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SLIDE-INDUCED WAVES, SEICHING, AND GROUND FRACTURING
CAUSED BY THE EARTHQUAKE OF MARCH 27, 1964,

AT KENAI LAKE, ALASKA

The March 27, 1964, earthquake dis-
lodged slides from nine deltas in Kenai
Lake, south-central Alaska. Sliding re-
moved protruding parts of deltas—often
the youngest parts—and steepened
delta fronts, increasing the chances of
further sliding. Fathograms show
that debris from large slides spread
widely over the lake floor, some reaching
the toe of the opposite shore; at one
place debris traveled 5,000 feet over the
horizontal lake floor.

Slides generated two kinds of local
waves: a backfill and far-shore wave,
Backfill waves were formed by water

Most of the loss of life and dam-
age to property during the Alaska
earthquake of 1964 was caused by
waves that inundated coastal com-
munities. Some of the waves were
of the tsunami type, some were
seiches, and some were caused by
submarine sliding including slides
from the margins of deltas.

Along the coastline of Prince
William Sound, the deltas provide
almost the only flat land for build-
ing sites that is far enough from
the steep fiord walls to be safe from
avalanches yet close enough to sea
level to be useful as harbors. Con-
sequently, waves produced by
slides along the delta margins as-

By David S. McCulloch

ABSTRACT

that rushed toward the delta to fill the
void left by the sinking slide mass, over-
topped the slide scrap, and came ashore
over the delta. Some backfill waves
had runup heights of 30 feet and ran
inland more than 300 feet, uprooting
and breaking off large trees. Far-
shore waves hit the shore opposite the
slides. They were formed by slide de-
bris that crossed the lake floor and
forced water ahead of it, which then
ran up the opposite slope, burst above
the lake surface, and struck the shore.
One far-shore wave had a runup height
of 72 feet.

INTRODUCTION

sume great importance. Many
residents of these coastal commu-
nities realized immediately that
some of the waves that washed
over the deltas were caused by
slides from the delta edges (Grantz
and others, 1964).

During the months following
the earthquake, geologists of the
U.S. Geological Survey studying
some of these communities (Henry
Coulter, Reuben Xachadoorian,
Richard Lemke) and geologists
studying the shoreline of Prince
William Sound (Lawrence Mayo,
George Plafker) attempted to dis-
tinguish between damage caused
by tsunamis, by seiches and by

Kenai Lake was tilted and seiched;
a power spectrum analysis of a limno-
gram shows a wave having the period of
the calculated uninodal seiche (36
minutes) and several shorter period
waves., In constricted and shallow
reaches, waves caused by seiching had
20- and 30-foot runup heights.

Deep lateral spreading of sediments
toward delta margins displaced deeply
driven railroad-bridge piles, and set up
stress fields in the surface sediments
which resulted in the formation of many
shear and some tension fractures on the
surface of two deltas.

waves produced by local subma-
rine slides. To assist in making
these distinctions, bathymetric
contour maps were made in some
areas of suspected sliding. Areas
of erosion and deposition could be
clearly outlined by comparing pre-
earthquake and postearthquake
bathymetry, and at one place
(Kachadoorian, 1965) sliding has
been related to a wave that swept
over a delta.

In a study of earthquake dam-
age to The Alaska Railroad, the
author and M. G. Bonilla exam-
ined landslides from deltas in
Kenai Lake. Atthree places,there
was clear evidence that the slides

Al
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had created local damaging waves.
As these waves came ashore carry-
ing broken pieces of lake ice as
much as 2 feet thick they tore
blocks of frozen sediment weigh-
ing as much as 50 tons from the
delta surface. Some waves were 30
feet high and ran inshore for 320
feet. Waves broke off large spruce
trees or tore them out by the roots,
and drove them inland like batter-
ing rams.

The author, assisted by Law-
rence Mayo, made a bathymetric
map of the lake and mapped the
wave damage along its shoreline,
This study showed that under-
water areas of erosion and deposi-
tion caused by sliding can be map-
ped, that a characteristic wave pat-

tern is caused by landslides, that
some slides may occur without pro-
ducing waves, and that certain
parts of deltas may be more sus-
ceptible to sliding than others. A
seiche formed in the lake, but in
most places the effects of the seiche
could be clearly distinguished from
those of the slide-induced waves.

Several deltas were laced with a
network of ground fractures
caused by the earthquake. Some
of this fracturing seems to be re-
lated to the stress formed in the
surface material of the delta by the
lateral spreading of the underly-
ing sediments.

The author is grateful to his col-
leagues in the U.S. Geological Sur-

vey both for assistance in the field
and for much helpful discussion.
M. G. Bonilla collected some of the
field data. David Dawdy helped
with the analysis of a limnogram
lent to the author by R. A. John-
son of the Chugach Electric Asso-
ciation, and Richard Singleton of
Stanford Research Institute made
the computer program for this
analysis available. John Ingram
of Cooper Landing, Alaska, pro-
vided lake-level data for Kenai
Lake; Lee Gotch of The Alaska
Railroad and Frank Buskie of the
Alaska Department of Highways,
assisted the author in surveys to
establish the amount of tilting in
the Kenai Lake basin.

LOCATION AND PHYSIOGRAPHIC

Kenai Lake lies in a narrow, gla-
cially scoured trough near the cen-
ter of the Kenai Peninsula in
south-central Alaska (fig.1). The
lake is 60 miles south of Anchorage
and 80 miles southwest of the cal-

160° 150°

culated position of the epicenter
of the 1964 earthquake. The lake
is about 238 miles long and aver-
ages 114 miles wide. Its deepest
part is approximately 135 feet be-
low sea level and the steep rock

140° 130°

60°

400 MILES
J

1.—Index map showing location of Kenai Lake.

SETTING

walls on either side reach altitudes
of 3,000-4,000 feet; were the lake
open to the sea it would be a fiord.

Deltas have been built by creeks
flowing down the steep valley
walls, by rivers flowing into the
eastern arm of the lake, and by a
river that enters the lake at the
junction of the two western arms.
The lake is drained by Kenai River
which flows out of the lake at its
western end near the town of
Cooper Landing, then westward
into Skilak Lake and eventually
into Cook Inlet at the town of
Kenai. :

In plan the lake has four
straight segments, three of which
join at abrupt angles. Although
Martin, Johnson, and Grant
(1915) showed no faults in this
area, the rectilinear shape of the
basin suggests that it is structural-
ly controlled.
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The underwater contours of the
lake were plotted by making 85
traverses across the lake in a 14-
foot skiff powered by an outboard
motor. Soundings were made with
a portable continuously recording
fathometer (Triton, model F-712-
A). A transducer having a sound-
ing pulse rate of 50 kc was placed
in a few inches of water in the stern
of the boat so that it would give
the strongest return signal on the
fathogram. A speed of approxi-
mately 8 miles per hour gave the

BATHYMETRY

best signal-to-noise ratio. Sound-
ing traverses were run between
points on shore identifiable on
aerial photographs.  Sidewise
drift was kept to a minimum by
lining up trees with the point on
shore at the end of the traverse.
The locations of the sounding
traverses, the bathymetric map
constructed from them, and some
typical cross sections of the lake
are shown on plate 1.

The lake basin is a flat-floored
trench bounded in places by ex-

tremely steep rock walls. The flat-
ness of the floor is interrupted only
by deltas and a single bedrock is-
land. The lake is 570 feet deep or
135 feet below sea level at its deep-
est point, which is about 214 miles
east of Porcupine Island (pl. 1, sec-
tion (C-C”). Subbottom reflec-
tions recorded on the fathograms
show the lake floor to be underlain
by horizontal layers of unconsoli-
dated lacustrine sediment that
form a smooth bottom surface hav-
ing a sharp break in slope at the
junction with the basin walls.

SLIDES AND SLIDE-GENERATED WAVES

The earthquake triggered slides
from nine deltas in Kenai Lake
(pl. 2). Some of these slides
caused two kinds of destructive
local waves. One kind, which will
be called a ‘“backfill wave,” was
formed by water that rushed to-
ward the delta to fill the void left
by the sliding mass, overtopped the
scarp, and ran inland, inundating
the edge of the delta. The other
kind of wave, which will be called
the “far-shore wave,” hit the shore
opposite the delta. The fact that
the far-shore wave struck the
shoreline adjacent to the area on
which the debris from the slides
was deposited suggests that the
movement of the slide debris out
across the lake floor was directly
related to the movement of the
water which caused the far-shore
wave.

Waves produced by the sliding
of material that was in large part
or wholly subaerial are well known
and have been described, for ex-
ample, by Miller (1960), Wiegel

796-520 0—66— 2

(1964, p. 85-87), and Kiersch
(1964). However, waves induced
by sliding material that was mostly
submerged are neither common nor
well described. The single ex-
ample known to the author of a
slide-generated wave of the back-
fill type is the destructive wave
that resulted from the earthquake-
triggered slide at Port Royal,
Jamaica, in 1692 (Heath, 1748;
Link,1960). Similarly the author
has found only one example in the
literature of a disturbance of
water related to the movement of
slide debris across the bottom of a
body of water which may be simi-
lar to the suggested generative
process of the far-shore wave
(Heim, 1932, p. 42).

Slides from deltas also occurred
without producing detectable
waves. One such slide carried
away 260 feet of railway roadbed
on the delta of Rocky Creek.

Being ice-laden, the Kenai Lake
waves probably caused more de-
struction than waves of similar

heights in Prince William Sound.
Between the time of the earth-
quake and the time that the wave
heights were measured the lake
rose 514 feet. Wave heights cor-
rected to the lake level at the time
of the earthquake are shown on
plate 2. This rise in lake level
obscured the evidence of minor
wave action along the eastern arm
of the lake and as far west as
Cooper Landing that was clearly
visible on aerial photographs taken
soon after the earthquake.

LAKEVIEW SLIDES

At Lakeview there were two
slides from the delta built by Vic-
tory Creek (also called Victor and
Vicory Creek) into Kenai Lake—

‘a north-facing and a larger west-

facing slide. These slides and the
waves they generated are described
first because the relationship be-
tween the slides and their waves
is clearer here than elsewhere.
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DEPOSITIONAL UNITS ON THE
DELTA

At least three depositional units
can be recognized on the Lakeview
delta surface on an aerial photo-
graph taken in 1951 (fig. 2). The
oldest of these, unit 1, is the high-
est; it has a somewhat irregular
surface and is covered with mature
spruce trees. The surface has
been so modified since deposition
that stream channels which must
have been present at one time are
no longer visible. Unit 2, the next
younger unit, is somewhat lower
and is covered by low brush ; there
are many abandoned stream chan-
nels. On a photograph probably
taken in 1911 (Martin and others,
1915, pl. 274), unit 2 was bare of
vegetation and its .surface was
laced with distributary channels,
Unit 3, the youngest unit, was de-
posited on the northern edge of the
delta; its deposition seems to have
started just prior to 1911. When
photographed in 1951, this unit
was still being formed at the
mouth of the creek and was still
bare of vegetation. The slides
removed some of units 1 and 2, and
nearly all of unit 3.

All three units, as exposed in
the major slide scarps or in scarps
of small slumps on the surface of
the delta, consist primarily of
sandy gravel of subangular to sub-
round platy pebbles and cobbles,
and some boulders of metasedi-
ment. On the major slide scarps
the exposed beds are thick and
lensing, and contain only an oc-
casional thin sand lens of short
lateral extent.

DESCRIPTION OF SLIDES

The location of the major slide
scarps (fig. 2) suggests that the
position of the scarps is not gov-
erned in any obvious way by the
boundaries of the three depos-

Postearthquake shoreline

1500 FEET

EXPLANATION

%)
7
Unit 3
Lowest surface. Continuous with modern flood

plain. Deposition started shortly before 1911.
Bare of vegetation %

2
Intermediate surface. Covered with abandoned
channels. Bare of vegetation in 1911. Low
brush cover in 195

Unit
Highest surface No old stream channels visible.
Covered with mature spruce

2.—Distribution of depositional units
on Lakeview delta.

tional units. The north-facing
scarp cuts across all three units
and the west-facing scarp cuts
across two units. Sliding seems to
have been localized in areas that
protrude from the edge of the
delta. Such areas are probably
more susceptible to sliding than
adjacent areas because they are
the parts of the delta having the
largest amount of material bound-

ed by the shortest possible surface-

of rupture.

The curved surface of rupture
along ‘which the sliding occurred
(fig. 5) suggests that the west-fac-
ing slide was a rotational slump
(Varnes, 1958, p. 21). It is well
known that earthquakes can cause
rotational slumps. Terzaghi (1950,
p. 89-91) and Taylor (1948, p.
452) have shown that horizontal
accelerations in the direction of
the free slope increase the shearing
stress along the potential sliding
surface of rotational slumps. The
lateral spreading of the delta sedi-
ments suggests that there may have

been a considerable loss of strength
in the sediments. This would un-
doubtedly have reduced the resist-
ance to failure along a potential
surface of rupture and would have
promoted the sliding.

The location of the debris from
the Lakeview slides can be ap-
proximated by comparing the pre-
sliding and postsliding bathyme-
try (figs. 3and 4). The presliding
bathymetry was reconstructed by
extending contours from areas in
which there was no evidence for
sliding. These contours were
drawn by assuming that the delta
front was a smooth curve and that

3.—Preslide bathymetry off Lakeview
and Rocky Creek deltas. Contours
solid in areas in which no sliding is
thought to have occurred and dashed
where reconstructed in areas of ero-
sion and deposition. —_—

the lake floor was as flat here as
elsewhere.

The west-facing slide cut an
arcuate scallop from the delta.
The sliding took place along an
irregular curved surface, its lower
part extending below the lake floor.
The scarp has a slope of about 44°
in the upper 15 feet, 28° to a depth
of 75 feet, and finally about 11° to
a depth of 285 feet. It then risesin
a reverse slope at an angle of about
13°,

During deposition the slide ma-
terial must have spread laterally
because there is a great difference
between the volume of material re-
moved from the delta and the ma-
terial deposited at the base of the

4 —Postslide bathymetry off Lakeview
and Rocky Creek deltas showing di-
rection (arrow), magnitude of dam-
age (on arrow shaft), and runup
heights (at arrow point, in feet) of
slide-induced waves. —_—
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FATHOGRAM RECORDED ON LINE 94

PROFILE ALONG FATHOMETER LINE 72

Note: Because of the large vertical exaggeration on the
fathograms, these profiles, which have no vertical
exaggeration, are also shown

5.—Fathograms and profiles of Lakeview delta slides. Lines of profiles are shown on figure 4.
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scarp (fig. 5). The extent of lat-
eral spreading can be estimated
two ways: first, by noting the area
of deposition indicated by the pre-
earthquake and postearthquake
bathymetry; and second, by out-
lining the areas of rough bottom
topography shown on the fath-
ometer profiles (fig. 6). The
boundary of the irregular topogra-
phy coincides approximately with
the western edge of the deposi-
tional area, but the eastern bound-
ary lies within the zone of erosion.
This relationship suggests that the
lower part of the slide scarps are
covered by slide material.

BACKFILL WAVES

Powerful backfill waves rushed
back up onto the delta surface af-
ter each of the slides at Lakeview.

Lakeview
delta s

&

1000

The wave direction was determined
by noting which sides of the trees
had been debarked, how trees had
fallen, how the brush had been
combed, and, in one place, by the
direction in which a house had been
carried from its foundations (fig.
7,next page). The waves broke off
some spruce trees near the ground
and uprooted others—some as
much as 215 feet in diameter at the
base. Trees that had traveled far-
thest in the waves were shorn of
their limbs and stripped of their
bark; others that had traveled
shorter distances retained most of
their limbs and had been only par-
tially stripped of bark.

A roughly rectangular block
about 3 by 15 by 20 feet, composed
of bedded sandy gravel with clasts
up to boulder size, was found 40

0 1000 2006 .
Livoo it |

3000 FEET

feet from the scarp, approximately
halfway between lines 2 and 8 on
figure 7. Assuming a density of
1.75 (50 percent of the total as
saturated void space with a density
of 1.0 and 50 percent of the total
as sediment with a density of 2.5),
this block would have a weight of
about 50 tons. This block of sedi-
ment, like the extensively battered
trees, was probably torn from the
surface of the slide block by the in-
coming waves, for no place was
found on the delta surface from
which the block could have come.
Although the block did not appear
to be frozen when examined on the
8th of August, it probably was fro-
zen at the time it was carried in
by the waves; without interstitial
ice the block would undoubtedly
have distintegrated.

Limit of irregular
bottom topography

Rocky Creek
delta

6.—Areas of net erosion and net deposition off Lakeview and Rocky Creek deltas as indicated by differences between presliding

and postsliding bathymetry.
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House and foundation from
which it was carried

APPROXIMATE SCALE
500 o
e vy o [ 1

by wave N

500 1000 FEET

< .
\“._.____/1951 shoreline

7.—Map of Lakeview delta showing direction of travel and inshore limit of
slide-induced backfill waves. The five traverses on which the height of wave
_damage was measured are shown in figure 8.

A log house was carried by the
backfill wave for more than 200
feet from the concrete foundation
to which its sill had been bolted
(fig. 7). The walls were demol-
ished but the roof structure hav-
ing a braced triangular cross sec-
tion, although distorted, remained
intact. The roof and the remains
of the walls were deposited by the
wave in a tangle of uprooted and
broken spruce trees.

The ground was snow covered at
the time of the earthquake and the
wave washed away the snow, leav-
ing a clear record of its inshore
limit. This inshore limit is drawn
on figure 7, as shown on aerial
photographs taken a few days
after the earthquake. The debris
transported by the waves de-
creased in size inshore—the far-
thest inshore deposit consisting of

small pockets of sand and pebbles,
twigs, and small turf blocks.
Many blocks of ice, some to which
sand and pebbles were frozen, were
carried to the inshore limit of the
wave-washed area.

To determine the altitude of the
crest (runup) of the backfill wave
as it ran up on shore, the height
of the damage to trees was re-
corded. Four traverses were run
from the toe of the scarp in the
direction of wave travel on the
delta (figs. 7 and 8). Horizontal
distances were determined by pace,
and altitudes were measured with
a stadia rod and hand level. Al-
titudes were also recorded for the
base of the damaged trees and for
the heads and toes of small scarps.
The lake level was 437.0 feet when
the traverses were run, and these
altitudes have been adjusted in fig-

ure 8 to the altitude of the lake at
the time of the earthquake (431.6
ft). The height of the wave above
the lake surface may have been
somewhat greater or less than in-
dicated by these altitudes, for the
lake might have been seiching at
the time the wave was formed.
The crest of the backfill wave was
about 10 feet above the delta sur-
face as the wave crossed the scarp.
The height of the wave decreased
inshore but the altitude of the
highest damage rose and fell some-
what with the changing slope of
the delta surface.

FAR-SHORE WAVES

The far-shore wave hit the shore
across the lake from the delta. In
the middle of the wave-washed
area the runup reached 25-35 feet
above lake level and decreased to
11-13 feet to the sides. The
orientation of the damage indicates
that there was considerable varia-
tion in the direction of the wave
travel. In the most severely dam-
aged area the waves tore vegeta-
tion from the bedrock shoreline,
and broke off large spruce trees or
stripped off their bark and lower
limbs.

GENERATION OF THE SLIDE-
INDUCED WAVES

Because the relationship be-
tween slides and waves is clearer
at the Lakeview delta than else-
where, the Lakeview slides will be
used as the model for the discus-
sion of slide-generated waves. It
is believed that the waves were
generated as described below (fig.
9, p. A10).

The west-facing slide seems to
have occurred first for on the point
of land between the two scarps,
where damage to trees indicates
that the area was washed over by
waves from both slides, the debris
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8.—Upper limit of backfill wave damage along traverses run parallel to wave travel direction on Lakeview delta. Location
of traverses shown on figure 7.
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9.—Sequential sketches of the slide-generated backfill wave that ran back up onto Lakeview delta. A, Preslide delta. B, Start

of slumping and water rushing down into the void left by the sinking slide.
high water just off the slide scarp. D, High water ran inland over the delta, radiating away from the high-water welt.
As shown in D, the second slide near the mouth of the creek occurred after the larger slide.

is alined as it would have been by
a wave from the north-facing
scarp. Thus the north-facing
slide occurred after the west-fac-
ing slide. As the western slide
mass submerged, water rushed into
the void behind it. The inrush of
water must have taken place almost
simultaneously with the downward
movement of the block, as shown
by the extensively damaged trees
and blocks of sediment found
above the scarp that had been torn
from the slide areas. Being com-
posed of granular material the
slide mass was probably broken

by progressive slumping as it
moved.

As the whole slide mass finally
submerged, water rushed in from
all but the scarp side. The level
of the inrushing water would have
been below the general lake level
because it must have run down
slope to fill the void. This prob-
ably was why no evidence was
found for damage caused by water
rushing into the slide area. The
water rushing toward the delta
formed a wave that overran the
edge of the delta. The direction
in which the wave traveled over

¢, Inward-rushing water formed a welt of

the delta surface (figs. 7 and 9D)
shows that the water was spread-
ing radially from an area that lay
just off the scarp, suggesting that
the inward-rushing water formed
a welt of high water in that loca-
tion (fig. 9C). This high-water
welt probably resulted from a com-
bination of (1) the convergence of
the inward-rushing water and (2)
the upward deflection of this water
by the slide scarp.

In model studies, in which waves
were impulsively generated (John-
son and Bermal, 1949; Wiegel,
1955; Prins, 1957) waves of the
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backfill type have either not been
observed or not described. How-
ever, the models were generally de-
signed for the study of gravity
waves that traveled away from an
initial disturbance.

The far-shore wave may have
been formed in the following way:
As the landslide block moved
downward into the lake, it dis-
placed water ahead of it. Once
set in motion by the landsliding,
some of the sediment probably be-
came entrained in the water. En-
trainment could have been rapid,
because the sediment lacked clay-
sized material and was therefore
noncohesive. Furthermore, being
largely below lake level before slid-
ing, it was water saturated. The
" moving water, part of which con-
tained entrained debris, ran across
the lake floor to the toe of the far
shore, ran up the sloping far side
of the lake basin, and broke above
the surface of the lake as a far-
shore wave. This relationship be-
tween the far-shore wave and the
moving water that probably as-
sisted in the transportation of the
debris is suggested by the fact that
the far-shore wave occurred only
along the shore that was adjacent
to the area of the lake floor on
which debris was deposited (fig.
4). Thus, the far-shore wave may
have been produced by water
forced ahead of the entrained de-
bris, in much the same way that
violent winds were forced ahead of
subaerial landslides (Witkind,
1964) and forced ahead of the
giant wave produced by the over-
topping of Vaiont Dam (XKiersch,
1964). This mechanism was sug-
gested by Heim (1924, p. 22) :

* * * When a wind from a landslide
can sweep down an entire forest and can
carry people and cattle several hundred
meters through the air, 80 a subaqueous
slide of the larger kind on a steep slope

must be accompanied by a tidal wave
(Flutwelle) that can be propagated over

796-520 0—66——3

and beyond the area of deposition, can
tear out sediments, form ripple marks
and disturb the benthos.

The orientation of damage caused
by the far-shore wave shows that
there was considerable variation in
the direction in which the water
was traveling as it came onshore.
This variation in direction raises
the possibility that the movement
of the slide debris was not unidi-
rectional on the lake floor, and
that if one had the opportunity to
study current-oriented features in
the slide debris one might find
some variation in their directions.

A possible alternative cause of
the far-shore wave is that it was
produced near the slide and then
traveled across the lake as a wave
and hit the opposite shore. Slides
have been known to cause such
waves (Jones and others, 1961),
but, for several reasons, this alter-
native seems unlikely for the Lake-
view slide. The correspondence
between the edge of the deposi-
tional area on the lake floor and the
wave-washed area would have to
be a fortuitous rather than a causa-
tive relationship. The fact that
this same relationship occurs in
three other areas suggests that it is
causative. Furthermore, if the
far-shore wave had been generated
near the slide area, one might ex-
pect that, allowing for refraction,
the directions of wave travel would
converge toward the point of ori-
gin. However, the directions do
not seem to show any such pattern;
rather, they show a wide variation
in direction of travel.

A disturbance of water possibly
analogous to the mechanism pro-
posed for the far-shore wave was
caused by a slump described by
Heim in 1932 (p. 42). In 1875,
in the town of Horgan on Lake
Zurich, Switzerland, a part of the
shoreline subsided. The floor of
the lake, which had been at a depth
of 135 meters, was raised 1-2

meters, and on the opposite shore
the water became disturbed or
turbid (triibte). Kuenen (1950,
p. 49), apparently describing ob-
servations by Heim, said that the
turbulent water suddenly appeared
as boiling masses of muddy water.
Kuenen concluded that, because
the slump could not rise much
above the deepest part of the lake
and because sounding showed that
the main mass of sediment spread
out on the deeper part of the lake
floor, a watery turbidity current
must have been developed that had
sufficient momentum to cross the
lake floor and be carried up the
opposite slope to the surface. Al-
though Kuenen attributes the up-
welling at Horgan to a turbidity
current, there is no direct evidence
that such a current was created by
the Lakeview slide. The coarse-
ness of the sediments involved in
the Lakeview slide and the fact
that the sheet of debris has an
abrupt front and a relief of about
60 feet (fig. 5) argue against trans-
portation by a turbidity current.
The wide lateral spreading of the
slide debris is more likely to be
due to some degree of entrainment
of the sediment into water par-
tially set in motion by the displace-
ment of the slide mass. Even a
small degree of entrainment would
have reduced internal friction;
this reduced friction would have
resulted in a lower angle of repose,
which would have allowed the
sediments to move down a more
gentle slope.

In figure 10 (next page) values
are given for the volume, potential
energy, angle of slope, and distance
traveled for the Lakeview and the
three other slides. The volumes
and potential energies are calcu-
lated for a vertical slice having a
thickness of 1 foot as measured
from the reconstructed preslide
bathymetry.
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. Water level
D
_-(_ - TN T ———— =TT
B Preslide
lake floor
Normalized
Volume Potential potential ener- [ Scarp slope Depth Lake-floor Distance of
Slide (cu ft) energy gy (potential (angle A4, in (Z, in feet) slope (angle debris travel
(106 £t 1bs) energy -+ vol- degrees) B, in degrees) (D, in feet)
ume)
Lakeview . i ceccmeenee 226, 875 117,285,97 76,191 10.5 220 3 1,280
Lawing. ... ____________._. 74,125 9,390. 15 126, 679 20 400 2 2, 100
Ship Creek 198, 250 28, 079. 59 148,372 25 520 0 4,750
Rocky Creek 66, 375 6, 998, 65 105, 439 25 380 2.5 600

1 Because some material was moved upward by rotation at the Lakeview slide, the potential energy of the material raised to the level of the lake floor has been subtracted
from the potential energy of the material above the level of the lake floor.

10.—The volume, potential energy, scarp slope, and the distance traveled by the slide debris of the four major slides. The
volume and potential energy are calculated for a vertical slice having a thickness of 1 foot as measured from reconstructed
preslide bathymetric contours along fathogram line 94 (fig. 5), profiles A-A4’ (figs. 13, 18), and fathogram, line 83 (fig. 20).

LAWING SLIDE

DELTA MATERIALS

The Lawing delta is at the
northeast end of the lake (pl. 2).
Trial River and Ptarmigan Creek
flow across the delta, but the shape
suggests that the delta was built
principally by Ptarmigan Creek.
The slide removed the most re-
cently deposited material at the
mouth of Trail River. The area
had a cover of low brush and
formed a slight bulge on the shore-
line of the delta (fig. 11), accord-
ing to 1951 aerial photographs.
The sediments exposed along the
scarp and in blocks carried onto
the delta surface by the wave con-
sist of stratified sandy pebble
gravel and pebbly sand. The
pebbles are tabular and subangular
to subround. Although cobbles
are present, the sediment is gen-
erally finer than in the Lakeview
delta.

DESCRIPTION OF THE SLIDE

The amount of erosion caused by
the sliding and the distribution of
the slide debris can be approxi-
mated, as they were at Lakeview,
by comparing presliding and post-

sliding bathymetry. The post-
slide bathymetry off Lawing (fig.
12, p. A14) shows a reentrant in
the contours downslope from the
slide scarp probably caused by the
sliding. Farther downslope, and
extending nearly to the deepest
part of the lake, is an area of irreg-
ular topography. A cross section
on which the postslide and recon-
structed preslide bathymetry are
compared shows that the slide re-
moved a block of sediment above
the scarp as much as 80 feet thick
(fig. 13, p. A15). Before the slide,
the steepest part of the delta had a
slope of about 22°; after the
slide it was about 24.5°. Thus
here, as at Lakeview, sliding
locally steepened the front of the
delta. At Lakeview the amount
of deposition on the lower part
of the lake changed the bottom
bathymetry enough that the dep-
ositional area could be reason-
ably well delineated by comparing
postslide and preslide contours.
At Lawing, however, the amount
of material involved in the sliding
was considerably less (fig. 10), and
only a suggestion of a depositional
area is indicated by the slight
southward displacement of the

420- and 440-foot contours (fig.
12). If there were no other rea-
son to believe that there had been
deposition in the area, this evidence
would be inconclusive, but as at
Lakeview, the probable deposition-
al area lies within the area of ir-
regular topography. Isolated
topographic highs in this area sug-
gest that it is unlike the adjacent
smooth lake floor; and, as at Lake-
view, there was wave damage on
the shore opposite the scarp, in
front of the depositional area. A
comparison of areas of erosion and
deposition and a comparison of
cross sections of preslide and post-
slide bathymetry (figs. 12 and 13)
indicate that there was consider-
able lateral spreading of the slide
debris as it moved down and out
over the nearly level lake floor.
The fact that slide debris traveled
about 3,000 feet on a slope of about
1.5° suggests that there may have
been some entrainment of the de-
bris in the water that was set in
motion by the sliding.

BACKFILL WAVE

The two waves at Lawing were
similar in pattern to the waves pro-
duced by the sliding at Lakeview.
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Fractured ground

Approximate location of 3,
boathouse and shed
destroyed by wave

APPROXIMATE SCALE

500 0 500 1000 FEET
S R | J

11.—Map of Lawing area showing the slide scarp and former
shoreline, and the direction (arrow), magnitude of damage (on
arrow shaft), and runup height, in feet (at arrow base), of the
backfill wave. The inshore limit of the wave is indicated by the
dotted line. Houses of two eyewitnesses are noted.

The wave that struck and over-
ran the edge of Lawing delta
spread radially as it came on shore
as did the backfill wave at Lake-
view. The wave directions (fig.
11) indicate that as the wave
traveled to the west and south from
the scarp it was refracted by the
shallow water along the delta.
The wave was carrying blocks of
ice 1620 inches thick (as reported
by Mr. Gibbons, a resident at Law-
ing), and as it came on shore it
broke off large spruce and cotton-
wood trees (fig. 14, p. A16). Some
of the blocks of ice that had been
frozen to the beach carried sedi-
ment. on their undersides (fig. 15,
p- A16). Frozen blocks of sedi-
ment were also carried ashore by
the wave; the largest of these was
a flat-topped, pyramidal-shaped
block approximately 14 feet wide
at the base and about 414 feet high
(fig. 16, p. A17). This block still
had a considerable amount of in-
terstitial ice when seen on the 15th
of May. The wave also carried
driftwood, cobbles, pebbles, and
unfrozen turf. A flower garden
that lay just at the edge of the
wave-washed area was covered by
several inches of sand.

The residents at Lawing were
fortunate in that the wave stopped
just short of two occupied houses;
the only buildings destroyed were
a shed and boat house.

Along the western edge of the
wave-washed area the wave
stopped at the foot of a break in
slope. In the central part of the
area, where wave heights were
greatest, the wave ran back up the
valley of Trail River for a distance
of about 800 feet and overflowed
the low west riverbank. Aerial
photographs taken by the TU.S.
Army the day of the earthquake
show a pile of broken ice, higher
than the level of the river, filling
the channel from bank to bank at
the inshore limit of the wave.
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12.—Probable distribution of erosion and deposition that resulted from the slide and the direction, magnitude, runup heights,
and inshore limit of waves. Profiles along A-A’ in figure 13.
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Line of profiles is shown on figure 12. Note that when the depth on the

13.—Fathogram and profiles of Lawing slide.
fathogram exceeds 300 feet, the recording is shifted upward and the 300-foot-depth is placed at the original zero depth.
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14.—Area washed over by the backfill wave at Lawing. The wave traveled from
left to right, breaking down and debarking the trees. Brush in the background
was bent to the right. The only branches left on the spruce tree beside the man
are on the lee side. The pile of gravel in the left foreground was probably frozen
at the time it was carried ashore by the wave.

15.—A large block of lake ice to which sediment was frozen when carried ashore
by the wave.
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The estimated runup heights
along the shore are shown in figure
11. A maximum of about 30 feet
occurred in the area behind the
scarp, and heights decreased irreg-
ularly away from the scarp. An
abrupt break in slope bounding a
former course of Trail River (fig.
10) may have locally increased
runup heights, because runup
heights increase with the steepness
of the bank hit by the wave (U.S.
Army Corps Engineers, 1961, p.
89).

ACCOUNTS BY LOCAL RESIDENTS

To the author’s knowledge the
first person to study the Lawing
slide and its associated wave was
Hadley Roberts, of the U.S. Forest
Service, whose house is just be-
yond the inshore limit of the wave
on the Lawing delta (fig. 11). Mr.
Roberts deduced from the radiat-
ing pattern of damage to trees that
the slide had caused the wave. He
drew a sketch map showing the
preslide and postslide shorelines,
the direction of wave travel, and
the inshore limit of the wave. The
map of this same area prepared by
the present writer includes addi-
tional observations and is con-
structed from preearthquake and
postearthquake aerial photo-
graphs, but it differs only slightly-
from the map made by Mr.
Roberts.

Fortunately, there were two eye-
witnesses to some of the wave ac-
tion at Lawing—Mr. Frank Gib-
bons and Mrs. Hadley Roberts.
Both live on Lawing delta and
both were at home at the time of
the earthquake (houses shown on
fig. 11).

Mr. Gibbons was in his living
room at the time of the earthquake.
The first tremor, a strong north-
south motion, knocked him to his
knees in front of a large window
facing west over the lake. There

16.—Large block of bedded sandy pebble gravel carried ashore by the wave at
Lawing. The slide scarp forms the boundary of the beach to the right; debarked
trees in the background.

was a pause in the shaking and
then the motion shifted to east-
west. During the east-west shak-
ing he saw a wave about one-fourth
mile from shore. It is not clear if
he saw the wave form or if it had
already formed when he first saw
it. As the wave came toward him
the ice broke across its rising front
“like a patchwork quilt.” The
wave hit the shore and ran up
around his house. As the water
receded, Mr. and Mrs. Gibbons
tried to leave their house, but the
ground was shaking so violently
that they couldn’t get out. A sec-
ond smaller wave ran up on shore
about a minute after the large
wave. Then they left the house.

The following is a part of a let-
ter written by Mrs. Roberts.

On March 27, 1964, at 5:36 p.m. I was
standing at the stove getting ready to
put a lid on a pan of potatoes. The
kids (Carol and Bruce) were near me
and as the earthquake started their eyes
popped open wider and they came to me.
As it got worse we huddled together.
I think at this time I remember hearing
cupboard doors banging and dishes
crashing to the floor. I could hear the

house squeaking and groaning and we
were swaying so very hard that I de-
cided to get out. I noticed that the
propane was still burning under the
potatoes so I turned it off. The crash-
ing dishes were between me and ‘the
back door so we stepped out the garage
door. The kids were both crying and
screaming at this time and I really can’t
remember too many details. In the
garage Carol screamed that she had lost
her shoe as we were going out the door
and I kept thinking I had to get back
in there and get her shoe before we
could go out in the snow. All this time
the car was swaying tremendously and
also sliding back and forth on the con-
crete floor. I was afraid of being
crushed between it and the wall so was
really watching it closely. Carol has
reminded me that while we were in the
garage we saw a gallon bottle of milk
tip over and we were standing among
the broken pieces of glass and in the
milk part of the time. This bothered
Carol since she was missing a shoe, and
is no doubt why she remembered it and
I didn't. After a while in the garage—
and I haven’t the slightest idea how
long we were there—it started letting
up a little so I stepped back into the
kitchen just in time to see some big
wave action on the lake * * *,

That ice on the lake was breaking up
so fast, and oscillating so and then all
of a sudden I could see lots of black
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muddy water and it was at a much
higher level than normal; in fact, it
was almost up level with the bank., At
this time I thought I saw a life jacket
floating by but quickly decided that it
couldn’t be (but it was, as the boat
house had just been ripped to shreds).
Right behind the jacket was a huge
wall of water and I noticed that the
splashes were going ever so high. Then
remembering what had happened at the
Madison Canyon Earthquake (near
Yellowstone), in 1959, that we had just
visited this past summer, I decided to
get away from the waters edge. I also
saw a snowslide across the lake and
from the looks of the flying snow it
‘iooked like a real big one. The wave
was going parallel to the beach and our
house, and was going south.

We walked past the fireplace (the
kitchen way was too littered to walk
through) over to the basement door,
and we must have walked through de-
bris but I really can’t remember doing
it. The kids’ boots were in the base-
ment so I had them stand at the head
of the stairs while I ran down for them.
I remember them screaming and crying
for having been left alone and I think
Carol even started down the steps after
me. But I hurried and ran back up the
steps two at a time. The house was
still rocking some and that was scaring
them. When I first saw the wave action
I think I said something like “we’d
better get out of here before that water
gets us”. This scared Carol, too, I
think, as she kept saying that we were
going to die. 1 got their boots and
coats on and went to the front room
closet for my coat and when I passed the
window I looked out and didn’t see any
gsign of a wave but did notice the water
level was much higher and flowing quite
close to the house. We went out the
back door and I carried Bruce and Carol
and ran and we beat it for the bunk-
house where we found Freddy. The
bunkhouse isn’t any higher, but is cer-
tainly a lot further away from the
waters edge.

Both observers noted a pause
after the initial shaking, and Mr.
Gibbons indicated that the direc-
tion of shaking changed after the
pause. Also after the pause Mrs.
Roberts saw “wave action” and
oscillation in the lake and rising
water. During the second period
of shaking both saw a large wave;
it is not certain, however, that both

saw the same wave. The wave
came ashore around Mr. Gibbon’s
house from an estimated distance
of a quarter of a mile to the west.
Mrs. Roberts saw what may have
been the same wave as a “high wall
of muddy water” running south
along the edge of the delta from
the direction of Mr. Gibbon’s
house. Ifthis“wall” wasthe slide-
induced wave, it suggests that the
slide occurred during the latter
part of the shaking after a seiche
had been initiated in the lake.

SHIP CREEK SLIDE

DELTA MATERIALS

A slide at Ship Creek delta re-
moved a low protruding strip of
sediment about 1,400 feet long and
250 feet wide from the delta edge.
On 1951 aerial photographs the
slide area was seen to be bare of
trees and was probably composed
of the youngest delta sediments
(fig. 17). Sliding also is suggested
at the eastern edge of the delta by
the radiating pattern formed by
incoming waves immediately in-
shore of a reentrant in the bathy-
metric contours. No scarp was
found here, however, and if sliding
did oecur, it involved material
that was entirely submerged. The
sediment in the delta was not ex-
amined, but because Ship Creek
has a high gradient having a fall
of 3,000 feet per mile, the sedi-
ment is probably relatively coarse.

In front of and somewhat to the
east of the delta the topography of
the lake floor is slightly irregular.
Comparison of fathometer profiles
across this area and across the flat
lake floor about 5,000 feet to the
east shows that the slide debris can
be readily recognized (fig. 18, p.
A20-A21). In the slide area
the normal horizontal bedding
shown by subbottom reflections has
been destroyed, and if the lake
floor was as flat here before the

slide as it is now to the east and
west, then the sliding can be as-
sumed to have formed 50 feet of re-
lief. How much of the relief is
due to deposition and how much to
erosion is difficult to determine
from a comparison of reconstruct-
ed presliding and postsliding
bathymetry because there is good
reason to suspect that erosion did
occur. The fact that subbottom re-
flections were recorded in the un-
disturbed areas by the high-fre-
quency, low-power signal from the
fathometer suggests that the bot-
tom sediment is very soft. Soft
sediments are typical of fiords
where there is quiet-water sedimen-
tation of fine sediment (Bennett
and Savin, 1963). Richard Mal-
loy of the U.S. Coast and Geodetic
Survey examined the records and
said that he had seen similar rec-
ords made with a comparable
fathometer where the sediment was
so soft that a sounding lead easily
penetrated it and recorded depths
several feet deeper than the fath-
ometer. Such soft sediment should
have been easily eroded.

Some of the slide debris may
have traveled as much as 7,000 feet,
or more than twice the distance
traveled by the material in the
Lawing slide. This distance is not
surprising, however, for not only
was more material involved in the
slide at Ship Creek, but the lake
here is nearly 100 feet deeper.
Thus the available energy and the
resulting momentum of the slide
debris would have been much
greater at Ship Creek (fig. 10).

WAVES

There was a considerable amount
of wave damage in the Ship Creek
delta reach of the lake (pl.2). On
the western margin of the delta,
damage was clearly due to a wave
produced by seicheing (see p.
A30), but the damage on the rest of
the delta and on the far shore was
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300’

FATHOGRAM RECORDED ON LINE 53

FATHOGRAM RECORDED ON LINE 56
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probably caused by slide-generated
waves. If these waves are analo-
gous to those caused by the Lake-
view slides, the wave that over-
topped the scarp was a backfill
wave and the wave that caused the
severe damage opposite the delta
and extending to the east was a
far-shore wave. Where the far-
shore wave hit a steep bank, it had
a maximum runup height of 72
feet—the highest along the entire
lake. The wave damage caused by
the far-shore wave was similar to
that at Lakeview in that generally
the intensity of the damage de-
creased toward the margins of the
wave-washed area, and the wave
directions were not uniform.

The shoreline hit by the far-
shore wave extends to the east and
west of the area of deposition, as
shown on figure 17. The deposi-
tional area is drawn conservatively
however, and debris might occur
farther west—nearly to the fatho-
gram that shows no irregular to-
pography. The position of the
western edge of the area of prob-

able erosion also suggests this pos-
sibility. Control is somewhat bet-
ter on the eastern side of the de-
positional area, and debris prob-
ably does not extend much farther
east. Despite these small discre-
pancies, the general relationship
between debris and the far-shore
wave established at the Lakeview
slide seems also to exist here.

ROCKY CREEK SLIDES

The slides that occurred at the
delta of Rocky Creek (also called
Boulder Creek) just north of
Lakeview (pl. 2) differed from
those previously described. Many
small slumps trimmed back the
shore of the delta by as much as
180 feet (fig.29). One slump car-
ried away 260 feet of track and
roadbed of The Alaska Railroad.
At one location where the center-
line of the track formerly lay about
30 feet above the lake, sounding
shows that there is now 9 feet of
water (fig. 19). This sliding also
differed from the Lawing and
Lakeview slides in that there was

no evidence of waves, either on the
delta or on the opposite shore.

DELTA MATERIALS

Rocky Creek has a steep gra-
dient, falling about 4,500 feet in 2
miles. The sediments exposed
along the scarps are therefore
coarse, poorly sorted sand and
sandy gravel. Most of the appar-
ent dips visible on the scarps were
estimated to be less than 10°. In
mid-May and early August the
face of the scarp was dry, except
for a few wet lenticular sandy silt
beds of short lateral extent and
about 6 inches thick (fig. 19).
The gravel is composed primarily
of angular and subangular tabular
pebbles and some cobbles of slaty
shale. About 150 feet upslope
from the scarp of the slide that
carried away the rail line, 8 feet
of very sandy gravel is exposed
in a shallow borrow pit. The
coarse sediment seen in these out-
crops is probably representative of
the delta as a whole.

19.—Scarps along the front of Rocky Creek delta produced by many small slump-
type slides. The gently dipping coarse sediment is clearly visible. With the
exception of the sandy lens at left, most of the sediment is dry.
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Note: Because of the large vertical exaggeration on the
fathogram, this profile, which has no vertical exag-
geration; is also shown

20.—Fathogram and profile at Rocky Creek delta. Line of profiles shown on figure 4.
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DESCRIPTION OF SLIDES

A comparison of the areas of net
erosion and net deposition (fig. 6)
and a comparison of the profiles
shown in figure 20 (p. A23) sug-
gest that there was some lateral
spreading of the slide debris on the
lake floor during deposition. Just
how much spreading occurred is
difficult to say, for, unlike the
edges of the Lawing and Lakeview
slides, the edge of the depositional
areas farthest from the scarp at
Rocky Creek does mnot coincide
with the limit of irregular bottom

topography. However, the recon- :
structed preearthquake bathym-

etry off the Rocky Creek delta
may be in error. At any rate, be-

cause the discrepancy occurs at the .
edge of the area where the sheet of .

slide debris was probably thin, it
is not important in terms of the
amount of material involved.
Although it is difficult to locate
the position of the outer margin
of the depositional area, an outer
limit defined either by the edge
of the area of irregular bottom
topography or by the difference
between the preslide and postslide
bathymetry suggests that the slide
debris traveled a shorter distance
than that of the Lakeview slides.
The contrast with the Lawing slide
is even greater. At Lawing the
slide debris moved down a slope
of about 20°, traveled. for about
2,100 feet over the bottom, and
reached a final depth of about 450
feet. At Rocky Creek the sedi-
ment moved down a  somewhat
steeper slope (25°), reached ap-
proximately the same final depth
(400 ft), yet traveled only about
600 feet over the lake floor.
Another important difference be-
tween the slides is that at Lawing
there were both backfill and far-
shore waves, but at Rocky Creek

there was no evidence that the
sliding generated waves. A prob-
able explanation is that at Lawing
the slide acted as a single mass
and that the volume of the ma-
terial and the speed of the sliding
were sufficient to deliver enough
energy to the water to carry the
debris a long way from the scarp
and to create a wave on the far
shore. At Rocky Creek, although
a given amount of slide debris had
about the same potential energy as
at Lawing (fig. 10) and although
the total amount of slide material
and hence the total potential
energy was considerably greater,
the sliding took place as a series of
small slumps. Furthermore, the
slumping occurred over a longer
period of time, and at any given
moment the total amount of ma-
terial moving downslope was not
large enough to deliver sufficient

energy to the water to carry the

slide debris any great distance
across the lake floor or to create
a wave on the far shore.

Sliding steepened the delta
front, especially in the upper part
(fig. 20); in the upper 100 feet
the angle of the slope has been
changed from about 22° to about
30°. Unless the slope is regraded,
chances for subsequent sliding
have been increased.

OTHER SLIDES

Several other slides occurred in
the lake. One small slide removed
a point of land on the edge of a
delta on the south shore of the lake
2 miles east of Cooper Landing
(pl. 2). The slide half submerged
a boathouse and carried away a
stone-filled wooden crib 60 feet
long, 5 feet wide, and 8 feet high
that served as a pier. Another
slide probably occurred on the
southeast side of Quartz Creek

delta, as suggested by an area of
irregular bottom topography. No
scarp was formed but the outer-
most 200 feet of the point was sub-
merged during the earthquake.
Soundings showed that the point
had dropped approximately 12-14
feet. The fact that the trees in the
submerged area were not tilted in-
dicates that there was no apprecia-
ble rotation of the delta sediments
during submergence. Two small
scarps were found 3 miles south-
east of Quartz Creek; both were
slumps in delta deposits. None of
these slides caused detected waves.

Small slides occurred along the
front of Meadow Creek delta
about 2 miles west of Lawing.
Two fathograms off the delta show
minor topographic irregularities
having local relief of about 3 feet,
but show no horizontal bedding as
in immediately adjacent fatho-
grams. The fact that the area of
irregular topography lies in a lake-
ward bow of the 500- and 520-foot
contours suggests that deposition
has taken place. Sliding may have
caused the waves that struck the
delta and the far shore.

Sliding also occurred from the
small delta of Porcupine Creek,
west of the mouth of Snow River.
A scarp was visible along the
mouth of the creek, but to the
north the delta edge had been sub-
merged during the earthquake and
no scarp could be seen. Two cot-
tages on the northwest side of the
delta were partially submerged.
An area of irregular bottom topo-
graphy lies just offshore. Wave
damage occurred in the area, the
wave probably having been in-
duced by the sliding. Fracturing
of the delta surface that accom-
panied the sliding severely dam-
aged an asphalt-paved parking lot
belonging to the U.S. Forest Serv-
ice.
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Seiches are periodic oscillations
in lakes, bays, or rivers that are
commonly produced by changes in
wind stress or atmospheric pres-
sure, and less commonly by earth-
quakes. The oscillations take the
form of standing waves. The
periods of the standing waves may
be the natural period of the basin,
harmonics of the natural period,
or, in a complicated basin, they
may be controlled by some segment,
of the basin. The earthquake pro-
duced complex seiching in Kenai
Lake. In areas of abrupt shallow-
ing and where the water was con-
stricted, some of the waves dam-
aged the shoreline.

SEICHE PERIODS

A record of most of the seiching
was made by a continuously re-
cording water-level gauge at the
Chugach Electric Association
power station near Porcupine Is-
land (pl. 2), the record (limno-
gram) of the seiching is repro-
duced photographically at natural
scale in figure 21 (next page).

The recording device is a 12-inch
(inside diameter) vertical pipe
which is located inside the power-
plant at the edge of the lake. The
bottom of the pipe is in the lake,
the top is at an altitude of 443.5
feet, and at 426 feet there is a 114-
inch opening into the pipe. A float
rides in the water within the pipe,
and the movement of a wire at-
tached to the float is converted to
an electric signal by a Leeds and
Northrup 7948 transmitter. The
signal is recorded by a General
Electric-type H.L. pen recorder on
paper driven at a rate of 1 inch
per hour. (Specifications cour-

SEICHING

tesy of R. A. Johnson, Chugach
Electric Association.)

The lake-level recorder stopped
about 5:30 p.m., the time of the
main shock when the power was
cut at the plant, and did not start
recording until 8:06 p.m.; thus
about 214 hours of the initial seich-

~ ing was not recorded. The limno-

gram shows a long-period oscilla-
tion and superimposed higher fre-
quency waves having periods of
only a few minutes. It isextreme-
ly difficult to tell the number and
frequency of the waves that oc-
curred by looking at this record.
However, it is possible to deter-
mine the frequency and the relative
amounts of energy of the waves
at the water-level gauge by a
power spectrum analysis of the
limnogram. [The power spectrum
analysis used (Blackman and Tu-
key, 1959) is a type of Fourier
analysis that considers the record-
ed events to be aperiodic and treats
data points as statistical samples
based on the premise that even if an
event is periodic, data points se-
lected from the record do not accu-
rately represent the event. The
data points were taken at one-half-
minute intervals for the first 8.5
hours of record using a X4 photo-
graphic enlargement of the limno-
gram.] The analysis was done by
a computer that plotted the rela-
tive amounts of energy against the
frequency of all waves from 0 to
64 cycles per hour (fig. 22).
[Amounts of energy are shown as
the “power spectral density func-
tion” defined by Blackman and
Tukey (1959, p. 176) as “a value of
a function (or the entire function)
whose intergral over any fre-

quency interval represents the con-
tribution to the variance from that
frequency interval”.] Because the
total amount of energy dissipated
at any frequency as given by this
analysis depends in part upon a’
comparison of the amplitude of the
wave at this frequency with the
amplitudes of all other waves
measured by the lake-level record-
er and because seiching produces
standing waves with maximum
amplitudes between nodes and
minimum amplitudes at nodes, the
amount of energy dissipated at any
given frequency depends in part
on the location of the lake-level re-
corder. Thus, the closer the lake-
level recorder is to a node, the
lower the value of the power-
spectral density function for a
wave oscillating around that node.
The power spectrum analysis
showed that the complex record of
seiching was produced by at least
nine distinct waves having periods
between 1.40 and 86.36 minutes.
The periods of the standing
waves formed by seiching are de-
termined by the size and shape of
the basin (for a thorough discus-
sion of seiching, see Hutchinson,
1957, p. 299-333). The natural
period of a basin can be approxi-
mated by using the Merian formula
(Hutchinson, 1957, p. 301) for an
elongate rectangular tank having
vertical sides: 7'= ?% where 7'
is the period, 7 is lake length, ¢ is
the gravitational force, and
the average depth. For the total
lake, z (402.5 ft) was determined
by averaging the depths at 187
points spaced one-eighth mile
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82.25 I T
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36.36 min
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POWER SPECTRAL DENSITY FUNCTION
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27.17 |~

9.43 min

24.0 min

13.40

6.06 min

e~ 2.27 min
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—-0.37
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56.00

24.00 64.00

FREQUENCY, IN CYCLES PER HOUR

22.—Computed power spectral density function versus the frequency of the seiching recorded on the limnogram at the hydro-
electric powerplant. Each peak represents a wave of that frequency, and the periods of these waves (in minutes) are

indicated for the larger waves.

apart along a line 23.375 miles
long drawn halfway between the
lake shores. The calculated period
of the lake is 36.35 minutes; thus,
the observed wave having a period
of 36.36 minutes was a uninodal
seiche at the natural period of the
basin. The near agreement of the
calculated and observed periods re-
flects the fact that despite its two
sharp bends, the steep-walled gen-
erally flat-floored lake behaved like
a rectangular tank.

The relationship of the shape of
the lake basin to the periods of the

other waves is not as easily estab-
lished. In the ideal rectangular
tank, seiches can form as har-
monics of the natural basin. They
may oscillate around 2,3,4 . . . n
nodes, their periods being related
to that of the uninodal seiche by
1 2
In= @™
number of nodes. Assuming that
Kenai Lake acted as a rectangular
tank, the calculated periods (in
minutes) of the harmonic waves
would be n,=18.14, n;=12.11, n,=

where = is the

9.08, n;=7.27, n,=6.05, and n,=
5.12. Although the observed pe-
riods (fig. 22) are longer than
these predicted values, departures
in the shape of a lake basin from a
rectangular tank generally
lengthen the periods of the har-
nomic waves (Hutchinson, 1957, p.
307) ; thus, these waves may have
been harmonics. However, the
seiches could have formed as oscil-
lations in the straight segments of
the rectilinear basin or for the
short-period waves, as transverse



A28 THE ALASKA EARTHQUAKE, MARCH 27, 1964: REGIONAL EFFECTS

seiches (the calculated period for
a transverse seiche west of the
power station is 2.25 minutes, and
a wave having a 2.27-minute pe-
riod was recorded on the limno-
gram). It is, therefore, unjusti-
fiable to assume, without further
study, that the observed waves
were harmonics of the whole lake
basin.

EYEWITNESS ACCOUNTS
OF SEICHING

The seiching was seen by people
at Cooper Landing on the Kenai
River, at the west end of the lake,
at Lawing, and near Snow River.
As might be expected by looking at
the limnogram (fig. 21) these peo-
ple saw only the short-period
waves. If the amplitude of the
long-period wave had been con-
siderably greater than that of the
shorter period waves, the long-pe-
riod wave might have been rec-
ognized by the observers. Perhaps
it would have been possible to de-
tect the long-period seiche by not-
ing changes in the runup height of
successive waves, but without the
limnogram all waves having pe-
riods of more than 4 minutes would
have been undetected.

Mr. 1. P. Cooke, chief engineer
of The Alaska Railroad, was
alongside the Kenai River near
Cooper Landing at the time of
the earthquake. He said that he
saw the Kenai River reverse its di-
rection and flow back toward
Kenai Lake.

Mr. John Ingram of Cooper
Landing was on the Snug Harbor
“ Road (along the south side of the
lake) near its junction with the
main highway west of the mouth
of Kenai River. When the earth-
quake started, he checked his par-
ents’ house near the lakeshore to
be sure that they were all right. He
went to his car to drive to his
home at Cooper Landing but had
trouble driving back because the

slope of the moving ground kept
changing and stalling the car, and
he had to wait until cracks that
were opening and closing were
closed to permit his passing. He
said that as some of the cracks
closed they spouted sand into the
air. When he reached the high-
way junction, he looked to the
right toward Kenai River and saw
the highway bridge and then no-
ticed a ball of asphalt (he later ex-
plained he meant a ground
wave) moving toward the bridge.
He turned toward the bridge and
saw that it had been knocked from
its pilings and was lying in the
water. He estimates that it took
him about 4 minutes to reach this
spot after the start of the shaking.

While looking at the bridge,
Mr. Ingram saw the lake water
begin to recede from the highway
embankment. He estimates that
the lake was lowered about 40 feet
(soundings suggest closer to 15
feet), and he could see dead logs
on the lake bottom. During with-
drawal, he saw Kenai River flow
back into the lake as a stretch of
rapids. He said that the reverse
flow extended as far downstream
as Cooper Landing. When he
saw the depth to which the water
withdrew, he became alarmed for
his children’s safety because his is
the first house west of the highway,
beside Kenai River. He immedi-
ately went home and got his chil-
dren out of the house and into the
car. He returned to the house to
shut off his propane tank, came
out, and then went back to shut off
his oil tank. He met a highly
agitated neighbor and told her “to
get hold of herself because the
shaking might not stop.” Then
he drove his children away from
the house westward on the high-
way but was stopped by a slump
that had dropped the roadbed
along a 3-foot high scarp. When
they stopped and got out of the

car the ground was still shaking
so violently that the trees were
swinging sharply. Mr. Ingram
estimated that the time between
waves, from high water to the fol-
lowing high water, was about 4
minutes. He noted that on the
following day the ice in the lake at
the bridge site moved back and
forth as this wave continued to
affect the lake water.

The seiching at the west end of
the lake was also seen about 25
minutes after the earthquake by
Mr. J. W. Moorcroft of Moose
Pass. He estimated that the time
from high water to high water was
3-4 minutes, and that the total
change in water level was about
20 feet. He said that the rising
water “looked like a wave, but not
a wall of water.” He also esti-
mated that for 150 yards water ran
backward from the Kenai River
into the lake.

Because wave damage was very
slight at the western end of the
lake, field evidence for the height
of the waves was difficult to find.
Hand leveling from the lake sur-
face to the upper limit of drift-
wood and silt on the south shore
near the highway crossing indi-
cated that some waves had runup
heights of at least 7 feet.

Seiching was seen at Lawing by
Mrs. Hadley Roberts and Mr.
Frank Gibbons. Their full de-
scriptions were given in the discus-
sion of the slide-generated waves
at Lawing. The highest probable
wave formed by seiching is de-
seribed by Mrs. Roberts as having
been “almost up level with the
bank.” This level would indicate
a height of about 10 feet. Neither
observer estimated the time be-
tween successive waves.

Seiching at the eastern end of
the lake was seen by Mr. Thrall
from his home just west of the
Snow River delta. He did not see
the lake during the earthquake but
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watched it for about an hour after
the shaking stopped. Mr. Thrall
said that the water went in and out
like a wave and he guessed, but
said he was not sure, that it was
about a minute between successive
highs. The water carried ice up
onto the edge of Snow River delta
and piled it into the river mouth.
From the high-water mark indi-
cated on the bank by Mr. Thrall,
the wave had a height of 814 feet.

TILTING OF THE LAKE—
THE PROBABLE CAUSE
OF SEICHING

Seiches caused by earthquakes
have been known for a long time;
the 1755 Lisbon earthquake pro-
duced seiches in lakes in Scotland,
England, Germany, and the Low
Countries (Hutchinson, 1957, p.
800). Similarly the 1964 Alaska
earthquake caused seiches as far
away as Michigan (Waller and
others, 1965). However, as quoted
by Hutchinson (1957, p. 328), G.
Chrystal pointed out that gen-
erally the vibrations caused by
earthquakes have too short a
period to cause a resonant response
by a lake; even as a result of the
Lisbon earthquake, Lioch Lomond
responded with a trinodal or quad-
rinodal rather than a uninodal
seiche. Hebgen Lake, Mont., ex-
perienced seiching that resulted
from the 1957 earthquake. The
seiching was attributed to tilting
of the lake basin (Myers and
Hamilton, 1964). Wiegel and
Camotim (1962) succeeded in pro-
ducing seiches by suddenly lower-
ing one end of a model of Hebgen
Lake basin.  Their analysis
showed that the observed wave was
the first harmonic of a seiche that
formed in one arm of the lake.
As shown below, Kenai Lake basin
was so tilted that its western end
was lowered about 8 feet more than

its eastern end. Although the
earthquake might have produced
short-period seiches within the
lake, the uninodal seiche may have
resulted from the tilting of the
lake.

Kenai Lake basin was tilted.
The tilt was measured to establish
the deformation of the land sur-
face in the area affected by the
earthquake. Because Kenai Lake
was the only long lake that had
bench marks near its ends prior to
the earthquake, it was the only lake
on which tilting could be readily
established.

Eighteen days after the earth-
quake, temporary bench marks
were placed at the ends of the
lake—one on bedrock on the north
shore 214, miles east of Cooper
Landing, the other on the rail of
The Alaska Railroad line on the
east shore one-third mile south of
Rocky Creek. The bench marks
were installed on a calm day while
the lake was frozen; thus distor-
tion of the water surface due to
wind stress was probably minimal.
The U.S. Army supplied helicop-
ter transportation, and both bench
marks were placed within 114
hours.

Temporary bench marks were
used because the ground was snow
covered and the preearthquake
bench marks could not be found.
In a later survey, run to relate
the preearthquake and postearth-
quake bench marks, only the hori-
zontal hole drilled in a vertical
rock cut could be found for the
preearthquake bench mark south
of Rocky Creek (U.S. Coast and
Geodetic first order bench mark
Z11) ; the center of the hole was
taken as the position of the bench
mark. At the west end of the lake
the original bench mark (U.S.
Army Engineers third order bench
mark MR4) had been replaced by
the Alaska Department of High-

ways; the postearthquake bench
mark was related to this replace-
ment. The postearthquake survey
indicated that the western pre-
earthquake bench mark had been
lowered 3.0 feet with respect to the
bench mark on the eastern end of
the lake. These measurements
combined with the postearthquake
releveling survey by the U.S.
Coast and Geodetic Survey along
the eastern shore of the lake which
shows that Lawing was lowered
0.430 feet more than Primrose (pl.
2) indicate that the true dip of the
tilted surface is N. 72° W. at 1 foot
in 5.4 miles.

Both the amount and the direc-
tion of tilt as given by this calcula-
tion are somewhat questionable.
The accuracy is not known for the
altitude of either the original third
order bench mark or its replace-
ment. Furthermore, bends in the
isobases of land-level changes
(Plafker, 1965) suggest that tilt-
ing was accompanied by local
warping ; thus, Kenai Lake basin
may not have been tilted as a
plane. The 3-foot westward tilt
indicated by this survey is, how-
ever, so great that probably some
tilting did occur. A comparable
tilt in approximately the same di-
rection is suggested by the isobases
drawn by Plafker (1965, p. 1677,
fig. 2). According to these iso-
bases the eastern end of the lake
(on the basis of the U.S. Coast and
Geodetic Survey releveling) was
lowered 4.6 feet, and the western
end of the lake lies in the trough
of maximum land depression,
which was lowered as much as 8
feet to the northeast and south-
west of the lake. A westward tilt
of the lake basin also is suggested
by an eyewitness (Mr. Hadley
Roberts), who said that the water
at Lawing on the eastern end of the
lake was 2 feet lower after the
earthquake.
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23.—Upper limit of wave damage caused by seiching along two traverses run parallel to wave travel direction on the west side

of Ship Creek delta.

SEICHE WAVE DAMAGE

Slide-generated waves did not
cause all the wave damage shown
in plate 2, and as noted earlier
there was additional minor wave
action visible along the entire
shoreline after the earthquake.
Much of this minor wave action
resulted from seiching. Although
seiching produces standing waves,
these waves become translationary
where the water shallows or the
lake is constricted.

One constricted area is the nar-
row shallow gut between Porcu-
pine Island and the north shore
of the lake. High water rushed
through the gut from the arm to
the northwest and from the arm
to the east. Ice scars on spruce
trees indicate that the water
reached a maximum height of 20
feet on the low point on the north
side of Porcupine Island. On the
north shore of the lake by Porcu-
pine Island, some aspens and
bushes were bent by the water, and
the ground was covered with a thin
layer of sand and silt. On the
south shore of the lake opposite

Porcupine Island, where the lake
is not constricted and the water is
deep, Mr. Stanley Weller, an em-
ployee of the Chugach Electric As-
sociation, said that the water re-
moved snow within 2 feet below a
catwalk on the north side of the
powerhouse that stands at the lake-
shore. This level would indicate a
maximum runup height of about
11 feet, or only about half the
height of the crest of the wave
that washed through the con-
stricted gut north of Porcupine
Island.

Waves formed by the seiching
were the probable cause of two
areas of wave damage on the south
shore of the lake, about 2 miles
southeast of Quartz Creek, where
waves came ashore over an abrupt
shallowing (pls. 1and 2). All the
trees at the water’s edge were
knocked down by the waves
though most were still attached to
their roots. The largest tree was
about 114 feet in diameter. Some
turf was stripped from the bed-
rock, and cobbles, pebbles, and
sand were thrown up on the wave-

Locations of traverses are shown on figure 17.

washed area. The upper limit of
wave damage at the shoreline was
about 30 feet above the lake, yet
despite the relatively gentle slope
of the ground, the wave damage
extended only about 100 feet
inshore.

In several other areas of wave
damage where there is no evidence
that the waves were generated by
slides, the waves are assumed to
have been caused by seiching. On
the west shore of Ship Creek delta,
water ran inland for at least 366
feet and had initial runup heights
as much as 30 feet (fig. 23). The
travel directions indicate that the
wave came from the west and was
refracted along the curved delta
face. This powerful wave seems
rather large for a seiche, but there
isno evidence that it was generated
by a slide. No slide scarp was
visible along the shoreline, and al-
though the small topographic high
at the toe of the delta might sug-
gest that sliding had occurred,
fathograms showed undisturbed
horizontal bedding beyond and to
either side of the high.
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SPREADING OF DELTA SEDIMENTS

The long period of shaking that
accompanied the earthquake mobi-
lized wet unconsolidated sediments
ranging in composition from silt
to coarse gravel. On some deltas
the sediment spread radially down-
slope and toward delta margins.

At Kenai Lake radial spreading
is well shown on Lakeview and
Rocky Creek deltas by damage in-

flicted upon the railroad bridges.
(Construction of these bridges
is shown on fig. 24.) The
bridges were placed under tension
when the spreading of the sedi-
ments beneath the bridges in-

‘creased the distance between bents.

Some tension was released as
stringers skidded over the tops of
the bents. Spreading also moved

Guard timber
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25 (right).—Northeast corner of the
railroad bridge on Rocky Creek delta.
The stringers rammed the bulkhead
and drove the bulkhead timbers away
from the fillers during the early part
of the shaking. As shaking con-
tinued, the underlying sediments of
the delta spread laterally and put
the bridge and rail line in tension;
this tension pulled the stringers part
way off the pile cap and sheared the
bolts in the track connectors (angle
bars).

- Pile cap |

“:|+-Sway brace .4

Bent <

the bulkheads apart; bulkheads
were moved 4 and 8 inches away
from the ends of the stringers at
Lakeview and 314 and 4 inches at
Rocky Creek (fig.25).

The track was also put in ten-
sion, and the rails were pulled
apart endwise on the bridges and
adjacent embankments. Expan-
sion joints were opened to their

24 (left) .—Parts of a typical wooden
railroad bridge. The ties lie across
heavy wooden “stringers,” which in turn
rest upon horizontal timbers called
“pile caps” that are fastened by iron
drift pins to the tops of five supporting
“piles.” Each group of five piles and
its pile cap is called a “bent.” A re-
taining wall at each end of the bridge
is called a “bulkhead” and is made by
nailing horizontal 4- by 12-inch planks
to vertical 4- by 8-inch wooden “fillers.”
The fillers in turn are bolted to the pile
cap of the end bents. “Guard timbers”
(4- by 8-inch planks) are lag bolted to
the ends of the ties on the top of the
bridge.
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26.—Tension on Rocky Creek railroad bridge relieved by shearing the bolts in an
angle bar and pulling the track apart.

27—Tension on Lakeview delta railroad bridge pulled guard timbers apart and [
split a tie.
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maximum width, and in several
places the tensional force was great
enough to shear the bolts in the
track connectors (angle bars) (fig.
26). The largest pull-apart was
17 inches at the south end of the
Lakeview bridge, and two pull-
aparts of 9 inches each were meas-
ured on the Rocky Creek bridge.
Tension also pulled a guard timber
endwise on the Lakeview bridge
and split the tie to which it was
lag bolted (fig. 27).

The most deeply driven piles in
the end bents of the Lakeview
bridge had penetration depths of
15 and 20 feet, and of the Rocky
Creek bridge 19 and 27 feet.
There was no indication that these
piles had been tilted while being
carried horizontally by the spread-
ing sediment. This lack of tilting
suggests that sediment as deep or
deeper than the piles was involved
in the lateral spreading.

There is some evidence that the
end of Rocky Creek bridge was
given compressive blows during
the earthquake. This evidence
consists of multiple dents made by
a pebble as it was caught between

the bridge and the bulkhead and
then fell free, only to be caught
again by the successive compres-
sion. Four, and possibly five,
dents made by the pebble suggest
that there were at least this many
blows. These compressive blows
were so strong that the stringers
rammed the bulkhead timbers
away from the fillers (fig. 25).
Although pulsating compressive
blows were given to the Rocky
Creek bridge, the bridge was ulti-
mately put in tension. Thus there
is evidence for transient compres-
sion on the bridge only during the
initial period of the shaking.
However, there is no reason to be-
lieve that compressive pulses did
not continue throughout the dura-
tion of the shaking—while the
ground was spreading laterally.
Deep horizontal movement of
unconsolidated sediment during
the earthquake was not restricted
to deltas. Evidence of such move-
ment was observed at many places
by the author and M. G. Bonilla
during a 2-month study of earth-
quake damage to the rail belt.
Unconsolidated sediment suffered
a general loss of strength that re-

duced its capacity to maintain the
local, normally stable topographic
relief. Asaresult,in areasunder-
lain by unconsolidated sediment,
almost invariably, deep ground
movement occurred toward free
faces—stream valleys and breaks
in slope. This movement was es-
pecially well shown by the damage
to railway bridges at stream val-
leys. As the ground moved to-
ward the streams, it carried piles
driven to as much as 30 feet below
the ground surface. The stream-
ward movement of the ground de-
creased bank-to-bank widths by as
much as 6 feet, and as a result
bridges were arched upward or
deflected horizontally by the com-
pression. Multiple pebble dents
on the ends of some of the bridges
show that compressive blows were
also given to bridges ultimately
put in compression by converging
stream banks. The strength of the
unconsolidated sediment of the
valley bottoms was so reduced by
the earthquake that the hori-
zontally deflected bridges dragged
deeply driven piling several feet
sidewise through the sediment.

GROUND FRACTURES ON DELTAS

Ground fractures produced by
the earthquake on Lakeview and
Rocky Creek deltas are of two
principal types: (1) arcuate frac-
tures bounding rotational slump
blocks and (2) interconnected
fractures forming networks of
parallelograms produced by lat-
eral spreading of the sediment.
The parallelogram-shaped net-
work is the predominant fracture
pattern; arcuate fractures also oc-
curred on both deltas, but were
larger and more extensive on Lake-
view delta. Figures 28 and 29 (p.

A34, A35) show these fractures as
mapped on the ground and on low-
level aerial photographs. Because
the upper few feet of the ground
was frozen at the time of the earth-
quake, the fractures were clearly
defined (in some places fractures
cut twigs and leaves frozen to the
surface) and relative movement
between adjacent blocks was read-
ily established.

The arcuate fractures on Lake-
view delta occur on the points of
land north and south of the west-
facing scarp. The fractures form

irregular scarps bounding blocks
that have been downdropped and
moved lakeward. Downdropping
was as much as 5 feet along some
scarps, and some blocks have un-
dergone slight backward rotation
(figs. 30 and 31, p. A36). The
lower end of Victory Creek was
diverted into one of these arcuate
fractures.

Although movement of the
slump blocks was minor, continued
shaking might well have triggered
additional landslides. Landslides
bounded by the arcuate scarps
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28 —Slide scarps and surface fracturing on Lakeview delta.
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29.—Preslide shoreline, slump scarps, and ground fracturing on Rocky Creek
delta.
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30.—Five-foot high scarp along the back of a rotational slump on Lakeview delta.
Kenai Lake lies to the left. The slide-induced wave deposited the small pile of
sediment on the dirt road displaced by the scarp and debarked the trees.

31.—High scarp (434 ft) of a rotational slump on the south side of Victory Creek
on Lakeview delta.
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would have removed the remain-
ing protruding areas from the
delta margin. The location of the
arcuate slump scarps corroborates
the proposition that protruding
areas are less stable than adjacent
parts of the delta because they con-
tain the greatest amount of mass
bounded by the shortest potential
surface of rupture.

The second principal type of
fracturing occurred over most of
the surface of Rocky Creek delta
and in two areas on Lakeview del-
ta. On the upper parts of Rocky
Creek delta the fractures are 1-114
feet deep. The blocks appear to
have been separated horizontally
by downslope movement, and there
is no evidence of rotation. Down-
slope the fractures become longer
and more interconnected. Further
downslope the horizontal and ver-
tical displacements between blocks
increase progressively. The blocks
fringing the delta’s edge (fig. 32)
were downdropped as much as sev-
eral feet. In plan view, most of
the interconnected fractures form
parallelograms having acute an-
gles of about 60°. The long axis
of the parallelogram lies normal to
the slope and approximately
parallel to the adjacent face of the
delta. There are also occasional
short fractures that lie parallel to
the shoreline.

A similar network of fractures
bounding  parallelogram-shaped
blocks occurs on the lower slopes of
Lakeview delta near Victory Creek
and on the south shore (fig. 28).
As at Rocky Creek delta, the long
axes lie normal to the slope and, on
the south shore, parallel to the
delta face. The movement be-
tween blocks was primarily hori-
zontal, and in some places it was
large. Mr. Bruce Cannon, en-
gineer of structures for The Alas-
ka Railroad, measured gaps as
great as 4 feet near Victory Creek
while the ground was frozen.

AT KENAI LAKE A37

32.—Slump block having some rotation and horizontal separation at the edge of
Rocky Creek delta.

CAUSES OF FRACTURING

The parallelogram pattern of
fracturing probably involved only
a shallow surface layer, for down-
dropping was significant only on
blocks adjacent to the faces of the
deltas. Considering the deep
ground movement on both of these
deltas and the shallow fracturing,
it seems likely that this fracturing
was produced by stress developed
in the somewhat more brittle sur-
face layer by the spreading of the
underlying sediment. Further-
more, the surface fracture patterns
are consistent with the stress dis-
tribution that would be set. up by
deep ground movement.

The relationship between the
probable stress field and the re-
sulting fracture pattern is appar-
ent on both the Rocky Creek and
Lakeview deltas. Spreading of
the underlying sediment should
form a stress field in the overlying
layer with components acting at
right angles—one parallel and one
normal to the delta face. Such a
stress field should produce shear
fractures that lie at some inter-
mediate position between the axes
of maximum and minimum strain.

These are probably the fractures
that intersect at 60° and form the
parallelogram-shaped blocks. This
stress distribution should also form
tension fractures normal to the
axis of maximum strain; indeed,
the occasional fractures on Rocky
Creek delta that were formed
parallel to the shoreline are prob-
ably tension fractures.

On Rocky Creek delta the frac-
ture pattern suggests that deep
ground movement was generally
radial (fig. 29). On Lakeview
delta it appears that the principal
movement of the unconsolidated
sediment, and hence the direction
of maximum strain in the surface
material lies toward the west-fac-
ing scarp that bounded the major
slide (fig. 28). This fracture pat-
tern also occurs on the south side
of the Lakeview delta, and again
it has the same orientation to the
probable radial spreading that
would have occurred downslope
and toward the face of the delta.

A third type of fracturing is
found on both deltas; it occurs
along the railway line, sometimes
in the marginal drainage ditch
and sometimes in the adjacent bank
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33.—Ground fracture bounding the railroad line on Rocky Creek delta just north
of the slide that carried away part of the rail line.
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(fig. 33). There is usually hori-
zontal separation along the frac-
ture. At Rocky Creek delta, where
the rail line lies near the delta face,

The earthquake triggered many
subaqueous slides from the deltas
in Kenai Lake. The slides gen-
erally removed protruding areas
of the delta margins. Most of the
projecting areas were composed of
the youngest delta sediments, but
one included older delta sediments.
Projecting areas are probably the
least stable parts of deltas, for they
contain the largest amount of mass
bounded by the shortest potential
surface of rupture. Therefore,
slides on projections may be pre-
dictable hazards in other areas.

Two kinds of destructive local
waves were caused by the slides
from deltas:

1. A backfill wave, formed by wa-
ter that rushed toward the delta
to fill the void left by the sink-
ing slide mass, overtopped the
slide scarp, and inundated the
margin of the delta. Some
backfill waves had crests as high
as 30 feet above the lake level
and ran inshore several hun-
dred feet, uprooting and break-
ing off large spruce trees.

2. A far-shore wave struck the
shore opposite the slides. The
wave was formed when water
displaced by the slide mass, and
possibly carrying some slide de-
bris, flowed across the lake floor
to the toe of the far shore and
forced water to run up the far
side of the like basin and burst
above the surface of the lake.
Where one of these bursts of
water struck a steep bank, it ran
up as much as 72 feet above lake
level. These waves were also
highly destructive to the forest,

there was also some minor down-
dropping along the fracture. The
linear irregularity in the surface
may have oriented the stress local-

ly to produce the fracturing or
may simply have made the surface
layer weaker here than in adjacent
areas.

CONCLUSIONS

and in places they broke off

large trees and stripped the

vegetation from the bedrock
shore.

Slide debris ranging in composi-
tion from pebbly sand to sandy
cobble gravel became entrained in
water set in motion by the sliding
and was carried radially down-
slope away from the landslide
scarp and out over the nearly hori-
zontal lake floor. Fathograms
show that the debris from one slide
was transported 5,000 feet or more
from the delta. Generally, the
larger the slide mass and the
deeper the water into which the
slide mass moved, the greater was
the momentum of the mass; thus
the slide debris was carried far-
ther, and the far-shore wave was
stronger. Fathograms suggest
that the soft lake-floor sediment in
the path of the slide debris was
eroded. Variationsof wave-travel
directions in areas struck by the
far-shore waves exceed those which
might have been produced by re-
fraction, and suggest that the
movement of the water-entrained
slide debris was not unidirectional.

Not all slides into the lake gen-
erated waves. At Rocky Creek,
where sliding took place as a series
of small slumps along the whole
margin of the delta, no evidence
was found for wave action on
either the delta or the opposite
shore. As might be expected, the
slide debris from these small
slumps was not carried far from
the delta.

In several areas, sliding has
steepened the slopes on the delta

fronts and thus has increased the
future hazard of slides. In sub-
aerial slides, although the surface
of rupture may be steeper than the
original slope, slide debris usually
comes to rest at the base of the
rupture surface and thus reduces
the chances for major sliding. In
the subaqueous slides, however, the.
debris has largely been carried
away from the surface of rupture;
in the places where sliding has
steepened the slope of the delta
front, the chances for future
sliding may have been increased.

Waves formed by seiching in
Kenai Lake during the earthquake
oscillated at the calculated unino-
dal natural period of the basin and
at eight or more shorter periods.
It was not determined if the
shorter period waves were har-
monics of the whole basin or if
they were seiches controlled by
segments of the rectilinear basin.
The waves were in general only
about 5-6 feet high, but in several
places where the lake shallows
abruptly or is constricted the
waves were considerably higher.
In one place on the shallow edge
of a delta the waves had initial
runup heights of 30 feet and ran
inshore as much as 360 feet. Re-
leveling of preearthquake bench
marks along the lake suggests that
the western end of the lake was
lowered about 3 feet below the east-
ern end. The tilting was prob-
ably responsible for the uninodal
and multinodal seiches.

During the earthquake the un-
consolidated sediments in the
deltas spread laterally toward the
margins of the deltas. Horizontal
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displacement of piling on two rail-
road bridges shows that the
spreading involved material as
deep or deeper than 30 feet. Mul-
tiple dents made by a pebble
caught between timbers at the end
of one bridge are evidence for
transient compression during the
shaking. The spreading of the
unconsolidated sediments pro-
duced stress in the upper few feet
of material on the delta surface.
The pattern of the surface frac-
tures formed in response to the
spreading was controlled by the
distribution of stress.

The damage wrought by the
earthquake at Kenai Lake was lo-
cally severe, but was relatively
minor compared to the potential
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earthquake hazards of this area.
Fortunately, the lake was ex-
tremely low at the time of the
earthquake. Had the lake level
been 10 feet higher as it was 6
months later, the effects of seiches
and slide-generated waves would
have been greatly magnified. In-
stead of coming only 360 feet in-
shore at Lawing the waves would
have traveled at least 600 feet in-
land. Houses which this time were
just as the inshore limit of the
slide-generated waves would have
been under 10 feet of water that
was driving blocks of sediment and
trunks of large trees inland. Un-
doubtedly such waves would have
demolished the houses and would
probably have taken the lives of

REFERENCES CITED

Hutchinson, G. E., 1957, A treatise on
limnology : New York, John Wiley
& Sons, v. 1,1,015 p.

Johnson, J. W., and Bermel, K. J., 1949,
Impulsive waves in shallow water
as generated by falling weights:
Am. Geophys. Union Trans., v. 30,
no. 2, p. 223-230.

Jones, F. 0., Embody, D. R., and Peter-
son, W. L., 1961, Landslides along
the Columbia River valley, north-
eastern Washington: U.S. Geol.
Survey Prof. Paper 367, 98 p. [1962]

Kachadoorian, Reuben, 1965, Effects of
the March 27, 1964, earthquake on
Whittier, Alaska: U.S8. Geol. Sur-
vey Prof. Paper 542-B, p. B1-B21.

Kiersch, G. A., 1964, Vaiont reservoir
disaster: Civil Eng., v. 34, no. 3,
p. 32-39.

Kuenen, Ph. H., 1950, Turbidity cur-
ents of high density : Internat. Geol.
Cong., 18th, London, 1948, Rept.,
pt. 8, p. 44-52. ‘

Link, M. C., 1960, Exploring the
drowned city of Port Royal: Natl.
Geog. Mag., no. 117, p. 151-183.

Martin, G. C., Johnson, B. L., and Grant,
U. 8., 1915, Geology and mineral
resources of Kenai Peninsula, Alas-
ka: U.S. Geol. Survey Bull. 587,
243 p.

several people. In the future de-
velopment of this area, and in
similar physiographic situations
in other earthquake-prone areas,
it would be judicious to keep in
mind what happened at Kenai
Lake during the 1964 earthquake.
Building sites on deltas that are
not carried away by landslides
may be subjected to extremely de-
structive waves, to severe ground
cracking, or to submergence.
Areas across the lake from a delta
may be struck by a wave produced
by a landslide from the delta.
Building sites at constrictions in
the lake or inshore from abruptly
shallowing areas may be subjected
to destructive waves caused by
seiching.

Meyers, W. B., and Hamilton, Warren,
1964, Deformation accompanying
the Hebgen Lake earthquake of
August 17, 1959, in The Hebgen
Lake, Montana, earthquake of Au-
gust 17, 1959: U.S. Geol. Survey
Prof. Paper 435, p. 55-98.

Miller, D. J., 1960, Giant waves in Litu-
ya Bay, Alaska: U.S. Geol. Survey
Prof. Paper 354-C, p. 51-86.

Plafker, George, 1965, Tectonic deforma-
tion associated with the 1964 Alas-
kan earthquake: Science, v. 148,
no. 3678, p. 1675-1687.

Prins, J. E., 1957, Water waves due to
a local disturbance: Coastal Eng.
Cont,, 6th, Proc., p. 147-162.

Richter, C. F., 1958, Elementary seis-
mology : San Francisco, Calif., W.
H. Freeman and Co., 768 p.

Taylor, D. W., 1948, Fundamentals of
s0il mechanics: New York, John
Wiley & Sons, 700 p.

Terzaghi, Karl, 1950, Mechanism of
landslides, in Application of geology
to engineering practice, Berkey
Volume: New York, Geol. Soc.
America, p. 83-123.

U.S. Army Corps Engineers, Beach Ero-
sion Board, 1961, Shore protection
and design: U.S. Army Corps Engi-
neers, Beach Erosion Board, Tech.
Rept. 4, 242 p.



SLIDE-INDUCED WAVES, SEICHING, GROUND FRACTURING AT KENAI LAKE A41

Varnes, D. J., 1958, Landslide types and
processes, in Eckel, E. B., ed., Land-
slides and engineering practice:
National Research Council High-
way Research Board Spec. Rept.
29, NAS-NRC Pub. 544, p. 20-47.

Waller, R. M., Thomas, H. E,, and Vor-
his, R. C., 1965, Effects of the Good
Friday earthquake on water sup-

plies: Am. Water Works Assoc.
Jour., v. 57, no. 2, p. 123-131.
Wiegel, R. L., 1955, Laboratory studies
of gravity waves generated by the
movement of a submerged body:
Am. Geophys. Union Trans., v. 36,
no. 5, p. 159-774.
1964, Oceanographical engineer-
ing: Englewood Cliffs, N.J., Pren-
tice-Hall, Inc., 532 p.

Wiegel, R. L., and Camotim, Data, 1962,
Model study of oscillations of Heb-
gen Lake: Seismol. Soc. America
Bull., v. 52, no. 2, p. 273-277.

Witkind, 1. J., 1964, Events of the night
of August 17, 1959, The human
story, in The Hebgen Lake, Mon-
tana, earthquake of August 17,
1959; U.8. Geol. Survey Prof. Pa-
per 435, p. 1-4.

U.S. GOVERNMENT PRINTING OFFICE: 1966 O—796~520






