ABSTRACT

Landslides, ground settlement, and surface cracks gen-
erated during earthquakes have been a major cause of prop-
erty damage and casualties in earthquake-prone regions of
the world. The historical record suggests that during future
large earthquakes, such ground failures will most likely
occur at the same or geologically similar locations as those
of previous earthquakes. At many of these locations, the
potential for losses has increased due to rapid population
growth and extensive urban development. Consequently,
detailed information on historical earthguake-induced
ground failures, including location, topography, hydrology,
and geologic materials, is essential for understanding the
nature and extent of the hazard and for responsible land-use
planning.

The Puget Sound region earthquakes of April 13, 1949
(magnitude 7.1), and April 29, 1965 (magnitude 6.5), the
two largest historical Puget Sound earthquakes, produced
ground failures over a large area that includes most of west-
e Washington and part of northwestern Oregon. Because
information on the locations and nature of ground failures
associated with earthquakes prior to the 1949 event is mea-
ger, the many reports on the 1949 and 1965 occurrences are
an important source of data for predicting ground-failure
hazards from futore earthquakes. Qur investigation of
ground failures produced by the 1949 and 1965 earthquakes
consisted of a review of published information, interviews
with residents and local officials having information on the
ground faitures, and a field study of selected ground-failure
sites. This collection of new data and the verification and
refinement of reported data have resulted in a substantial
increase in the quantity and quality of ground-failure
information for the region.
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Many of the 1949 and 1965 ground failures involved
artificial fill underlain by alluvial, deitaic, lacustrine, or gla-
cial deposits. Landslides, including slumps, slides, and flow
failures, were common on bluffs overlooking Puget Sound,
along roads and railroads, and along the banks of rivers and
lakes. Rock falls, rock slides, and rock avalanches occurred
almost exclusively in the Cascade Range and along the west-
ern Columbia River Valley. Reports of sand boils and other
evidence that suggests liquefaction of sediments as the prob-
abie cause of ground failure are associated principally with
failures in the lowlands involving Holocene fluvial deposits,
deltaic deposits, beach deposits, tidal-flat muds, or artificial
fill. In a few cases, evidence of possible liquefaction was
reported for failures in poorly consolidated Pleistocene gla-
cial deposits.

In this report, we provide topographic maps of the
regton showing the locations of all known landslides, ground
cracks, liquefaction features, and miscellaneous effects
related to ground failure from the 1949 and 1965 earth-
quakes. These maps allow quick visual comparison of the
1949 and 1965 data regarding types of ground failures and
their distribution. In addition, we provide tables of informa-
tion on selected ground failures keyed by number to locations
on the maps. These tabies include information on ground
failure type, geographic location, estimates of location accu-
racy, and descriptive information from reports and field stud-
ies. Also included are numerous photos of ground failures,
some published here for the first time.

INTRODUCTION

Many of the losses from a future large earthquake in the
western Washington—northwestern Oregon region would
likely be caused by ground failure. This prediction is sup-
ported by the local historical record and by studies of the
effects of past earthquakes in other earthquake-prone regions
of the world. The great Alaskan earthquake of 1964, for
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This process tesults in large soil deformations under load,
allowing buildings or other structures to founder and sink
into the ground. The previously cited instance involving

" multistory apartment houses that tilted during the 1964 earth-
quake in Niigata, Japan, is a classic example of bearing-
capacity failure due to liguefaction.

e

Sand boils are formed by water venting to the ground
surface from zones of high pore pressure generated at shal-
low depth by the consolidation of saturated granular soils
during seismic shaking. The ejected or vented water usually
carries suspended sediment o the surface; this sediment is
deposited in a conical shape around the vent. Sand boils are
not strictly a form of ground failure because alone they do not
cause ground deformation; they are, however, diagnostic evi-
dence that liquefaction has occurred.

GROUND FAILURE CAUSED BY
HISTORICAL EARTHQUAKES
IN THE WESTERN
WASHINGTON-NORTHWESTERN
OREGON REGION

It is estimated that a magnitude 4 earthquake is the
smallest event likely to canse landsliding (Keefer, 1984).
-Magnitude 5 earthquakes are considered the minimum for
soil liquefaction and liquefaction-generated lateral spreads
and flows (Kuribayashi and Tatsuoka, 1975, 1977; Youd,
1977; Keefer, 1984). The western Washington—northwest-
ern Oregon region has experienced many historical earth-

+ quakes capable of causing ground failures. Noson and others
(1988) listed the 23 known earthquakes felt in Washington
having magnitudes greater than 4.7. Of those, 16 occurred in
the Puget Sound region between Olympia and the Canadian
border, in the Cascade Range, and along the Washington-
Oregon border.

Noson and others (1988) noted 14 earthquakes from
1872 to 1980 that are known to have triggered landslides in
Washington. However, information on the distribution and
nature of landslides and other ground failures refated to his-
torical western Washington earthquakes prior to the 1949
Olympia earthquake is meager. For example, credible
accounts of landslides generated by the 1872 North Cascades
earthquake, the largest known seismic event in Washington
or Oregon {magnitude 7.0-7.5), are limited to the few reports
along the Columbia River east of the Cascades, along the
shores of Iake Chelan north of Wenatchee, Wash., and in
southern British Columbia in the vicinity of Fort Shepard and
at Lake Okanagan (Coombs and others, 1977). An assertion,
based on contemporancous and later accounts, that the
13,000,060 m° Ribbon Cliffs rock slide along the Columbia
River north of Wenaichee was triggered by the 1872 event
(Coombs and others, 1977) is presently disputed. Kienle and
others (1978) concluded, on the basis of tree and tree-stump
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dating, that the slide did not occur during the 1872 earth.;
quake and that any significant movement of the landslige
debris took place more than 215 years ago. In comparison to
the few reports of ground failure due to the 1872 earthquake,
several hundred to many thousands of landslides have begp
reported for earthquakes of similar magnitude in other areag
of the world (Keefer, 1984), suggesting that few of the land.
slides triggered by the 1872 North Cascades earthquake were
reported. Sparse population and difficult travel and commu.
nication at the time may account for the apparent lack of
reported ground failures.

Landslides on Mount Rainier were attributed to earth-
quakes in 1894, 1903, and 1917 (Townley and Allen, 1939);
however, few details are known about the extent and nature
of those ground failures. A well-known and well-docu-
mented rock slide/debris avalanche, the world’s largest his
torical landslide (volume of 2.7 km?), was triggered by a
magnitude 5 earthquake associated with the 1980 eruption of
Mount St. Helens. The landslide swept about 22.5 km down
the valley of the North Fork Toutle River, desiroying public
and private buildings, State Highway 504, U.S. Forest Ser
vice and logging company roads, and several bridges
{Schuster, 1983). :

During the period from 1872 to 1989, the greatest num- |
ber of recorded earthquake-induced ground failures occurred §
as a result of the magnitude 7.1 Olympia earthquake of April
13, 1949, and the magnitude 6.5 Seattle-Tacoma earthquake ;
of April 29, 1965. Consequently, ground failures associated
with those two events were chosen for detailed study and ar
discussed in the following sections.

PREVIOUS STUDIES

Previous investigators (Hopper, 1981; Keefer, 1983
have identified types of ground failures associated with th
1949 and 1965 Puget Sound earthquakes, described their dis
tribution, and defined geologic environments in the Puge
Sound region that have high susceptibility to earthquake
induced ground failure. Their studies were based on pub-
lished and unpublished data including extensive information
derived from written responses to University of Washington
intensity-survey questionnaires by local inhabitants of the
damaged areas. Hopper (1981) noted that liquefaction phe-
nomena were confined primarily to areas that experienced a
Modified Mercalli intensity (MMI) of VIH (with a few
occurrences in intensity VII areas) and that reports of land-
slides and settlement came from areas with shaking intensi-
ties as low as MMI V (isoseismal maps for the 1949 and 1965
earthquakes are shown in fig. 186). Keefer (1983) identified
the following geologic environments in the Puget Sound
region as having high susceptibility to earthquake-induced
ground failure: areas of poorly compacted artificial fill; areas
of Holocene alluvium, lacustrine sediments, and beach sedi-
ments: deltas of rivers emptying into Puget Sound; and rock
or soil slopes steeper than 35° in the Puget Sound lowland or
adjacent mountains,
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Figure 186. Modified Mercalli intensity maps for the Puget Sound earthquakes of April 13, 1949
(modified from Ulrich, 1949), and April 29, 1965 (modified from Algermissen and Harding, 1965).
Stars indicate the earthquake epicenters.
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DATA LIMITATIONS o

The quality and completeness of available information
on 1949 and 1965 ground failures are highly variable. Youd
and Hoose {1978), in a similar study, cited several reasons
for limited and incomplete data, two of which apply here: (1)
most postearthquake investigations have been designed to
assess the damage to structures; hence, ground failures not
affecting constructed works often have been neglected; and
(2) the areal coverage of postearthquake investigations has
been uneven—areas in and near centers of population and
along major transportation routes have received much more
attention than less developed or remote areas. In addition,
location information is sometimes vague or of questionable
accuracy. In other cases, damage descriptions lack sufficient
information to determine whether damage to structures
resulted from ground failure or solely from some other cause
such as ground shaking. An obvious disadvantage in a study ~ 4g0| -
such as this is the inability to examine reported ground fail-
ures immediately after their occurrence. Many years have
passed since the 1949 and 1965 earthquakes, and field evi-
dence of many of the ground failures is obscure or nonexist-
ent. Despite these limitations, much reliable data on the
location and characteristics of ground failures was obtained,  %° T w @ w
: which can be used to help delineate areas and geologic envi- Lo | | 4
| g ronments susceptibie to earthquake-induced ground failure.

‘ M Figure 187, Areas of reported ground failures related to the Puget
':' Sound earthquakes of April 13, 1949 (solid line), and April 29, 1963
(dashed line). Modified from Keefer (1983).
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i CHARACTERISTICS OF THE

STUDY AREA

Ground failures associated with the 1949 earthquake
were scattered over an area of about 28,500 km? and those of
the 1965 earthquake over an area of about 20,700 km*. The
total area considered in this study encompasses these two
areas from near the Canadian border on the north to just
beyond Portland, Oreg., on the south and from the Cascade
Range on the east to the Pacific Ocean on the west (fig. 187).

The physiography and geology of the total area affected
by 1949 and 1965 ground failures are highly varied. A broad
lowland, bordered on the east by the Cascade Range and on
the west by the Coast Range, is underlain predominantly by
Pleistocene glacial sediments associated with advances of
the Puget Lobe of the Cordilleran ice sheet. These sediments
include glacial till, outwash sand and gravel, and glacial lake
deposits of sand, silt, and clay. Nonglacial sediments inter-
bedded with the glacial deposits provide a record of repeated
advances of the Puget Lobe into the Puget Sound region
(Mullineaux, 1970). In some areas of the lowland, the thiclk-
ness of unconsolidated sediments exceeds 900 m (Hall and
Othberg, 1974). The Pleistocene sediments cover Tertiary
sedimentary and volcanic bedrock in all but a few areas
where the bedrock is covered by younger sediments or is
exposed at the surface. Continental glacial sediments extend

from north of the study area to a hilly area between Qlympia
and Centralia, Wash,, on the south and from the Olympic
Mountains on the west to the Cascade Range on the east.
These glacial deposits are generally unconsolidated but vary
in degree of compactness. Deposits overridden by the thick
glacial ice are more highly consolidated than other glacial
and postglacial sediments, resulting in varying physical
properties. Compared to bedrock and postglacial deposits,
glacial sediments overridden by glacial ice are intermediate
in both density and water content (Mullineaux and others,
1967). The erosive action of rivers and glaciers has sculpted
the glacial fill, leaving the troughs of Puget Sound, lake
basins, broad valleys, and intervening land areas that stand as
high as a few hundred meters above sea level. In many
places, erosion of the glacial sediments has produced steep
slopes that are susceptible to landsliding.

Numerous areas underlain by deltaic sediments, tidal-
flat muds, or beach deposits border the many kilometers of
Puget Sound shoreline. Also, local to fairly extensive
deposits of artificial fill are common along transportation
corridors and in residential, business, and industrial areas.

Valley floors in the lowland are underlain chiefly by
postglacial alluvial deposits of unconsolidated sand, silt,



1%

CASCADE RANGE

the Puget ;
129,1965

clay, and gravel up to a few .hl.-lﬂdl'ed meters thick. Prehis-
oric mud/debris ﬂowsj that originated on the ﬂal?ks of Mount
Rainier deposited sediment beyond the mountain front onto
pearby valley floors and other lowland areas. One of these,
the Osceola “Mudflow,” spread material over an area of
+ 170 km? to depths as great as 23 m (Crandell, 1963).
The rugged Cascade Range, in the eastern part of the
study area, Tises from about 200 m above sea level on its X
western border with lowland areas to as high as 4,389 m at
the sunimit of Mount Rainier, In many areas, the terrain of
the Cascade Range is characterized by steep slopes and sheer
cliffs that are prone to various types of landsliding.

In northern Washington, the Cascade Range is com-
posed of a variety of rock types including metamorphic
rocks of Paleozoic age, Paleozoic and Mesozoic sedimentary
and volcanic rocks of marine origin, and volcanic and plu-
tonic rocks of various ages including those of the Mount ,
Bgker and Glacier Peak volcanoes. The northern Cascades
were extensively glaciated during the Pleistocene; as a
result, glacial till is ubiquitous, and outwash and glacial-mar-
gin deposits are common in the river valleys and along the
mountain front (Fiksdal and Brunengo, 1981).

Most of the Cascades south of the Skykomish River,
within the study area, are composed of Tertiary and Quater-
nary volcanic rocks. Smaller areas are underlain by intrusive
rocks such as granodiorite, rhyolite, and granite, most of
which are interspersed among widespread volcanic deposits
(Walsh and others, 1987). In a few scattered areas, metamor-
phic rocks and marine and continental sedimentary rocks of
various ages are present.

Towering, snowclad volcanoes such as Mount Rainier
dominate the landscape with their steep rock faces and pre-
cipitous cliffs formed by the action of glaciers and other ero-
sive agents. Jointed volcanic strata on the sides of the
volcanoes typically dip downslope, which adds to other fac-
tors that can cause instability.

Alpine glaciers, fed by extensive ice fields, moved
down major valleys in the Cascades at various times during
the Pleistocene, Many valleys were glaciated in the central
part of the Washington Cascades, including those of the
Lewis, Kalama, Toutle, Cowlitz, Nisqually, Puyallup,
Wte, Green, and Cedar Rivers. Alpine glacial drift, includ-
ing till, and glaciofluvial and glaciolacustrine sediment are
Widespread in several of the mountain valleys occupied by
those rivers. In some places on the west side of the range,
ﬂ'{e drift extends onto the adjoining lowland (Crandell, 1965;
Fiksdal and Brunengo, 1981; Walsh and others, 1987). Arti-
ficial fill is present locally in developed areas, along trans-
Poriation routes, and where it has been used in the
construction of earthfill dams or other engineered structures.

Other lowlands within the study area are situated south
or SOl}thwest of the Puget Sound lowlands in southwestern
VWaShlﬂgton and northwestern Oregon. These include the

alleys of the Chehalis, Cowlitz, Columbia, and Willameite
vers. Valley floors in these lowland areas are underlain

abou
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chiefly by unconsolidated Quaternary alluvium composed of
silt, sand, gravel, and clay (Trimble, 1963; Walsh and others,
1987). Local areas of artificial fill are common in some
towns and urban areas, along railroads and highways, and at
the sites of engineered structures such as earthfill dams,

Hills and mountains rise from valley bottoms and
coastal areas in southwestern Washington and northwestern
Oregon to form the upland areas of the remaining part of the
study area. Most of the upland areas range in elevation from
a few hundred to more than a thousand meters above sea
level. The Coast Range of southwesternmost Washington
and northwesternmost Oregon is composed predominantly
of marine and nonmarine sedimentary rocks, various types
of volcanic deposits, and basic intrusive rocks, all of Tertiary
age (Warren and others, 1945; Walsh and othess, 1987).
Unlike many glaciated areas of the Cascades, the Coast
Range of southwestern Washington and northwestern Ore-
gon typically has a very thick weathering profile related to
millions of years of exposure.

Upland areas between the Coast Range and the Cas-
cades in southwestern Washington and northwestern Oregon
are also underlain by a variety of rock types including volca-
nic rocks, continental sedimentary rocks, alpine glacial out-
wash deposits, and periglacial flood deposits. As in other
parts of the study area, artificial fill is present locaily in
developed areas and along transportation corridors. Also,
beach deposits that include fine to coarse beach sands and
gravels, dune sands, and estuarine muds and sands are com-
mon in the coastatl areas of the region.

The study region includes large areas that are particu-
larly susceptible to landsliding due to a number of causes.
The general character, distribution, and causes of landslides
in the various physiographic regions of Washington and Ore-
gon, including the area of this study, have been reviewed by
the authors in a previous report (Schuster and Chleborad,
1989).

PRECIPITATION AND GROUND WATER

Precipitation is an important factor affecting the sus-
ceptibility of a given area to earthquake-induced ground fail-
ure. This is particularly true for areas underlain by sediment
types susceptible to liquefaction because saturation or near
saturation of sediments is required before liquefaction can
occur. In addition, elevated pore pressures associated with
saturated slope conditions can reduce slope stability, thus
increasing the probability of slope failure during earth-
quakes.

Western Washington and northwestern Oregon are
areas of relatively high precipitation (fig. 188), with the wet
season extending from September through April. In the area
of study, annual precipitation means range from
approximately 122 cm/yr in the area of the Puget-Willamette
lowland to more than 254 cm/yr in the high, snowy parts of
the Cascade Range. Precipitation records for the Seaitle-
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Figure 188.  Contour map showing mean annual precipitation (1 inch equals 2.54 cm) in Washington
and Oregon for the period 1931-1960 (modified from U.S. Geological Survey, 1970).

Tacoma area for the water years 1948-1949 and 19641965
{those associated with the 1949 and 1965 earthquakes) are
shown in figure 189. These water years were slightly below
normal; 8.66 ¢m below normal in 1948-1949 and 6.60 cm
below normal in 1964-1965. For the purpose of compari-
son, precipitation records from the Seattle-Tacoma area for
the water year 1971-1972 (an unusually wet year) are also
shown in figure 189. Precipitation during that year was 40.6
cm above normal. High precipitation was a major cause of

numerous damaging landslides that occurred in the Seattle
arez during the spring of 1972 (Tubbs, 1974). Because the
1949 and 1965 earthguakes occurred well into the wet sea-
sons, water tables were probably at or near their yearly highs,
increasing the probability of some types of ground failure;
however, had amounts of precipitation been similar to those
in the 1971-1972 water year, it is likely that many more
ground failures would have have been triggered by the two
earthquakes, :
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Figure 189.  Graphs showing precipitation (1 inch equals 2.54
cm) in the Seattle-Tacoma area for the water years 1948--1949,
1964-1965, and 1971-1972 (U.S. Department of Commerce, 1948,
1949, 1964, 1965, 1971, and 1972).

DISTRIBUTION AND CHARACTER OF
GROUND FAILURES TRIGGERED BY
THE PUGET SOUND EARTHQUAKES

Data compiled on individual ground failures are pre-
Sented in plates 4-8, which show ground-failure locations
(1949, cloged symbols; 1965, open symbols), and in tables
2933, which provide descriptions of selected ground
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failures. Entries in the tables include the following: (1) rel-
atively extensive ground failures and ground failures exhib-
iting relatively large displacements, (2) all known landslides,
(3} all known sand boils and other ground failures that
appear related to liquefaction of sediments, (4) significant
ground failures at locations affected by both the 1949 and
1965 earthquakes, (5) significant ground failures at locations
showing concentrations or trends of ground {failure, and (6)
ground failures that have affected engineered structures such
as dams and bridges. Excluded from the tables are the
numerous minor settlements and ground cracks that are not
clearly related to landsliding or liquefaction phenomena.
However, these smaller ground failures are included on the
plates in order to show the overall distribution of ground
effects and to help identify significant trends or concentra-
tions of ground failures that may be present. Copies of pub-
lished and unpublished information used in the development
of tables 2933 and plates 4-8 are on file in the offices of the
U.S. Geological Survey in Golden, Colorado.

For the purpose of showing ground-failure distributions
and for ease of discussion, the study area was divided into
four regions. The regions were selected on the basis of the
number or density of ground-failure locations in a given
area, the availability of base maps at appropriate scales, and,
as much as possible, on similarities in topography and geol-
ogy. The following discussion considers the distribution and
character of ground failures in each of the four regions.

CENTRAL AND SOUTHERN PUGET
LOWLAND REGION

The central and southern Puget lowland region (pls. 4
and 5) includes much of the Puget Sound lowland. About 85
percent of the reported ground failures in the 1965 earth-
quake and 50 percent in the 1949 earthquake occurred in this
region. Some areas experienced Modified Mercalli intensi-
ties as high as MMI VIII during both earthquakes (Ulrich,
1949; Algermissen and Harding, 1965; Hake and Cloud,
1967) (fig. 186). Ground cracks and settlement were the
most numerous and widespread of the reported ground fail-
ures. Most were isolated occurrences of limited extent that
caused only minor damage to roads, buildings, foundations,
driveways, utilities, and so forth. Some, however, contrib-
uted to the considerable structural damage that occurred in
areas of relatively intense ground shaking. Landslides in the
region were most common on hillsides and coastal bluffs and
along the banks of rivers, lakes, and other bodies of water.
Many caused damage to roads, railroads, buildings, water-
front facilities, utility lines, and recreational facilities. One
large debris avalanche, with an estimated volume of 500,000
m?, occurred alon g the eastern bluff of the Tacoma Narrows
3 days after the April 13, 1949, earthquake. A few flow fail-
ures related to the 1965 event also occurred in the region. A
significant number of ground failures developed in
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environments thought to be conducive to liquefaction fail-
ures, as suggested by the presence of sediment types suscep-
tible to liquefaction, high water tables, and in some cases the
occurrence of sand boils in the immediate vicinity.

NORTHERN HALF OF THE CENTRAL AND SOUTHERN
PUGET LOWLAND REGION

The northern half of the central and southern Puget
lowland region (pl. 4) includes the parts of King, Snohom-
ish, Kitsap, Island, Jefferson, Mason, and Clallam Counties
bounded by lat 43°00" N. and lat 47°30' N. and by long
122°00" W. and long 123°00"' W.; this area includes Seattle.
Plate 4 shows a conspicuous concentration of ground fail-
ures related to both the 1949 and 1965 earthquakes in West
Seattle  (locs. 7-13) and the adjacent Duwamish
River—Harbor Island-Elliott Bay waterfront area (locs.
14-25, and 28).

In West Seattle, the number of reported ground failures
for the 1963 earthquake far exceeded those of the 1949 event.
One of the most destructive 1949 ground failures was a
slump that occurred on moderately sloping ground in artifi-
cial fill overlying the Esperance Sand Member of the Vashon

Figure 190.
slumping exposed artificial fill (Tower left) that underlies the site. Photograph from the Seattle Post-Intelligencer
Collection, courtesy of the Museum of History and Industry, Seattle, Wash.

Shimping and settlement in West Seattle (pl. 4, loc. 10) induced by the April 13, 1949, earthquake. The

Drift {loc. 10; fig. 190). The failure reportedly damaged six
homes, including four that were under construction (segii
damage description, table 29). Hillside residential property
(loc. 13} in West Seattle was the site of minor ground crack-
ing in 1949 and ground cracking and settlement in 1965, The
proximity of that site to a steep bluff located near the head o
a large mapped landslide (Waldron and others, 1962) sug-
gests an incipient slope failure, apparently initiated by the
1949 quake and reactivated in 1965. Minor sliding also
occurred in 1965 at a few other locations on steep to moder-
ately sloping bluff areas on the east and west sides of West
Seattle (locs. 8,9, 11, and 12). Two of the 1965 slope failures
were wholly or partly in artificial fill (locs. 8 and 11); the
other three (locs. 9, 12, and 13) apparenily involved the Espe-
rance Sand Member and (or) overlying surficial debris. Most
of the bluff areas that border West Seattle have been catego-
rized as unstable with regard to slope stability (Washington £
Department of Ecology, 1979a). A common slope-failure
process that occurs on the bluffs in West Seattle and in other
parts of the city, especially during wet periods, involves the
Esperance Sand Member and the underlying Lawton Clay
Member of the Vashon Drift (Tubbs, 1974; Tubbs and
Dunne, 1977). Ground water percolates downward through
the Esperance Sand Member until it reaches relatively
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impenneable alternating sand and clay layers at the top of the
Lawton Clay Member; the water then changes direction and
moves laterally until it reaches the hillside, where it saturates
surface debris and seeps out onto the ground surface.
gumping of the Esperance Sand Member occurs near the
Esperance-Lawton contact, usually due to the development
of pore-water pressure in the sand (Tubbs, 1974). Other
slides develop as slide debris accumulates and seepage
gndermines the toes of slopes (Tubbs and Dunne, 1977; fig.
191). Yount (1983} suggested that the water-saturated con-
dition along the Esperance-Lawton contact may be a contrib-
wing factor to intensified ground shaking during
earthquakes, particularly in the vicinity of Tertiary bedrock
at Alki Point, a short distance from the biuffs (Waldron and
others, 1962).

Ejection of ground water (a form of sand boil) in the
Alki Point beach area {closed and open circles at loc. 7) that
occurred during both the 1949 and 1965 earthquakes is a
probable indication of liquefaction. The area is underlain
chiefty by postglacial beach deposits (Waldron and others,
1962; Mullineaux and others, 1967). Similar deposits in
other areas have been found to have moderate to high sus-
ceptibility to liquefaction and liquefaction ground failure
{Youd and Perkins, 1978; Keefer, 1984). Closer to Alki

Point, in the vicinity of Alki Monument (loc. 7, operl-squ.?lre><

symbol), about 15 em of settlement occurred in the 1965
carthquake along an extensive stretch of promenade located
behind a seawall. Many waterline breaks, some of which
may have been caused by unreported or undetected ground
failure, also occurred in the Alki Point area in 1965,
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According to Mullineaux and others (1967), waterline
breaks were more numerous at Alki Point than anywhere
else in Seattle.

Other 1965 reports of ground failures in the West
Seattle area consist of numerous instances of minor ground
cracking and settlement that often resulted in damage to
foundations, basement floors, sidewalks, driveways, bulk-
heads, and so on, or jamming and sticking of windows and
doors. Some of those failures probably were related to con-
solidation of sediments caused by vibration, although Hop-
per (1981) found little or no correlation between damage
related to settling reports and reports of chimney damage
caused by vibration. Hopper (1981} also noted that nearly
the entire cluster of 1965 seitling reports for West Seattle is
located on the Esperance Sand Member (called the older
sand by Waldron and others, 1962) but concluded that the
relationship may be coincidental because the same geologic
unit appears at other places in the city without any concen-
trations of reported ground settlement. In addition, a study
of the distribution of chimney damage in the 1965 earth-
quake with respect to the various Pleistocene deposits in
West Seattle demonstrated that the damage pattern is not
related to recognizable differences in the underlying deposits
(Mullineaux and others, 1967). Some incidents of minor set-
thing and ground cracking may have been caused by incipient
sliding, particularly those on the steep bluff areas that partly
surround West Seattle. The occurrence of ground failures in
West Seattle during both the 1965 and 1949 earthquakes
indicates that the area is highly susceptible to ground failure
caused by intense seismic shaking.

Groundwater seepage undermines
upper slope; sand and silt collapse

Bench at top of impermeable
clay; debris collects here and
slides off periodically

Exposed Lawton Clay Member
is softened by weathering and
is eroded

Road

Loose fill and
landslide dehris

Landslide debris 0
and mudflow deposits ——a

~
—

o

Figure 191, Cross section of a West Seattle bluff showing conditions associated with slope failure (from Tubbs and Dunne, 1977).
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Figure 192. Maps showing the sequence of development of
the former tidal flats area at the mouth of the Duwamish River,
Seattle, between the years 1893 and 1973. Since 1893, the tidal
flats have been extensively covered by artificial fill to allow wa-
terfront development. The area was the site of many earthquake-
induced ground failures and considerable property damage in
hoth 1949 and 1965. From U.S. Geological Survey (1894, 1909,
and 1949 (photorevised 1968, 1973)).
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The Duwarnish River—Harbor Island-Elliott Bay water-
front area fies just to the east of West Seattle (pl. 4). The
arca, much of which is a former tidal flat (fig. 192), was
extensively artificially filled (Waldron and others, 1962) to
provide real estate for industrial and commercial interests
along the waterfront. Structural damage was substantial in
this area in both the 1949 and 1965 earthquakes {Edwards,
1951; Mullineaux and others, 1967). The heaviest building
damage in Seattle related to the 1965 earthquake occurred in
this area, from the lower downtown business district south to
ahout Spokane Street (Mullineanx and others, 1967). A con-
siderable amount of the 1949 and 1965 damage was related
to ground failure (table 29, locs. 14-25 and 28). Ground-
failure displacements ranged from a few centimeters to about
a meter, but most were Iess than 30 cm. Direct evidence of
liquefaction of sediments is provided by reports of sand boils
produced by the 1949 earthquake on the west side of the
West Waterway (loc. 19), on Harbor Island (loc. 21), and
adjacent to the Elliott Bay waterfront (loc. 25), and by the
1965 earthquake at locations 24 and 25 adjacent to Elliott
Bay. Incipient lateral spreading or slumping, indicated by
lateral as well as vertical displacements, occurred at loca-
tions 15-17 north and south of Spokane Street (fig. 193) in

1949 and north of Spokane Street (locs. 18 and 22) in 1965.
There were many reports of settlement in the waterfront area
in both 1949 and 1965 (pl. 4; table 29) that may have resulted
from consolidation of sediments, incipient landsliding, or
both. All this evidence indicates that many locations within
the Duwamish RiverHarbor Island-Elliott Bay waterfront
area are highly susceptible to damaging ground failure dur-
ing intense seismic shaking and that there is a high suscepti-<
bility to liquefaction of artificial fill and (or) underlying
postglacial sediments in the former tidal flats area. Similar
types of ground failure causing equal or greater damage can
be expected in the event of future large earthquakes that
cause intense ground shaking in the area.

Other locations in Seattle experiencing ground fajlure
in both the 1949 and 1965 earthquakes include the
University of Washington practice field area just west of
Union Bay at Lake Washington (pl. 4, loc. 31), the area just
south of Green Lake (loc. 33), and two locations along the
west shore of Lake Washington (locs. 4 and 27). Similar to
ground failures in the Duwamish River—Harbor
Island-Elliott Bay waterfront area, locations 4, 31, and 33
are also in areas of artificial fill underlain by postglacial
lacustrine or alluvial sediments (Waldron and others, 1962;

Figure 193,
1949, earthquake. Pavement cracks and slight slump are in a road embankment composed of artificial fill. Note arcuate
scarp and tilted light pole at right. Photograph from the Seattle-Post Intelligencer Collection, courtesy of the Museum of
History and Industry, Seattle, Wash, '

Ground failure along Spokane Street approach to West Seattle (pl. 4, loc. 16) triggered by the April 13,
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Figure 194.  Slump along the shore of Green Lake, north of downtown Seattle. This 1949 earthquake-
induced ground failure occurred near the south end of the lake (pl. 4, loc. 33) in an area that subsequently
experienced ground failure during the April 29, 1965, earthquake. Photograph from the Seattle Post-
Intelligencer Collection, courtesy of the Musewmn of History and Industry, Seattle, Wash.

Figure195.  Ground cracks on the southeast side of Green Lake in north Seattle {pl. 4, loc. 33). The cracks
opened during or shortly after the April 13, 1949, earthquake and probably resulted from subsidence and
lateral moverment of ground downslope toward the lake (out of sight to the left of view). Photograph from
the Seattle Post-Intelligencer Collection, courtesy of the Muscum of History and Industry, Seattle, Wash.




ineaux and others, 1967; Hale Lowry, oral commun.,
088). Ground-failure location 27 is locally underlain by
ficial fill (Steele Lindsay, written comnun., 1965).
n the Union Bay area of Lake Washington (locs. 31
2), vertical and horizontal displacements as great as 0.3
were reported in both 1949 and 1965; damage caused by
thase ground failures was minor, however. As in the water-
ont areas, the occurrence of sand boils and associated
und cracking during thel965 earthquake is evidence of
ssusceptibility of the artificial fill and (or) underlying
alluvial and lacustrine sediments to liquefaction and lique-
factlon-related ground failure,
=+ Slumping and possible lateral spreading along the south
shore of Green Lake (loc. 33; figs. 194 and 193) in 1949
apparently did little damage. Ground failure in the same area
in 1965 damaged a small building, fractured walks and pav-
ing, and broke utility lines {(Mullineaux and others, 1967).
Possible liquefaction of sediments at the south end of Green
Lake is suggested by the presence of loose granular sedi-
ments, the probability of a high water table in sediments at
or below lake level, and the characteristics of some of the
1949 and 1965 ground failures that suggest incipient lateral
spreading.

A hillside failure in north Seattle, triggered by the 1965
earthquake, evolved into a debris flow that covered aroad in
Carkeek Park (loc. 36, fig. 196). The flow originated in a

Figure 196.
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large ravine north of Piper Creek. The sides of the ravine are
underlain by the Esperance Sand Member and undifferenti-
ated nonglacial sediments (Washington Department of Ecol-
0gy, 1979a). The Seattle Times (1965c¢) stated that the slide
“opened a pool of ground water that roared down the creek,”
flooding the road with debris. Water from a small creek that
flows down the ravine may also have mixed with the slide
debris, adding to its mobility. The slide resulted in only
minor damage to the park road.

Another 1965 flow failure occurred in the city of
Edmonds, north of Seattle (loc. 40; fig. 197). The failure,
which took place at the head of a small ravine on moderately
sloping ground, left a cavity tens of meters across and 3-5m
deep. Slide debris flowed downslope for several hundred
meters. The site of the failure ts within an area underlain by
advance outwash deposits of the Vashon Drift, mostly clean
sand and gravel (Minard, 1983). According to focal resi-
dents, the site is also directly underlain by artificial fill. An
eyewitness to the event reported that the slide uncovered a
stream that mixed with the slide material, transforming the
slide “into a muck the consistency of wet cement.” The earth
flow destroyed an abandoned artesian well and watershed
located on the property.

At Port Orchard, on the Kitsap Peninsula west of Seattle
(loc. 1), ground failure triggered by the 1965 earthquake
badly damaged an asphalt-covered parking lot in a business

Mudflow covering Carkeek Park Road in northwest Seattle (pl. 4, loc. 36). This mudflow
developed as material from an earth slide triggered by the April 29, 1963, earthquake mixed with water and
flowed down a Piper Creek tributary ravine. Photograph used by permission of the Scattle Times Co.
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Figure 197.  Earth flow in Edmonds, Wash. (pl. 4, loc. 40}, induced by the April 29, 1963, carthquake.
The landslide began at the head of a small ravine and flowed downslope about 180 m, destroying an

abandoned city water-well shed in its path. Photograph from the Seattle Post-Intelligencer Collection,
courtesy of the Museum of History and Industry, Seattle, Wash.

Figure 198. Damage to Country Club Road, southwest of Port Orchard, Wash. (pl. 4, loc. 2), due to
slumping induaced by the April 29, 1965, earthquake. This slump occurred in granular fill underfain by
glacial deposits of the Vashon Drift. Photograph used by permission of the Bremerton Sun.




area adjacent to Sinclair Inlet. The failure occurred in a
waterfront area of artificial fill {Washington Department of
Ecology, 1979b). Spatial relationships with adjacent geo-
Jogic units (Washington Department of Ecology, 1979b)
suggest that the artificial fill is underlain by the Esperance
gand Member. A newspaper photo of part of the damaged
area (Bremerton Sun, 1965a) shows vertical displacements
of the asphalt and underlying fill as great as 0.6 m. A slight
Jateral displacement was indicated in the direction of the
infet.

Another small slide in artificial fill during the1965
carthquake extensively damaged a paved road south of Port
Orchard (loc. 2; fig. 198). Movement was downslope in the
direction of a small ravine adjacent to the road embankment.
Glacial deposits of the Vashon Drift underlie the artificial fill
at this focation.

Location 39 (pl. 4) at Suquamish was the site of a 1965
coastal-bluff landslide that badly damaged a house and
uprooted trees. According to a press report, the shoreline
heaved as much as 4.6 m in some places (Hake and Cloud,
1967). The 15-m-high bluff is underlain by the Vashon Drift
(till and cutwash sand and gravel) (Washington Department
of Ecology, 1979b). Field studies in 1988 revealed zones of
seepage near midslope in the reported area of sliding. The
ground failure resulted in a 30-m-long cracked and raised
area on the beach, parallel to the shoreline.

A 10 m section of highway fill, 5 km west of Kingston
(loc. 41), slumped about T m as a result of the 1965 tremor.
At that location, the highway crosses a low, wet area (a
ravine and small creek). Geologic mapping by Garling and
others (1965) indicates that the failure site is part of an area
underlain by recessional outwash deposits of the Vashon
Drift. Damage caused by the slide closed one lane to traffic
until repairs could be made.

SOUTHERN HALF OF THE CENTRAL AND
SOUTHERN PUGET LOWLAND REGION

The southern half of the central and southern Puget
lowland region (pl. 5) includes parts of King, Pierce, Kitsap,
Mason, and Thurston Counties bounded by lat 47°30' N. and
lat 47°00' N., and by long 122°00' W. and long 123°00" W.
In this area, reported landslides, ground cracks, and settle-
ment related to the 1949 and 1965 earthquakes were numer-
ous and widespread (pl. 5; table 30).

Sand boils and other ground-failure effects indicating
liguefaction were common on broad valley floors extending
from the former tidal flat area at Tacoma {area of locs.
77-79) southeast to Puyallup (locs. 60-71), and from Sum-
ner (locs. 57-59) to just north of Kent (focs. 106 and 107).
The valley floors are underlain generally by postglacial
alluvial sediments and locally by artificial fill (Mullineaux,
1965a, 1965b; Walsh and others, 1987).
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On the former Tacoma tidal flat (area of locs. 77-79),
sand boils, ground cracks, and settlement occurred as a result
of both the 1949 and 1965 earthquakes. Reported displace-
ments were less than (0.3 m, but ground cracks developed that
were as long as 300 m. In one instance in 1949, displace-
ment (indicated by a ground crack)} in the direction of the
waterfront suggests incipient lateral spreading or slumping
(foc. 77). Many waterline breaks occurred in the area in
1949, and streets and other paved areas were damaged by
ground cracks and settlement in both 1949 and 1965. The
area of the former tidal flat is underlain mostly by fine sand
and silt that are extensively covered by artificial fill.

Reports of sand boils produced by the 1949 earthquake
were most numerous in and near the city of Puyallup. Much
of our data comes from Shulene (1990), who presented infor-
mation on the location and nature of sand-boil occurrences in
the Puyallup area. In northwest Puyallup, sand-beil activity
was concentrated in areas north and south of Stewart Avenue
(locs. 63-69), such as the 20-square-block area north of
Stewart Avenue running west from Sth Street NW to 9th
Street NW and from Stewart Avenue north to 8th Avenue
NW (loc. 66). Sand boils reportedly pushed through the con-
crete basement floor of one home and forced timber founda-
tion through the flooring of another, which caused
considerable damage. Also, liquefied sand came up through
a basement floor and floated a furnace that was apparently
unsecured. In addition, city water mains were broken and
ground cracks opened across some streets and walks. In one
case, vertical displacement associated with a ground crack
that crossed a street was great enough to cause a drop that
was noticeable when driven over by a car. In general, reports
of sand boils in this area did not include detailed descriptions
of the amounts and types of sediment involved; however, at
two of the sites, several small mounds (maximum dimension
less than 0.6 m) of black sand were reported. Damage to the
basements described above, however, suggests considerably
larger volumes of ejected material at those locations.

Anpother concentration of sand-boil activity occurred in
an area just south of Stewart Avenue and west of 12th Street
NW (loc. 68). Ground cracks several meters long and sev-
eral centimeters wide developed, and some reported “gey-
sers” (sand boils) deposited many yards of sediment on the
surface and caused flooding (figs. 199-201). At one loca-
tion, as many as 20 sand boils appeared that left “cone
shaped” piles of light-colored sand as much as 18 cm in
diameter and 20 cm high; at another “sand pile,” diameters
were estimated as 0.6-0.9 m. At yet another location, sand
boils producing a blue-gray sand were reported. The only
sand-boil activity reported for the 1965 earthquake in or near
Puyallup occurred within this same area (loc. 68). The 1965
occurrence took place on the Aylen Junior High School play-
field and reportedly produced a “‘considerable amount of
water.”

Five or six “geysers” produced by the 1949 earthquake
were reported to have deposited mounds as much as 0.3 m
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Figure 197.  Barth flow in Edmonds, Wagh. (pl. 4, loc, 40), induced by the April 29, 1965, earthquake.
The landslide began at the head of a small ravine and flowed dowaslope about 180 m, destroying an
abandoned city water-well shed in its path. Photograph from the Seattle Post-Intelligencer Collection,

courtesy of the Museum of History and Industry, Seattle, Wash.

Figure 198. Damage 10 Country Club Road, scuthwest of Port Orchard, Wash. (pl. 4, loc, 2), due to
slumping induced by the April 29, 1965, earthquake. This slump aceurred in granular fill underfain by
glacial deposits of the Vashon Drift. Photograph used by permission of the Bremerton Sun,




at to Sinclair Inlet. The failure occurred in a
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ocation 39 (pl. 4) at Suquamish was the site of a 1965
tal-bluff landslide that badly damaged a house and
.oted trees. According to a press report, the shoreline
red as much as 4.6 m in some places (Hake and Cloud,
7). The 15-m-high bluff is underlain by the Vashon Drift
and outwash sand and gravel) (Washington Department
cology, 1979b). Field studies in 1988 revealed zones of
epage near midslope in the reported area of sliding. The
ound failure resulted in a 30-m-long cracked and raised
“area on the beach, parallel to the shoreline.

A 10 m section of highway fill, 5 km west of Kingston
(foc. 41), slumped about 1 m as a resuit of the 1965 tremor,
At that location, the highway crosses a low, wet area (a
ravine and small creek). Geologic mapping by Garling and
others (1965) indicates that the failure site is part of an area
underlain by recessional outwash deposits of the Vashon
Drift. Damage caused by the slide closed one lape to traffic
until repairs could be made.

SOUTHERN HALF OF THE CENTRAL AND
SOUTHERN PUGET LOWLAND REGION

The southern half of the central and southern Puget
lowland region (pl. 5) includes parts of King, Pierce, Kitsap,
Mason, and Thurston Counties bounded by lat 47°30" N. and
lat 47°00' N., and by long 122°00° W. and long 123°00" W.
In this area, reported landslides, ground cracks, and settle-
ment related to the 1949 and 1963 earthquakes were numer-
ous and widespread (pl. 5; table 30).

Sand boils and other ground-failure effects indicating
liquefaction were common on broad valley floors extending
from the former tidal flat area at Tacoma {(area of locs.
77-79) southeast to Puyallup (locs. 60-71), and from Sum-
ner {locs. 57-59) to just north of Kent (locs. 106 and 107).
The valley floors are underlain generally by postglacial
alluvial sediments and locally by artificial fill (Mullineaux,
19652, 1965b; Walsh and others, 1987).
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On the former Tacoma tidal flat (area of locs. 77-79),
sand boils, ground cracks, and settlement occurred as a result
of both the 1949 and 1963 earthquakes. Reported displace-
ments were less than 0.3 m, but ground cracks developed that
were as long as 300 m. In one instance in 1949, displace-
ment (indicated by a ground crack) in the direction of the
waterfront suggests incipient lateral spreading or slumping
(loc. 77). Many waterline breaks occurred in the area in
1949, and streets and other paved areas were damaged by
ground cracks and settlement in both 1949 and 1965. The
area of the former tidal flat is underlain mostly by fine sand
and silt that are extensively covered by artificial fill.

Reports of sand boils produced by the 1949 earthquake
were most numerous in and near the city of Puyallup. Much
of our data comes from Shulene (1990), who presented infor-
mation on the location and nature of sand-boil occurrences in
the Puyallup area. In northwest Puyallup, sand-boil activity
was concentrated in areas north and south of Stewart Avenue
(locs. 63-69), such as the 20-square-block area morth of
Stewart Avenue running west from 5th Street NW to 9th
Street NW and from Stewart Avenue nosth to 8th Avenue
NW (loc. 66). Sand boils reportedly pushed through the con-
crete basement floor of one home and forced timber founda-
tion through the flooring of another, which caused
considerable damage. Also, liquefied sand came up through
a basement floor and floated a furnace that was apparently
unsecured. In addition, city water mains were broken and
ground cracks opened across some sireets and walks. In one
case, vertical displacement associated with a ground crack
that crossed a sireet was great enough to cause a drop that
was noticeable when driven over by a car. In general, reports
of sand boils in this area did not include detailed descriptions
of the amounts and types of sediment involved; however, at
two of the sites, several small mounds (maximum dimension
less than 0.6 m) of black sand were reported. Damage to the
basements described above, however, suggests considerably
larger volumes of ejected material at those locations.

Another concentration of sand-boil activity occurred in
an area just south of Stewart Avenue and west of 12th Street
NW (loc. 68). Ground cracks several meters long and sev-
eral centimeters wide developed, and some reported “gey-
sers” (sand boils) deposited many yards of sediment on the
surface and caused flooding (figs. 199-201). At one loca-
tion, as many as 20 sand boils appeared that left “cone
shaped” piles of light-colored sand as much as 18 cm in
diameter and 20 cm high; at another “sand pile,” diameters
were estimated as 0.6-0.9 m. At yet another location, sand
boils producing a blue-gray sand were reported. The only
sand-boil activity reported for the 1965 earthquake in or near
Puyallup occurred within this same area (loc. 68). The 1965
occurrence took place on the Aylen Junior High School play-
field and reportedly produced a “considerable amount of
water.”

Five or six “geysers” produced by the 1949 earthquake
were reported to have deposited mounds as much as 0.3 m
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Figure 199.  Sand boil in Puyallup, Wash. (pl. 5, loc. 68), produced by the April 13, 1949, earthquake,
The earthquake generated many sand boils in northwest Puyallup. Some, such as this one, deposited con-
siderable volumes of sedinment on the surface; others were associated with damage fo homes in the area.
The sand boil vent (collapsed area in the center) is 2-3 m long. Photograph by Richard Six, Puyallup, Wash.

Figure 200.  Ground crack and ejected sediment (sand boil) pro-
duced by the April 13, 1949, earthquake. This ground failure in
northwest Puyallup, Wash. (pl. 5, loc. 68), may indicate incipient
lateral spreading due to liquefaction of sediments. Shadow of
individual (Jlower left) shows scale. Photograph by Richard Six,
Puyallup, Wash.

Figure 201.  Flooding in northwest Puyallup, Wash. (pl. 5, foc.
68), at the time of the April 13, 1949, earthquake. According to
local residents, the flooding could not be attributed to broken water
mains and may have resulted from the ejection of ground water
from the many sand boiis that occurred in the area. Photograph by
Richard Six, Puyallup, Wash.




i at a location along West Main Street (loc. 63) pres-
ently occupiéd by the Puyallup High School Gymnasium.
T the west (loc. 69), a basement was “pushed up” on one
nd so that the house teetered, and liquefied sand ejected
o a basement attained a depth of approximately 1.2 m.
4so at this location, 0.3-m-high sand mounds developed
spf]-over” a cultivated field. In addition, a report of ground
cracks and a “shift” in a road adjacent to the Puyallup River
iﬁ-Puyailup {loc. 67) suggests slumping or lateral spreading
at that location.

.+ Northwest of Puyallup, along the west side of Clarks
Creek (loc. 71), a 60- to 100-m-long crack developed during
the 1949 earthquake and exhibited as much as a few meters
of horizontal and vertical displacement (fig. 202). Laterai
movement was in the direction of the creek, indicating laterai
spreading or slumping of the alluvial soil. The foundation of
a nearby house on the east side of Clarks Creek was report-
edly destroyed, probably as a result of ground failure.

Figure 202.  Ground crack along Clarks
Creck, northwest of Puyallup, Wash., associated
with slumping or lateral spreading of alluvial
sediments (pl. 5, loc. 71). This 1949
earthquake-induced ground failure extended
along 60-90 m of the west bank of Clarks
Creek; lateral movement was in the direction of
the creek (out of sight to the left of view).
Photograph from the Richards Photographic
Studio Photo Collection, courtesy of the
Tacoma Public Library, Tacoma, Wash.
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Sand boils occurred at several locations north of the
Puyallup River. Included among these were the reports of a
sand-boil deposit as great as 5 m in diameter (loc. 72), “doz-
ens” of sand boils composed of light-colored sand (loc. 74),
and sand boils 0.3-0.5 m in diameter and 9-12 m apart made
up of black, clean sand (loc. 75).

The 1949 earthquake generated many small sand boils
with clean, black sand at one location just east of Sumner
(loc. 58); detailed descriptions of sediment type were not
reported for two other locations to the southeast (locs. 56 and
57).

Farther north, near the King-Pierce Comnty line (loc.
100), sand boils in 1949 reportedly deposited fine sand at
various points along a long fissure and at various locations in
a cultivated field; in 1965, ejected sand formed many piles
over two fields. In this same area in 1949, a fissure reported
to be about 30 m long, 0.3 m wide, and as much as 2 m deep
developed in a cultivated field. Immediately after the event,
water was observed covering the bottom of the fissure. The
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Figore 205,

Sand boils near Capitol Lake in Olympia, Wash.,
related to the earthquake of April 29, 1965 (pl. 5, loc. 48). The sand
boils are evidence of soil liquefaction at this ground failure
location. Sidewalk slab in background shows scale. Photo graph by
Gerald W. Thorsen, Division of Geology and Earth Resources,
Washington Department of Natural Resources, Olympia, Wash.

Figure 204. Damage 4
Deschutes Parkway, Oly
pia, Wash,, resulting frop,
1965  earthquake-induce
ground failure (pl. 3, 1
48).  The parkway wy
constructed on granular fi]
placed on tidal flat myg
that are now within th
limits of Capitol Lake
failure was probably due
liquefaction.  Photograp;
by Gerald W. Thorsen
Division of Geology an
Earth Resources, Washing
ton Department of Natur:
Resources, Olympia, Wash,
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Figure 206. Damage to Union Pacific Railroad tracks near Tumwater, Wash. (pl. 3, loc. 45), due to a 1965 carthquake-
induced slope failure in artificial fill. Photograph by Gerald W. Thorsen, Division of Geology and Earth Resources,

Washington Department of Natural Rescurces, Olympia, Wash. -

Figure 207. Damage to Black Lake Road south of Olympia, Wash. (pl. 5, loc. 44), caused by failure ofa
steep lake bank during the earthquake of April 13, 1949, Photograph used by permission of Jack Goldsby,

Tumwater, Wash.
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Figure 208. View of Cooper’s Point, located 11 km north of Olympia, Wash. (pl. 5, loc. 51). About 45
m of the end of the sand spit failed and disappeared into Puget Sound during the April 13, 1949, earthquake.
Photograph was taken in 1988.

Southwest of Olympia (pl. 5, loc. 44; fig. 207), about 30
m of one lane of Black Lake Road was damaged in 1949 by
slumping. The failure occurred on a steep 8-m-high lake
bank underlain by Vashon outwash sand and possibly some
artificial fill.

About 45 m of the sandspit at Cooper’s Point, north of
Olympia (pl. 5, loc. 51, fig. 208), slid into Puget Sound dur-
ing the 1949 earthquake. An eyewitness reported seeing the
mass of land sinking beneath the waves. Soundings taken
afterward at high tide indicated water depths of 15 m in an
area where formerly the spit was 1.5 m above water at high
tide. The sandspit is a Holocene beach deposit (Washington
Department of Ecology, 1980b) that includes medium to
coarse sand and minor gravel.

In QOlympia, extensive settling was reported in 1949 in
the Port of Olympia area (loc. 50) and in a residential area
three to eight blocks east of the State Capitol (loc. 46). The
entire port area, underlain by artificial fill, was reported to
have settled 13 cm. Pipelines were broken and asphalt was
bulged up over pilings. Settlement east of the State Capitol,
which reportedly occurred in an area underlain by 2 peat soil,
damaged several residences.

CASCADE RANGE, WASHINGTON, REGION

The Cascade Range of Washington (pl. 6) includes the
area bounded by lat 49°00" N. and lat 46°00" N. and by long

121°00" W. and long 122°00' W. The region includes central
and eastern parts of King, Skagit, Snohomish, and Whatcom
Counties; eastern parts of Lewis and Pierce Counties; north-
central and northeastern Skamania County; and far western
parts of Chelan, Kittitas, and Yakima Counties. Nearly all of
the reported 1949 and 1965 ground failures are located on the
western side of the Cascade Range (pl. 6, table 31). Ground
failures produced by the 1949 and 19635 earthquakes in this

mostly mountainous region include (in order of abundance)
rock falls and rock slides on steep cliffs and rock faces,
slumps and other slides in alluvial valleys along roads and -
river banks, and minor ground cracks and (or) settlement in -
alluvial areas on valley floors and in embankment areas of

dams.

A cluster of ground-failure activity was generated by
the 1949 earthquake along the Cowlitz River Valley near |

Randle (locs. 117-122). Blocks of volcanic rocks fell from
steep cliffs east of Randall onto Cline Road (locs. 120 and
121) and onto the old Randle-Packwood Highway (loc. 122).
The blocks were reported to be as large as 6 m on a side. On
the valley floor, southwest of Randle (loc. 117), a road
embankment composed of artificial fill underlain by loose,
ligunefiable sand slumped into a nearby field. Road damage
caused by the slump is shown in figure 209. Simultaneously
on the same property (loc. 118), numerous sand boils
erupted. To the east and closer to the Cowlitz River (loc.
119), small slumps were triggered along the bank of an
abandoned river channel.
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Rock slides on Mount Rainier were reported for both
the 1949 and 1963 earthquakes. In 1949, a “major” rock
slide occurred on the slopes above Nisqually Glacier and, in
1965, large amounts of rock and soil reportedly fell or slid in
the vicinity of Kautz Glacier (pl. 6, loc. 126). Closer to the
community of Longmire, the 1949 tremor induced rock falls
and (or) rock slides of undetermined size on the cliffs of
Eagle Peak (loc. 123) and Rampart Ridge (loc. 124). Also,
incipient sliding of flood debsis in the Kautz Creek drainage
was reported (loc. 125). Numerous instances of ground fail-
ure on and near Mount Rainier, related to the 1949 and 1965
earthquakes and to several other historical earthquakes prior
to the 1949 event (Noson and others, 1988), strongly indicate
a high susceptibility to earthquake-induced landsliding.
Jointing and layering of the volcanic rocks that underlie the
steep slopes of Mount Rainier probably contribute to their
seismic instability.

Mount Si (fig. 210; pl. 6, loc. 130) was the site of carth-
quake-triggered rock slides in 1945, 1949, and 1965. On
April 29, 1945, an earthquake with a felt magnitude of 5.9
(Noson and others, 1988) triggered landsliding on Mount Si
that was described by Bodle and Murphy (1947), as follows:
“At the Mount Si Ranger Station, near North Bend, the earth
buckled and heaved and tons of rock and earth cascaded
down the 4,000 ft [1,220 m] cliffs of Mount Si.” In 1949, a
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Figure 209.  Slump in a - to 1.2-m-high road embankment in the Cowlitz River Valley, about 1.6 km
southwest of Randle, Wash. (pl. 6, loc. 118). This April 13, 1949, earthquake-induced ground failure
occurred in artificial fill underlain by loose liquefiable sand. The earthquake also produced sand boils in an
adjacent field. Photograph by Alice Peters, Randle, Wash.

large dust cloud caused by a rock slide was observed rising
from the west side of the mountain at about the 600 m level
and, in 1965, a slide on the southwest slope of Mount Si was
described as “extensive.” The 1945, 1949, and 1965 ground
failures demonstrate the high susceptibility of steep rock
slopes on Mount Si to earthquake-induced rock falls, rock
slides, and rock avalanches. Metavolcanic rocks (metamor-
phosed basic lavas), some of which are foliated, form the
bedrock surface over much of the western part of Mount Si
{(Kremer, 1959). The rocks on the western part of the moun-
tain dip very steeply to the west, and much of the rock is frac-
tured. Fractures and bedding planes with unfavorable
orientations commonly contribute to the instability of rock
slopes. As stated by Pitean and Peckover (1978), “The sta-
bility of rock slopes depends largely on the presence and
nature of defective planes or discontinuities within the rock
mass.”

Minor ground cracking was reported on Mud Mountain
Dam {loc. 127) in 1949 and 1965 and on Howard Hanson
Dam (loc. 128) in 1965, In both instances, the dams were not
endangered. Small slides in the vicinity of Mud Mountain
Dam were also reported for both the 1949 and 1965 earth-
quakes. In 1949, sliding occurred in an old slide area down-
streamn from the dam and, in 1965, a siope near the Vista
House was affected by small slides.




398 ASSESSING EARTHQUAKE HAZARDS AND REDUCING RISK IN THE PACIFIC NORTHWEST

Figure 210. Mount Si near North Bend, Wash. (pl. 6, loc. 130). “Rockslides” on Mount Si were reported
for the Puget Sound area earthquakes of April 29, 1945, April 13, 1949, and April 29, 1965, Photograph

was taken in 1988.

CENTRAL-SOUTHWESTERN
WASHINGTON REGION

The central-southwestern Washington region (pl. 7)
extends from lat 47°30" N, to lat 46°22' N. and from long
122°00° W. to the Pacific Ocean (excluding the area of pl.
4). Included in the region is all of Lewis County west of
long 122°00" W., the area of southwestern Pierce County
south of lat 47°00' N. and west of long 122°00' W., all of
Thurston County south of lat 47°00' N., Mason County
south of lat 47°30" N. and west of long 123°00' W., all of
Grays Harbor County south of lat 47°30' N., and all but the
southwesternmost part of Pacific County. In this region,
nearly all of the reported ground failures were produced by
the 1949 earthquake; most occurred in lowlands, including
the valley bottoms of major rivers and adjacent hillsides,
and in glaciated areas bordering the southern terminus of
Puget Sound. Ground-failure locations in this region are
shown on plate 7; reports describing selected ground failures
are listed in table 32.

Reports of sand boils and related ground cracking pro-
duced by the 1949 earthquake came from several locations
in the central part of the region (locs. 141 and 146-149),
As many as 12 sand boils deposited “paiches” of sand in a
swampy pasture near Deep Lake, east of Maytown (loc.
141). An eyewitness reported that mud was ejected first,
followed by clean, white sand. The cjected sediment
erupted along a north-south-trending line over a zone 3 m
wide, forming “patches” on the ground as wide as 3 m. The
area is underlain by glacial deposits of the Vashon Drift
(Walsh and others, 1987); a gravel pit at the south end of

i

the property, a short distance from the sand boils, exposes
poorly sorted sand.

On a low terrace of the Chehalis River, just south of
Centralia (loc. 146), about 20 ground cracks appeared in a
farmer’s field; from some of these (figs. 211 and 212), gey-
sers of water and sediment spouted as much as 45 cm above
the ground. It was reported that the geysers brought up what
appeared to be “clean ocean sand.” It was also reported that
water continued to run slowly from the fissures for about a
week.

On the flood plain of the Chehalis River northwest of
Centralia (loc. 149), sand boils erupted from a ground crack
approximately 2.5 cm wide and 5 m long. In the process,
“several buckets full” of pure white sand were deposited on
the ground. A 1949 sand boil south of Chehalis (loc. 147} is
reported to have “heaved some ground” 0.6 m in the vicinity
of a spring, forming a mound from which “muddy water”
poured. Available information was not sufficient to deter-
mine the exact location of the sand boil or the type of sedi-
ment involved.

One other sand-boil occurrence in the region is sug-
gested by the report of a fissure on a road near Ceres (loc.
148) that produced a “wet and soft spot in the roadbed where
it was previously dry.” Artificial fill underlies the road at
that location.

Ground settlement related to the 1949 earthquake
caused extensive damage to several buildings in Centralia
(loc. 145), including a church that had to be condemned.
Water mains in the city also were damaged. Foundation
damage and broken water pipes in the Hanaford Valley area
(loc. 142) were probably related to ground failure. Both




Figure 211.  Alignment of sand boils in a field 1.6 km southwest
of Centralia, Wash. (pl. 7, lac. 146), is related to linear ground crack
from which the water and sand were emitted during a 1949 lique-
faction incident. Photograph by Ted Dorn, Centralia, Wash.

areas are underlain by alluvial sediments that are locally
covered by artificial fill.

In the areas adjoining the central Puget Sound lowland,
landslides were triggered on hillsides, along roads and rail-
roads, and on lake and river banks. In the LaGrande-Eaton-
ville-Kapowsin area (locs. 136-139), landslides and ground
cracks were associated with both the 1949 and 1965 earth-
quakes. Although little information is available regarding
the exact locations and nature of ground failures in the vicin-
ity of LaGrande (pl. 7, loc. 136), it was reported that the 1949
earthquake generated ground cracks on “side hills” in the
area and, in 1963, that “slides went into rivers and onto
roads.”

A landslide triggered by the 1949 earthquake at Ohop
Lake (loc. 138) is particularly interesting because, like the
Tacoma Narrows landslide (pl. 5, loc. 81), it demonstrates
the continuing hazard of some earthquake-induced ground
failures beyond the time of the earthquake. At the time of the
April 13, 1949, tremor, a 200-m-long and 8- to 10-cm-wide
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crack appeared on a county road located several feet above
lake level on the northwest side of the lake. One month later,
on May 13, complete failure occurred as the unstable mass
suddenly slumped and (or) flowed about 30.5 m into the
lake. The failure, which involved artificial fill underlain by
alluvial sediments, left a scarp on the roadway about 1.5 m
high (fig. 213). Summer cottages and supports for telephone
and power lines were damaged by the slide.

In 1949, a smalier slide damaged about 30 m of an
approach to a railroad overpass southeast of Eatonville (loc.
137). Artificial fill was also involved in that failure.

The 1949 earthquake induced a slump along about 30 m
of county road adjacent to the Cowlitz River southeast of
Morton (loc. 134). The slide material {(glacial sand and
gravel) dammed the river for a short time. Closer to Morton,
the same event triggered a rock fall (loc. 135) from a near-
vertical exposure of Tertiary-age sedimentary rocks. It was
reported that a block of bedrock § m high fell from the cliff,
frightening homeowners below.

Reported landslides in the vicinity of Centralia and
Chehalis (locs. 143 and 144) were later determined to be
small slumps with displacements of 0.6 m or less. One of the
slides occurred on the side of an old gravel pit north of Cen-
tralia (foc. 143) in a glacial outwash deposit of sand and
gravel; the other, located on the north shore of Plummer
Lake (loc. 144), probably involved Quaternary ailuvial sedi-
ments. Small siumps in 1949 also damaged roads near
Rochester (foc. 150) and Qakville (foc. 151); both involved
artificial fill on poor alluvial foundations. Horizontal and
vertical displacements of 0.6 m or less were noted.

An 85-m-long section of a railroad embankment
slumped into Patterson Lake south of Lacey (loc. 140) dur-
ing or shortly after the 1949 earthquake. The slide is
reported to have caused a wave surge that rose 25-30 cm
over a nearby dock. About 19,000 m® of material was
required to repair the damage (U.S. Army Corps of Engi-
neers, 1949). The failure involved artificial fill over glacial
sediments of the Vashon Drift,

Near Shelton (pl. 7, loc. 156). one lane of U.S. Highway
101 was damaged by a minor shump triggered by the 1965
earthquake. The slump, which was in artificial fill underlain
by glacial sediments, dropped a part of the road approxi-
mately 0.3 m for a distance of about 46 m. Also, slides gen-
erated by the 1965 event were reported along the west side
of Oakland Bay near Shelton (foc. 155). However, available
information was insufficient to determine the exact locations
and characteristics of those ground failures.

Numerous broken water mains and sidewalk cracks in
Hoquiam and Aberdeen (locs. 152 and 153) associated with
the 1949 earthquake may have resulted from minor settle-
ment or incipient landsliding. Much of the Hoquiam-Aber-
deen area adjacent to Grays Harbor is underlain by
Quaternary alluvium (Walsh and others, 1987), and artificial
fill is present locally. Ground failare induced by the 1949
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Figure 212,  Sand boils on the floodplain of the Chehalis River, about 1.6 km southwest of Centralia,
Wash. (pl. 7, loc 146). Water and sand spouted from several ground cracks at this location at the time of
the April 13, 1949, earthquake. Photograph by Ted Dorn, Centralia, Wash.

Figure 213.  Scarp created by a landslide on the west side of Ohop Lake, Pierce County, Wash. (pl. 7, loc.
138}. Incipient failure induced by the April 13, 1949, earthquake resulted in the development of a large
ground crack. On May 13, complete failure occurred as the unstable mass suddenly slumped into the lake,

damaging the roadway, wility lines, and coftages near the shore, Photograph used by permission of the
Tacoma News Tribune,




“nd 1965 earthquakes has produced similar effects in other
““areas with similar geclogic settings.

WESTERN COLUMBIA RIVER REGION,
OREGON AND WASHINGTON

Included in the western Columbia River region (pl. 8)
are the following Washington counties: Cowlitz and
Wahkiakum Counties, western and southern parts of Skama-
pia County west of Tong 121°00' W. and south of lat 46°00'
N., part of western Klickitat County west of long 121°00" W.
and south of lat 46°00' N, and southwestern Pacific County
south of Iat 46°23' N. Included in Oregon are Clatsop,
Columbia, Washington, Multnomzh, and Hood River Cour-
ties; the northwestern part of Wasco County west of long
121°00' W. and north of lat 45°14' N.; the northern parts of
Clackamas and Yambhill Counties north of lat 45°14' N; and
all of Tillamook County except the southwest corner south
of lat 45°14' N,

In this region, the 1949 earthquake spawned numerous
ground failures along and near the Columbia River; these

included rock falls, rock slides, or rock falls/rock avalanches

on steep cliffs and rock faces, and ground cracks, settlement,
and sliding probably related to liquefaction in alluvial areas
on the valley floor.

A landslide (probably a rock fall/rock avalanche} that
originated on a steep head scarp of the 36 km? Bonneville
landslide west of Stevenson, Wash. (loc. 160), reportedly
created a dust cloud that was seen for miles along the Colum-
bia Gorge. Rock falls on the steep scarps are a comimon,
ongoing mass-wasting process that is probably easily accel-
erated by seismic activity. According to Palmer (1977),
“The head scarps are actively raveling, with large blocks
more than 15 ft [4.6 m] in diameter crashing down from time
to time, so that it is unsafe at the base of the cliffs.” The head
scarp of the Bonneville slide (fig. 214) exposes about 370 m
of the Eagle Creek Formation (conglomerate, sandstone, and
minor tuff) overlain by basalt (Korosec, 1987). It was
reported that a “considerable” area of fresh surface on the
rock cliff was exposed by the 1949 landslide and that aban-
doned buildings, including a small school house, were dam-
aged or destroyed. Post-1949 airphotos reveal an area of
slide debris, possibly related to the 1949 earthquake, as
much as several tens of meters wide and a few hundred
meters long at the base of a steep cliff on the south side of
Table Mountain (loc. 160).

At Blue Lake, east of Portland, Oreg. (loc. 158), 21949
rock fall from a near-vertical rockface on the south side of
the lake reportedly endangered a boathouse. A 9-to 15-m-
high cliff at that location exposes part of the Troutdale For-
mation (conglomerate and sandstone) (Trimble, 1963).

Rock falls invelving highly jointed volcanic rocks
occurred along the Spokane-Portland-Seattle railway about
1.6 km east of Mayger, Oreg. (loc. 166), and along the Ocean
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Beach Highway just west of Stefla, Wash. (loc. 168). The
rock fall east of Mayger damaged the railroad, but it was
reported that only a few hours were required to clear the slide
and repair the damage. The rock fall at location 168 origi-
nated on the near-vertical face of a 15- to 25-m-high bluff
that extends for about 0.8 km along the highway west of
Stelia. Part of the rock fall reportedly crossed the highway
and spilled into the Columbia River. According to an eye-
witness, the Washington State Department of Highways had
to “shoot” (use explosives) to remove a block of rock “as
large as a house.”

Sand boils and associated ground cracks indicating lig-
uefaction of sediments occurred at Longview, Wash., in
1949 near the junction of N.W. Nichois Street and Ocean
Beach Highway (pl. 8, loc. 163) and near 40th Avenue (loc.
164). Geysers of water and sand 1-1.2 m high developed in
a yard and, nearby, sand boils and settlement caused consid-
erable structural damage to a local residence. The area is
part of a flat, low-lying terrace or flood plain of the Colum-
bia River underfain by Quaternary alluvium. Artificial fill is
present locally. The 1949 ground failure near 40th Avenue
took the form of a 6-m-long ground crack from which
“black, fine sand bubbled.” The site is part of a sandy flood
plain; Quaternary alluvial sediments underlie the area
(Walsh and others, 1987). Local residents who lived in the
vicinity in 1949 say the ground-water table was almost at the
surface at the time of the earthquake.

Other effects of the 1949 earthquake, possibly related to
liguefaction of Columbia River sediments, include the fol-
jowing: a slide involving artificial filt overlying alluvium
that damaged 100 m of the Longview dike road (loc. 165);
damage to a building at Mayger, Oreg. (loc. 167), related to
shifting of pilings toward the Washington side of the river;
sliding or flowing of sediments on Puget Island in the
Columbia River (loc. 170), indicated by well pipes all bent
in the same direction; and settling, ground cracks, and bent
pipes in a flat-lying, swampy alluvial area at Skamokawa,
Wash. (loc. 171).

OBSERVATIONS AND CONCLUSIONS

In this study, data on ground failures generated by the
April 13,1949, and April 29, 1965, Puget Sound earthquakes
were obtained by (1) review of published and unpublished
information, (2) interviews with local residents and State and
local officials, and (3) field study of selected ground-failure
sites. These data include new and previously unpublished
ground-failure information, particularly on landslides,
related to the 1949 and 1965 events. The data support con-
clusions by Hopper (1981) and Keefer (1984) regarding the
general distribution and character of the 1949 and 1965
ground failures and the relative susceptibility of geologic
environments in the Puget Sound region to earthquake-
induced ground failure. The following observations and
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Figure 214.
Technology, Pertland, Oreg.

conclusions are based, in large part, on the perspective
gained by the compilation of new and existing information
on ground-failure characteristics and by study and compari-
son of ground-failure distributions made possible by the plot-
ting of 1949 and 1965 ground failures on regional
topographic maps (pls. 4-8).

Ground failures triggered by the 1949 and 1965 earth-
quakes were scattered over areas of about 28,500 km? and
20,700 kin?, respectively (fig. 187). Ground failures in areas
affected by both earthquakes were similar, taking the form of
landslides, settlement, and ground cracks. Although most of
the reported ground failures were small settlements and
ground cracks that resulted in only minor damage to roads,
sidewalks, buildings, utility lines, and other structures, many
caused significant damage in areas of intense ground shak-
ing. Many damaging ground failures occurred in environ-
ments thought to be conducive to liquefaction failures, as
suggested by the presence of sediment types susceptible to
liguefaction, high water tables, and in some cases the occur-
rence of sand boils in the immediate vicinity.

Liquefaction of sediments, indicated by sand boils,
was most common on flood plains or low terraces of valley
floors extensively underlain by Quaternary alluvium and

Bonneviile landslide area along the Columbia River west of Stevenson, Wash. (pl. 8, loc. 160). Rock fall/
rock avalanche activity triggered by the April 13, 1949, earthquake occurred along the steep head scarp (arrows), creating
a dust cloud visible for many kilometers along the Columbia River Gorge. Photograph by Derek Cornforth, Landslide

locally by artificial fill and at the mouths of tivers where
deltaic sediments and tidal flat muds are extensively over-
lain by artificial fill. Many slides, mostly small slumps
with estimated volumes of less than 1,500 m® {Chleborad
and Schuster, 1989), involved artificial fill underlain by
granular alluvial, deltaic, lacustrine, or glacial deposits.
Most of these occurred in embankments along primary and
secondary roads and railroads and along the banks of rivers,
lakes, and other bodies of water. Also, slumps and other
slides of undetermined type were common on steep bluffs
along Puget Sound. Many of the slides along these bluffs
occurred within a stratigraphic sequence composed of gla-
cial sediments of the Vashon Drift that included its Esper-
ance Sand Member or its lithologic equivalent underlain by
impermeable silts and clays. Such conditions ofien give
nise to naturally unstable slopes because of high ground-
water conditions. The importance of local ground-water
conditions in the development of earthquake-induced flows,
slumps, and other skides is suggested by the proximity of
many of the slope failures to rivers, lakes, streams, or other
bodies of water and by reports of associated springs,
swampy areas, and “opened pools of ground water,” all of
which indicate a probable high water table and saturated




,nditions. Coupled with the presence of loose
ediments, such conditions often indicate a high
lity to }iquefaction—induced ground failure,

falls, rock slides, and rock avalanches reported
10949 and 1965 earthquakes occurred almost exclu-
the mountainous terrain of the Cascade Range and
‘western Columbia River valley. Typically, these
' riginated on very stecp slopes (slopes of 45° or
1 areas of highly jointed volcanic, metamorphic, or
ks and in areas where such failures occur
y even under nonseismic conditions.

fary 10C

amination of ground-failure distributions in each of
ur regions discussed reveals that a high percentage of
ported failures occurred in and near the more populated
eavily traveled areas, which suggests that many ground
¢s that occurred in less populated and inaccessible
were not reported. This notion is supported, to some
t, by the paucity of reports of landsliding in several
areas of landslide-susceptible terrain in western Wash-
ton and northwestern Oregon, such as the Cascade and
; t Ranges (Radbruch-Hall and others, 1982; Schuster
| Chleborad, 1989), where intense ground shaking (MMI
or greater) might be expected to generate such failures.

' Future large earthquakes in the western Washing-
_northwestern Oregon region can be expected to generate
ar types of ground failures in the same or geologically
- similar environments as those that occurred in the 1949 and
1965 earthquakes. The location and extent of losses caused
' by future earthquake-induced ground failures will depend on
“many factors, including the magnitude and location of the
earthquake, ground-water conditions at the time of the earth-
‘quake, and the susceptibility of populated and developed
areas to damaging ground failure during intense seismic
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er-

ps shaking, Recognition of geologic environments susceptible
ad to earthquake-induced ground failure is an important step in
by efforts to reduce the earthquake hazard faced by residents of
ts. the western Washington—-northwestern Oregon region.
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TABLES 29-33

Descriptions of ground failures in the Puget Sound region caused by the April 13, 1949, and April 29, 1963, earthquakes
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GROUND FAILURE, PUGET SOUND REGION EARTHQUAKES, APRIL 1949 AND APRIL 1965
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