fidalgo Islands. Tertiary units younger than the
Chuckanut have not been found in the San Juan Islands. It is likely
that the region has been eroding throughout nuch of the Cenozoic FEra.
Erosion was assisted by the Pleistocene glaciers, which also deposited
gravels and other material on the islands.

Quarternary geology of the Puget Sound Low and Province, including
the San Juan Islands, is discussed in Section 3., Surficial Geol ogy.

v. Insular Muntain Province. The portion of the Insular Muntain
Province Tnside the study area is that part of Vancouver |sland south
of the 49th parallel, the adjacent Guif |slands, and the surrounding
of fshore region to the linmts of the study area. The followng materi-
al is taken primarily from MKee (1972) and Muller (1975, 1976, and
[197721).

Vancouver Island is the main conponent of the Insular Belt, the
west ernnost maj or tectonic subdivision of the Canadian Cordillera.
The stratigraphy and structure of southern Vancouver Island is quite
complex. It unites a variety of Paleozoic, Mesozoic and Tertiary
vol canic, intrusive, sedinmentary and netanorphic rocks. The entire
assenbl age was deforned and faulted nore than once, the nost severe
deformation occurring in early Tertiary tinme. The result is a geo-
| ogi cal collection of simlar-appearing, nainly basic, crystalline
rocks and graywacke-argillite sequences, almost totally lacking in
di stinct marker-beds or sedinents of known age. Muller (1975) regards
it as a key area that, with sufficient study, will yield inportant
data on the history of the Pacific Mrgin.

The age of the ol dest rocks in western British Colunbia, a shear-
fol ded graywacke-argillite sequence found on the southwest part of
Saltspring Island and north of Maple Bay on Vancouver Island, is un-
known. They are tentatively dated at 460 mllion years b.p., which
puts theminto Odovician (Caneron, 1977). However, they may be pre-
Cambrian,

The graywacke-argillite sequence is intruded by the early Pal eo-
zoic granitics known as Tyee Intrusions. They are quartz-feldspar
por phyrins, conmon with many conspicuous glassy quartz eyes. Al ong
Burgoyne Bay on Saltspring Island the porphyry is massive and un-
sheared and grades into medium-grained |ight colored quartz nonzonite.
Simlar, generally nuch-altered, granitic rocks are exposed on the
south coast of Saltspring |sland east of Fulford Harbor (Muller,
[197773].

The Sicker Goup conprises all other known Pal eozoic rocks of
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Vancouver |sland. Some stratigraphers include the Saltspring |sland
graywacke-argillite sequence with the Sicker Goup. It is divided
into a lower volcanic formation, a middle graywacke-argillite forma-
tion, and an upper |limestone formation. The group is exposed in
narrow, fault-bounded uplifts. The largest, the Home Lake-Cowichan
Lake uplift, is the farthest to the south, the Buttle Lake uplift
occupi es the center, and some smaller outcrop areas occur to the
northwest in the N npkish region.

The vol canic rocks are mainly massive, dark-colored, tuffs, vol-
cani ¢ breccias, and massive to amygdaloidal lavas. Well banded sili-
ceous tuffs formthe transition zone to the Sicker sediments. The
volcanics have been partly altered to chlorite-sericite schist, prob-
ably as a result of deformation in the fault zones. They are locally
intruded by the Tyee Intrusions where they overlie the ancient base-
nment rocks. The age of the Sicker volcanics is early Perman or
ol der, possibly pre-Devonian (Muller, 1976).

The Sicker sedinents overlie the Sicker volcanics, but are not
wel | -exposed , and time has not permtted the study of the part
sections in detail. There is a lower unit, 180 mthick, of thin-
bedded cherty tuff and an upper unit of interbedded gray crinoidal
limestone and black chert. It grades laterally into chert without
| i mest one. In the Victoria map-area, the bulk of the Sicker sedinents
consists of a turbiditic, very well bedded, graywacke-argillite
sequence. Ribbon chert and banded tuff are also common. A Mddle
Pennsyl vani an age has been tentatively assigned (Muller, [19777?3).

The Sicker |inestone, or Buttle Lake Formation, is the youngest
part of the Sicker Goup. It is exposed in many places along the
margins of the uplifts where Pal eozoic rocks are overlain by the
Karmut sen Formati on.

"The Sicker Group formations may be a continuous succession,
but the possibility of an unconfornmity between the broadly fol ded
Buttle Lake linestone and the commonly tightly fol ded graywacke-
argillite sequence cannot yet be excluded. Furthernore, as parts of
it are invaded by Devonian or older Tyee Intrusions whereas other
parts are Pennsylvanian, the group may represent several tectonic
units of which the ol dest one woul d appear to be pre-Devonian. That
question remains to be solved by further structural and isotopic
i nvestigation.

“Sicker Goup rocks are the apparent remant of a mid-Pal eozoic
vol canic arc, built on oceanic crust or perhaps on the continental
edge” (Muller, [197771).

The limestone with its fauna indicates that the time interval
closed with stable, fairly shallow water conditions. Locally, con-
gl omerates occur at the top of the Sicker Goup at Buttle Lake. No
cther rocks remain to record the rest of the Permian and Early
Triassic, so these were probably times of mld uplift and restricted
erosi on.

Starting in Mddle Triassic time, great outpouring of submarine



basalt occurred on what is now Vancouver Island. This lava pile, the
Karmutsen Formation, is nore than 3 kmthick and may have once had a
total vol ume of 410,000 kni. The formation is conposed of a | ower
menmber (about 2600 mthick) of pillow |ava, a middle menber (about

800 m thick) of pillow breccia and aquagene tuff, and an upper nenber
(about 2900 m thick) of massive flows W th interbedded pillow | ava,
breccia, and sedinentary layers. Except in contact zones with granitic
intrusions, the volcanics exhibit |ow grade netanorphism The several
t housand meter thick Quatsino and Parson Bay fornations, that el sewhere
on Vancouver Island separate Karnutsen and Bonanza volcanics, are m Ss-
ing in the Victoria map-area. Because the volcanics were fornmed on a
rifting oceanic crust they are probably underlain by the Sicker Group
in only sonme areas -- elsewhere they would have constituted new ocean
floor (Muller, [197771). FEruptions everywhere stopped nearly syn-
chronously early in the late Triassic.

As soon as the eruptions ceased, the organic and inorganic precip-
itation of lime began to formthe Upper Triassic Quatsino Formation.
The Quatsino consists of |imestone, mainly massive to thick-bedded cal-
cilutite, varying from 24 to 480 min thickness and containing ammo-
nites and other fossils. The succeeding Parson Bay Formation is in
diachronous contact with Quatsino and in places lies directly on Kar-
musten volcanics. |t is conposed of interbedded calcareous bl ack
argillite, calcareous graywacke, and sandy to shaly |inmestone. The
formation is between 300 and 600 m t hick.

The Sutton Linestone, found near Cowichan Lake, is uncommon and
I ts stratigraphic rel ationships with Quatsino |inestone cannot readily
be established. Farther north, Sutton |imestone locally forns the top
of the Parson Bay Formation (which overlies Quatsino |imestone), but
It seems to be a lateral equivalent of Quatsino |inestone in the Cape
Flattery map-area. The Sutton linestone is detrital and has many
shel | fragnents (Muller, 1976).

The Wark Diorite and Colquitz Gheiss are intimately related units
confined to the area between the Leech Rver and the San Juan faults.
They occur in alternating northwest-trending belts and have indistinct
contacts with one another. Wark Diorite i s hornbl ende diorite and
hornbl ende quartz-diorite, with sonme minor biotite locally. It varies
fromfine to coarse grained. It was likely formed by recrystallization
of basic vol canic rocks, probably mainly Pal eozoic Sicker volcanics and
Karmutsen basalts. The Colquitz Gneiss i S gneissic quartz diorite and
grandiorite with mnor hornblende and biotite. The gneiss may well be
derived fromstratified graywackes, tuffs and cherts that formthe
bulk of Sicker sedinents. The age is probably Paleozoic for the parent
rocks and early Mesozoic for the metanorphi smwhich created the Wark
and Colquitz (Muller, 1975).

Meanwhile, in the southern part of the area vol canism began again,
but this time with explosive eruptions of porphyritic andesite aggl om
erates and tuffs instead of quiet effusions. Conplete volcanic struc-
tures, 1800 mthick or nmore, were built in some areas. In other areas,
consi derabl e quantities of marine volcanic sandstones and argillites
interfinger. These Bonanza Volcanics underlie large parts of the area
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south of Cowichan Lake Fault and, although accurate neasurenents are
| acking, their thickness is believed to exceed that of the Karnutsen
Formation.  Like the Karmutsen, they have been identified only by
lithology. They underlie a large area north of the San Juan Fault
and snall er areas near Shawni gan Lake and on Saanich Peninsula. The
most typical 1ithologies are massive andesitic to dacitic tuffs and
flows, comonly with feldspar and hornbl ende phenocrysts in a felds-
pathic matrix. In general they are sinilar to the Sicker volcanics,
but |ess netanorphosed. They are quite distinct in appearance from
t he Karnutsen volcanics. Their age is early Jurassic.

The general non-deposit environnent of the Pal eozoic Era per-
sisted through the first half of the Mesozoic. It then gave way to
the cataclysmc events that destroyed the Cordilleral Geosyncline.
During the Jurrasic, the West-Coast Conplex and Island Intrusions were
formed. They are exposed in a large area between the Cowichan Lake
and San Juan faults and likely underlie all other formations in the
remai nder of that block (Muller, 1976). The |sland Intrusions (Saanich
granodiorite) occur in small batholiths, one on Koksilah Ri dge and one
occupying the greatest part of Saanieh Peninsula and extending across
Saanich Inlet to MIl Bay. Extensive sills of dacite porphyry on both
sides are also included in the Island Intrusions, as are intrusions
south of Ladysmth and north of Cowichan River.

The West' coast rocks are various types of agmatite, conposed of
dark amphibolite and diorite and lighter quartz diorite. They were
probably derived from basic vol canic rocks and m nor sediments by
magmatization. The resulting granitic fractions mgrated to formthe
Island Intrusions. Contacts of the two crystalline formations with
one another and with the ol der formations are poorly defined, as are
contacts with sedinments. Some small islands in Barkley Sound consi st
of highly fol ded contact netanorphic bedded sediments of assumed
Triassic age (Muller, 1975 and 1976).

The Leech River Formation occupies the belt between the San Juan
and Leech Rver taults. [t consists of shearfol ded graywacke and
argillite. Metanorphic grade increases fromslate and phyllite near
the San Juan fault to garnet-bearing, quartz-biotite schist near the
Leech River fault. Like the Pacific Rim Conplex farther north, they
are probably a tectonized “assenbl age of slope and trench sedinents
and their metamorphic equivalents, formed in a late Jurassic to Creta-
ceous trench off the continental margin. They are equivalent in age
and facies to the Franciscan Terrance of California although the neta-
norphic facies is apparently different. It was postulated that the
volcanic arc, paired to this trench, is the Coast Plutonic conplex and
that Upper Jurassic and Cretaceus elastic sediments of the Insular
Belt were deposited in the arc-trench gap” (Muller, [19777]).

The Nanaimo G oup sedinents underlie nost of the Gulf Islands,
part of the coastal area between Ladysmth and Crofton, and a |arge
area around Duncan, with extensions into the Cowichan and Chenai nus
River valleys. The Nanaino G oup accunulated in a trough situated
bet ween the coast plutonic belt, which was then an active volcanic arc,
and the Insular Belt, during the late Cretaceus. They are nostly




b.

fossil-bearing narine sandstones, shales, and conglonerates containing
mich quartz and feldspar. Coal beds have formed from the coastal
swanp ‘materials. The-group is well exposed in the Gulf Islands and
along the side of Vancouver Island from Saltspring Island to Canpbell
River (MKee, 1972).

The Tertiary history of British Colunmbia is inperfectly known,
but bears a great deal of resenmblance to that of Oregon and Vashington.
Eocene basic volcanic and intrusive rocks, known as the Metchosin Vol-
canics, underlie the entire area south of the Leech River fault. The
lithology of pillow basalt, aquagene breccia, and basaltic lavas is
strikingly simlar to that of the Karnutsen volcanics. Unlike the
Karmutsen, this formation contains some bedded cherts and tuffs. De-
finite dating of the rocks as |ower Eocene, based on fossils, nakes
the rocks equivalent to the Crescent Volcanics of the O ynpic Peninsula.

Along part of the coast, the Metchosin, is overlain by a narrow
strip of sandstone and conglonerate called the Sooke Formation. It is
of Mocene to Pliocene age. Muller ({1977?]) divides the Sooke into
t he "Sooke I ntrusions” and the "Sooke Bay Formation’'. The latter
occurs in depressions on the erosion surface of the Metchosin Volcanics
and Sooke Intrusions. It is probably less than 210 mthick and does
not extend north of the Leech River fault. It contains fossils indica-
ting Mocene age, but the microflora may indicate early Pliocene age as
well. The formation is fluvial to deltaic in origin.

The Sooke Intrusions are partly coarse-grained gabbro with m nor
anorthosite. They apparently underlie the Eocene volcanics. The
Metchosin Volcanics and Sooke I ntrusions could be interpreted as the
upper and |ower parts of the new oceanic crust fornmed in Early Tertiary
time (Muller, [1977?]). Small plutons intrude various pre-Tertiary
rocks of the Insular Belt in nmany places and formsills in flat-lying
Upper Cretaceus sedinents.

The Carmanah and Escalante Formations are Tertiary elastic sedi-
ments that overlie bevelled Island Mountain rocks in a narrow strip of
land along the west coast. They are also exposed on nost of the conti-
nental shelf west of Vancouver Island, The Escalante Formation is
Eocene basal conglonerate. The overlying Carmanah Formation is mainly
siltstone and sandstone. The two together are nearly 1525 mthick.

The beds overlie the Leech River Formation with clear angular uncon-
formty. They were deposited on the upper part of the coastal shelf
area. Many beds, however, are sedinentary mel anges that were redeposit-
ed by massive slunmping. The two formations may have extended nuch
farther eastward, but were renoved by Late Tertiary and Pl ei stocene
erosi on (Muller, [19777]).

Quaternary geol ogy of the Insular Muntains Province is discussed
in Section 3., Surficial Geol ogy.

Structure and Tectonics.

i, Introduction. The basic theory of plate tectonics and the general
tectonic history of this area have been previously discussed. This
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section outlines the basic structure of the area as interpreted from
geophysi cal investigations and then discusses tectonic processes as
they have been and are active in the region.

ii. Basic Structure of the Area as Interpreted from Geophysical Investi-
gations -- Ofshore. Various i1nvestigations have been nade of the
oceani ¢ structures between the Mendoci no Escarpnment of northern
California and the Dixon Entrance off British Col unbia. These have
included bathymetric surveys, sedinments and rock analyses, magnetic and
gravity surveys, heat-flow measurements, seismc refraction surveys
seismc reflection profiles, locations of recent earthquake epicenters
and determnations of earthquake source notions

G avity maps have been published for the entire region. The maps
have essentially zero-average free-air anomalies over the entire region
and its major structural features, indicating that both the region as a
whole and its major provinces are in isostatic equilibrium (Dehlinger,
et al., 1971]. Dehlinger (1969) discussed the relation of gravity with
t opography and concl uded that many of the |ocal anomalies on the
gravity maps are due to the effects of bottom topography. There is no
significant correlation between gravity and bottom topography for
| arge-scale structures, a poor correlation for internediate-sized
structures, and a fair correlation for small structures. Since gravity
anomal i es result fromgeol ogic variations, a good correlation between
gravity and geology is assuned.

Dehlinger, et al. (1967) have proposed that a thick, |owdensity,
mantle section |ies beneath a thin crust in the Gorda Ridge. Their
| deas are based on their own gravity data and seismc-refraction
studies done in 1963. In those studies seismc refraction [ines were
shot along both sides of the Mendocino Escarpnent. The nmantle is at
normal depth on the south side and has a high seismc velocity.
Gavity data for the Gorda Ridge include a -30 to -40mgal anonaly for
the central trough across the ridge, +30 to +40 regal anomalies for the
flanking crests, with the average anomaly across the ridge being ‘-
approxi mately +20 regal (Dehlinger, et al., 1971).

There is less information for the central and northern parts of
Gorda Ridge. Escanaba Trough is apparently offset slightly to the
east, then changes froma north-south trend toward the northeast. It
was suggested by McManus (1967) that a northwest-trending fracture
zone mght cross the ridge at this point. Vine and WIson (1965)
postulated that, on the basis of north-trending magnetic |ineations
Gorda and Juan de Fuca Ridges are axes along which sea floor spreading
occurs, along with reversal in the earth’s paleomagnetic field.

Large offsets, such as WIlson and others have attributed to trans-
form faulting, occur in the nmagnetic anomalies (Figure [-5). Tobin and
Sykes (1968) have confirned that such fault motions are the |ikely
nechani sms, especially along the Blanco Fracture Zone. The fanning out
of magnetic anonalies between CGorda R dge and the continental slope nay
indicate a differential spreading rate and possible crustal distortions.
In addition, there are many oblique lineations in offsets of the mag-
netic patterns. Although these may represent faults, there are few
current earthquakes that can be associated with them  Dehlinger, et
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al. (1971) feel that these lineations are boundaries between in-
dependent |y moving bl ocks.

Many aspects of oceanic magnetic patterns have yet to be explained.
The large, positive anonaly over the nedian valley of Gorda Ridge is
one of them The true structural inplications of magnetic anonalies
cannot be understood fully until the nature of the anomalies thenselves
are better understood.

H gh heat-flow values are related to the Mendocino Escarpnent east
of Gorda Ridge, to Gorda Ridge itself, and to the Gorda Basin. North
of Mendocino Escarpnent to |atitude 550N, the average of 41 heat-
flow stations is 2.44 u cal/cmsec (Dehlinger, et al., 1971), approxi-
mat el y 90% hi gher than the average for basins and 60% hi gher than the
average for the ridges (Figure 1-6).

The Cape Blanco Fracture Zone is characterized by a generally
negative free-air anomaly that is nmpbst negative near Cascadia Gap,
where water depths are greater than the surrounding areas (Figure I-7].

The continental slope along nmost of the Oregon coast is straight
and steep. A large anomaly contrast, typical of a mantle dipping
beneath the continent, occurs along the slope. Positive anomalies are
smal |, except where basaltic headl ands such as Cape Blanco protrude
seaward. On the shelf, there are elongated negative anomalies, with
values to -60 regal. They are produced by sediment-filled basins |ike
those off the coast of Washington. Nunerous local anonalies are
caused by tectonic activity, particularly flows of Tertiary basalt
(Dehlinger, et al., 1971).

Heceta and Coquille Banks are characterized by positive anomalies,
suggesting a slight mass excess beneath them The area around Nehalem
Bank, however, shows a negative anomaly, inplying a fairly thick, low-
density sedinmentary section (Dehlinger, Couch and Gemperle, 1968).

Most reflection profiles of the continental margin off Oregon show
one or nore unconformties. The greatest anounts of discordance are
in the vicinity of the submarine banks and near the present coastline.
There are at |east two prom nent angular unconformties on the Oregon
continental shelf: Pliocene-Pleistocene and nmddle to late Mocene
(Kulm and Fowler, 1974). The youngest is present beneath nmost of the
shel f.

Coquille Bank is underlain by a north-south trending, asymmetrical,
doubl y- pl ungi ng anticline that is cut on the western linb by a normal
fault along the seaward edge of the bank (Kulm and Fowler, 1974).

A series of interconnected shallow synclines i s found between the
shore and the outer banks of central and northern Oregon and southern
Washington. The largest is off Cascade Head. Along the seaward |inb,

t he sedi ments have ponded behind and overl apped a series of subsurface
folds. The nost recent devel opment of these synclines involves Pleisto-
cene sediments that unconfornmably overlie older units. Large negative
free-air anomalies are associated with these synclines, Fromthe
gravity data and reflection profiles it appears that much thicker and
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ol der sedimentary basins lie beneath the shallow Pleistocene basins.

West of Tillamook Head, an acoustic basenent, marked by large
positive magnetic anomalies, dips seaward beneath the inner part of .
the continental shelf. Snavely and WAgner (i963) believe it to be the "

seaward extension of the M ocene volcanic rocks found offshore.

From central Vancouver Island to the Colunbia River the continental
slope is nore gentle. Free-air anomalies are so gentle, i.e., broad
and of lowrelief, that the slope is difficult to locate on a gravity
map.  Negative anonalies on the shelf are elongated, with values to P
-70'mgal -- |arger than those on both sides of the slope. These are
t hought to mark sedinent-filled basins above a gently dipping mantle
surface (Dehlinger, et al., 1971).

The Juan de Fuca Ridge is outside the study area proper, but it
appears to be a spreading ridge that exercises tectonic control over nuch Py
of the northwest coast. The topography of the ridge is so | ow that
Dehlinger, et al. (1971) describes it as being nore a magnetic anonaly
than a topographic ridge. Two elements donminate the topography of the

Juan de Fuca Ridge region: low, narrow, elongate hills and furrows that
are best developed parallel to the crest of the ridge, and |arge sea-
mounts rising to very near the water surface. ®

Magnetic profiles of the area have convinced many researchers that
the Juan de Fuca is a mid-ocean type ridge whose eastern flank lies
under the continent. Dehlinger, et al. (1971) believes that high heat-
flow in Cascadia Basin is due to the blanketing effect of the sedi-
mentary strata in the basin, which are being deposited on the eastern s
flank of the ridge as oceanic crust created by vol canic Processes .
at the ridge crest. This sediment prevents the rapid transfer of heat
fromnewy created crust to the overlying ocean by bl ocking normal
hydrot hermal circulation by sealing fissures in the basenent rocks
along Which hydraulic circulation would occur.

Refraction measurements across Juan de Fuca Ridge, the adjacent
abyssal pl ains, and the continental nmargin (Shor, et aZ., 1968) show
that the ridge exhibits the thin crust overlying a |owvelocity mantle
that is characteristic of ocean ridges. The crust under the Cascadia
Basin and Continental margin is also thinner than normal (Dehlinger,
et al., 1971). ®

Al though the majority of investigators interpret the nagnetic
anomal i es of Juan de Fuca Ridge as indicative of an active, spreading
ocean ridge, others have questioned such an hypothesis on the grounds
that’ the ridge has few earthquake epicenters (Tobin and Sykes, 1968),
has undi sturbed turbidite |ayers (Ham |ton and Menard, 1968), and shows
two undi sturbed nagnetic lineations that extend fromthe Cascadia
Basin across the continental rise and slope to the shelf edge (Emilia,
Berg and Bales, 1968). These investigators argue that the ridge has
been qui escent since Mddle Tertiary time. Aternate explanations have
been given for the magnetic anomalies, including remant magnetization
and localized heating of the basaltic crust.

The northern limt of Juan de Fuca Ridge is not well defined Py
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topographically or nmgnetically. The crest is disrupted at about 47°
30'N, where it nerges with a trend of sea nounts

Addi tional information on the tectonic significance of the Juan de
Fuca Ridge and adjacent fracture zones is presented in part iii. of
this discussion, concerned with tectonics and seismicity.

The shelf presents glaciated topography north of the trough that
crosses it at the Strait of Juan de Fuca. From here northward, the
shel f could have been nodified by any number of agents including
glaciation, isostatic rebound, eustatic sea-level fluctuations, and
diastrophism.

During 1975, a nmarine gravity and magnetic survey was carried out
from €SS 'Parizeau’ by the Earth Physics Branch and the Geol ogica
Survey of Canada, in conjunction with the Canadian Hydrographic
Service. It was done as part of the Natural Resource charting program
(Tiffin and Currie, 1976), in cooperation with the U'S. GCeol ogica
Survey, It covered the area fromthe coast out to 122°% and between 48°
and 49°N Lat.

The resulting magnetic and gravity maps are available fromthe
Geol ogi cal Survey of Canada and fromthe Earth Physics Branch, Gavity
Division, as a part of the Natural Resource Map Series

The contrast between the oceanic and continenta] areas is the dom
inant feature of both the Bouguer gravity and magnetic maps

“The zone internediate between them (approximately the continental
sl ope) is shown on the Bouguer anomaly map. ..by the steep gradient from
+10 to +100 regal, interpretable in general terns as reflecting the
rise in the Mhon from continent to ocean. On the Free-Air anonaly
map... at |east south of 49030', the sanme line of division is paralleled
by a gravity ridge, ranging from-30 to +10 regal, again explicable as
part of the edge effect produced at the continentfocean boundary.

"On the nagnetic map... the two areas present a striking contrast
with strong, north to northeast trending |inear anonmalies over the
oceanic area and lower relief or northwest trending anomalies over the
continental shelf. The linear anomalies in the oceanic area arz a
continuation of the series of ocean crust nagnetic anomalies created
at the Juan de Fuca Ridge and first mapped by Raff and Mason (1961).
The greater detail of the present survey clearly denonstrates their
continuity beneath the continental slope

“On the continental shelf, the nost outstanding features are the
extended, northwesterly trending anonalies parallel to the coast of
Vancouver Island from Cape Flattery to Estevan Point. The geographic
coi nci dence of the negative Bouguer and Free-Air gravity anomalies
with the positive magnetic anonmaly, the Pronetheus anomaly (Shouldice,
1971), is not perfect but significantly close. Prelinminary interpre-
tations (Riddihough, 1976 and Tiffin and Curry, 1976) suggest that
the gravity anomalies arise froman elongate basin of up to 5 km of
sediments (the Tofino Basin) and the Pronetheus magnetic high from
volcanic rocks within the basin. A Shell Canada test well, drilled on
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the anomaly, reached volcanics at [178S m and drilled through [550 m of
volcanics before being abandoned. The anomaly lies along the same

trend as the volcanics of the Crescent Formation on the nearby QO ynpic
Peni nsul a and has a simlar magnetic character. Those volcanics are
Eocene in age, correlative with the Metchosin volcanics on Vancouver

| sl and (MacLeod, et al., [1977?]) and are interpreted to be of oceanic
ridge and seamount origin. If the volcanics associated with the Pro-

met heus magnetic anomaly are Eocene, the history of the continental

shelf off southern Vancouver is probably simlar to that of the O ynpic
Peni nsul @” (Tiffin and Riddihough, 1976).

It is noteasy to interpret or understand the structural design
of the Tofino Basin off Vancouver I|sland, but Shell Canada seisnic
studies show the conplexity of the area. Some structures involve the
vol cani ¢ basenent rock, others do not. Mst are faulted, some are not.
Some are broad and sinple, others highly conplex. There is a wide
variation in the age of the Tertiary rocks involved and in the age of
structural growth and faulting. Two basic mechanisnms are considered --
sinpl e compressional folding, with detachment from the basenent, prob-
ably acconpani ed by underthrusting; and flowage of overpressured shal es
into the cores of the structures over varying periods of tine
(Shouldice, 1971). Paleontological data from some wells in the basin
show typical nelange structure. The Tofino Basin shows significant
differences in depositional history and environment, pressure regines,
and structural style fromthe Queen Charlotte Basin to the north.

According to Tiffin and Riddi hough ([1977?]), both gravity and
magneti c anomal i es decrease and fade away to near 49015'N. The “edge
effect” ridge of the free air anonaly map al so ternminates near 49°30'N,
and prelimnary gravity interpretation of a profile across the conti-
nental slope and shelf north of this suggests that the conplete shelf
and slope area may be constructed of |ow density sediments. A strong
magnetic “high” extends southeastward from the Brooks Peninsula,
parallel to the coast over the area of the Kyuquot Uplift (Tiffin,
Canmeron and Mirray, 1972), and seenms to be associated with a gravity
"high" over the same ared. The anonmlies nmay be geol ogically related
to basic rocks in the core of the uplift, simlar to those exposed on
Brooks Peninsul a (Muller, 1975).

iii. Basic Structure of the Area as Interpreted from Geophysi cal
| nvestigations -- Onshore (including inland waters). The study area
In the northern Klamath Mountains Is characterized by northeasterly
trending conpressive structures, including thrust faults, byblock
faulting, and by widespread distribution of the pervasively sheared
Otter Point Formation. These structures result from tectonic events
of the late Mesozoic and early Tertiary tine rather than from any
current seisnicity. The present uplift does not seemto be concen-
trated along major faults, but is nmore likely related to deepseated
isostatic processes (Beaulieu and Hughes, 1975).

The Western Coast Range is marked by gentle north-south folds and
scattered faults that probably have been quiescent since the Eocene
Epoch
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An area of crustal weakness centered at Coos Bay, the Coos Bay
Synclinorium, contains nunerous small synclines and anticlines into
which many Tertiary sedimentary formations have been deposited (see
fornmer discussion on Stratigraphy). Structures are more intense than
in nost ot her Coast Range areas, with di ps approaching the vertical
in some places. Major downwarps include the South Slough Syncline
and the syncline beneath Isthnus Slough, which are separated by the
Westport Arch (Beaulieu and Hughes, 1975).

The coastal area of Lane County, Oregon, lies on the west flank
of the Coast Range geosyncline, which is a conplex north-trending
structure with strong northeast trending anticlines and synclines
devel oped in the Tyee Formation. Structural relationships in the
Yachats Basalt are not ciear. The predom nant strike of the unit
appears to be northwest. Many of the major streans appear to be con-
trolled by faults whose presence is verified by radar imagery. The
northwest-trending series of dikes in the Tyee Formation suggests em
pl acenent al ong weakened fault zones. Structural deformation is re-
flected in the uplifted alluvial terraces on the north side of the
Suislaw River, which may represent elevation of the land or a high
standing sea during the Pleistocene. No structural deformation is
evident in the younger units (Schlicker and Deacon, 1974).

Lincoln County is also located on the west flank of the Coast
Range geosyncline. The Siletz River Volcanics formthe core of the
northeast-trending anticlinal highs in the northeastern part of the
county, with younger formations flanking the high to the west and
northwest, south and east. Post-Tyee rocks crop out in the western
part of the county. There are northwest and northeast-trending nornal
faults throughout the county, some with large vertical displacenents
and others with large horizontal displacement. Al the bedrock units
are faulted, but none since the late Pliocene. Holocene uplift is
indicated by elevated marine terraces and entrenched river channels
(Schlicker, et aZ., 1973).

The coastal area of Tillamook County ia also a part of the Coast
Range geanticline. The ol der rocks are situated along the crest of
the range, while the younger ones are along the coast on the west
flanks of the upwarp and at the northern end of the geanticline. The
beds trend northeasterly along the coast and east-west in the north.
Major faulting is suggested along the mountain front fromthe WIson
River to Garibaldi. Apparent facies changes in the Eocene units, dis-
pl aced volcanic rock, and onlapping of the Astoria Formation over the
ol der units, all add to the conmplexity of the area. Faults are also
indicated in the Wlson River area, the Nestucca Bay area, the Cape
Meares area, and the Cape Lookout area, anong others.

The major structural devel opment occurred in the |ate M ocene and
none of the faults shows nore recent devel opnent. The presence of
Pliocene fluvial sedinents at 76 m above sea level is evidence of post-
Pliocene uplift, which appears to be continuing (Beaulieu, Hughes and
Mat hi ot, 1974).

As of 1966, over 8000 gravity nmeasurenents had been taken in
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Oregon by oi | conpanies, governnent agencies, and universities.

Woolard and Rose prepared a map in 1963 (Figure 1-8) that shows iso-

lated highs along the coast, indicating basalt flows; a steep

gradi ent about 80 km east of the coast, indicating major structural [ ]
features such as faulting; and a generally decreasing field to the

southeast, interpreted by Thiruvathukal and Berg (1966) as variations

in regional geology. such as increasing thickness of the crust.

Bromery and Snavely (1964) agree with these conclusions. Their nap

of the northwest Oregon coast is the nost available for the state and

general |y coincides with Woolard and Rose's. Bromery and Snavely

(1964) also found good agreenent between magnetic anomalies and the PY
gravity and bedrock studies.

The major fold in the northern Aynpic Peninsula is the Clallam
Syncline, a symmetric structure of post-lower Mocene age. It trends
roughly N8OW and may be truncated at its western end. The dips along
the south limb of the syncline are steeper than those along the north. PY
The Clallam syncline may extend northwest across the Strait of Juan de
Fuca as far as 2B °20'N and 12°10'W (Mayers and Bennett, 1973). This
structure is a symetric syncline which folds Tertiary strata. Though
apparently offset between 124°10" and 123 45'W, the alignnent of the
axis of this syncline is approximately parallel to the axes of the
fol ding observed on the continental shelf imediately to the west and ®
northwest of the Strait (Tiffin, Caneron and Mirray, 1972). Like the
deformation reported on the continental slope off Washington by
Silver [1972), it approximately parallels the adjacent coastline.

The largest fracture zone on the northern O ynpic Peninsula is
the Calawah River fault zone, a wde alignment of sheared and brec- ‘.
ciated rocks striking approxinmately parallel to the strait. Itis
believed to be a left-lateral strike slip fault of | ate Eocene
origin (Gower, 1960).

According to Rau (1973], the extrenely distorted condition of some
of the Hoh mel ange rocks (see Section 2a. on Stratigraphy) nay be the
result of having been squeezed into and/or through overlying strata of
younger formations. The |ocal occurrence of these piercenent struc-
tures is supported by continuous seismc profiles over the continental
shel f, which show wel|-defined structures that can be interpreted as
piercement sStructures (Gim and Bennett, 1969 and Tiffin, Cameron and
Mirray, 1972].

It is still not known why the Crescent Formation and the arcuate
belts of rocks in the O ynpic core are arranged in a horseshoe pattern.
Taber (1975) believes that the “horseshoe” appears to bend into an in-
side corner fornmed by the ol der geologic terraces of Vancouver |sland
and the Cascade Range, but there is 1little geol ogic evidence to
support such an assunption. ®

The followng material is taken from Stacey, et al. (1969) and
Stacey and Steele (1970]:

The Eocene volcanics of the Metchosin formation on southern Van-

couver Island appear to be part of the Tertiary geosynciine which ex- *
tended from the Strait along the Pacific coast of Wshington and Oregon. Py
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Figure I-8
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The area of strongest nagnetic anomalies, which |ies northeast of a
line from Sonbrio Point on Vancouver Island to Low Point on the

Washi ngton side of the Strait, probably corresponds te the outcrop

of the Metchosin Sooke intrusive. The northern [imt of the geo-
syncline can probably be related to the east-west San Juan and Leech
River faults on Vancouver |sland, but between the faults the gray-
wackes and siltstones of the Leech River formation have presented a
problemto geol ogists and estimates of the age of this formation range
from Pennsyl vani an (Muller, 1967) to late Jurassic (Sutherland Brown,
1966) .

The extrene linearity of the Vancouver Island side of Juan de
Fuca has pronpted geologists to draw in a fault along the Strait and
the steep gravity gradient between Vancouver Island and the O ynpic
Mount ai ns has tended to substantiate this supposition (Walcott, 1967
and Couch, 1969). However, the structure may have devel oped prior
to or contenporaneous with the volcanic activity at the beginning of
the Tertiary period and thus may be obscured by |ater 1lavas and
sedi ment s.

Magnetic measurements show that the Leech River fault continues
across the Strait at least as far as a point 7 kmnorth of Cape Flat-
tery. West of the Leech River fault there are few nmagnetic measure-
ments but it appears that the San Juan fault could continue westward
in the same way as the Leech River fault. The area of conparatively
featurel ess magnetic field thus enclosed woul d correspond to the Leech
River formation slates and graywackes.

The Bouguer anomaly field is domnated by the gradient between the
Sooke high over southern Vancouver Island and the O ynpic |ow in north-
west Washington. The average gradient between the Sooke high where the
Bouguer anomaly values are between 60 and 65 regal, and the Qynpic
Mount ai ns where the Bouguer anonaly is -60 to -70 regal, is approxinate-
ly 2 regal/km  Across Juan de Fuca Strait this gradient attains 4 regal/km
from the conparatively heavy basaltic and gabbroic rocks of the Metcho-
sin formation and the Sooke intrusive (average density between 2.8 and
2.9 g/em3) to the later and less dense sediments (average density 2.4
to 2.5 g/cm3) [Walcott, 1967) farther south. This effect can also be
seen in the deflection of the isogals west of Sooke.

At the western end of the Strait, between Cape Flattery and Port
San Juan, the Bouguer anonaly values are [ower and this has been
related to the outcrop of the graywackes and siltstones of the Leech
River formation between Leech River and San Juan faults.

In the Insular Belt, folding is less inportant than faulting both
in governing the present distribution of rocks and in fundanental
tectonics. Folds are gentle in general. Conpressed and overturned
folds appear |imted to special adjustnents between fault blocks, be-
tween massive panels of volcanic rocks, or are adjacent to intrusive
plutons [Sutherland Brown, 1976).

The major structures of southern Vancouver Island consist of two
large east-west faults, the Leech River and San Juan faults. The
former is a high-angle, northward dipping, reverse fault of QOigocene



age. It separates the Leech River Formation for the Metchosin vol-
canics on the south and extends diagonally across southern Vancouver
Island. It is also thought to have sone right-lateral displacenent

(Mayers and Bennett, 1973).

North of, and parallel to, the Leech River fault is the San Juan
fault, a northward dipping normal fault estimated to be of Oigocene
age (Sutherland Brown, 1966). North of the San Juan fault, the geo-
logy is typical of northern Vancouver Island, but the origin and age
of the graywackes and siltstones of the Leech River Formation between
the faults have proved difficult to determ ne (Sutherland Brown, 1966
and Muller, 1967).

On the southeast side of Vancouver Island are a nunber of Tertiary
gabbroic intrusive. Brown and Hanna (1971) have shown from modelling
studies of the regional total nagnetic field that it is [ikely at |east
one simlar intrusive body underlies the strait inmediately to the
south . Milne (1963) and Rasnussen (1967) have reported that the area
of this proposed intrusive is characterized by anomal ous seismicity.

In general, the structure of the Nanaimo basin is relatively
sinple and is donminated by open folding. There is, however, a pro-
gressive increase in the tightness and conplexity of the structures
southward.  The Trincomali anticline is the largest and nost persistent
structure within the area. It extends from Thetis Island southeastward
for 40 kilonmeters to the north end of Saturna Island and then passes
along the strike into a faulted fold structure which continues anot her
seven kiloneters across Saturna Island to Narvaez Bay. Only on Thetis
Kuper, part of the north share of Saltspring and Saturna Islands, is
the crest of the fold, or its fault equivalent, exposed on land. For
the remaining 70% of its length, the axis lies bel ow the waters of
Trincomali and Navy channel s (Henderson and Vigras, 1962).

By conbining the magnetic and gravity results, delineation of the
gross features of the geology of the Strait of Georgia has been attenpt-
ed and it appears that the transition fromtypical Vancouver Island
geology to that of the Coast Muntains is conplex. Tiffin, Cameron and
Mirray (1972) have concl uded from continuous seismic profiling data that
sedinents of Tertiary age underlie the glacial debris off the mainland
coast. They suggest they are equivalent to the Tertiary sedinments seen
in the vicinity of Vancouver to the southeast of the profile.

The featureless gravity field and the |ack of nagnetic data over
the southern end of the profile make it very difficult to determne
the nature of the rocks bel ow the Nanaimo group sediments. On Vancouver
I sland beyond the southern end of the profile, the sedinments overlie
rocks of the Vancouver and Sicker groups and it has been tentatively
assuned that these units extend northward bel ow the Nanaimo group as
far as the center of the Strait of Georgia. At this point, the magnetic
val ues begin to increase rapidly to the north, indicating that the mag-
netic basenent is approaching the surface in this direction. This base-
ment is assumed to be the Coast Mountains conpl ex because the increase
in the magnetic field values occurs throughout the area toward the nain-
land. The line of this gradient follows the topographic feature marking
the northern margin of the Malaspina - Ballenas basin that, as has al-
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ready been suggested, may be a fault or sinply the transition from
Vancouver |sland rocks to those of the Coast Muntains conplex. The
decrease in the nagnetic values close to the mainland may be related
to the gravity mninumin the sane area, or it may reflect a change
within the magnetic basenent rocks (Stacey and Steele, 1970).

The Puget Sound low and lies in a north-trending structural and
t opographi ¢ trough. Geol ogical structure is poorly known due to the
thick accunul ation of glacial deposits that cover the underlying bed-
vock structure. Subsurface data is further limted by the scarcity
of deep exploratory wells and by nearly all water-wells being in shal-
low Pl eistocene or Hol ocene sediments. QO der interpretations inply
that the Puget Lowl and is basically a sinple downwarp, conplicated
mainly by the Dbedrock topography and ol der structure of the downwar ped
floor, and additionally nodified by glaciation. However, Rogers (1970)
and others suggest that the Low and may be the site of late Tertiary
sedinentary accunulation and continuing tectonism A regional struc-
tural interpretation was nmade by Rogers (1970), using general geo-
mor phi ¢ anal ysi s of topography, surface and subsurface geol ogy,
regional gravity data, geonmagnetic data, and broad aspects of area
seismcity. He describes a structural geonetry that consists of
structural ly high nountain units descending sharply to a step-like
foothills belt. He concluded that the entire floor of the Puget Low-
land nmay be conposed of a nosaic of fault-bounded bl ocks (Figure 1-9).

Gravity, magnetic, and seismic refraction investigations have also
been carried out by Heiskamen™(1951), who noted |arge negative gravity
anonal i es in-the vicinity of Seattle; Stuart (1961), and Danes, et al.
(1965), who reported regional gravity neasurements and noted |arge
gradients in the central basin. KXaarsberg (1967), who reported signif-
i cant magnetic anomalies generally correlated with gravity; and Wite
and Savage (1965), who interpreted crustal structure to the north
(Vancouver Island) to be conplicated and thick, with a significant
thinning toward Puget Sound. Rogers (1970) reported that a series of
alternating relatively high and relatively low ngjor gravity features
is the nmost significant overall aspect of the gravity field study of
the area

Rogers (1970) noted that the nost outstanding feature of the geo-
magnetic field in the area is the large positive anonalies occurring
over the South Kitsap gravity high in each of the Puget Sound and
Kitsap Peninsula profiles. The north flank of this anomaly, adjacent
to the Seattle gravity low, is characterized by very steep magnetic
gradients and local nagnetic relief as much as 900 ganmas. The south
flank of the broadly positive anomaly passes southward into a large
broadly negative anomaly. This [atter anonaly appears to correspond
generally with the Tacoma gravity low of Danes, et aZ. (1965).
Kaarsberg (1967), Rogers (1970) and others have reported good correla-
tion between gravity values and total nagnetic intensity profiles for
the Puget Low and.

v. Tectonics and Seisnmicity. Tectonic activity in the study area was
first discussed by Gutenberg and Richter (1941, 1954). The results of
bat hynetric surveys |ed Menard (1964) and Hurley (1960) to construct
physiographic di agrams of the area, showing the overall conplexity of




Figure 1-9
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the shape of the ocean floor for the first time. Ghbson (1960),
Hurley (1960), and MMnus (1964, 1965) constructed bathynmetric maps

showing the gross topographic features of the seamounts and fracture .
zones off \Wshington and Oregon. On the basis of nagnetic lineations,
Vine and wilson (1965) and Vine (1966) proposed that sea-floor spread- ®

ing is occurring outward from the Gorda and the Juan de Fuca ridges.

W son (1965) proposed that the offset between the ridges along the

Blanco fracture zone was the result of motion on a transform fauilt.

Tobin and Sykes (1968) and Bolt, Lomnitz and McEvilly (1968) st udi ed

earthquake source nmotions and agreed with Wlson. Their studies showed

that earthquakes along the fault occurred between the two ridges. ®

Dehlinger, et alf. (1971) believed that the intrusions that form
the ridges have been occurring during nost of Cenozoic tine, possibly
longer. Since the ridges and the area in general are essentially in
isostatic equilibrium and since earthquakes ccecur along definite
zones, it follows that the ridges are still active today, and that o
stresses are alleviated as they develop. Local conpression is evi-
denced in the sedinents along the shelf and slope of central and
sout hern Oregen, but regional east-west conpression does not appear
to be present. The local conpression could result from |ocal diapirism
along the edge of the steep slope in that region. The conpression is
considered to represent adjustments to domnantly vertical forces ®
rather than to regional east-west shortening of the crust (Dehlinger,
et aZ., (1971).

Tobin and Sykes (1968) found epicenters |ocated along Gorda Ri dge,
the Mendoci no’ Escarpnment east of Gorda Ridge, along the Blanco fault
between the Juan de Fuca and Gorda ridges, within the Gorda Basin, '0
along the continental margin, and along the Queen Charlotte Island
fault. Few, if any, occur along Juan de Fuca R dge, the Mendocino
Escarpment west of Gorda Ridge, or in other parts of the area.

Faul t- pl ane solutions for Gorda Basin, Gorda Escarpment, Cascadia
Basin and Western Oegon all indicate right lateral motions for south- ®
easterly strikes. A ong the Gorda Ridge, nornal faulting was observed
for a plane parallel to the ridge. This is simlar to the notions re-
ported along the axis of the Md-Atlantic R dge (Tobin and Sykes,
1968) . Along the Blanco fracture zone, nost solutions are consistent
with a right lateral notion along a 'southeasterly strike.

In the Puget Sound and Ceorgia Strait regions, nornmal faulting
fits the data for a southeasterly plane, a northeasterly plane, or a
hi gh-angl e reverse fault along a southeasterly plane. These results
are consistent with large faults that are known to strike southeast-
erly in the area (Danes, et al., 1965 and Algermissen and Harding,
1965] . °

In the Portland area, first notion studies are consistent wth
ri ght 1lateral displacenments al ong southeasterly fault planes. Such
di spl acenents are consistent with recent faulting observed from surface

geclogy.

Tobi n and Sykes (1968) have interpreted source notions between
Cape Mendocino and Dixon entrance as consistent with sea-floor spread- ‘
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ing and associated transform faulting. They interpret the Blanco
fault as a dextral transformfault that connects two spreading ridges
(Gorda and Juan de Fuca). They also interpret both the Mendocino Es-
carpment east of Gorda Ridge and the Gorda Escarpnent to be the sea-
ward extension of the San Andreas fault. Bolt, Lomitz and McEvilly,
(1968) do not agree entirely that the escarpnments represent the sea-
ward extension of the fault. They believe that “some notion is
transferred by transcurrent faulting fromthe San Andreas fault (on
| and) across the Gorda Basin to the Blanco transformfault systens.”
The numerous shocks in the Gorda Basin, the anonmal ous mantle structure *
there, and the local magnetic patterns support this conclusion.

Two of the principal questions in the study and interpretation
of Northwest tectonism are whether subduction and underthrusting are
actively occurring along the boundary between the Juan de Fuca and the
North American plates and, if so, what is the nature of that activity.
Crosson (1972) has concluded, with Atwater (1970), that the Juan de
Fuca and Gorda plates are remants of a once nore extensive plate.
They are now trapped in interaction between the Arerican and Pacific
plates. A zone of lithosphere consunption nust exist somewhere along
the continental margin between Vancouver Island and Cape Mendoci no.
However, the absence of an oceanic trench and Benioff zone along the
margin indicates that notion may be either slowed or stopped. However,
the lack of activity is caused by a reduced rate of underthrusting plus
the fact that the plate is perhaps above normal tenperatures because of
its proximty to the ridge (Atwater, 1970).

The spatial distribution of small earthquakes in the Puget Sound
area indicates that there is deformation over a broad vol une of the
crust in contrast to nmotion along well-defined faults. Crosson (1972)
al so found “the clear thrust component in the conposite focal nechanism
sol utions suggests that the region is deformng in response to active
north-south conpression, " and that the small earthquake seismicity of
the region is “remarkably different" fromthat observed along the
major fault systenms in California (Crosson, 1972).

.-~ 1y is clear, at any rate, that the tectonics of the region are
dominated by the active translation of the Pacific plate with respect
to the American plate along the San Andreas and Queen Charlotte sys-
tens. -The region seens to be in a transition phase, as shown by the
distortion of nmagnetic anonaly patterns and the occurrence of earth-
quakes in the Gorda plate (Bolt, Lomitz and McEvilly, 1968).

Kul m and Fowler (1974) believe that the Pleistocene abyssal plain
and fan deposits of the Cascadia Basin are being thrust beneath the
earlier Cenozoic rocks that underlie the continental shelf. According
to their studies, these abyssal deposits have been uplifted nore than
1 kmand incorporated into the |lower and mddle continental slope.
Those that are not exposed are covered with late Quaternary deposits.
“The stratigraphic position of these. ..deposits. ..and their age re-
| ationships strongly suggest inbricate thrusting of thick slices of
sand turbidites typical of submarine fans, which alternate with silt
turbidites characteristics of abyssal plains” (Kulm and Fowler, 1974).
They interpret this to nmean that thrusting is producing rapid-uplift
of the |lower continental slope at a rate averaging 1000 nmeters per
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million years, with the rate for older, conpacted deposits on the

outer shelf reduced by a factor of ten. Barnard (1973) concludes that

folding and thrusting of the outernost ridge at the base of the conti-

nental slope is presently occurring at the rate of 0.7 cm per year. o

Evi dence fromparts of the Oregon continental margin indicate
that the ridges are uplifted and fol ded Pliocene or Pleistocene age
sedi nents, suggesting rapid subduction (Byrne, Fowler and Mal oney,
1966) . However, Kulm, et aZ. (1971) cite the North Pacific magnetic
anomaly pattern produced by the spreading ridge as the best evidence
for subduction, and that the Al aska continental margin is a nore
typi cal subduction zone than that of Oregon.

Mayers and Bennett (1973) conclude with Crosson (1972), Silver
(1971], and others that only residual underthrusting is still taking
place -- at least beneath the Strait of Juan de Fuca. Tiffin and
Riddihough (1977) suggest that subduction nust have certainly occurred
within the last ten nillion years. "If underthrusting of the oceanic
crust is occurring, the younger oceanic rocks nust be subducting bel ow
the shal l ower and ol der volcanics of the Prometheus anonmaly. The plane
of underthrusting nust lie to the west of the Pronetheus anomaly mark-
ing the westward edge of the continental magnetics" (Tiffin and
Riddihough, [19777?]).

Ri ddi hough and Hyndman (1976) have reviewed the evidence for sub-
duction at the continental margin of British Colunmbia, and have con-
cluded that, although the pattern is conplex and changing south of
5¢°N, convergence has continued to the present day. They point out
that it is of critical inportance to realize that the very slow sinking
rate, conbined with the young and very thin oceanic plate, renders the ..
usual subduction phenonena absent or not readily detectable.

The regional tectonic record indicates that five orogenies have
made maj or contributions to the sub-bottom structural geology of the
Strait of Juan de Fuca and the adjacent O ynpic-Insular provinces:
the large eroded anticline beneath the Strait of Juan de Fuca and
adj acent canyon junction may date fromthe Jurassic-Cretaceous; the
sout hwar d- di ppi ng extension of the Calawah Fault Zone and the Sooke
Intrusive date fromthe mddl e Eocene epoch; the Leech River
and San Juan faults fromthe upper Qigocene; the folding and faulting
of the A ynpic Peninsula fromthe mddle and | ate Eocene; and the
Clallam Syncline, the Pys River fault and its conpanion fault are
assigned to the Mocene and Pliocene. It is not known if the five
epi sodes of tectonismcoincided with periods of increased stress or
were tines when the accumul ated stress was rel eased by failure
(Mayers and Bennett, 1973).

A recent study of earthquake activity in the Puget Sound region
for the period June 18, 1970 - July 3, 1971 indicates that nost of the
regional seismcity is crustal (Crosson, 1972). However, the Puget
Sound region is the only zone in the contiguous United States where
| ar ge subcrustal earthquakes are known to occur.

The 1949 and 1965 earthquakes are the |argest Puget Sound-region
earthquakes in the recent historical record and these were 70 and 59 km ‘
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in focal depth, respectively. Based on the observations that these

two deep earthquakes were characterized by an extremely |ow ievel of
aftershock activity, and noting that the 1939 and 1946 earthquakes also
exhibited | ow aftershock activity, Algermissen and Hardi ng (1965) con-
cluded that the 1939 and 1946 shocks were al so subcrustal. Such a |ack
of aftershock activity is characteristic of subcrustal earthquakes.

The physical basis for the lack of aftershock activity for subcrustal
eart hquakes appears to be related to the small source dinensions of
deep earthquakes and to the high hydrostatic pressure that exists at
these depths, which has the effect of quickly arresting any rupture
process (Wyss and Molnar, 1972).

CGeol ogi cal and geophysi cal studies have been undertaken over the
years to define the active and potentially active faults of the Puget
Sound region. Since the bulk of major seisnic activity within the
study area takes place in this region, the major faults postul ated by
the researchers are briefly discussed. It should be pointed out that,
whil e each investigator has conpiled geol ogi cal and/or geophysica
evi dence for his case, none of the faults has been shown concl usively
to be the source of an historic earthquake. There is w de di sagreenent
anong investigators and not all authorities will accept all the faults
as being accurately conceived.

Bradford and Waters (1934) postul ated a major north-south fault
structure along the face of the Cascades from North Bend to Sultan,
and possibly as far as the Canadian border. This M. S fault
thought to be the dividing Iine between the Cascades and the Puget
Low and -- was thought to be the locus of the 1932 Tolt River earth-
quake (Bradford and Waters, 1934) and the 1945 North Bend earthquake
(U S. Geol ogical Survey, 1975].

Danes, et al. (1965) postulated an active fault al ong Hood Canal,
separating the Puget Sound depression fromthe O ynpic Peninsula. The
Hood Canal fault is assuned to have a 4000 nmeter throw and may have
been the locus of several earthquakes (U S. Ceol ogical Survey, 1975]

Rogers (1970) inferred five areas of faulting (or boundaries of
| arge nonoclinal flexures). The South Wi dbey- Possession Sound- Everett

fault is broken into three segnents separating the Marysville [ow from
the Port Gamble-Catheart high. It was identified by mapping that show
ed an abrupt steepening of gradients. The Kingston-Bothell fault and

t he Seattle-Bremerton fault define the limts of the Seattle [ow, an
east-west-trending, 26 kmw de, trenchlike feature, which is one-of the
| argest isostatic gravity anonalies in the United States or Canada.
Rogers postul ated a possible fault of |arge displacement, with the

west side upthrown and with a north-south trend al ong the Duwamish-
Puyallup valley, citing geologic evidence as well as magnetic relief
and steep gravity gradients along the east side of the south Kitsap
gravity high. On the south margin of the south Kitsap block is the
Tacoma-G g Harbor fault, evidence for which includes steep gravity and
nmagnetic gradients, tenporal changes in ground |evel across the area
and seismc profiling of bottom sedinents in Comrencenent Bay (Taconma
harbor), which indicates faulting since the nost recent glaciation.
Three of the four largest historic earthquakes located in the south
part of the Puget Sound Basin have occurred on or very near the
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postul ated structures (Rogers, 1970).

Carson (1973) di scovered the Saddle Mountain fault, about 14 km
north of Shelton in north-central Mason County,  hal fway_between Hood
Canal and Lake Cushman. Myvenent has taken place since the deglaci-
ation of the southern Puget Low and, about 13,000 years ago, but
probably prior to the 19th century. It strikes north to ncrtheast.
The 1 to 2 km scarp exposure shows a throw of upto 6 m 1Itis a
reverse fault with some strike-slip nmovenent.

Carson and Wilson (1974) have al so reported the Saddl e Muntain
East fault, a reverse fault north-northwest of Hoodsport that apparent-
'y noved 1200 years ago. It appears to offset the pre-Vashon Dow
Mount ai n fault (28, 000-23,000 b.p.). Another probable late Quaternary
fault reported by Carson and Wilson (1974) is the Cushman Rift | ocated
on Dow Mountain east of Lake Cushman. It is a |inear valley approxi-
mately 2 kmlong, 30 to 90 m deep, and 60 to 90 mw de. It may have
moved since the beginning of the Fraser glaciation (18,000 year b.p.).

Crosson and Frank (1975) have exam ned an apparent fault zone
trending slightly west of northwest along the south side of M.
Rai ni er, which may have been the locus of the earthquake shocks of
July 18, 1973 and April 20, 1974.

Sylwester, et al. (1971) conducted a detailed seismc profiling
study of Commencement Bay and adjacent areas in an attenpt to identify
one or nore active faults suggested by earlier investigators. A small
scarp trending NWSE with a relief of as nuch as 5 nmeters was traced
al most continuously from Conmencenent Bay to Vashon Island (Figure
[-lo) . This scarp indicated that the northeastern side has noved down-
ward in relation to the southwestern side, in contradiction to the
earlier model proposed by Danes, et aZ (1965), and Rogers (1970).

Park Snavely, geologist with the US. Geological Survey at Menlo
Park, California, reports Pleistocene age faulting in the Mrse Creek
area near Port Angeles. The fault strikes east-west, dips southward
and has thrust Tertiary bedrock over Alpine glacial deposits.

Creager, quoted in the Cceanographic Conmm ssion of Washington
report on Admralty Inlet (1975), raises the possibility that a fault
of unknown age and capability is located beneath Admralty Inlet in
the vicinity of Nodule Point to Bush Point. These findings were dis-
puted by other geologists, who felt the structure was insufficient to
make a final judgment either way and that future study is needed.

Bottom profiling and gravity studies of the Nisqually Delta be-
ween O ynpia and Tacoma were conducted by a joint teamfromthe Geo-
l ogy and Cceanography departnments of the University of Washington in the
fall of 1970. Large slunp blocks and a scarp were found. The scarp i s
associated with a magnetic anonaly and is coincident with the epicentral
area of the 1949 earthquake. The gravity study indicates the presence
of a steep gravity gradient on the eastern edge of the Nisqually River
Vall ey near Interstate 5, which suggests the presence of major block
faulting in the Nisqually River Basin. Regional gravity data for the
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Figure I-10
Resolution Seismic Profile Across the Entrance to Commencement Bay
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Seattle and Taconma basins (Danes, et al. , 1965) indicate a pattern
of block faulting consistent with these results. |f such faulting is

present it may act as a structural control of the |ocation of the
deita (University of Washington, Dept. of Ceol ogical Sciences, 1970).

Recently, Dr. Eric Cheney of the University of Washington has
postul ated the existence of two faults (and the extension of another)
in the area of the proposed Skagit nuclear plants near Sedro Woolley.
In his testinony before the Nucl ear Regulatory Conmm ssion (Cheney,
1976 and 1977a) (and the (former) state Thermal Power Plant Siting
Eval uation Council) and a paper subnmitted to the Geol ogical Society
of America (Cheney, 1977b), Cheney of fers evidence for the existence
of the Bellingham Bay-Lake Chaplain fault zone, a major tectonic
structure extending from above the Canadi an border southeast %4 km
beyond the Skagit River. This fault zone is thought to be the south-
ern and landward part of a larger fault systemin the Strait of
Georgia and could be as nuch as 360 kmlong. The fault appears to
cut md-Tertiary rocks and therefore may be active or at |east
potentially active. On a plate tectonic scale, the Bellingham Bay-
Lake Chaplain fault system has the same strike as the Queen Charlotte
and San Andreas faults, and may mark the northwestern border between
the Cascade Mountains and Puget Low and Provinces.

The westerly trending Devilfs Muntain fault, is 13 to 27 km | ong.
Geol ogi cal evidence, Cheney believes, suggests that this fault may be
the offset eastern portion of the Leech River fault. The age and
distribution of Pleistocene sedinents in the Puget Low and and the
seismc reflection records of oil conpanies near Widbey Island seem
to indicate that the |atest major displacenent along the Leech R ver
fault near Wi dbey Island was 22,000 to 18,000 years b.p.

Cheney suggests that consideration of the geol ogical, gravimetric,
and earthquake data yields evidence of a northeasterly fault, perhaps
as nuch as 38 kmlong, crossing the Skagit River Valley at Hamlton
and within 5 to 6 kmof the nuclear plant site. This inferred north-
easterly fault is terned the Hamlton fault. Geologists for the
Bechtel Conpany of San Francisco, ~which did the siting studies for the
Skagit Plant, do not agree wi th Cheney on the earthquake potenti al
for the faults which he proposed (Adair, 1975).

There exists a real need for definition of active and potentially
active faults onshore and offshore. There are other possibly active
faults in the study area. Research is being done in Canada by the
Dom nion Chservatory in Victoria and the Ceol ogical Survey of Canada.
In Oregon, research is being done on faults in the Portland area by
the Department of Geology and Mneral Industries and by geol ogists
from Portland State University. Names of resource persons at the
above agencies are included in the reference list at the end of this
chapter.

The Puget Sound region was chosen for an overview of possible
faulting because it is the region fromwhich damaging earthquakes in
the study area are apparently nost likely to emanate (with the possible
exception of offshore earthquakes fromthe Blanco Fracture Zone).
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Oregon is simlar to Washington in having a history of earthquakes
with no major destruction. All of Oregon’s coastal counties have re-
ported earthquakes. Couch and Lowell (1971) conpute that the Coast
Range of Oregon will have one 5.0 magnitude earthquake each decade.
Lincoln County has had seven quakes during a seventy-year period ending
in 1967. Four of these were centered at Newport [maximum intensity IV).

The nost intense earthquakes on record for the Klamath Mountain
Province originated in the Mendocino Escarpment within 320 km of the
coast of California. Although this observation is consistent with the
general tectonic nmodel of the region, nmore data are needed for a
conpl ete assessnent of potential seismc activity, and investigations
continue. Silver (1971) recently defined a large subsea fault off the
coast of Oregon with a displacement of 70 km He interprets activity
along the fault as ending approximtely 500,000 years ago.

Couch and Lowel | (1971) have summarized infornmation on seismc
energy release in the entire Coast Range physiographic province of
western Oregon. They report the seismc energy release for a 100-year
period (1870-1970) as 6.4x10"ergs per year, which they conputed as
approxi mately equivalent to one magnitude 5.0 earthquake (W each
decade. This conpares with 2.6x1017 ergs per year for the sane period
at Portland, and an approximate earthquake |evel of one magnitude 4.8
(W earthquake each year or one magnitude 5.2 (WVI) each decade.

Couch and Deacon (1972) have attenpted to eval uate the maxi mum
| evel of seismcity to be expected in the U S Bonneville Power Ad-
mnistration (BPA) service area (Oregon, Washington, Idaho, and western
Montana). These studies indicate that for the Newport area, a maxinmum
intensity of VII to IX could be produced froma distant earthquake
epicenter near Port Oford. These studies also indicate that distant
earthquakes, such as in the Gorda Basin off the southwest Oregon coast,
coul d produce intensities of between VI and VII.

Local records of the 1873 quake, felt with an intensity of VIII
in Port Oford, are not available for Coos or Douglas Counties. An
eart hquake of magnitude 7.2 and calculated intensity X occurred 64 km
off the coast of Cape Mendocino in 1922 and was felt with an intensity
of Vin Coos Bay, but caused no damage (Beaulieu and Hughes, 1975).

A record of historic earthquakes along the coast of the Pacific
Nort hwest has been prepared by Couch, Victor and Keeling [1974) and

s reproduced as it applies to the study area in Figure 1-11 and Tables
-2 and |-3.

Crosson (1974) has published a conpilation of earthquake hypo-
centers in western Washington form July 1970 through Decenber 1972.
It lists all seismc events ranging down from M 1.0 and smaller
recorded on the University of Washingtonts multistation Seisnograph
tel emetry network.

Rasmussen, MIllard and Smth (1974) have conpiled an earthquake
hazard evaluation of the Puget Sound Region based on historical
seismcity and soils data. They have conputed return rates against
intensity function for various intensities, using attenuation curves
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FPigure 1-11

Coastal and O fshore Earthquakes of the
Pacific Northwest 1853 to 19735
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BSSA
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PDE

RAS 1

RAS2

RAS3
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TON

WASH

USEQS

Reference Key to Tables 1-2, 1-3, 1-4
Earthquakes with Epicenters in the Study Area

Berg, J. W and C. D. Baker. Oregon Earthquakes, 1841 through
1958. Bulletin Seisnological Society of America, v. 53(%):
95-108, 1963.

Sei snographic Station. Departnment of Geology and Geophysics.
University of California, Berkeley. Archival Data.

Bull etin of Seisnographic Stations. University of California,
Berkeley. 42, Jan. 1, 1972 - June 30, 1972.

Bul letin of Seisnmological Society of America, Seisnological Notes.
1924, 14(3):274; 1934, 24(2):127, 135, 136; 1935, 25(1):105;
1936, 26:394; 1938, 28:341; 1949, 39(4):314; 1950, 40(4):306;
1955, 45(3) :251; 1957, 47(2):167; 1962, 52(4) :971; 1972, 62(3):
876.

NCAA Earthquake hypocenter data tape for period 1961-1970.
(Number follow ng CGS indicates the PDE number) CGSxxx replaced
by NOSxxx recently).

MMechan, G A Division of Seisnmology, Department of Energy,
Mnes and Resources, Victoria Geophysical GCbservatory, Victoria,
B.C. 1973. (Archival Data]

Sei snographic Station Bulletin. School of Qceanography, Oregon
State University, Corvallis, Ore. July, 1963 - March, 1965.

Rasnussen, N. H  Seisnology report on \shington, Idaho, North-
ern California and the Hanford Area, Washington to Douglas United
Nucl ear, Inc. Richland, Washi ngton. May 3, 1966.

Rasmussen, N. H  Washington State earthquakes 1840 through 1965.

Bul letin of Seisnological Society of America, v. 57(3): 463-476,
1967.

Rasmussen, N. H  Unpublished additions to \Washington State
earthquake list, June, 1966 to February, 1971.

Tobin, D. G and L. Sykes. Seismicity and Tectonics of North-
east Pacific. Journal of geophysical research, v. 73, 1968.

Townley, S. D. and M W Allen. Descriptive catal og ef earth-
quakes of Pacific Coast of the U S 1769 to 1928. Bulletin of
Sei snol ogi cal Society of Anerica, v. 29(1), 1939.

Sei snographic Station Bulletin. University of Washington, Pub-
lications in Seisnology, 1950-1963.

U S Dept. of Commerce. United States Earthquakes. U S. Coast
and Ceodetic Survey. 4 v. 1928-1969.
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DATE
1891,

1909,

1920,

1926,

1927,

1934,

Nov. 29

Jan. 11

Jan. 24

Table 1-2

Eart hquakes Felt in the Study Area Thag
Have Uncertain or Unknown Epicenters

EPI CENTER
(UNCERTAI N

", ..Strait of Juan de
Fuca or along or off
the south end of

Vancouver Island, .."

Strait of Juan de Fuca
(probably)

O f southern Wash.
coast (probably)

FELT LOCATION
AND | NTENSI TY

ViI#-Port Townsend*

VI#-Pysht

II#-Tacoma*

Poi nt Wilson Li ght house,
Admralty Head Lighthouse
Point No Point Lighthouse, (clocks
st opped)

F - Seattle (Wash)

VI-VII# Shock felt approximately 200 mles
north and south of Strait of Juan de Fuca;
Dungeness*, Port Angel es*, Crescent, Neah Bay
(violent ) (Wash)

VI-VII#(?) Clallam Bay, Forks, Bellingham*
Anacortes* (Strongest)

IV#-Blaine*

F - Marietta*, Tatoosh (\\sh)

V-IV#-Anacortes*, Mount Vernon*

VI#-Bellingham*, Everett*, Friday Harbor*,
Port Angel es*, Port Townsend*

11I#(?)-Clallam, Edi z Hook*

I1#-Concrete*, Coupeville*, Mariette* (Wash)

Nor t hhead- Raynond* (Felt by many)
F - Ilwaco, South Bend* (Wash)

V-Puget Sound Area
IV-Neah Bay
[-111-Forks, Hoguiam, Quinault (Wash)

’ o ®

REFERENCE'

TOM

TOWN

TOWN

USEQS

TOWN

USEQS
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Table 1-2 (cont.)

EPI CENTER FELT LOCATI ON
DATE ( UNCERTAI'N) AND | NTENSI TY REFERENCE T
1937, Dec. 14 Dal las*, Fall City*, 3 mles southeast USEQS
of Sheridan*, Tillamook (house shook) (Ore)
1938, July 23 Oregon and S.W. part of Pacific County, Wash. USEQS
Astoria, Oe. (noderate shock)
1940, May 25 Waldport (objects noved) USEQS
F - Tol edo, Depoe Bay, Nashville*
1940, Cct. 27 V-Puget Sound area* USEQS
I-I1I-Clallam Bay (\ash)
19s0, June 2 F - Salnmon River Country*, Forks*, Sawyers?*, BSSA
Bl ue Lake
1951, Feb. 23 Oregon Coast foreshock WASH
of 44.5°N, 129,5%
1953, July 21 O f Oegon Coast WASH
1955, July 5 200 niles off Oregon WASH
Coast
1955, Sept. 21 Near Oregon Coast WASH
1957, Nov. 17 Probably off Oregon WASH
Coast
1963, Aug. 1 “about 450 km NW OF Osu
Corvallis, (Ore)

Corvallis, (Ore)
LEGEND A1l listed intensities refer to the Mdified Mercalli Scale of 1931 unless otherw se noted.
f - The Rossi-Forel Scale of Intensities
- Locations outside area of conpilation
F - Felt

.?.Couch, Victor and Keeling, 1974,

feference lists the source of data by a letter code which corresponds t¢ the listing on page I-65.
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Table 1-3

Eart hquakes Qutside the Study Area Whglch
Were Felt in or Affected the Area

EPI CENTER LOCATI ON FELT LOCATION

DATE | NTENSI TY OR MAGNI TUDE AND | NTENSITY Ref erence
1892, Feb. 3 Portland, Oregon Oregon:  Astoria (houses shook) TOM
. Yaquina Head Lighthouse (Iight)
1946, Feb. 15 47.3%:, 122.9% \lashi ngt on: USEQS
VII IV-Clallam Bay, Forks, Ilwaco
North Head, Ccean Park, Sekiu
O egon:
V-Bay City
| V-Astoria
[-111-Gold Beach, Rockaway, Seaside
1946, June 23 49.9°N, 125.3°W Washi ngt on: USEQS
7-7.25 (msg.] VI-Quinault, Moclips, Sekiu, Tatoosh | sl and
Oregon:

V-Astoria, Tillamook
IV-Rockaway Beach

1949, Apr. 13 47.1°N, 122.7%W Washi ngt on: USEQS
VI VIII-Hoquiam

VII-Grayland

VI-Bay Center, Clallam Bay, Pacific Beach,
Quinault

V-Ilwaco, Moclips, Neah Bay, Ccean Park
Oysterville, Sekiu

IV-Clearwater, Forks (1 1/4 mles east of),
Lake Crescent

O egon:

VI-Bay City, Depoe Bay, Florence, Manhatten
Beach, Newport, Cceanside, Siletz, Tillamook,
Tol edo, Twi n Rocks, Waldport

V- Agat e Beach, Kernville, KNeskowin, North Bend,
Pacific Gty
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Table 1-3 (cont. )

EPI CENTER LOCATI ON FELT LOCATI ON

DATE | NTENSI TY OR MAGNI TUDE AND | NTENSI TY REFERENCE T
1949, Apr. 13 47.1°N, 122.7% Or egon:
VI IV-Fairview, Otter Rock, Ois, Tidewater USEQS
I-II1-Eastside, Powers, Rose Lodge, Siltcoos
1954, My 15 47.4°N, 122.4% Washington:  I-IIT-Hoquiam USEQS
Vi
1961, NoV. 7 45.7°N, 122.9% O egon: USEQS
Vi V-Tillamook

| V-Garibaldi, Netart, Pacific Cty
[-111-Beaver, Cannon Beach, Fairview,
Nehalem, Neskowi n, Rockaway

1962, Nov. 6 45.6°N, 122.7° Washi ngt on: USEQS

V-Ccean Park

| V- Chi nook, Long Beach

I-III-Ilwaco

O egon:

VI-Fairview, Seasi de, Tillamook

V-Astoria, Bay City, Cannon Beach, Garibaldi,
Manhatten Beach, Neskowin, Netarts, Pacific
GCity, Rockaway, Waldport, \Warrenton

| V- Harmond, Hebo, Hernville, Nehalem, Newport,
Rose Lodge, Tol edo

I-III-Mapleton, Cceanside, Seal Rock

1964, July 14 48.9°N, 122.5% Canada: USEQS
Vi [-111-British Colunmbia, Lake Cowichan
area (Vancouver |Island)
1965, Apr. 29 47.4°N, 122.3% Washi ngt on: USEQS
VIT, 6.5 (msg.) Vi-Amanda Park, Bay Center, Beaver, Clallam

Bay, Copalis Beach, Copalis Crossing, Long
Beach, Pacific Beach, Sekiu, Tokeland
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Table -3 (cont. )

EPI CENTER LCCATI ON FELT LOCATI ON

DATE | NTENSI TY OR MAGNI TUDE AND | NTENSI TY REFERENCE *
1965, Apr. 29 47.4°N, 122.3%W Washi ngt on: USEQS
VI, 6.5 (msg.) V- Chi nook, Humptulips, La Push, Moclips,

Neah Bay, Heilton, Ccean City, Qcean Park

| V- For ks, Sappho, West port

I-111-Cl earWater

O egon:

VI-Astoria, Seaside, Hammond

| V- Coos Bay, Depoe Bay, Gardiner, Gerhart,
Mapleton, Nehalem, Pacific City, Tillamook,
Viest  Lake

I-1II-Coquille, Florence, Tol edo, Waldport,
W nchester Bay, Yachats

.?.Couch, Victor and Keeling, 1974.
Reference lists the suurce of data by a letter code which corresponds to the listing on page I-65.



for estimation of earthquake hazards. They have concluded that “any
earthquake with a depth less than approximately 40 km will not reach
a magnitude greater than about 6.5, while earthquakes with a depth
greater than 40 km could obtain a maxi num magnitude of nearly 7.5.”
For a further discussion of potential seismc hazards in the study
area, see Section B.6., Environmental Constraints to Devel opment

The U.S. Ceol ogical Survey (1975) has also conpiled a study of
expected earthquake magnitude and intensities for the Puget Sound
region, based on nethods developed by Sins (1975) and Stepp (1971).
Sims' nethod is based on counting and dating of alternating |ayers
of fine and coarse glaciolacustrine sedi nents near Hood Canal. In
one 1800 year long section he found 14 zones that he interpreted as
I ndi cating earthquake-induced deformation

Magnitude-intensity relationships and attenuation curves were
also plotted (Figures 1-12 and 1-13). Soils and structural data were
added to the seismc data to produce an estimate of loss of life and
property in the six county area surrounding Puget Sound in the “worst
case" earthquakes projected for the region. (See B.6. on Environmental
Constraints.) A list of earthquakes affecting the Puget Sound-north-
west Washington area for 1859 to 1973 (U S. Ceol ogical Survey, 1975)
is included in Table I-4. Rasnmussen (1967) has published a list of
Washi ngton earthquakes for 1841-1965, and has conpiled unpublished
lists for each year since then. Figure 1-14 is from Rasnussen,
Mllard and Smth (1974).

The worst historic earthquake in the northwestern Washington area
was the shock of April 13, 1949, which had a magnitude of 7.1 and a
focal depth of 70 km  The epicenter was between Tacoma and Qynpia in
the general area of the Nisqually Delta. The second was the shock of
April 29, 1965, which centered between Seattle and Tacoma, with a
magni tude of 6.5 and a focal depth of 59 km A strong earthquake in
1872, the epicenter of which is still a matter of debate anong re-
searchers, was felt as far north as Eugene, Oegon and throughout
British Columbia. The Skagit Valley Herald of June 6, 1973 (Jordan,
1973) speaks of a violent earthquake -- actually a series of earth-
quake shocks -- that, in the recollection of the pioneers, struck the
Skagit Valley in May of 1871. This quake is not recorded in the usua
earthquake lists, and while 1871 could have been nistaken for 1872 in
the pioneers’ nemories, it is difficult to mstake December (the tine
of the 1872 quake) for My.

An attenpt was nmade by Vance (1971) to relocate several well-
recorded ol der events using refined techniques. The epicenters were
noved an average of 35 km  Although depth control was poor for the
ol der solutions, many of which were from three-station observations
Vance still had very 1little data on which to make concl usions.
Al'though Vancets epicentral |ocations may have greater accuracy than
the originals, the actual difference is not great enough to be signi-
ficant (Crosson, 1977).

Additional northwest earthquake data have been accumul ated by the
several consultants for nuclear power plant siting projects, and are
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Figure I-12

Pl ot of Magnitude vS. Intensity for Largest
Known Puget Sound Earthquakes’

Magnitude

| ] ]
Vii Vil IX

Intensity (M M)

§U. S. Geol ogi cal Survey, 1975.
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FOCAL DEPTH, (km)

5U.S. Geological Survey, 197S.

Lourve is enpirically derived from earthquakes which have occurred in and near Japan.
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Figure X-13
Probability of a Magnitude 6.0 or Larger
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YEAR

1856
1860
1869
1873
1880
1885
1885
1885
1885
1891
1891
1892
1895
1896
1896
1896
1896
1897
1897
1902
1902
1901
1902
1902
1904
1910
1913
1914
1915
1916
1916

DATE

1226
0507
0627
1123
0822
1009
1209
1218
1219
0921
1129
0417
0416
0109
0207
0402
0605
0126
1207
0615
0615
0615
1202
1205
0317
0805
0316
0905
0211
0104
0104

Table |-4

Eart hquakes with Epicenters in the Study Aresé"
PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

TIME  LAT LONG

48 123

48 123
0400 46 12 123 48
0505 42 48 124 30
0822 47 30 123 30
16 47 123
0940 48 07 123 27
0830 48 24 124 42
0830 48 22 124 41
1300 48 00 123 30
2321 48 07 123 27
2250 47 123
0802 48 123
0556 48 41 123 14
0555 48 18 124 18
1117 45 12 123 12
0620 42 48 124 33
2245 44 48 124 05
0430 45 32 123 10
0400 44 42 124 06
0400 44 45 124 00
0900 44 42 124 03
1000 42 12 123 45
0930 42 24 123 24
0421 47 30 124 00
01.5136 42 00 127 00
02 43 20 123 20
0935 47 123
0307 47 32 124 19

44 40 124 06
1840 44 40 124 06

o o

LOCATI ON

Pt. Townsend, Wn
Pt. Townsend, Wn
Astoria
Port Oford, O
NW Washi ngt on, ¥n
A ynpia, Wn
Port Angel es, Wn
Tatoosh |s, Wn
Tatoosh |s, Wn
Wn
Port Angel es, ¥n
A ynpia, Wn
Pt. Townsend, Wn
Turn Pt. Lth., Wn
Strt Juandee Wn
McMinnville, Ox
Cape Blanco, O

Newport, O
Forrest Gove, Or
Newpor t

Newport, Or
Newport, O
Kerby, O

G ants Pass, O

Roseburg, O

O ynpia, Wn
Queets River, Wn
Newport, O
Newport, O
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DUR REF

RAS2
RAS2
RAS3
BERG
RAS2
RAS2
RAS2
TOMN
RAS2
RAS2
RAS2
RAS2
RAS2
RAS2
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BERG
BERG
BERG
BERG
BERG
BERG
BERG
BERG
BERG
DoM

BERK
BERG
RAS2
RAS2
BERG
BERG

10000



SL-T

Table 1-4 (cont. )

PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR

1918
1919
1924
1925
1925
1926
1927
1928
1928
1928
1930
1930
1931
1931
1932
1934
1934
1935
1936
1937
1937
1938
1938
1938
1939
1939
1940
1940
1941
1941
1941
1942
1942

DATE

1206
1010
0224
0801
1126
0917
0518
0209
0904
0904
0708
0719
1001
1231
0106
0505
1103
0724
0508
1110
1214
0528
0723
0803
0214
1113
0525
1027
0609
0609
1020
0131
0513

TIME  LAT LONG LOCATI ON
0845 49 18 123 00 Vancouver, B.C.
010720 48 18 124 18
054510 44 00 127 00
2005 48 07 123 27 Port Angeles, Wn
2140 48 30 123 18 Haro Strait, Wn
221436 49 00 124 00
215652 49 00 124 00
1105 48 30 125 00

44 42 124 06

44 38 123 54 Newport, Or.
2030 45 01 123 15 Perrydale, O
0238 45 00 123 12 Perrydale, O
1100 42 54 124 48 Sea Report
1525 47 30 123 00 Eldon, Wn
223S 48 06 124 05 Pysht, W
0406 48 123 Di scovery Bay, Wn
1450 48 123 Di scovery Bay, Wn
1514 47 13 123 06 Shelton, Wn

43 07 123 24 Roseburg, O
071923 43 00 127 00
09 44 52 123 15 Dallas, O
101406 43 00 125 36
0250 46 10 123 50 Astoria, O
133236 43 54 126 12
13 45 25 123 55 Tillamook, Ox
074554 47 12 123 00 Shelton, Wn
1602 44 25 124 02 Waldport, Or
222918 47 12 123 24
061724 42 42 126 06
084354 42 30 125 00
0605 44 30 124 02 Seal Rock, O
0654 48 30 123 00 San Juan Is, Wn
0052 44 32 123 15 Corvallis, O
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Table 1I-4 (cont.)
PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR DATE TIME LAT  LONG  LOCATION M 0B MC INT DEP DUR _REF
1942 1006 025818 43 40 126 48 4.7 DOM
1942 1127 105548 42 12 126 00 4.9 DOM
1944 0305 09 44 55 123 30 Dallas, Or 3.0 3 BERG
1944 0305 1300 45 00 123 25 Dallas, Or 4.3 5 BERG
1944 0331 2215 47 123 O ynpia, Wn 4.3 5 RAS2
1944 0721 122500 42 30 127 00 4.0 DOM
1944 0916 224442 42 30 127 00 4.3 DOM
1944 1207 0448 47 00 123 54 Hoquiam 5.0 6 RAS3
1944 1221 051906 42 00 125 00 4.7 DOM
1944 1230 220306 43 42 127 00 5.8 DOM
1945 0411 112257 42 00 126 00 5.0 DOM
1945 0615 232502 48 48 123 00 Strt Georgia, Mn 4*3 5 RAS2
1948 0110 004550 42 00 127 00 5.3 BERK
1948 0213 2100 46 38 123 04 Adna, Wn 3.7 4 RAS2
1948 0301 0630 45 40 125 10 Buxtonm, Or 3.7 4 BERG
1948 0525 151307 44 00 127 00 GUTE
1948 0525 153202 43 30 127 00 5.8 DOM
1949 0325 045648 42 00 126 30 6.2 F BERK
1949 0328 194316 42 00 126 00 5. 8 DOM
1949 0330 202828 49 00 127 30 4.8 DOV
1949 0401 164545 43 30 126 00 4.9 DOM
1949 0601 082315 47 30 124 30 4.0 DOV
1949 0824 060714 43 30 127 00 5.5 DOM
1950 0127 104720 42 00 125 05 4.7 BERK

1950 0414 110346 48 00 123 00 . 6 CGS

1950 0425 223807 43 30 127 30 4.5 DOM
1950 0619 183013 44 00 127 00 4.2 DOM
1950 0824 174534 42 30 126 00 5,6 DoM
1950 0831 184743 42 00 125 00 4.2 DOM
1950 1216 104901 43 30 127 00 4.5 BERK

19s1 0214 005148 44 00 127 00 BERK
1951 0823 075407 48 30 124 58 DOM
1951 0922 101657 48 00 127 00

&~ w
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PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR

1951
1951
1951
1952
1952
1952
1952
1952
1952
1952
1952
1952
1952
1952
1952
1952
1953
1953
1953
1953
1954
1954
1954
1954
1954
19s4
1954
1954
1954
1954
1954
1955

DATE

1008
1013
1226
0129
0220
0222
0302
0314
0411
0820
0821
0821
1007
1007
1119
1120
0108
0322
0410
0705
0103
0103
0107
0404
0522
0705
1005
1111
1111
1202
1203
0111

TIME  LAT

041035 40
194506 43
063146 43
234545 43
190707 48
093931 48
001154 49
145936 48
094834 48
152450 43
094448 43
190830 43
070336 42
073032 42
122800 48
213100 48
052604 47
201557 48
1107 47
135507 48
094833 43
111452 43
213947 42
124229 48
124700 48
01130048
13010049
221512 46
2230 46
090448 43
084602 44

00
15
00
00
30
31
12
00
00
41
41
24
00

LONG

124
127
127
127
123
123
124
123
124
127
127
127
127
127
124
123
124
125
124
124
125
125
125
124
124
127
126
123
123
126
127

102008 47 49 124

48
00

LOCATI ON

Al ton

San Juan Is,
San Juan Is,

San Juan Is,
Vancouver 1s,

G ays Harbor,

Raynond, Wn
Raynond, Wn

é

Table -4 (cont. )

Wn
Wn

Wn
B. C.

Wn

OB

e

Wwww koo

w
o

W W W W w
O 00O OOl

N W O1 0o

OOV OO UM~k OOol

MC

Nw hw
W~ W~

I NT

N B g b~

REF

BERK
DOM

DOM
RAS2
RAS2
DOM
RAS2
RAS2

DOM
DOM

BERK
DOM

RAS2
DOM

BERK
BERK
BERK

BERK
DOM
RAS2
RAS2
SYKES

CGS
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Table | -4 {(cont.)

PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR

1955
1955
1955
1955
1955
1955
1955
1955
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1957
1957
1957
1957
1957
1957
1958
1958
1958
1958
1958
1958

DATE

0111
0224
0516
0729
0911
0921
1003
1027
0408
0706
0706
0708
0715
0812
1019
1018
1019
1110
1123
1126
0322
0529
0914
1003
1117
1229
0122
0605
0710
1003
1007
1007

TI ME

102008 48
100050 47
030127 47
133409 48
005246 48
091801 42
112408 49
180937 48
222912 48
022155 42
081310 42
020128 42
015509 44
212230 47
071527 42
091141 42
235831 42
180918 42
025140 42
000046 47
2400 44
093557 47
032053 48
190355 47
060029 45
215658 42
125931 44
110504 42
190418 47
000850 47
050752 46
160941 44

LAT

00
54
48
12

L ONG LOCATION M

123 36
123 00
125 18
124 24
124 36
126 24
127 00
124 26
123 18
127 00
126 30
126 22
127 30
127 30
126 11
126 11
126 35
126 35
126 24
123 24
123 38
123 12
123 S7
127 00
123 48
126 24
124 11
126 30
125 52
124 30
124 00
127 30

Pt. Angel es, Wn
Quilcene, Wn

Juan de Fuca, Wn

Juan de Fuca, Wn

McCleary, Wn
Alsea, O
Aynmpic N P, Wn

Beaver, Or

Bay Center, Wn

0B

3.0

w w
o o1

Pobrwehk
NS~ ©Ul©

wwh
N o~

w W
SIS

w w
o~

w w
OO

MC INT DEP DUR REF
RAS2

RAS2

Wk
ow
w Ul

WASH
RAS2
SYKES

4.3 5

3.7 4 RAS2
BERK
BERK

BERK

BERK
BERK
BERK
BERK
BERK
RAS2
BERG
RAS2

w W N
\IO(JJ
AWN

RERG
BERK
BERK
BERK
DOM
S.06 RAS2
BERK
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Table 1-4 (cont. )

PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR

1959
1959
1959
19s9
1959
1959
1959
1959
1959
1959
1959
1959
1960
1960
1960
1960
1961
1961
1961
1961
1961
1961
1962
1962
1962
1962
1962
1963
1.963
1963
1963
1963

DATE

0220
0320
0723
0802
0808
0813
0818
0821
0928
1027
1119
1212
0514
0910
1108
1222
0206
0508
0508
0823
1030
1030
0117
0619
0627
0811
0821
0307
0702
0704
0822
0916

TI ME

005355
154147
081512
093552
190659
190659
051330
002817
015032
061217
2358345
062417
125622
150634
113627
114106
051923
235856
235927
175947
014452

LAT

42
42

24
30

LONG

125
126
124
126
126
126
127
124
126
126
126

123 18 San Juan Is,

125

24

LOCATI ON

Wn

123 06 A ynpic NP, Wn

125
126
126
125
124
123
126

021632 42 18 126
192726 48 33
015814 49 00
051148 43 00 126

1653

025738 42
235325 44 54 123 30
123434 42 54 126 11
055049 43 42 126 24
092703 42 00 126 24
171534 43 12 126 48

124
127

46 00 123

18

11

12

54

30

22

12

36

42

58

36

24

30 Vesper,
126 36

O

8

PR w
o OoOwh N

w ko SRSl el ol o
wrk o oW

w w

bl
~ohro

o

MC INT

4.3 5
5.0 6

5.0 6

DEP

10
36

33

40
33

33

DUR

REF

BERK
BERK

DOM
CGS

BERK
BERK
BERK
BERK
RAS2
DOM
RAS2
BERK

BERK
BERK
BRK
CGS-B

DOM

CGS-B
RAS2
CGS-B
CGS-B
BERK
CGS-B
BERK
CGS-B
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Table |-4 (cont.)

PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR

1963
1963
1963
1963
1963
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1965
1965
1965
1965
1965
1965
1965
1965
1965

DATE

0922
1005
1010
1218
1227
0101
0128
0212
0214
0331
0423
0508
0509
0704
0721
0727
0806
0813
0813
1001
1007
1106
1212
0310
0326
0327
0327
0430
0617
0620
0620
0620

TIME  LAT

223623 42 00
042254 43 42
031.515 47 36
100651 43 42
023621 45 42
042213 43 42
045649 43 18
161430 43 18
120722 43 36
021107 43 36
082701 43 18
100416 43 24
10041643 24
134129 43 36
032708 42 12
184050 42 18
104628 43 24
063541 42 00
085040 42 00
110048 43 30
172625 43 30
121429 43 30
041907 48 30
200915 43 24
185846 43 12
090358 43 48
202514 43 30
031443 43 36
112252 43 06
172355 42 48
180430 42 48
191759 43 12

LONG

126
127
127
126
123
126
125
126
126
126
126
126
126
126
125
126
126
126
126
126
126
126
126
125
126
126
125
127
126
126
126
126

30
06
06

06

LOCATI ON

o
=~}

>

>

EARRRRRRORRERS
~NWWWOoOIOITFR,OINOINDNODNW

*

APERRROROORWREEDWWOIW
NN UITOO0OWOOWRUITONOWOoo

MC

INT

DEP DUR
33
16
33
33
33
33
33
33

33

33

33

REF

CGS-B
CGS-B
DOM

CGS-B
CGS-B
BERK
CGS-B
CGS-B
CGS-B
CGS-B
CGS-B
BERK
CGS-B
CGS-B
BERK
CGS-B
BERK
BERK
BERK
CGS-B
BERK
DOM
CGS-B
CGS-B
CGS-B
€GS-B
CGS-B
BERK
BERK
BERK
CGS-B
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PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR

1965
1965
196s
1965
1965
1965
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1968
1968
1968

DATE

0624
0725
0831
0904
1014
1124
0309
0712
0806
0810
0811
0817
0817
1014
1120
1230
0103
0203
0416
0416
0518
0522
0813
1007
1025
1113
1213
1218
1227
0119
0130
0313

TIME  LAT LONG

105445 43 36 126 54
083443 42 06 126 (.90
112622 43 18 126 00
094210 42 06 12.5 24
06005 43 24 126 18
051516 43 24 125 30
130602 43 24 126 00
024959 42 06 125 00
204022 48 30 124 00
113231 48 06 124 48
114602 48 06 124 42
143950 48 12 125 00
144003 48 00 123 36
180218 48 54 127 00
154726 42 12 125 48
105504 42 30 124 48
201336 45 35 126 01
015705 43 17 126 05
150427 43 25 126 25
161854 43 22 126 34
020938 43 38 126 19
025931 43 38 126 50
164422 43 30 126 54
150704 43 24 126 54
192233 43 24 126 42
174412 43 24 126 48
101249 43 12 125 $4
132316 42 36 126 00
140403 41 36 126 41
202337 43 24 126 36
012107 43 30 126 30
116032 43 30 126 30

Table 1-4 (cont. )

* .

AEPRPLDADNOORARDRRPRALDNRDOLWLOWWWRARDRWAEARDIDRED
: el bl mEeReRERLROLOOOORERERERSB
OO AN ADNOPROWNERAWOOImUTIORAWROWONRENOO R

DEP

33
33
33

34
32
11
33

CGS-B
DoM
CGS-B
CGS-B
DOM
CGS-B
CGS-B
CGS-B
CGS-B
CGS-B
CGSPDE
CGSPDE
CGSPDE
CGSPDE
CGSPDE
CGSPDE
BERK
CGSPDE
CGSPDE
CGSPDE
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Tabl e I-4 {cont.)

PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR

1968
1968
1968
1968
1968
1968
1968
1968
1968
1969
1969
1969
1969
1969
1970
1970
1970
1970
1970
1970
1971
1971
1971
1971
1971

DATE

0321
0508
0509
0626
0915
1019
1221
1223
1225
0206
0214
0707
0813
1001
0131
0222
0514
0514
0528
0911
0114
0225
0517
0520
0520

TIME  LAT LONG

123146 42 18 126 12
175455 43 54 127 00
030301 43 27 126 58
043524 42 12 125 56
112736 43 58 125 17
163516 42 10 125 49
195642 43 05 126 11
123948 43 18 125 58
094245 43 30 126 44
110341 43 27 126 02
083336 48 56 123 05
052716 43 46 126 40
161216 48 29 126 28
171111 48 31 126 29
113125 42 08 126 35
152243 43 29 126 49
033554 42 31 126 23
081847 42 26 126 35
173832 48 27 126 40
031706 42 11 126 36

082936 47 24 123 36 Quinault, Wn

155056 43 13 126 37
091143 42 32 126 22
075243 42 18 126 53
080108 42 18 126 20

LOCATI ON

¥ OB

(&5 I SN SN & 5 I 0 T SN N S S A N N T SR 7 B S S S O A e~
ONOOOwWOoOHORLRNOIdIJOoO NN WYPRPRPODWORFRNWO

MC

INT

DEP DUR

REF

CGSPDE
CGSPDE
CGSPDE
CGSPDE
CGS 77
CGS 85
CG5102
CGS103
CGS103
CGS 11
CGS 11
CGS 44
CGS 53
DOM

BERK

CGS 15
CGS 42
CGS 42
ROM

CGS 64
RAS3

NOS 19
NCS 45
NCS 45
NOS 45
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Table 1-4 (cont. )
PACI FI C NORTHWEST OFFSHORE EARTHQUAKES

YEAR DATE TIME LAT LONG LOCATI ON M OB MC INT DEP DUR REF

1972 0103 041458 42 12 126 12 NWCres. C 3.6 BRBUL
1972 0323 212540 42 42 126 14 4.9 33 ERL 19
1972 0324 025025 42 42 126 16 4.8 33 ERL 20
1972 0409 011010 42 42 126 17 4.7 33 ERL 23
1973 0525 113625 43 .?1 126 46 4.2 33 ERL 40

iCouch, Victor and Keeling, 1974
The colum entitled MOB indicates the observed body wave magnitude of the earthquake and the colum entitled

MC indicates a conputed magnitude for the event using the relation M= 1 + 2/3 | _where 1,is the maxi mum
observed intensity. The colum entitled INT lists the highest intensity observed at t he LOCATI ON. The

colum headed DEP lists the focal depth of the earthquakes. CbcasionaII% the reviewi ng geophysicist con-

strains the focal depth to 33kmto achieve a satisfactory solution for the epicenter hence the value 33 in
this colum inplies an unknown but probably shallow focal depth. The colum headed DUR lists the duration
or length of the coda of the earthquake. The colum entitled REF lists the source of the data by a letter
code which corresponds te the listing on page I-65.
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part of the public hearing records of the Nuclear Regul atory Comm ssion
(fornerly AEC) and of the environmental inpact statenents. Studies for
the Satsop plant in western Washington near Gays Harbor were done by
Woodward-Clyde (then Wbodwar d- Lundgren) of San Francisco, and for the
Skagit plants by Bechtel, Inc. of San Francisco, already nentioned.

Western Canada experienced 24 earthquakes of M 6.5 or greater
bet ween 1872 and 1972 (Whitham and Milne, 1972). None, however, cen-
tered within the study area (Rogers, 1977). The strongest of the
quakes toaffect the study area was the 1872 quake, which has been
assigned a tentative magnitude of 7.5. The second strongest occurred
in June, 1946 and centered in the Strait of Georgia between Powell
River and Courtenay. The magnitude was 7.3 and heavy damage occurred
in the epicentral region. The bottom of Deep Bay in the Strait of
Georgia was reported by the Canadian Hydrographic Departnent to have
sunk 3 to 26 m A 3 mvertical ground shift occurred on Read Island.
Gound settlenents of up to 30 mwere noted at other points. South
of the international boundary, in the State of Washington, some chim
neys fell at East Sound and a concrete ml|l was danmaged at Port
Angeles. It was felt strongly at Oynpia, Seattle, Tacoma, Raynond,
and Bellingham. Seattle, where tall buildings sustained damage at
upper levels, was the hardest hit in the Puget Sound area.

The focal depth was virtually “zero”, for this was a surface quake
with ground rupture along the fault (Riddihough, 1977). The actual
rupture was not found and was assuned to have been covered by the
debris of the landslide that it induced. Research is still being done
to try to locate traces of the fault scarp.

It should be noted that both of these earthquakes were stronger
than any centered in the Puget Sound region in historical tines.

Anot her quake that centered outside the study area and was felt
strongly inside it was the "Nootka |sland” earthquake of Decenber,
1918, which centered at 49.8N, 126.5W. Its estimated magnitude was
7.0.

While the Puget Sound region is nearer to the O egon-Washington
OCS, and its earthquakes may have nore danmaging effects due to the
proximty of the epicenter, southwestern British Colunbia and the
of fshore area adjacent to it have produced some powerful earthquakes,
the repetition of which could have a significant effect on US. in-
stallations. (See Section B.6. on Environmental Constraints.)

O fshore seismcity generally follows the Queen Charlotte fault
and the ridge systens. Epicenters, however, are rather inprecisely
| ocated on specific ridges or transforms (Riddihough and Hyndman,
1976) .  Wthin the American plate, Rogers (1977) has anal yzed the
first motions of a nunber of larger earthquakes and concl udes that
the region can be divided into two distinct areas. North of 49°,
in central Vancouver Island, the earthquakes are shallow and consi stent
with strike-slip faulting in response to north-south conpression.
South of 49°N, in the Gulf Islands-Puget Sound area, a high concentra-
tion of predom nantly shal |l ow earthquakes has been recorded (Figure
1-15) . Riddi hough and Hyndman (1976) conclude that, based on what
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Figure 1-15
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woul d be expected fromthe rate and type of subduction they have postu-
| ated, the maxi num depth of earthquakes expected for the southern
portion of the area is 70 kmand is 30 kmfor the area north of 49°.

3. Surficial Geol ogy.

a. Introduction. Surficial geol ogy includes the study of sediments or

vol canic rocks “recently” deposited on the earth’s surface and the study of
geol ogi ¢ processes acting on the earth’s surface today. Understanding of
surficial geol ogi ¢ deposits and processes is critical to the recognition
and eval uation of nost geologic hazards, and to |and-use planning.

Al t hough surficial geology is oriented toward ongoing processes, it is
necessary to have some perspective on “recent” geologic history -- events
of the last two to three mllion years that are responsible for the deposits
soils, and landforms seen today. This epoch of the earth’s history is term
ed the Quaternary Period, and it has been traditionally thought of as the
period of the “ice ages”, although it is now recognized that cold climtes
and glaciers were not confined to the Quaternary (Flint, 1971).

It is evident now that extensive glaciers had formed in the polar
regions before the end of Mocene time (about 10 mllion years ago). Since
then, the earth has been subjected to a large nunber of climatic oscilla-
tions. During the colder periods, ice sheets advanced out of the polar and
alpine regions (Figure I-16). The shift in nmean annual tenperature between
interglacial and glacial periods does not appear to have been great --
about 3° to 6°C in low elevation and maritime areas and increasing to about
12°c or nore in continental regions (Flint, 1971).

In the study area, geologic processes continued operating throughout
this period much as they do today. However, glacier ice did cover the Puget
Low and, Vancouver Island, and much of the O ynpic Peninsula, drastically
altering the landscape in these areas. Sea level fell as global water
supplies went into making glacier ice during the glaciation. Wrld-wde
sea |level has fluctuated from as nmuch as 90 to 120 m bel ow present sea |eve
to about 18 to 21 mabove it. Such fluctuations are in part responsible for
el evated marine terraces along the O egon-Washington coast (Palmer, 1967a).

b. Landforms and Associated Geologic Units. In coastal Oregon and \shing-
ton, various kinds of processes acting on different rock types and uncon-
solidated materials over that last few mllion years have resulted in a
number of different landform types. Wth the exception of glaciers, these
processes are still acting upon and nodifying the Iand surface.

The follow ng discussions of landforms include a description of the
landform, the general description of the landform in the coastal zone, and
an overview of engineering properties and geol ogic hazards associated wth
t he surficial unit. Hazardous present-day geologic processes, such as
floods and landslides, will be discussed later in this section (Section
3.d., Surficial Ceol ogic Processes) and in Section 6a., Ceologic Hazards.
Landform characteristics are sunmarized in Table |-5 Mre detailed dis-
cussions of the landforms may be found in the indicated references.
Beaches, seacliffs, dune |and, marine terraces, flood plains (including
stream terraces and tidal flats), glacial drift plains, and uplands are
mapped on Figure 1-17.



Figure I-1b
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Landform

Beaches

Sea Ciffs
Dune Land

Lakes and
Mar shes

Ti dal Flats

Mari ne
Terraces

Sunmary of

Surficial Geologic Units

Horizonal |y bedded fine- to
medi um grai ned sand, some-
times mxed the gravel

None (erosional feature)

Fine-grained sand with
i ndi stinct cross-bedding

Hori zontal |y bedded sand
silt, and clay, rich in
organic material; peat

Horizontal |y bedded sand

silt, clay, and organic
materia
Conpact, horizontally bedded,

deeply weathered sand and
silt; pan devel opment |ocally

‘ii' ® °

Table |-5

Landform Characteristics

aigin Soi |
Deposi tion by Sand
wave action

Wave erosion None

Wnd deposition  From unweat hered

sand to | oany sand

W th surficial

hunus
Deposition by Silty to clayey
streams; entrap- |oanms; nuck; peat
ment of w nd- bl own
sedi ments, vege-
tation growth and
decay
Ccean and river  Silty clay; |oam

sedi ment w nnowed peat
by tidal action

Wve erosion
followed by de-
position, then
uplift rel ative
to sea level

Silt loam, silty
clay loam, sandy
| oam sand, silt

Hazards and Suitability
Characteristics

CQcean flooding, wave erosion,
poor foundation strength,
caving of excavations,
mnimal waste disposa

rockfall

Wnd erosion and deposition
ocean and ground-water flood-

Landsl i des,

ing, potential for ground-
water pollution, restricted
wast e di sposa

Conpressible soils, settling
l'iquefaction, flooding, high
ground water

Ccean flooding, |iquefaction

settling,
tions

Ccean erosion, stream
erosi on, poor drainage
local 1y

caving of excava-



Landform

Fl oodpl a

St ream
Terraces

G acia
Pl ai ns

o6-1

Upl ands

nod.

ns

Drift

Surficial Geol ogi ¢ Units

Sand, silt, clay, and gravel
dependi ng upon environnent
and source; nostly cross-
bedded

Sand, silt, clay, and gravel
depending upon environment
and source; nostly cross-
bedded

Till, cross-bedded sands and
gravel s, horizontally bedded
silt and cl ay

Thin, poorly devel oped soils
overlying bedrock on noderate
to steep slopes

Origin

Table |™-5 (cont. )

Soil

Streans sedinents Sandy | oam silty

deposited in
channel and on
floodplain sur-
face as overbank
deposits

QO der floodplain
deposits left

el evated above
present flood-
plain after down-
cutting of stream

Deposi tion by
glacier ice or by
mel t - wat er
streanms and

| akes with

gl aci er

H ghl ands bei ng
actively eroded
by streans, texture depends
ground water on underlying
and mass wasting bedrock
processes

loam silty clay
| oam sonetines
gravelly

More weat hered

than floodplain
soils -
silty clay loam

H ghly variable

Generally thin
and i mmature

Hazards and Suitability
Characteristics

silt loam,
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Figure I-17a
Surface Geology of
the Study Area
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i. Beaches. The Oregon and Washington coasts are quite diverse in the
kinds of beaches present and their distribution. US. Arny Corps of
Engineers, North Pacific Division (1971), U'S. Seil Conservation
Service and Oregon Coastal Conservation and Devel opment Conmi ssion
(1975), Lund (1971, 1972a, 1972b, 1973a, 1973b, 1974, 1975), Rau
(1973), Dicken (1961), and Bauer (1974, 1975) provide a detailed

physi cal description of the coastline. Fromthe California border to
Cape Blanco, the shoreline is rugged, characterized by cliffs and

smal | bays. Coarse sands and gravels make up the narrow bay-head
beaches. North of Cape Blanco to Coos Bay the beaches are narrow and
sandy. From Coos Bay to the mouth of the Siuslaw River is a 85 km
continuous stretch of broad, sandy beaches. The remaining O egon
coast, fromthe Siuslaw to the Colunbia River, is conposed of numerous
short sandy beaches, broken by headl ands, bays, and estuaries.

Fromthe Colunbia River north to the Quinault River the shoreline
s predom nantly flat, straight, sandy beaches abutted by dunes and
gently sloping uplands. Rocky bluffs and cliffs domnate the coast
fromthe Quinault River to Cape Flattery. Narrow, sandy to cobble
beaches are irregularly interspersed along this stretch. Beaches
along the Strait of Juan de Fuca, from Cape Flattery to Point WIson,
are typically narrow, backed up by steep bluffs of glacial drift.
Exceptions to this are the large sand spits Ediz Hook and Dungeness
Spit. The shoreline of Puget Sound and the Strait of CGeorgia is
irregular, with narrow beaches conposed of very fine sand to gravel
Beaches are frequently interrupted by rocky points and high, steep
bluffs

Beaches are forned by wave action and are therefore susceptible
to frequent wave attack. Additional hazards include ocean flooding
tsunamis, possible |iquefaction during noderate to strong earthquakes,
differential settling, and caving of excavations. Beaches are tran-
sient, ever-changing landforms that result from the gross equilibrium
between erosion and deposition. They are not suitable for devel opnent
(Sorensen and Mtchell, 1975; Beaulieu and Hughes, 1975).

i. Sea Qiffs. Sea cliffs are steep erosional faces that border the
ocean without an intermediate beach. (For this report, the term sea
cliff is not applied to the wave-cut edges of marine terraces or to
steep bluffs of glacial drift -- both of which are faced by narrow
beaches.)

Sea cliffs are frequently associated with rocky protrusions sub-
jected to active wave erosion and thereby oversteepened, promoting rock
fall and landslides. The eroded material, however, is renoved so
rapidly by wave action that beaches do not form These types of sea
cliffs are common along the Pacific Ccean coasts of Oregon and \Wash-
ington. The other formof “sea cliff”, originally eroded by glaciers,
i's comon in the San Juan and Qulf Islands and on southern Vancouver
I sl and.

Distribution of sea cliffs in the coastal zone of Oregon, Washing-
ton and southern Vancouver Island is irregular. Large-scale topo-
graphic maps (U. S. Geol ogi cal Survey 7% mnutes series or the equiva-
lent) or aerial photographs should be consulted for questions about
specific areas.
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Headl ands undergo active erosion from rockfall and |andslides,

but the rate of retreat is usually quite slow. Therefore, building on
headl ands is usually not hazardous if structures are |ocated back far
enough fromthe edge of cliffs. Gacially eroded cliffs are usually

stable.

Dune Land. Dune

land includes all areas underlain by sem-con-

unconsol i dated wi ndbl own sand. Sand in dunes has an

extremely narrow range in particle size. Anost all grains are between
1/8 and 1/2 mmin diameter (Cooper, 1958). Mst grains are fragnents
of either quartz or feldspar; heavier mnerals are left behind on the
beaches where they may be concentrated locally as “black sands”.

Active dune landforms include traverse, oblique, and parabol a dunes,
active dune hunmocks, and active foredures (U S. Soil Conservation
Service and Oregon Coastal Conservation and Devel opment Commi ssion,

1975) .

These forms are shown diagrammatically in Figure I-18. Cooper

(1958) has noted that dunes can advance at rates ofup to nearly 3 m

per year.
into forest.

At many places along the Oregon coast, dunes are advancing
Detailed descriptions of dune features and character-

istics may be found in Cooper (1958) and U S. Soil Conservation
Service and Oregon Coastal Conservation and Devel opment Commi ssion
(1975) .

Dune |and occurs

along 62 percent of the ocean-facing shoreline

in Oegon and along 17 percent in Washington. Sand dunes are not
found along the shore of the Strait of Juan de Fuca, Strait of
Georgia, or Puget Sound.

1958) .

Active dune areas exist in a state of dynamc equilibrium bal-
ancing the effects of wind, vegetation cover, and sand supply (Cooper,

Changes in any of these through devel opment can initiate

responses in either wind erosion or deposition. These relationships
are examned nore closely in Section 3.d.viii. , Wnd Erosion and
Deposition. Foredune
erosion during storns (Beaulieu and Hughes, 1975; U. S. Soil Conserva-
tion Service and Oregon Coastal Conservation and Devel opment Com
mssion, 1975).

Infiltration rat

dune areas, except in
perneabl e pans of iron-cenented sand to develop at shallow depths.

Because of this,

areas are also subject to catastrophic wave

es and permeabilities are generally very high in
areas where high water tables have caused im

ground-water potential is excellent in dune areas,

but so is the potential for ground-water pollution. Use of septic
tanks and other such waste disposal practices can be safe only under
strictly controlled conditions (Beaulieu and Hughes, 1975).

surf

Foundation strength in sand dune areas is variable, ow ng to peat
deposits that are frequently encountered in the subsurface. In areas

of high water table,
wide fluctuations in the water table. Localized quicksand conditions

are sometimes encountered between dunes when _ground water reaches the

ace. (Qpen excavat

liquefaction may be induced by earthquakes or

ions are subject to collapse and often pronote

wi nd erosion (Beaulieu and Hughes, 1975).

iv.

Lakes and Marshes.

Lakes and marshes are inland bodies of standing
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Figure 1-18

Di agrammatic Sketch of Features Typical gf
Dune Land Along the Pacific Ocean Coast
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water and are differentiated on the basis of water depth and the’
anount of vegetation growing in them Mst of the |akes and marshes
along the Oregon and southern \WAshington coasts are situated immedi-
ately inland from beaches and dune lands. They are formed by the
natural inpoundment of streams through dune growth or represent the
intersection of local depressions by the water table (Beaulieu, Hughes
and Mathiot, 1974).

Along the Washington coast north of Gays Harbor and around Puget
Sound, nmost |akes and marshes have a glacial origin, either directly
or indirectly. They form where glacially scoured or dammed depres-
sions intersect the water table and where inpervious glacial sedinments
create a perched water table that intersects depressions in the ground
surface. Marshes are also associated with tidal flats.

The surficial geologic units deposited in these |akes and marshes
are water-rich silts and clays with varying amount of partially decayed
organic matter or peat. Shifting streams and dune migration nmay bury
these deposits under other surficial units. Consequently, the subsur-
face distribution of |ake and marsh deposits may be nuch larger than
the surface distribution, and can only be verified by digging or
drilling. Areas of present-day marsh and peat devel opment are recog-
ni zed by abundant vegetation, lowlying and saturated ground, and
sinuous drainage patterns (Beaulieu and Hughes, 1975).

Geol ogi ¢ patterns associated with |ake and marsh deposits are high
ground water, flooding, and caving of deep excavations. Peat is spongy
and fibrous, with a high water content. \en subjected to loads it
compresses and expels the water, often causing uneven settlement of
structures and roads. Under heavy loads it may spread |aterally
(Schlicker and Deacon, 1974; Beaulieu and Hughes, 197S5).

v. Tidal Flats. Tidal-flat sediments are often buried beneath sand
dunes and al luvium (flood plain deposits). Their thickness may vary
froma meter to over 60 m  Flats may be bare or covered with marsh
vegetation

Tidal flats can be found in each of the numerous estuaries al ong
the Oregon and Washington coasts, including Puget Sound, near the
mouths of major rivers, and in sone spit-protected bays, such as at
Dungeness Spit (Walters, [n.d.]1; Beaulieu and Hughes, 1975; Schlicker
and Deacon, 1974; Schlicker, et al., 1972; University of Washington,
Dept. of Geol ogical Sciences, 1970).

Tidal flat sedinents are constantly saturated and frequently re-
worked by tidal action. Hazards include possible Iiquefactions during
earthquakes, caving of excavations, and exposure to tsunams, tidal
flooding, and storm surge. Peat and conpressive clays are frequently
found in the subsurface, offering poor foundation support. Because of
constant saturation conditions, septic tanks and other such fornms of
waste disposal are probably unacceptabl e.

vi. Marine Terraces. Mrine terraces are flat, wave-cut platforms
along the coast that have been brought to their present positions by
a conbination of fluctuating sea |evel (eustatic change) and tectonic
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uplift of the land. The bedrock platforms are usually veneered by a
conbi nation of various unconsolidated sedinmentary units, including
beach deposits (sand and gravel), |andslide and other nass-wasting
deposits {colluvium), and fine grained, wi nd-bl own sand. Terrace
surfaces usually slope gently seaward because of the accumul ated de-
posits (see Figure 1-19). Total thickness of these surficial geol ogic
units may vary fromjust a meter to over 30 m Elevations of marine
terraces along the \ashington-COregon coast may vary from a meter to
over 460 m above sea level (Pal mer, 1967a; Pal ner, 1967b; Beaulieu
and Hughes, 1975).

Marine terraces can be found intermttently all along the Pacific
Ccean coast of Oregon and Washington. They usually occur as fairly
smal| terrace remants, but in the Cape Blanco area of southern Oregon
the terraces are well developed and extensive. Terraces are not found
along the shore of the Strait of Juan de Fuca or in Puget Sound. De-
tailed descriptions and |ocations of terraces may be found in Pal mer
(1967a).

Gently sloping surfaces on marine terraces inhibit erosion and
pronote deep weathering of the deposits. Soils (Figure 1-20) can vary
fromsilt | oam and silty clay loam on the ol der finer grained deposits
to sandy |oam sand, and silt on the nore recent w nd-blown deposits.
Iron-cenmented pans (hard, inpermeable |ayers) are often encountered in
the soil horizons or deeper. Geologic hazards are generally greatest
near the edges of the terrace deposits, where wave erosion, stream bank
erosion, and caving of deep excavations may occur. Drainage on narine
terraces is generally good, although iron-cenented pans may cause bogs
to formlocally. Perneability depends on the nature of the material,
and it can vary with depth and fromsite to site. Wste-water disposal
must therefore depend on the nature of the surficial unit, |ocal ‘ground-
water conditions, and the kind of waste-disposal technique proposed
{Beaulieu and Hughes, 1975).

i. Flood Plains. Flood plains are broad, flat, lowlying areas adja-
cent to streams anderivers that are subjected to flooding (under nat-
ural conditions) once every one to-two years on the average. They are
depositional features (Leopold, Wolman and MIler, 1964; Morisawa, 1968).
Flood plain sediments of nmajor rivers in the study area are predom nantly
sand and silt, with surficial |ayers of silt and clay. Snall, steeper
steams have flood plains conposed of nostly sand and gravel (Schlicker
and Deacon, 1974; Schlicker, et aZ., 1972; Schlicker, et al., 1973;
Beaul i eu and Hughes, 1975; University of Washington, Dept. of

Geol ogi cal Sciences, 1970).

Fl ood plains of varying size may be found along nearly all streans
that enpty into salt water in the study area. In southern O egon,
where recent or present-day tectonic upiift appears to have been nore
vigorous than elsewhere, streans are downcutting nore rapidly and flood
plains tend to be nuch narrower than they are further north (Leopold,
Wolman and M| ler, 1964; Janda, 1970).

Soi I's devel oped on floodplain deposits tend to be conplex, the com
bined results of floodplain deposition, weathering, and plant growh.



Figure I-19

Di agranmatic Cross Section of a Marine Terrace During
Formation Through Wave Erosion (Upper Profile)
and After Mdification by Marine Depositi on, PY
Uplift, and Mass Movenent’®
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Figure 1-20

Di agram Indicating How Soils Are Naned
on the Basis of Texture$
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On larger flood plains, soil textures are generally silt loams, silty
clay loams, or silts, wth varying organic contents. Interbeds of

peat and alluviumw th abruptly changed grain size are comon. The
mai n hazards are flooding and high ground water. QO her problenms
include siltation and settling of ground under structures. Alluvium is
easily excavated, but prone to caving, especially in saturated areas.
Infiltration and drainage depend on the local soil type, topography,

and position of the water table. The water table is generally close to
the ground surface the year-round and ground water production is good
Because of the high water table, septic tanks and other simlar formns
of waste disposal are not recommended (Beaulieu and Hughes, 1975).

viii. Stream Terraces. Streamterraces are remants of old flood plains

that are left behind after a streamcuts downward and forns a new
floodplain at a |ower elevation (Figure 1-21). Changes in stream and/
or sedinent discharge, lowering of sea level, and tectonic uplift of
the land can all pronote downcutting and terrace formation (Leopold,
Wolman and M| ler, 1964; Morisawa, 1968).

Terrace deposits within the study area consist of the same type
of material found in flood plains -- nostly gravel, sand, or silt at
depth, mantled by silt or clay at the surface. The nature of the
sedi nents depends on the type of bedrock available for erosion and the
ability of the stream to transport the eroded sedinents. Thickness
of these deposits can vary froma few to many tens of neters (Schlicker
and Deacon, 1974; Beaulieu and Hughes, 1975].

The flat surfaces of streamterraces nost comonly have silt |oam
and silty clay loam soils developed in them Drainage is usually
moderate to poor because of the fine grained sedinents at the surface,
but terraces have less of a problemwth high ground water than flood
pl ai ns (Schlicker, et al., 1973; Beaulieu and Hughes, 1975).

Geol ogi ¢ hazards include pending, streambank erosion along the
edges, and high ground water. \Were deposits are thin, characteristics
of the underlying bedrock become a critical factor. Terrace deposits
are well suited to devel opnent because they are flat, stable landforms
with mnimal hazards over |arge areas (Beaulieu and Hughes, 1975).

ix. Gacial Drift Plains. The Puget Low and, the north coast of the
A ympic Peninsula, and nost of southern Vancouver |sland were covered
by glacier ice that flowed southward and westward out of the Fraser
Low and in Canada on at |east four separate occasions during the
Pl ei stocene Period (Crandell, 1965). These episodes of ice advance
(glaciation) are termed, fromoldest to youngest, the Oting, Stuck,
Sal mon Springs, and Fraser G aciation. The periods of intervening
warmer climate are referred to as the Alderton, Puyallup, and O ynpic
Interglaciations (Ssee Figure 1-16) (Crandell, 1965). At |east four
separate al pine glaciation (ice advance out of the Cascade, O ynpic,
and Insular Muntains) are also known to have occurred, corresponding
roughly with the advances of continental ice, but out of synchro-
ni zation

Ages of the older glaciation are not certain. The Oting and
Stuck are thought to be early and/or mddle Pleistocene. The Sal non
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Figure 1-21

Diagrammatic Cross Section of a River Valley
Show ng Relative Positions of River, Flood-
plain and River Terraces}

Terraces

Floodplain

SAfter Morisawa, 1968.

1-103



Springs appears to have an early Wsconsin age (ending roughly 35,000
years ago), and the main advance of the Fraser Gaciation is well
established as a |ate Wsconsin event (from about 20,000 to 13,500
years ago for the central Puget lowand) (Flint, 1971).

Continental glacier ice reached beyond Aynpia in the Puget Low-
land (known as the Puget Lobe) and extended fromthe O ynpics to the
Cascades (see Figure [-22). It has been estimated that ice stood
close to 1100 m thick over what is now Seattle and alnmost 2 km thick
near the Canadian border (MKee, 1972). Another tongue of ice flowed
westward out of the Strait of Juan de Fuca. Because the Fraser Qaci-
ation was the most recent, its deposits conceal the earlier sedinents
except in the southeastern and southwestern parts of the Puget Low and
(Crandell, 1965).

The glaciers left behind a conplex stratigraphy. Al though the
erosion caused by the |ast advance is responsible for nuch of the langd-
scape we see today, the 1lithologic nature of the glacial sedinents is
nore inportant to the land-use planner and developer. In general,
these glacial deposits include silts and clays deposited in ice-dammed
| akes, beds of sand and gravel left by neltwater streams, and |ayers
of till (unsorted, unstratified sedinment that is carried, deposited,
and sonetinmes overridden by the glacier). Between these glacial units
are interglacial sequences of alluvial sands and gravels, |ocal lake-
bed and peat deposits, and occasional vol canic mudflows that nmoved
westward into the |ow ands from the Cascades (Easterbrook, 1962
Mullineaux, Waldron and Rubin, 1965; Crandell, 1965).

Stratigraphic relationships vary considerably fromplace to place
in the glaciated lowands. Figures 1-23 and |-24 denonstrate sone of
this variation. However, a generalized sequence of inpermeable silt and
clay beds overlain by outwash sand and gravel and finally capped by till
is characteristic of the upper section of nuch of the Puget Low and
(Figure 1-25) (Mullineaux, Waldron and Rubin, 1965; Tubbs, 1975). On the
north side of the A ynpic Peninsula, much thicker beds of outwash sand
and gravel are exposed in the wave-cut bluffs. Continuing west and
then south to the Quillayute River one encounters a sequence of glacia
drift deposited by the Juan de Fuca Lobe. Surficial deposits
south of the Quillayute River one encounters a sequence of glacia
drift deposited by the O ynpic Muntains al pine glaciers and nmeltwater
streams, partially reworked by wave action during higher stands of sea
| evel (Moore, 1965; Carson, 1970). On Vancouver Island, the general-

I zed sequence includes two sets of glacial deposits and a thick inter-
veni ng succession of non-glacial deposits capped by varied |ate-glacia
and post-glacial marine and fluvial deposits (Fyles, 1963).

CGeol ogi ¢ hazards associated with glacial drift vary with topog-
raphy and sedinent type, but nmay include |andsliding (usually on slopes
greater than 15% and near the edges of wave-cut bluffs), stream flood-
ing, and pending and high ground water

x. Uplands. Uplands is a general termreferring to the regions of
moderately to stepply sloping terrain that lie inland from beaches,
dune land, glacial drift plains, marine terraces, and the |akes and
mar shes of the coastal areas, and upslope from the bottomlands of
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Figure 1-23
Stratigraphic Rel ationships at Three Different
Locations in the Puget Lowlands$
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Figure 1-23 (cent.)"
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Figure |-24

CGeneral i zed Stratigraphic Section -
Sout hwest O ynpi ¢ Peninsula’
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Figure 1-25

CGeneral i zed Glacial Stratigraphy
of the Seattle Area
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streans. Except for sea cliffs, headlands along the coast are consid-
ered uplands for this report. Uplands are subject to continuous
weathering and erosion, primarily through the action of ground water
streans and mass wasting: (| andslides, rock fall, and soil creep).

Soils in upland areas are generally poorly devel oped, relatively
thin and, in steep terrain, unstable. Because of this, the engineering
properties of the bedrock should be considered if devel opment is plan-
ned. Ceologic hazards are significant and include |andslides (slunps
debris flows, rock fall), flash floods, and forest fires. Drainage is
general |y good, but, because inpervious bedrock is so close to the sur-
face, ground water potential is poor. Due to the thin soils and rapid
runof f, pollution problenms could arise where septic tanks and ot her
simlar forms of waste disposal are practiced (Beaulieu and Hughes,

1975) .

c. Soils.

i. Definition. Definitions of soil vary widely. For this report,
soi | Ts the unconsolidated mineral and organic material at the earth’s
surface, weathered in place over a period of time and differing from
its parent material in both chemical and physical properties. This
definition is nore restrictive than that used by many agronom sts

who limt their definition to that material capable of supporting
plant growth, and it is nore restrictive than the definition enployed
by many engineers, who consider soil to be all unconsolidated materia
overlying bedrock. It is a definition consistent with the nethods of
sanpling (limted to the upper 1.5 to 2 m used by the US. Soil Con-
servation Service and it enphasizes the unique characteristics of the
weat hered zone (Beaulieu and Hughes, 1975).

\Weat hering processes include the chemcal, biological and physica
breakdown of mnerals, chemcal reconstitution into mneral forms, and
| eachi ng of dissolved mnerals out of the system Any particular soi
is a unique result of the parent nmaterial, topographic setting, cli-
mate, biological activity, and time. Because chem cal and physical
conditions vary vertically in soil, horizons of different texture and
conmposi tions devel op (Beaulieu and Hughes, 197S; Brady, 1974).

The upper, or A horizon is the zone of |eaching and clay renoval.
It is the zone of maximum mxing and organic activity. Iron oxide,
carbonates, and other soluble ions are renmoved fromthis horizon. The
mddle (B) horizon is the zone of accunulation for suspended materia
and iron oxide, which gives it a characteristic reddish or orange
color. The lower (C) horizon is the transition zone to the underlying
parent material (either bedrock or unweathered surficial deposits).
Consequently, it is conposed of partially weathered and deconposed rock
and nmineral fragnments. In some environnents, such as flood plains,
dune land, and tidal flats, deposition is sonetines uninterrupted and
weat hering does not have a chance to nodify the sedinents to forma
soil at the surface (Beaulieu and Hughes, 1975; Brady, 1974).

i. Systems of Soils Cassification. Soils are mapped and classified
in different ways, depending on the planned utilization of the |and
Traditional ly, nost soils mapping has been ainmed at agricultural uses
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The recently adopted Seventh Approxi mation System of Soils C assifica-
tion (Conprehensive Soil Survey Systenj (Table I-6) is used by agencies
of the US. Dept. of Agriculture, including the US. Soil Conservation
Service -- the agency responsible for most of the published soil sur-
veys in the United States. Oher major classification systems are the
Unified Soils Classification (Table 1-7), used by the US. Arny Corps
of Engineers, and the AASHO (American Association of State H ghway
Oficials) System(Table I-8), utilized by the U S. Bureau of Recla-
mation and other governnent agencies. Conparison of the particle size
boundaries enployed by these three systems is given in Table 1-9.

Anot her system specifically aimed at forest managenment practices and
associ ated slope stability problems was recently devel oped at the Siuslaw
National Forest for upland terrain in that jurisdiction of the central
part of the Oregon coastal zone (Badura, Legard and Meyer, 1974].

iii. Soils of the Coastal Zone. It is inpractical to describe all the
mapped soil units wthin the study area for this report. Table I-10
refers the reader to nore detailed reports of seil conditions. Soil
groups in this region are described in a very generalized way. Table
I-11 provides definitions of soil term nology.

Soils in the Klamath Mountains region (Inceptisols and Alfisols)
are described as domnantly light-colored, mediumto slightly acid,
| oany, and commonly stony and shallow. Soils of the Pacific coastal
| owl ands, including dune land, marine terraces, and flood plains,
generally fall into the categories of Spodosols, Inceptisols, and
Entisols. These soils are strongly acid, and usually dark and deep.
Poorly drained silty and clayey soils are common in flood plains and
estuaries. Sandy Spodosols, conmonly with iron-cemented subsoils
(pans) occur on lower narine terraces. Entisols are found on younger
sand dunes. Soils of the upland areas of the Coast Range Province
are predom nantly Inceptisols, Alfisols, and Ultisols. They vary from
dark, loany or clayey soils to shallow, stony and sandy soils. Deeper,
reddi sh, clayey Ultisols are found on flatter, nore stable slopes
(Badura, Legard and Meyer, 1974; Loy, et al., 1976).

In Washington State, soils along the coast are Inceptisols,
Spodosols, and Alfisols, except in dune areas and flood plains. They
are deep, strongly acid, predomnantly silt loamto silty clay soils
devel oped on glacial drift, sandstone, and shale. Soils in the QAynpic
Mount ai ns are Inceptisols, Mollisols, Ultisols, and Alfisols -- nmedium
acid to extremely acid, sandy and silty |oam soiis devel oped on gl aci al
drift, shale, and basalt. In the Puget Low and and the coastal strip
north of the Aynpic Muntains soils are predom nantly Inceptisols,
Mollisols, and Spodosols. These are noderately deep to deep, imper-
fectly drained to sonewhat excessively drained, sandy, sandy |oam and
silt loamsoils forned on glacial drift. This classification also
includes nmost of the soils of the San Juan Islands (Chapin, 1968).

d. Surficial Geol ogi ¢ Processes.

i. Stream Flooding. Floods occur when stream channels can no |onger
contain all the water in them resulting in bank overflow and inunda-
tion of lowands. Under natural conditions, streans can be expected
to overtop their banks every one to two years on the average
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Table I-6

Names of Soil Orders in the Conprehensive Soil C assifi c:#’ on
System and Approxinmate Equivalents in the 014 Syste

Approxi mate Equival ents

Name in the d System
Entisol Azonal, SOnMe Low-Humic
Gey soils
Vertisol Grumusols
Inceptisol Ando, Sol Brun Acide, sone

Brown Forest, Low-Humic
Gley, and Humic G ey soils
Aridisol Desert, Reddish Desert,
Sierozem, Solonchak, sonme
Brown and Reddi sh Brown
soils and associ ated
Solonetz
Mollisol Chesnut, Chernozem
Brunizem (Prairie),
Rendzi nas, sonme Brown,
Brown Forest, and
associ at ed Solonetz and
Hum c G ey soils

Spodosol Podzols, Brown Podzolic
soils, and G oundwater
Podzols

Alfisol G ay- Brown Podzolic

G ay Woded, and Hon-
Calcic Brown soils,
Degraded Chernozems and
associ at ed Planosols and
sone Hal f-Bog soils
Ultisol Red- Yel | ow Podzolic soil s,
Reddi sh- Brown Latertic
soils of the U S., and
associ at ed Planosols and

Hal f-Bog soils
Oxisol Laterite soils, Latosols,
Histosol Bog soils

SBrady, 1974,
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Table I-7

Unified Soil Cassification System§
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Division of GM and SM groups into d and u are for roads and airfields
only. Subdivision is based on Atterburg 1 imts; suffix d used when
L.L.is 28 or less and the P.I.is 6 or less; the suffix u used when
L.L. is greater than 28.

Borderline classification, usef for soil possessing characteristics
of two groups, are designated by conbinations of group symbols.

bF'Ord exanpl e, GW-GC, wel | graded gravel-sand mixture with clay

i nder.

§Beau11eu and Hughes, 1975.
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Table [-8

American Association of State H ghway Oficials
(AASHO) Soils Classification’

Attesburg limits for
General G UP Grain size fraction passing No. 40
clossification | SyMOls (S1eve) QUG 1ML | Plasticity index
50% max. passes No. 10
r0

IR A-l-a 3WA  mox. posses No. 40
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= °
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8 [

NEE 2
2| 88 50% mox. passes No. 40 3
s r4 - | A1l -6 _'g,
5§ 25%max. posses No .200 2
g = =
§=B . 50% min. posses Ne, 40 2
-g gl cg|A-3 ] A3 N.P. 8
s ﬁ w - 10% max. posses No .200 3
.

O, 2

& A-2-4 Less than 40 Less than 10 2

D =P 9

HEE ©

£lL&3 A-2-5 Greater than 40 | Less than 10

2|l CSA2 35% max. passes No. 200

3 2% A-2-6 Less than 40 Greater than 10

- >

=9

Lo A-2-7 Greater than 40 | Greater than i0
= <
S ol »e A-4 | A-4 Less than 40 Less than 10 s
' §el=%3 2
fe 2 e A5 | A5 Greater than 40 | Less than 10 2
i é_,e S Greater than 35% passes =
R 2 |A-6 | A-6 No. 200 Less than 40 Greater than 10 <
te 8 3 o
-4 - ]
5| |7 |A7s 5
: g-.‘. ) and Greater than 40 | Greater than 10 a
s u A-7-6

*The difference between liquid!imitend plastic limit; the range of water content through which the seil
behaves plasticly.

§
From Beaulieu and Hughes, 1975.
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Table -9

Conparison of Three Systens of goil
Particle-Size Cassification

American Association
of State Highway " ¢ Fine Medium Coarse Bould
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Gl i s ’ ‘
u.s. lDepo: tment ?f Very . . Very .
Agrlt{u.ltur? - soil c loy Silt fine Fine Medium Couorse coarse Fine Coarse Cobbles
c lassification send send sand sand sand gravel grovel
Unified soilclossifica=
tion
U.S. Army Corps of .
Engincers Fines (silt or clay) Fine sand Medium sand c°°'d’° ":'cni' Coarstle Cobbles
v rovel
Bureou of Reclomation, san 9 g
Dept. of Interios
Sieve sizes - U.S, standard .
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5 8838 8§53 ¢ 83 838 Ne s o

Particle size - millimeters

gBeaulieu and Hughes,

1975.
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Table 1-10

Condition Data Available
Counties of Washington

Soi |
COUNTY SOLS
CURRY Beaulieu and Hughes, 1976
Buzzard and Bowesby, 1970
c00s Beaulieu ond Hughes, 197s
DOUGLAS Beaulicu and Hughes, 197s
Pomerening and Simonson,
1976
LANE Schiicker and Deacon, 1974
LINCOLN Schiicker, et aZ. , 1973
Corliss, 1973
TILLAMOOK Schlicker, et al., 1972
(: LATSOP Schiicker, €1 af. ,1972
WAHKIAKUM Pringle,etal. ,
(in progress)
PACIFIC Pringle,et al.,

(in progress)

GRAYS HARBOR Pringle, €1 aZ. ,

(in progress)

GROUND
WATER

Beaulieu and Hughos, 1976

Beaulieu and Hughes, 197.5
Brown and Newcomb, 1963
U.S. Geological Survey
(in progress)

Beaulieu and Hughes, 197S

Schlicker and Deacon, 1974

Hampton, 1963

Schiicker, et al. , 1973
Frank and Laener

(in progress)

U.S. Geological Survey
(in progress)

Schlicker, eta. , 1972

Schlicker, et al. , 1972
Frank, 1970

nothing available --
mostly surface-water
utilization in this
count 'y

U.S. Geological Survey
(in progress)

Eddy, 1966

+ J000DO0COOOODDODOOED . .. ,

for the Coastal
and Oregon

SURFICIAL
NAPPING

Beaulicu isnd Hughes, 1976
Lund, 1975

Beaulieu and Hughes, 1975
Baldwin and Beaulieu, 1973

Beaulleu and Hughes, 1975

Lund, 1971
Schlicker and Deacon, 1974
Feierelisen (in progress)

Lund, 1972b, 1974
Schticker, et al. , 1973

Lund, 1972a
Schlicker, 1 aZ. , 197

Lund, 1972 a

Niem, 197S

Schlicker, et @l . , 1972
Carter (in progress)

Wolf and M¥cKee, 1968

Wolfe and McKee, 1968

Moore, 1965
Rau, 1973, 197S
Eddy, 1966
Carson, 1970

HAZARDS

Beaulieu and Hughes, 1976 .
17 S. Federal Insurance Administration
(in progress)

Beauiieu and Hughes, 1975
U.S. Federal Insurance Administration
(il’l progress)

Beaulieu and Hughes, 197S

U.S. Army Corps of Engineers, Portland
District, 1966

U.S.Federal Insurance Administration
(in progress)

Schlicker and Deacon, 1974

U.S. Federal Insurance Administration
{in progress)

Schlicker, et al. , 1973,

Komar end Rea, 1976

Stombridge, 197S

U.S. Federal Insurance Administration
(in progress)

Schlicker, et al. 1972

Terich and Komar, 1973

Komar (in progress)

U.S. Federal Insurance Administration
(in progress]

Schlicker, et al. ,1972

Carter (in progress)

U.S. Federal Insurance Administration
(in progress|

U.S. Federal Imsurance Administration
(in progress)

Pacific Co. Regional Planning Comm.,
1974

U.S. Federal insurance Administration
(in progress)

U.S. Federal Insurance Administration
(in progress)



=1

COUNTY

MASON

JEFFERSON

CLALLOW

THURSTON

PIERCE

KING

KITSAP

ISLAND

SNOHOMISH

SKAGIT

SOILS

Fowler, Parbin and Roberts,
1960

McCreary, 1975

Smith, Olsen end Fox, 19sl

Glassey, et al., 19S8
Anderson, Ness and Anderson,

195s

Poulson, 19S2
Snyder, Gale and Pringle,
1973

Wildermuth and Perkins, 1939

Ness and Richins, 1958

Anderson, et al., 1947

Ness, Buchanan and Richins,
1960

Y

Table I-10 (cont.

GROUND
WATER

Molenaar and Nobie, 1970

Noble, 1960

Noble and Wallace, 1966
Wallace and Molenaar,
1961

Griffin, €t at., 1962
Walters and Kimmel, 1968

Liesch, Price and Walters,

1963
Luzier, 1969

carling, €1 al. , 1965

Anderson, 1968
U.S. Soil Conservation
Service, 1969

Eddy, 1971
Grimstad, 1971
Newcombe, 1952

Grimstad, 1971

)

SURFICTAL
MAPPING

Molenaar and Noble, 1970

Rau, 1973

Noble, 1960

Brown, Gower and Snavely,
1960

Horn (in progress)

HAZARDS

Smith (in progress)

Gryta (in progress)

Wilson (in progress)

U.S. Federal Insurance Administration
(in progress)

Gryta (|n progres';s
Carson, € in progress)
us. FederaJ Insurance Administration

(in progress)

U.S.ArmyCorpSOf Engineers, 1971
Watters,

U.S. Federal Insurance Administration
(in progress)

Horn and Othberg (in progress)

Othberg (in progress)

Noble and Wallace, 1966
Wallace end Molenaar, 1961

Walters and Kimmel, 1968
Smith, 1972

Fiksdal (in progress)
Liesch, Price and Walters,
1963

Livingston, 1963
Mullineaux, Waldron and
Rubin, 1965

Garling, €1 . , 1965
Deeter (in progress)

Easterbrook, 1968
Thorsen (in progress)

Grimstad, 1971
Smith, 1976a, 1976b

Grimstad, 1971

Artim, 1976a, 1976b, 1976¢
U.S. Federal Insurance Administration
(in progress)

Smith, 1976a, 1976b
U.S. Federal Insurance Administration
(in progress)

Miller, 1973

Tubbs, 1974a, 1974b, 1975

U.S. Federal Insurance Administration
(in progress)

Bauer, 1975a

U.S. Federal Insurance Administration
(in progress)

Thorsen (in progress)

U.S. Federal Insurance Administration
(in progress)

U.S. Army Corps of Engineers, 1967
U.S. Federal Insurance Administration
(in progress)

Army Corps of Engmeers 1965
Cheney In pngP
Artm(in progress)
Federal, Insurance Administration
I progress)



COUNTY SOILS
SAN JUAN Schlots, 2t al., 1962
WHATCOM Poulson and Flannery, 19S3

VANC(z\NbER | SLAND

GULF ISLANDS Day, Furstad and Laird, 1959

8T1-1

“I"able 1-10 (cont. )

GROUND
WATER

Russell, 1975

Fyles, 1963
Halstead, 1965
Foweraker, ongoing

TAL
ﬁkﬁgﬁ ’\kg HAZARDS

Russell, 1975 Bayer, 1975a
U.S. Federal Insurance Administration
({n progress)

pames and Moore, 1976 Bauer, 1975a, 197519, 1974
Bayrock, 1976 Whatcom Co. Planning Comm., 1972
Esterbrook, 1976 Byrne, 1976

U.S. Federal Insurance Administration
(in progress)

Halstead and Treichel, 1966
Clapp, 1913, 1914
Halstead, 196S

Halstead and Fulton, 1972



Entisols:

Vertisols

Inceptisols:

Aridisols:

Mollisols:

Snodosols:

Alfisols:

Ultisols:

Oxisols:

Hi st osol s

SBrady, 1974.

Table 1-11

Definitions of Soil Oders®

These are recent soils that have not devel oped genetic
hori zons or have only begun to devel op them

These are mneral soils that contain a high percentage of

swel ling-type clay mnerals. They expand when wetted, and
shrink and crack when dried. This behavior is often a problem
for foundations and roads.

Inceptisols are weakly devel oped, immmature soils that show
more profile devel opnent than Entisols, but |ess than in other
soils. Cays and iron oxides have not yet accunul ated
markedly in the B-horizon

These soils are found principally in dry climtes, and are
characterized by horizons of accunul ated sol ubl e salts such

as cal ci um carbonate and gypsumand by a |ight-colored surface
hori zon low in organic natter.

Mollisols are easily worked soils suitable for agriculture and
characterized by a thick dark surface horizon. Mollisols
dom nate in grassland areas.

Spodosol s usual ly formunder forests in humd, tenperate (to
cold) climates. They are characterized by an accunul ation of
organic matter and alum num oxides in a one subsurface horizon
which overlies a light-colored highly Ieached horizon

Alfisols appear to be nore highly weathered than Inceptisols,
but not as weathered as Spodosols. They also tend to form
under forests (deciduous) and have gray to brown surface

hori zons overlying a zone of accunul ation of bases and clay
m neral s.

These are highly weathered reddish or yellow sh soils contain-
ing accunul ated clays and free iron oxides. They often form
under forests.

Oxisols are the nost highly weathered soils in the classifica-
tion system Hydrous oxides or iron and al um num predom nate
in the subsurface "oxic" horizon. Some quartz and clay mner-
als are usually also present, but the other original mnerals
have been |eached out of the soil. These soils are conmon in
warm humd climates.

These are the organic soils (bog soils) that have devel oped in
a water-saturated environnment where organic material has been
prevented from decaying by the lack of oxygen that typifies
these environments. They contain at |east 20% organic matter
if clay content is low, and at |east 30% organics-if clay
content exceeds 50%
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(Leopol d, Wolman and M| ler, 1964). Because flood plains have been
desirable locations for hones and for other forms of human activity,
fl oods often result in deaths and serious econom c |o0sses.

Various means of predicting the occurrence and severity of floods
do exist. The best nethods are based on past flood records. Sophisti-
cated mathematical models for predicting areas subject to flooding at
various frequencies have been devel oped and flood nmaps published by the
U S Arny Corps of Engineers, US. Soil Conservation Service, and U S.
CGeol ogi cal Survey for major rivers in the study area. Ofices of
t hese agencies and county and other |ocal planning agencies should be
consulted as to the status of flood-zone nmapping in their areas. An
overvi ew of flood plain management in Oregon and \Washi ngton can be ob-
tained from the University of Oregon, Bureau of Governmental Research
and Service (1971) and Washington Dept. of Ecol ogy (1976].

Fl ood- hazard boundary maps (generalized) and flood-hazard studies
for urbani zed areas (detailed) are presently being prepared for al
coastal counties in Washington and Oregon under the direction of the
Federal Insurance Adm nistration (Flood Insurance Studies). Coverage
by these studies will eventually include all coastal areas subjected
to flood hazard, both from stream and ocean flooding. Reports and maps
are being prepared by the U S Arny Corps of Engineers, US. Ceologica
Survey, U'S. Soil Conservation Service, and private consultants
(Federal Insurance Adm nistration on-going studies). Flood information
can also be obtained fromthe U S. GCeol ogical Survey Water Supply
Papers, whi ch contain streamflow records fromall parts of the United
States.. For small watersheds, useful flood data can be obtained from
the Soil and Water Conservation Research Division of the Agricultural
Research Service (U S. Dept. of Agriculture). Some hydrologic data is
al so available fromthe U S Forest Service, although this information
is usually not published (Dunne and Leopold, [19777]).

For areas where there is little or no recorded data, flood-prone
terrain can be deduced from topography, landforms, soils, vegetation
cover, and other natural features. Deduction nethods of this type are
sumarized in Dunne and Leopold ([197721).

a) Causes. Flooding results from heavy rainfall, when the storage
capacity of the soil is exceeded and runoff moves quickly from
hillslopes to the stream channels. Steep upland areas worsen the
situation because they provide a steep hydraulic gradient for the
runoff and relatively little storage capacity. Flash floods occur-
ring in upland areas can cause catastrophic erosion and deposition

At lower elevations, high water from many tributary creeks con-
verges on the main channels, excess water overtops the stream banks,
and flood waters flow out on the flood plains. Commonly, ocean
flooding (high tides, storm surge) meke flooding near the channel
mout h much worse than it woul d otherw se be (Beaulieu and Hughes,
1975) . Artificial channel fill, construction in the floodway (part
of the flood plain that conveys the fast-noving water), and even
flood prevention measures can aggravate stream flooding. In this
| ast instance, channelization and diking can seriously worsen flood-
ing downstream from the nodified section of channel by moving the
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fl ood waters downstream faster than they would normally flow,
causing a higher flood peak to form downstream (Keller, 1976).

b) Distribution. Flooding is a geologic hazard along all major
streamin the study area, unless flood-control measures have

al ready been taken. Federal, state, county and |ocal agencies
can be consulted to assess the hazard in any particular area, and
met hods exist for calculating flood risk where data are not
avai | abl e (Dunne and Leopold, [19777]).

ii. Qcean Flooding. Qcean flooding is the inundation of |ow and

areas Dy salt wafer due to storm surge, tidal flooding, or tsunams
(seismc sea waves). The highest levels affected by any of these
processes varies fromplace to place along the coast and is a function
of coast orientation and shall owwater configuration (Bascom, 1964).

In rare instances, one or nore of these processes nmay be superinposed
on another, causing higher water |evels than would otherw se be ex-
pected. Beaches, marshes, coastal |ow ands (including flood plains)
and lowlying dune land are all subject to ocean flooding

a) Tidal Flooding. Causes of tides, controlling factors, and
expected magnitudes at different locations along the Washington-
Oregon coast, are treated in detail in Chapter IIl., Qceanography.

b) Storm Surge. Stormsurge is the rise of sea level above pre-
dicted tide [evels caused by |ow barometric pressure and w nd

Local factors influencing the magnitude of storm surge include
bottom gradient, shore slope, position of the coast relative to
storm center, and harbor configuration (Bascom, 1964). A nore
detailed discussion of factors contributing to storm surge is found
in Chapter I11., Cceanography.

Ccean flooding caused by the conmbined effects of high tides
and storm surges is comon in winter, and results in considerable
| ow and flooding along the Pacific coast. The rise in sea |evel
hi nders stream drainage, further contributing to inland flooding
Because elevated base level (level of prevailing seas) rather than
siltation causes this type of flooding, dredging and channel nodi-
fication can not alleviate the flood problemin the |ower reaches
of coastal streans.

Storm surges allow waves to pass unbroken over coastal bars
to break directly on beach and dune areas (Beaulieu and Hughes,
1975) .

¢) Tsunams. Tsunams are high velocity, long period waves gener-
ated at sea by large shocks or inpulses, such as earthquakes, under-
wat er vol cani ¢ eruptions, huge |andslides into water, or nuclear
explosions.  Tsunanis are difficult to detect at sea, having wave

| engt hs of hundreds of kiloneters and wave heights seldom exceedi ng
one-third meter or so. Wave velocity is a function of water depth,
but in parts of the Pacific velocities can exceed 720 km/hr.

(Bascom, 1964; Beaulieu and Hughes, 1975).

~As tsunamis nove into shallow water approaching a coast, the
hei ght of these waves increase dramatically. Waves over 30 m high
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have been recorded (Beaulieu and Hughes, 197S). As a result of the
1964 “Cood Friday” earthquake in A aska, tsunams ranging in height
fromabout 1to 5 mabove mean high water were recorded in Oregon
(Beaulieu and Hughes, 1975). The height of a tsunam at any given
| ocation depends on 1) the magnitude of the disturbance generating
the tsunam, 2) attenuation wth distance, 3) bathymetry, and 4)
run-up . Tsunam s are discussed in detail in Chapter Ill1., Qceanog-
raphy.

Potential effects of tsunams include flooding of tidelands and
peripheral marshes and |ow ands, damage to noorings, vessels, and
+ structures built near the water, and injury or drowning of people on
beaches, in isolated coves, and on lowlying terrain. The 1964
tsunam occurred late at night, but still caused four drownings and
$700, 000 damage in Oregon (Beaulieu and Hughes, 1975).

Tsunam s are a major hazard along the Pacific coast.

i. Hgh Gound Water and Pending. \Wen the water table is close
enough to the ground surface to cause problens, it is termed high
ground water. Position of the water table can be deternmined fromwells
and surficial and soil features such as marshy ground, presence of
reeds, marsh grass and horse tails (Equisetum sp.), depressions, high
organic content of the soil, and blue-gray color and sometines orange
mottling of the soil. Pending is the local surface accumul ation of
runof f caused by depressions in the topography and | ow perneability

of the underlying soil or bedrock.

H gh ground water and ponding can lead to 1) flooding of base-
nents, underpasses, and other subsurface structures, 2) flotation or
damage to buoyant structures such as pipelines, tanks, sw mming pools,
newy installed septic tanks, and basenents, 3] differential settling
of large to noderate-sized structures, and 4) conplications in instal-
lation of underground facilities, including the danger of caving under
excavation. Qher problens include damage to roads and structures
caused by “shrink-swell” behavior of clay- rich soils, liquefaction
during earthquakes, and pollution of ground and surface water from
septic systems and |andfills (Beaulieu and Hughes, 1975).

A summary of all types of flooding that occur within the study
area is presented in Table 1-12.

v. Mass Movenents. Mass novenent is the downslope novenent of rock
and soil materral 1n response to gravity. A nunber of different types
of mass novement are recogni zed on the basis of nature of novenent,

rate of novement, type of material, and water content of the material.
The various kinds of movenent are diagrammatically shown in Figure

|-26 and their characteristics are sumarized in Table I-13. Landslide
and rockfall terrain can usually be identified from aerial photos and
on-site inspection. Soil creep is a very comon and wi despread form

of mass novenent, but it is difficult to recognize or evaluate w thout
instrumenting the hill slope.

Mass novenent occurs when shear stress on an earth nass (down-
sl ope conmponent of gravitational force) exceeds the shear strength of
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Table 1-12
Types of Flooding’
TYPE | VAR ETY DI STRI BUTI ON CAUSES | MPACT
Fl ash Fl ood Interior uplands with slopes | Steep slopes, |ow infiltra-| Channel scour and stream-
of 50% of greater and tion capacities due to bank erosion; mnina

Fl ood

other wetland areas

conbined with effects of
channel obstruction and
ocean fl ooding.

nmoderate to high relief. shal low soils, heavy bank overflow due to
rainfall. | ack of floodpl ain.
Low and Stream Fl oodpl ai ns of streans and Heavy rainfall, sonetines Wde variety of structura

and water danmge, silta-
tion of cropland, safety
and health hazards, dis-
ruption of transportation

OCEAN
FLOODING

Tidal Fl ooding

Low|ying coastal areas

i ncl udi ng beaches and
marsh. H ghest tide varies
with local conditions.

Daily and seasonal tida

variations

Salt-water inundation
aggravates stream flood-
ing, covers mature high
mar sh.

Storm Surge

Sane as tidal flooding but

additive to it.

Wnd and | ow atmosphere
pressure elevate |oca
sea |level; waves additiona

Same as tidal flooding
but additive to it; also
i ncl udes severe wave
erosion in places

Tsunam
(seismc sea
wave)

Same as other ocean flooding
but can inundate greater
areas; anplitudes of 4.6 m
possi bl e; dissipation in
estuaries; anplification at
headl ands.

Large magnitude earthquakes
with epicenters under water
or along coasts; large

| andslides into sea.

Loss of life to unwary
beach conbers, clammers,
and residents at |ow

el evations along coast;
damage to noorings and
other |owelevation
structures; salt-water

I nundat i on
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Table 1-12 (cont.)

TYPE | VAR ETY DI STRI BUTI ON CAUSES IMPACT

e Pendi ng Fl oodpl ai ns, behind |evees, Low infiltration rates Flotation, caving, com-
E wet | ands, topographic in topographic depressions | pressible soils, flood-
=2 depressions, interdune ing, waste disposal

%g areas mal functions

g% ' High Gound Sane as pending, also I ntersection of ground Sane as pending; also
O | Water i ncludes areas of surface with water table

ground-water discharge

or perched water table

i ncludes settling, un-
favorabl e shrink-swell

of soil, liquefaction

during earthquakes

§Af ter

Beaulieu and Hughes, 1975.




Figure 1-26

Types of Mass Movenent’
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Table 1-13

Characteristics of Various Types of Mss Mvement

(PE | MOVENENT [ MATERIAL | WATER CONTENT | TOPOGRAPHY ADDI TI ONAL  CHARACTER! STI CS

Rockfall | Extrenely rapid Bl ocks and |Low Very steep to vertical | Look for vertical slopes
boul ders of upland slopes and sea | with jointed bedrock
bedr ock cliffs surface, wivegetated tal us,

and otrcy signs of recent
activity.

Fockslide| Usual ly very rapi d|Blocks of Low to noderate|Steep upland sl opes Either weak beddi ng pl anes
bedr ock, or well-jointed, faulted,
per haps or fractured bedrock (same
W th over- as for rockfall)
lying soil

sl unp Slew to rapid; Weak bedrock|Mderate to Moderate to steep Movenent can be inter-

rotational move- |unconsoli- |high sl opes; predom nant mttent, continuing over
ment Or curved dated units, in areas with deep many years
failure plane. or soil soils
Mudf | ow/ Moderate to Rock and Hi gh Steep upland sl opes Do catastrophic erosion
debris very rapid -- soil in (general |y steeper in upper parts of water-
Z|f1 ow as viscous varying than 40°) sheds; often deposited
slurry propor- behind log jams; usually
tions start as small slumps or
debris slides, and pick
up additional nmaterial as
they nove.

Debris Mderate to Rock and Mderate to Steep upland sl opes Failure plane parallel to

slide very rapid soil in hi gh (general |y steeper sl ope; do not contain
varying than 40°) enough water to flow.
pr opor -
tions

° ’ ®
o ° 000 0O 000 .e O .e ~egooooooo e, - ® ®
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Table 1-13 (cont.)
TYPE MOVEMENT MATERI AL WATER CONTENT | TOPOGRAPHY ADDI TI ONAL  CHARACTERI STI CS
“IEarth- Sl ow Rock and Mderate to Moder at e slopes Can have sane style of
alf 10w soil in hi gh novement as any of the
& |(not varying preceding three, but slow
% shown) propor- rate of novenent puts it
5 tions in another class; high clay
content typical
Soi | Very Soi | Low to high -- | Mbderate to steep Movenment is continous,
Creep sl ow velocity is a | slopes sl ow (mm/yr), and usual ly

function of
wat er cont ent

i nvol ves only about upper
few neters of soil. Not
generally considered a
hazar d.




the material (upslope resisting force) (Carson and Kirkby, 1972).
Slope failure may result fromeither an increase in shear stress or a
decrease in shear strength.  Shear stress can be increased by steep-
ening the slope [through tectonic tilting, undercutting by stream or
wave erosion, placing fill on the upper part of the slope, or exca-
vating the toe of a slope) and by earthquakes, which can cause a
momentary accel eration that can be additive to the acceleration of
gravity. Shear strength can be decreased by 1) pore-water pressures
buil ding up between the mneral grains in a soil or in cracks in bed-
rock, which exert a buoyant force on the mass, reducing the friction
that helps hold it in place, 2} reducing the cohesion and interna
friction of the material through weathering (i.e., dissolving the
“cement” that helws hold the mass in place or breaking down large
particles that exert a stabilizing effect by interlocking, and 3) clear-
cutting of forest and destruction of roots that help bind the s9il and
hold it im place.

Landslides are nost prevalent in upland areas, along wave- and
streamcut banks and bl uffs, along the edges of marine terraces, and
in certain critical areas in glacial drift plains (Beaulieu and
Hughes, 1975; Swanston and Swanson, 1976; Tubbs, 1975). Rockfalls
and rockslides occur along steep slopes where bedrock is exposed, such
as along sea cliffs and artificial cuts.

In upland areas, |andslide occurrence and frequency is controlled
by the geology, hydrology, and vegetation. Areas underlain by weak
clay-rich bedrock are usually mantled by thick soils. Here, mass
movenent is predom nantly earthflow, slunp, and creep. Such terrain
occurs extensively in the Klamath Mountains and in nuch of the Coast
Range Province. Upland areas underlain by nore conpetent bedrock types
are nore conmmonly subject to debris slides and debris flows (Swanston
and Swanson, 1976).

Over nuch of the Puget Low and, slopes are susceptible to debris
slides and slunps. Here, the occurrence of |andslides is predom nantly
controlled by the glacial stratigraphy. Slopes steeper than 15% where
the contact between an inpervious clay or till and an overlying per-
meable sand is exposed, are particularly susceptible. Gound water
builds up as a saturated zone (perched water table) above the clay,

i ncreasing the pore-water pressure in the sand, and reduci ng the shear
strength of this geologic unit -- often to the point of failure
[MIler, 1973; Tubbs, 1974a, 1974b, 1975).

v. Stream Erosion and Deposition. Streamerosion is defined here ts
include erosion by running water on hillslopes, erosion in regul ar
stream channel s, and scouring by flash floods. Deposition occurs when
the transporting water loses the capacity to carry the materia

because of changes in stream parameters -- velocity, discharge, wdth
depth, slope and channel roughness. Sediment load is then dropped,

as in the inner parts of meander bends, behind obstacles, and on

flood plains (Beaulieu and Hughes, 1975). The distribution, causes
rates, and inpacts of streamerosion are briefly sumarized in Table
I-14.

a) Causes. Hillslope erosion (sheetwash, rill erosion, and gully

I-128



el
g & 5.3
adots| B w oo
Surdeospuel o031 aSeuwep SI0398J [Bd01 Butpoxs jyo 2xed aaed 2. 2SR
‘s1omMdOs wxols s8ord ‘sumer uodn Sutpusd -U0d I9MOT IO 9SBq 1B o e
pue sdoxd jo uUOTIBITIS -op o1qetIep JusTpead Jo uoT3IONpay S n,m,m.
A O 0
Juideospueg uot3d93oxd tm seo-B 12| o o p
oSeuwep ‘zyounx soseaad | sorixadoad yros | ooeyans Jo yoel ‘sodols 3 -1SBOD JIOY30 pue ‘sodsaxdl | 3 O &

-ut ‘A3r1oeded uotrieXI[TI pue ‘odors uo | Buol xo/pue deels ‘uors . ‘spuerdn ay3 jo sodois | & S

-ur pue A31A13onpoxd jo | Surpuadep prdex | -syod Mol Fo [ros Apues S a13ue8 Buof pue sedors | &

uoTIONPAI ‘II0S JO [BACUSY A18A 031 MOTS 031 £111s Aq pazoaej puerdn desis o3 ajexspon | =
adors Jo aseq 3e Ud &
~-Tpexd peonpax A13dna 8
£31adoxd satang -qe ysnoayz A1reiouss m oo
fSTOUUBYD SYO0Tq ‘SIIDAIND weaxls ayl jo Liroeded e o B
s8o1o pue speox satang |prdex A1swexixg dutdxzxed jo uotrionpsy =) ao8
spueTdn IOTIOIUT oYl | o
$9aN39NI3S SpeUUBU IOA0D Jotrrsx ysty 03 93eao Jo suojspues AIBT1XdL | © & w
031 o8rwep pue ‘S3IILAIND I9pInoq pue -pow ‘sjusTpexd weails m paey ay3 xemnorszed ut | &7 §
3o But8801o ‘uor3lonIlsap | [10S S[GBITBAE pue sadoys deajs o “yooapaq ut paanodss pue | " 2§
peox ‘uorleisfoAn Fo [eAOW 112 aaouwdl “yo0apaq arqesuxsdut B uterd pooly ou Io0 9133TT p
-a1 ‘yoo0apaq 031 3uranods 03 1USIOIFFNG ‘uotrjeirdrosad y3tH =] yitm suweaxis puerdn 2
LOVdWI JLVY SISNVO ANV SY01IVd | SSTO0Ud | WJOJANV'T ANV TVINALVW |  ddAL]
mcoﬁﬁ pue uorsoay wesdls Jo Adeumm
H-I TqRl
@)
.. @ o o ‘ ® ® o

1-129



0¢i-I

Tabl e I-14 (cont.)

TYPE MATERIAL AND LANDFORM PROCESS{ FACTCRS AND CAUSES RATE IMPACT
[=]
i Unconsol i dat ed flood- = Hydraulic friction and Sl ow under natural |Undercut structures, de-
g plain material of the 2 meandering, discharge conditions; rapid |[stroys farnlands, alters
o coastal |ow ands and o greater than stream near | nproper channel characteristics
=i dune sand where cross- W mean stream use
§'c=:§ ed by streams from the .
ég s | interior § Local chqngtlas dl' n stream | . i-pe depend- H nders navi gation, re-
s 3 pel Lt ”e”d'”c u '39 “gt' ing on local con- [directs currents toward
BT R g | anc man- e oo | ditions and up- [other banks, promtes
n © o a, s;ructlons, re uction in stream conditions marsh devel opment in

) di scharge, increased estuari es

| oad upstream etc.

Sseaulieu and Hughes, 1975,




erosion) is caused by water running downhill over the ground sur-
face. This happens only when rainfall intensity (or storm drain

di scharge, etc.) exceeds the infiltration capacity of the soil or
when the ground beconmes conpletely saturated and there is nowhere
else for the water to flow but over the surface (Dunne and Leopol d,
[1977?]). The anount of erosion caused by this process depends on
the nature of the soil, the amount of vegetation cover, slope
gradient, slope length, and rainfall intensity. Sandy and fine
sandy soils are the nost susceptible to erosion. Vegetation acds
organic matter to the soil, which generally increases the per-
neability and allows nmore water to soak in. Friction provided by
grass and other small plants also can slow the running water to the
point where it is no longer capable of eroding (Beaulieu and Hughes,
1975; Dunne and Leopold, [19777]).

Erosion within streamchannels is in part due to the tendency
of all streams to meander. The meander patterns concentrate nost
of the force of the current against the outside banks of the meander
bends (see Figure [-27) (Leopold, Wolman and MIler, 1964; Morisawa,
1968) . This causes bank erosion on the outside of the bends and per-
mts deposition of “point bars” on the inside of bends where the
current eddies. This mechani smcauses the positions of neandering
channels to shift within their floodplains over tinme. In fact this
is the major mechanismof floodplain formation (Leopold, Wolmar and
Mller, 1964).

Erosion fromflash floods is caused by the high velocity with
which flood waters flow down the steep upland channels. Materia
deposited previously in these channels by soil creep, small [|and-
slides, and normal stream flow (e.g., sand, gravel, boulders, trees)

is picked up by the torrent, increasing the erosion potential of the
f1ood.

b) Distribution. Undisturbed terrain in the study area is normally
heaviTy vegetated. Consequently, hillslope erosion is mnimal under
natural cenditions. However, in areas of building and road con-
struction, logging, and heavy tranpling by people or Iivestock,
vegetation is renoved and the soil is often packed, decreasing its
ability to soak up rain water. In these areas, hillslope erosion
can be very significant (Keller, 1962; Wolman and Schick, 1967).

Stream bank erosion is a natural and continuing process that
occurs throughout the study area where floodplains have devel oped.

Flash floods are restricted to the steep topography of upland
areas.

c) Inpact. Hillslope erosion removes valuable top soil fromthe
ground and deposits it where it is not wanted -- in storm sewers
drains, on lawns, and in streams -- as well as depositing “new soil
in lowand areas.

Stream bank erosion undercuts hones and roads built too near to

the outside edge of meander bends and can initiate |andslides. There
I's, however, no net loss of land in the floodplain, because the
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Figure |-27

Meandering Reach of Stream Channel Show ng
Zones of Bank Erosion and Deposition

direction. Large arrows
show |ine of maximm
current velocity.

\ Arrows indicate current

Deposi tion

Er osi on

Current direction seen  Overbank
in cross section deposits

;

.\Formation of “point N - .
\ \\J!Z’i\i on inside of bl S

A eewnoe \peander pend.

|
.eroc&hlone}'oded, on
out side of neander bend.

§Af ter Morisawa, 1968.
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erosion is balanced by the accretion of new banks at point bars.

Erosion and deposition of sedinent in watersheds is a natura
process and is a necessary part of the overall geonorphic process
Excessive sedinentation, however, usually brought on by man's activi-
ties, can damage fresh-water habitats, increase the cost of water
treatment, cause excessive wear in punps and sprinklers, and cause
siltation in estuaries and rivers (Beaulieu and Hughes, 1975).

vi. Coastal FErosion and Deposition. Erosion of coasts is acconplished

prinmarily through the action of waves as they break against the shore
and release large amounts of energy. Abrasion, cavitation, conpressed
air in cracks in rocks, and solution are contributing nechanisms. De-
position of sediments is acconplished by currents along the bottom
associated with waves and tides. Patterns in erosion and deposition
are controlled by tectonic uplift, sea-level changes, distribution of
rivers supplying sedinment to the coast, bedrock hardness, structure
and sediment grain size. In addition to these natural controlling
factors, man-nmade coastal engineering structures often affect the
coastal erosion and sedinent transport system (summarized in Table
1-15) . A nore detailed discussion of sedinent transport and deposi -
tion along coasts can be found in Section B.4., Offshore Geol ogy.

a) Headland Erosion. Headlands are subjected to much nore of the
energy of breaking waves than other features along the coast. This
is because the shallowwater bottom topography refracts incom ng
waves, focusing them on the headl ands (Bascom, 1964). However, head-
lands on the Pacific coast are conposed of resistant bedrock so that
rates of headland retreat are relatively slow and depend on the Kkind
of bedrock. Retreat rates here can average fromless than 2 cm per
year to several cmper year (Beaulieu and Hughes, 197S). The sane
process operates in the calmer inland waters, but with | ess energy
expenditure

i. Beach Erosion and Deposition. The formation of a beach requires a
source of sedinment, elther fromrivers that dunp their sedinent |oad
along the coast or from erosion of the coast itself. The beach mate-
rial, usually sand, is transported parallel to the coast by longshore
drift, filling in enmbaynents along the way With sand.

In addition to sedinent transport parallel to the coast line
there i s al so seasonal onshore-offshore novement of sand from beaches
to offshore bars in the winter, and back again in the sunmer (Bascom,
1964) . Differences in average size of incoming waves in wnter and
sumrer are responsible for this novenent and consequent change in beach
profiles (see Figure [-28). Summer beaches with wide berns act as a
buffer between the waves and the bluffs, cliffs, or other land forns.
But during the winter months the bermis noved offshore and storm waves
can break directly on the land behind the beach. Consequently, during
the months of Decenber and January Pacific shorelines experience nost
of their sea cliff and property erosion (Komar, et al., 1976).

Anot her kind of erosion and deposition associated wth beaches

is caused by shifts in channels of rivers that traverse beaches to get
to the sea. Mpjor shifts can sonetimes occur over a very short period
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TREATMVENT

Beach
nour i shment

Dune

stabilization

Br eakwat er

Jetty

Sea walls,
revet ments

and bul kheads

Table 1-15

Engineering Treatments for Reductioncof

Coast a

PURPCSE

Mtigate erosion |osses

on beaches by storns
or other short-term
activity

Reduce flooding or
catastrophic shore
regression; also, to
mnimze wnd erosion

Protect shore areas
from wave erosion

Stabilize inlets and
channel and nitigate
| arge-scal e erosion
pronote |arge-scale
deposi tion

Protect high-value
structures on cliffs
or dunes

Maintain or increase
sand supply on beach
at a particular site

Save structure from
probabl e undercutting

G oi ns
Rel ocat e
§

)

Beaul i eu and Hughes, 1975.

) )

CosT

Rel atively
| ow

Rel atively
| ow

Moder at e

Hi gh

Vari abl e
with design

Moderate to
hi gh

Variabl e

Erosion and Their Inpacts’

| MPACT AND OTHER LI M TATI ONS

| npact on borrow area; requires on-going program
if applied to areas with long-term threats of erosion

May starve inland dune areas leading to deflation
and reduction of esthetic appeal

Not suitable in deep water; pronotes |ocal deposition
behind the structure and may |ead to downdrift beach
starvation

Induces |arge-scale erosion or deposition of adjacent
beach areas; benefits nust outweight costs

Unattractive, linmted beach access; must be designed to
prevent undercutting or flanking, access to suitable
construction material often a limting factor

Pronmotes downdrift erosion if too long; not suited to
beach areas with steep gradients

Space availability; moving skill required



Figure 1-28

Seasonal Beach Profiles§+

swell (summer) profile
swell profile shoreline

moon_water level
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iAfter Komar, et al., 1976. o
Sofid line shows the profile characteristic of summer swell waves
characterized by a wide berm abecve nmean sea |evel, and dashed |ine
shows the profile characteristic of wnter storm waves, where sand
has been renoved from the berm and shifted offshore to forma series
of bars.
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of tine, even during individual storns. Figure I1-29 illustrates the
shifts in the Copalis River that occurred in only 73-year period.

Areas undergoing significant coastal erosion were indicated on
Figure 1-18. However, a nunber of specific cases are worth nentioning.

In Oregon, significant erosion problens are recognized near the
mout hs of the Necanicum and Siuslaw Rivers, at Tillamook Bay (the
Bayocean Peninsula), on the east side of the sand spit separating
Nehalem Bay fromthe ocean, at Siletz Spit, at Clatsop Beach (just south
of the Colunbia River south jetty) and along the south side of the
Col unbia River estuary, upstream from Hammond

In Washington, severe erosion has occurred at Cape Shoal water and
Toke Point at the entrance to Willapa Bay, and at Point Chehalis
(Grays Harbor). The rocky shoreline of the northern Washington coast
is relatively stable, with only isolated areas undergoing significant
erosion. The shoreline along the Strait of Juan de Fuca is also rel a-
tively stable, except at Ediz Hook, where erosion is serious. In the
protected waters of Puget Sound, erosion problems are local and mnor.
One particular serious problemis the shoreline erosion at Titlow
Beach, near Tacona.

Consi derabl e deposition of sand has recently occurred just south
of the Colunbia River mouth in the Clatsop Plains area. Sand has
accumul ated here in a series of parallel dune ridges, resulting in a
significant oceanward movenent of the beach. This coastal deposition
Is attributed to jetty construction at the mouth of the Columbia (U S
Soi | Conservation Service, 1975).

viii. Wnd Erosion and Deposition. FErosion and deposition by wind is
only a problemin the duneland areas along the Pacific coast of Oregon
and Washington. Here, wind transport of sand is favored by the abundant
supply of sand, the absence of protective vegetation over large areas,
and the persistence of noderate to strong winds over much of the year.
The physical characteristics of dune areas are described under 1land-
fornms

In recent years, the presence of European beach grass has tended
to stabilize the coastal dune fields in many places, especially on the
foredunes. However, individual dunes can and do advance relatively
rapidly. Between 1945 and 1957 dunes west of Eel Lake, Oregon advanced
at rates between 0.6 and 1.8 myr (Cooper, 1958). One small inland
dune on the Banden Spit in southern Oregon advanced over 9 min 15
years (Dicken, 1961). Near Florence, Oregon rates of advance of 1.8
to 5.3 mhave been observed (Beaulieu and Hughes, 1975). Advancing
dunes of this sort can easily bury roads, buildings, and other
structures

Bl ockage of the wind in dune areas, either by natural or man-nmade
structure, will cause sand to be deposited in the lee of the structure.
This can cause problens of sand deposition in |ocations where it is
not wanted, such as on parking lots, roads, and lawns. It can even
partially bury structures.
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Figure | -29

Shifts in Channel Position of Woutn oi
Copalis River in 73 Years
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4, Ofshore Geology. Ofshore submarine geology may be considered a west-
ern extension of Coast range geology. Ceological oceanography is the study
of geol ogi cal processes in the ocean.!

a. Bathymetry and Geomorphology. McManus (1965 and 1967) describes the
physi ographic provinces of the Cobb and Gorda rises and the Blanco Fracture

zone in detail. He also names and briefly describes the major bathymetric
features near the coast (McManus, 1964]. Griggs and Kulm (1970) describe
t he physiography of Cascadia Channel. Barnard (1973) describes in detail

t he upper and | ower continental slope regions off Wshington and the various
canyon-val l ey systems that exist. Kulmand Fowler (1974) discuss the
irregular wdth of the shelf and submarine banks and the abundant benches
and linear ridges in the slope off Oregon. They suggest strong structural
control of the norphol ogy exists.

the bathynetry of the northeast Pacific is presented in Figure 1-30 °
and the physiographic provinces as defined by MMnus (1967) are presented
in Figure 1-31.

The continental shelf within the study area is narrow to the south
(15 km of f Cape Blanco, Oregon] and wider to the north (75 km off Cape
Flattery, Washington). Heceta Bank and Stonewal| ®8ank widen the shelf to
50 to 70 kmoff central Oregon. The shelf and slope are cut by submarine
canyons from the Colunbia River north. Large canyons are conspicuously
absent off Oregon. La Perouse and Swiftsure Banks are located off the
sout hwest coast of Vancouver Island. The average depth of the shelf break
s about 180 m but may be shallower where the heads of canyons cut into
the shelf.

The continental slope is also narrow off Oregon (40 kmoff of Cape
Blanco). It widens to about 100 km off Washington and narrows again to -
about 60 km off southern Vancouver Island. Figure |-32 shows a typical
cross section of the slope off Washington. This province is very conplex,
consisting of an upper slope, extending fromthe shelf break to a depth of
about 1,500 m a lower slope of borderland, conposed of several north to
northwest trending, anticlinal ridges; and the nunerous submarine canyons
that divide the slope into segments (Barnard, 1973). Between the border-
land ridges, low gradient areas represent sedinent-filled basins (Dehlinger,
et al., 1971).

The norphol ogy of the |ower continental slope, which is directly re-
lated to its structure, has a strong influence on the distribution of sedi-
ment and the dispersal patterns of turbidity currents in transit to
Cascadia Basin. As ridges were successively formed at the western edge
of the |ower slope, the” valleys east of the ridges began to fill wth
available sedinent. As the older basins near the base of the upper slope
or those closer to the major sedinent dispersal routes became filled,
deposition probably shifted gradually to the younger, nore isolated basins

'Mark Hol mes of the University of Washington is preparing a chart summar-
zing geol ogi cal and geophysical data to date for the Washington continental
shelf and margin. The chart will enploy a nercator projection at a scale
of 1:1,000,000. Bathymetry, magnetics, and gravity will be illustrated as
wel | as bottom sanpling stations and sanple seismc profiles.
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Figure 1-30

Bat hymetry of the Sea Floor Of the Coast of the
Northwestern United States’
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Figure 1-31

Physiographic Provinces on Gorda and Cobb Rises,
Nort heast Pacific Oceandt
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Bat hymetric Chart

Figure 1-32

Showi ng Physiographic Provinces

and a Typical Cross Section$
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to the west.

~“The Blanco fracture zone is short and narrow compared to other fracture
zones in the eastern Pacific. It angles west-northwest away from the conti-
nental slope off Cape Blanco. It divides and offsets the Cobb and Gorda
rises, with the Gorda Rise being to the south and very near (30 km to the
continental slope. The Cobb Rise (also called the Juan de Fuca Rise) is to
the north and at its northeastern corner cones to within 75 km of the conti-_
nental sl ope (McManus, 1967). Both rises have characteristic crest, flank
and transition provinces and median valleys. Cobb Seamount |ies on the west
flank of the Cobb Ri se beyond the coverage of Figure 1-30. Between the
rises and the continental slope lies the Cascadia Basin, shown as the lower
continental rise province in Figure I-31. The Cascadia Channel, with a
relief of 20 to 300 mand an average width of 2 to 4 km runs through the
Cascadi a Basin, crosses the Blanco fracture zone at Cascadia Gap, and
continues some distance along the bottom of the north Pacific. It is one
of the longest channels identified in the world oceans (Griggs and Kulm,
1970) .

Figure 1-33 presents the bathymetry of the study area using an oblique
profile technique. The varying shelf width, the conplex continental slope
region off \Wshington, and the Blanco fracture zone stand out. The rift
valley of the Gorda Rise is evident to the south. The Juan de Fuca Canyon
is apparent as an extension fromthe Strait of Juan de Fuca, and the
Cascadia Basin is evident by its low relief.

b. Bedrock and Sediment Structure. The continental margin off Oregon and
Washington represents the western part of a Tertiary depositional trough
that trended north-south fromwhat is now Vancouver to the Klamath Moun-
tains. The width of the trough extended from the Cascade Muntains to near
the base of the present continental slope. The geologic history of this
depositional trough was discussed earlier in Section 2a.

The theory of plate tectonics as interpreted for the Pacific Northwest
was al so presented earlier in Section 2.b. The bedrock and sediment struc-
ture of the continental slope and shelf are a result of the interaction of
the Juan de Fuca and the North Anerican plates.

Seismc reflection surveys have been-conducted on the Washington con-
tinental shelf by Bennett (1969) and in Cascadia Basin by Carson (1971).
Tiffin, Cameron and Murray (1972) summarized the tectonics and depositional
history of the continental nmargin off Vancouver Island. Barnard (1973) con-
ducted seismc reflection surveys on the continental slope of Washington and
anal yzed the faults and structures in detail. Seismc reflection surveys
off the coast of Oregon are reported by Kul m and Fowler (1974). Couch
(1969) exam ned the gravity data and constructed hypothetical crustal sec-
tions between Washington and the Juan de Fuca Ridge (part of the Cobb Rise).
Descriptions of the magnetic anomaly pattern found in the area have been
included in studies by Raff and Mason (1961), Couch (1969), and Emilia,
Berg and Bales (1968). (Other geophysical investigations in the northeast
Paci fic have been summarized by Dehlinger (1971).

Sel ected seismc profiles from Kulm and Fowler (1974), Barnard (1973),

and Tiffin, Caneron and Mirray (1972) are presented in Figures 1-35 and |- 36,
with track locations for these profiles shown in Figure |-34.
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Figure 1-33

olique Profile Presentation of Regional Bathymetry§
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Figure 1-34

Location Map of Profiles
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and northern (3)

§After Kul m and Fowler, 1974.

Figure |-35
Seismc Reflection Profiles for southern (1), cergral (2)
Mar gi n

Oregon Continental
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Figure 1-36

Seismc Reflgction Profiles for southern (4), centra;(5) and northern (6)
Washington $ and for Southern Vancouver Island (7)7 Continental Margins
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Profiles 1 and 2 in Figure 1-35 illustrate the w dening of the shelf
and slope from southern Oregon to central Oegon. In Profile 3, the slope
starts to widen and two separate provinces are distinguishable (upper and
|l ower slope). In Profiles 4 and 5, off southern and central Washington,
the upper and |ower slope provinces are nost pronounced. The north to
northwest trending anticlinal ridges previously nentioned are seen in the
| ower slope provinces of Profiles 3, 4 and 5. Buried anticlinal ridges are
also evident in the flat deposition basins in Profiles 3 and 5. Profile 6,
across the northern Washington shelf and sl ope, shows a very irregular
slope with the upper and |ower slope provinces from the south beginning to
nerge. Profile 7 is across the southern continental shelf and sl ope off
Vancouver Island and illustrates a marginal plateau on the slope, deforned
by faulting and folding where stratified sediments term nate abruptly
against acoustically reflective blocks (Tiffin, Cameron and Mirray, 1972).
The shelf structure off Vancouver Island is relatively uniform but becones
nore deformed to the south. Note that the horizontal scales and vertical
scal es are not the same for all profiles.

Because of the scarcity of offshore stratigraphic data insofar as
bedrock is concerned, it is generally accepted that offshore structure and
lithology are continuations of that found in the shoreward unit. Were the
lithologic character of the offshore unit is disrupted by faulting, shear-
ing, or intrusion, the resultant change is discernible by geophysical in-
vestigation. Mst offshore core sanples are of geologically recent sedi-
ments rather than ol der bedrock. Those core studies of bedrock that have
been done are too scattered to present any coherent picture of |arge-scale
lithologic conposition of offshore units. In addition, the Geological Survey
of Canada (Caneron, 1976) recommends that because of the nature of the pro-
jects, often done under tine constraints that preclude intensive analyses,
great caution should be used in applying local results to larger areas.

Thus, the lack of know edge of bedrock stratigraphy of the continental slope
and shelf represents a significant data gap.

Extensi on of fshore of onshore formations, coupled with seismc survey
anal ysis and any supporting drill cores, allows for some interpretation of
of fshore bedrock structure.

Dredging in the area of Stonewall Bank, situated approximately 35 km
of f Yaquina and Alsea Bays has yielded fossils dating fromthe Pliocene
to the Holocene. Heceta Bank, which lies approximately 6S km west of the
mouth of the Siuslaw River, rises to within 100 m of the surface. It lies
of fshore froma promnent basaltic headl and but no sanples of basalt have
been dredged fromit.

The Pliocene formations at Cape Blanco, and Coos Bay, abundant | oose
Pliocene fossiliferous boulders on the beach at Brandon, and reported Plio-
cene strata at Stonewal | Bank suggest the presence of a w despread sheet
of Pliocene sedinmentary rock along the coast. In places it probably rests
on thickened seaward sections of Mocene rocks and in others |aps agai nst
ol der formations.

The Mocene strata of Cape Blanco, Coos Bay, Newport, Cape Kiwanda,
and Astoria are probably w despread seaward (Baldwi n, 1964).

The ol der Tertiary formations of the Coast Range may extend westward
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beneath the shelf and slope and probably vary in depth and thickness. Un-
conformties probably exist in this section nuch as they do in the Coast
Range. O der formations present may be in synclinal basins or depressed
fault(FlOCkS, and probably only the younger Mio-Pliocene Strata are wi de-
spread.

During the Pleistocene stages of glaciation and deglaciation, sea |eve
rose and fell irrespective of novenments of the land itself. Mvenents of
sea |level acconpanying glaciation are relatively fast, whereas the |and
tends to rise or sink very slowy. Evidence points to a gradual rise of
the Oregon coast during the Pleistocene. During the last glacial stage
Stonewal | Bank would have been a promnent headland or island and Heceta
Bank woul d probably have formed a peninsula or |ower headland (Baldw n,

1964)

Geol ogic cross sections along the continental shelf of Oregon are pre-
sented in Figure 1-37. Section Bin Figure |-37 ties in to a test well
drilled by an offshore exploratory rig. Weldon Rau of the Washington
Department of Natural Resources is constructing a map of the inferred bed-
rock geol ogy of the shelf and slope off the Aynpic Peninsula, particularly
extending the thrust-faulted structures and nmgjor units beneath the sea
floor. The project is to be conpleted by the end of 1977.

The oldest rocks in the 0CS off Oregon and Washington are early Eocene
volcanics that formthe effective basenent, or subsurface boundary. The
entire Tertiary basin sequence is thought to overlie oceanic crust, although
| ate Cretaceus deposits exposed along the southern margin may be present
within the trough as well. Wthin the basin, the mddle to late Tertiary
section generally consists of a marine sandstone and siltstone Sequence
up to 7500 mthick, wth occasional interbedded vol canic and non-narine
rocks. Drilling offshore central Oregon has penetrated over 3500 m of rock
dating fromlate Eocene to recent (Figure I-37).

Shouldice (1971) discussed the western Canadian continental shelf
structure, based primarily on released Shell Canada geol ogical and geo-
physical data. The maxinmum thickness of Tertiary sediments is 4500 m
al though, for the southern Tofino Basin (the northern part of the study
area), the maxi mum thickness was on the order of 2500 m The data for the
shelf of the Tofino Basin indicate that the structures are large, the dips
are noderate and deformation has not been extreme. A heavy cover of
Pl ei stocene sedinents hampers structural interpretation.

Structurally, the Coast Range is broad anticlinorium that consists of
nunerous alternating structural ridges and troughs. These folds continue
of fshore where sonme of the ridges appear to be actively grow ng, involve
Quaternary strata, and form bathynetric highs. The later Tertiary strata
are cut by nunerous shkale diapirs on the Washington and western half of the
Oregon continental margins.

The shelf is essentially a terrace cut by wave action. The depth to
which the shelf extends is a result of sea |evel changes associated primarily
with glaciation. Structural geologic formations on land and on the shelf
have been subject to erosion, whereas erosion on the slope is generally
associated with submarine canyons. Barnard (1973) napped the axis of the
north to northwest trending anticlinal ridges and thrust faults on the |ower
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Figure |-37
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continental slope off Washington.

Surficial geol ogi ¢ mapping of the subnmarine geology is not as indica-
tive of structure as for land geology, due to the blanketing of sedinent
and the conparative lack of data.

¢c. Sedinents and Sedinment Transport. A generalized distribution of sedi-
ments I n the region is shown in Figure I-38.

Sedinments of the continental shelf are derived from two principa
sources, rivers and erosion of coastal terrace deposits. Scheidegger,
Kulm and Runge (1971) used a heavy mneral analysis of the rivers of Oregon
and northern California to outline four major sources of sediments on the
Oregon continental shelf. These sources include the Colunbia River Basin,
the Oregon Coast Range, the Kl anath-Siskiyou Muntains, and terrace deposits
along the central Oregon coast. Dispersal patterns of sand-size sedinents
show that the domnant direction of littoral transport has been to the north
at least during the past 18,000 years. Sands were transported 270 kmto the
north on the continental shelf during the end of the Late Wsconsin regres-
sion and the beginning of the Early Hol ocene transgression. The obrerved
di spersal patterns of heavy mnerals may be indicative of nore efficient
littoral processes during the last major sea level lowering. Reduction of
sand supply to the littoral zone and natural obstacles (such as erosion-
resistant headl ands) to the littoral transport of sand have apparently
limted the northward transport of sand during the past 3,000 years.

The Colunbia River is the largest single source of sediment for the
Washington and northern Oregon coast. Royse (1964) noted that the Col unbia
River is the major source of sand along the southern Wshington coast
beaches. Terrace deposits of Oregon are actively eroding and are thought
to contribute annual |y about 590, 000 cubic meters of sediment to the
continental shelf.

Evi dence suggests that nuch of the inner-shelf sand is probably a
relict transgressive sheet that was deposited during the last rise in sea
level. Mst of the deposition of the modern sand on the shelf has been
confined to the inner portion of the inner shelf. Finer-grzined sedinents
have been deposited on the outer shelf and upper slope (Runge, 1966).

Sedinments on the inner portion of the Oregon continental shelf consist
of clean, well-sorted, detrital sand. This sand has a nedium di ameter of
2,539 [0.173 mm). Deposits with median diameters in the coarse sand and
gravel classes occur at depths of 20 to 40 fathoms and probably represent
anci ent beach or fluviatile deposits formed during |ower stands of sea
| evel .

The grain size distribution of sediment on the Wshington continenta
shelf is relatively sinple. Fine sand (nmean grain dianmeter of 0.090 to
0.180 nmm occurs in a band nearly parallel to the shoreline at depths
generally less than 90 m Sand is also irregularly distributed along the
continental shelf edge. Such occurrences are especially noticeable north
and south of Astoria Canyon and between Guide and G ays Canyon (see Figure
1-31).

The outer shelf and upper slope are covered by poorly sorted sediments
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Figure |-38

Distribution of Sedinents A ong the O egon-Washington
Coast in Adjacent O fshore Areas
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with median diameters in the fine sand to fine silt classes (nmean grain
di aneter 0.020 to 0.045 mm) (Runge, 1966). Recent studies have indicated
that sand probably underlies the silt in nost areas (Byrne, 1973).

Sedi ment data for the Washington shelf and upper slope were compiled
by Roberts (1974) into area charts show ng the percent conposition of
gravel, sand, silt, and clay based on over 5,000 sanples.

Submarine canyons serve as passageways for conveying shelf sedinents
by turbidity currents to the Cascadia Basin and beyond. At tines of |ow -
sea |level and glaciation, the canyons were nmore active than today in this
of fshore transport of sediment. The activity of many of the canyons has
waned, and the turbidites of today are finer-grained than before. -

Barnard (1973) studied sedinent cores from the |ower continental
sl ope of Washington along with seismc studies. He mapped sediment thick-
nesses for the lower slope, performed stratigraphic correl ations between
sanpl es, and evaluated Turbidite deposics.

The most conmon bottom sediment type found in the Cascadia Basin is
silty clay. Radiolarian tests account for coarsening of particle size in
many of the areas of clayey silt (G oss, McManus and Creager, 1963).

G oss (1965 and 1967) found the distribution of calcium carbonate in
the sediments ranged from less than 5% on the shelf, slope and eastern
Cascadia Basin, to between 5 and 30%in the western Cascadia Basin, and
greater than 30%in the crest province off the Cobb Rise. The organic
carbon in the surface sedinment was essentially the inverse of the calcium
carbonate, with a high of greater than 2% on the Washington and northern
Oregon slope, decreasing to less than 0.5% on the oceanic rises. The.
organic carbon in the sediment on the shelf was quite |ow generally Iess
than 1% except to the southwest of the Col unbia River.

Figure 1-39 presents the shelf and upper slope sedinent distribution
for the Oegon coast. Figure 1-40 presents the shelf sedinment distribution
for the Washington coast. The 180 m contour approxi mates the shelf edge.

Kulm, et aZ. (1968) noted that several well-defined heavy mneral con-
centrations occur in the surface sediments on the continental shelf off
southern Oregon. The heavy mineral percentages range from 1% to nore than
40% of the total sand friction. The nost extensive and nost prom nent ---°
heavy mneral zones occur in the vicinity of the Rogue River, below Cape
Blanco. This large surface concentration is 37 kmlong and extends 19 km
north and 19 km south of the river mouth and apparently extends from the
shoreline out to 90 m Magnetic intensity studies off southern Oregon
indicate several narrow, steep sided, strong, positive anonalies. Sone of
these correlate to surficial heavy mneral placer sedinents. Some buried
heavy nineral assenmbl ages probably al so exist (see Section 5.b.i., Metallic
M nerals).

Spigai (1967) examned the heavy mneralogy of beach sands along the
entire Oregon coast.

Bal lard (1964) studied the distribution of heavy and magnetic ninerals
for beach areas from 46°N to 47°N (south of the Colunbia Rver to north of
Grays Harbor). He concluded: 1) the high percentage of heavy nminerals in
the vicinity of the Colunbia River rapidly decreases in both directions al ong
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. Figure 1-39 §
Shel f and Upper Slope Sediment Distribution for the Oregon Coast
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Figure I-HO

Sedi nent Distribution on the Continental Shelf
. off Northwestern United Statesgand
- Sout hern Vancouver [3land
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the coast; and 2) preferential transport (controlled by size, shape and
density) may result in localized increases of certain mnerals.

Wiite (1967) studied the mneral ogy and geochem stry of sediments on
the shel f between approximately 46°N and 47°N (the area off the Col unbia
River) . He determned three areas of characteristic sedinent distribution
exist: Group A, the area near the discharge outlet of the Colunbia River;
Goup B, the main shelf area to a depth of about 90 m and Goup C the
shel f area deeper than 90 m Wite found that, within each, the mneral-
ogical, chemcal and petrologic paraneters are characteristic. He also
determ ned that the association of boron and glauconite al one may delineate
these three areas. The folloiwng discussion is extracted from Wite's
thesis:

“The Group A Environnent. The |ower content of boron and the abundance
of Ba, Sr, Cr and N in the Goup A sanples are inportant in the delineation
of this environnent. The boron content for Goup A averages 30 ppm which
s characteristic of fresh water sedinents.

"Ba, Cr, N and Sr show relatively large differences in contents between
the shelf sediment average and the Colunbia River sedinent average. Ba and
Sr are nore abundant in the river sedinents, whereas Cr and N are higher in
content by 6 ppmin Goup B, these four trace elements have their highest
content in the Goup A sanples.

"The average Cr and N in the estuary and shelf sedinents is 190 and
100 ppm respectively, four times greater than in Colunbia R ver sedinents.
There is a source of Cr and Ni in southern Oregon (Baldwi n, 1964; Ranp,
1953, 1961), and this appears to be substantiated by the high amount of
these elenments in sanples south of the Colunbia River entrance.

“I't seens possible that the Cr and N can be entering the Col unbia
River estuary fromthe continental shelf. As the sedinents |eave the
estuary, Cr and N becone indicators of the Colunbia River sedinents. In
this manner, Cr and N have sonewhat the sane distribution of boron, Ba
and Sr.

“The maj or el ement oxide conpositions for the sanples of Goup A are
diagnostic in the delineation of the Goup A environnent. Si0, MnO and
Ca0 have relatively big% percentages in the Goup A sanples.

“The Group B Environnent. The remaining trace elenents, with the ex-
ception of boron, are the nost abundant in the Goup B sanples. Boron is
highest in the Goup C sanples. Each of these trace elenents has an abun-
dance in the shelf sediments equal to or just above the average for the
Colunmbia River sediments. Mst of these elenents may have a Col unbia
River source. However these elements apparently are nost abundant in the
Goup B sanples relative to Goup A because of the greater influence of the
marine environnent and the role of other sediment variables.

“A high boron content is characteristic for the Goup B sanples. The
average content is 60 ppmand this is typical of a marine environnent. The
area of Group B sediments has higher salinity waters, and an increase in
t he anounts of glauconite and/or illite. All factors would lead to increased
boron availability and uptake into the sediments.
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“The trace elements of the Goup B sanples could be brought to the
continental shelf by the Columbia River, but upon reaching the marine
environment some are concentrated by absorption and possibly by biologic
processes. Others, present in distinct mnerals, are distributed and
concentrated by oceanographic processes.

"For the Group B samples, Al,0,, CaQ Ti0,and Mn0 have the highest
percentages. The Al,0, content s?ows the increasingly argillaceous
nature of the sedinentS for this shelf area. QO her sources contributing
to the Al,03 content are the feldspars and lithic fragnents.

"For the Group B samples it is apparent that the argillaceous nature
of the sedinents, bhiologic processes, the mneral conposition and distri-
bution processes all indicate a specific environment in which the sedinents
have a characteristic trace elenment and najor oxide conposition.

‘The Group C Environment. The Goup C environnent on the continental
shelf has the nost distinctive and diagnostic characteristics. Goup C
represents a marine environment, but rather than an active marine environ-
ment, its particular characteristics seemto make it a relict environnent.
The abundance of all the trace elenments are bel ow the continental shelf
sedi ment average except for boron. The average boron content is 220 ppm
which is four times higher than the content for Goup N

"Bathymetric characteristics> the occurrence of glauconite, the dis-
tribution of the heavy mnerals and the major chem cal oxides are evidence
of a specific chemcal and physical environnent for this shelf area. The
di scontinuous distribution of the trace elenents confirms this. If this
area was participating in normal shelf sedinmentation and oceanographic
processes, the trace el ement content shoul d perhaps be nore typical of the
G oup B sanples.

“The Goup C environnent is outlined by the 5% glauconite and 100 ppm
boron contour. This would then delineate the Goup C area as seaward of
the 146 m contour (outer shelf) from 45055'N to 46°20'N. This area has
the followng characteristics: the bathynetry is variable wth shoals or
banks which may be exposures of Tertiary sedinentary rocks; glauconite is
present; and all sediment variables appear to have a discontinuous distri-
bution in this area. The presence of glauconite, its chenmistry, chenical
nmode of origin, and mneral ogical makeup would require |ow $i0z, Al50z,
CaQ Ti0, Na0O, MO and high KO0, Fe,0,and MO

“In view of the data presented, there appears to be no doubt that the
area outlined by the Goup C sanples or the 100 ppm boron contour represent
a relict environment. The environn