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ABSTRACT

The Alaska earthquake of 1964 produced ejections of water- 

saturated sediments at distances as great as 250 miles from the 

epicenter. Almost every valley or lowland in this glaciated region 

had localized ejections that appear to have similar controls.

Ejections commonly consisted of water containing the finer 

grained sediments, but gravel and cobbles were common constituents 

at many sites.

Ejections were generally associated with linear fissures, 

but in some places, particularly in flat-lying homogeneous material, 

they were of the conical or point-source type. A high water table 

under confined or semi-*confined conditions is indicated for most of 

the occurrences, commonly on the distal portions of alluvial fans 

and deltas, low or narrow parts of valley floors, coastal plains, 

lake shores, and swamps.

Seasonal frost confined the water table in some instances 

and generally localized the ejections.

Laboratory studies simulating various geologic, hydrologic, 

and seismic parameters are suggested for further study of the 

controlling features of ejection sites and their importance to human 

habitation and construction activities of man.



INTRODUCTION

The ejection of water and sediment during strong earthquakes 

has been noted in the earliest written records „ In the most frequently- 

documented records in the literature available to the author on some 

50 earthquakes, at least half have recorded instances of such ejections 

(Table 1). Those associated with the earthquakes of New Madrid,

Cachar, Charleston, Assam, Kwanto, Bihar-Nepal, Fukui, Huslia, Lituya 

Bay, and Chile were most extensive.

The ejection phenomena have been called sand and mud spouts 

or fountains, mud cones or volcanoes, sandblows or boils, mud vents 

or sand vents, craters, among other terms, depending on the form 

or type of ejection. The ejections commence after seismic motion has 

started and, in some cases, have been reported to continue for as much 

as 24 hours after the ground motion has stopped. The ejecta may range 

from clear water, to mud, to water containing coarse gravel, and 

usually are emitted in a pulsating manner, though emission has been 

described in some cases as a steady but diminishing flow. Some 

investigators have attributed ejections to special soil or water condir

tions, the presence of ground fissures, or to regional seismic or

structural control. In most instances, the ejections are reported to 

be associated with near-surface, water-saturated sediments. Byerly 

(1942, p. 68) reports that some cones have been formed by erupting

gases; he calls these sandblows.



Year
Table 1. Notable Earthquakes 

Name ______ Magnitude Ejection
1606 B.C. "Mto Sinai" - ?

35 A.Du "Jerusalem" - ?
1551 Lisbon - ?
1692 Jamaica (Port Royal) - Yes
1755 Lisbon - No
1755 Boston - Yes
1783 Calabria Yes
1811 New Madrid - Yes
1822 Valparaiso - Yes

1835-37 Concepcion - No
1869 Cachar - Yes
1872 Owens Valley - ?
1886 Charleston - Yes
1891 Mino-Owari - No
1896 Sanriku - ?
1897 Assam - Yes
1899 Yakutat 8.6 Yes
1906 San Francisco 8.2 Yes
1906 Valparaiso 8.4 ?
1908 Messina - ?
1923 Kwanto 8.3 Yes
1925 Montana - Yes
1927 Tango - No
1930 Idu - No
1931 Hawkes Bay - No
1934 Bihar-Nepal - Yes
1948 Fukui - Yes
1952 Arvin-Tehachapi 7.7 Yes
1954 Nevada 7.1 Yes
1958 Huslia 7 - 7.5 Yes
1958 Lituya Bay 7.75 - 8 Yes
1959 Hebgen Lake 7.1 Yes
1960 Chile (2) 7.5 & 8.4 Yes
1963 Skopje 6 No

and Reported Ejections
Physiography Reference Used

- The Holy Bible, Exodus 19
- The Holy Bible, Matthew 27

Coastal Leet and Leet (1964)
Coastal spit Leet and Leet (1964)
Coastal Davison (1936)
Coastal Leet and Leet (1964)
Delta? Lyell (1883)
River plain Fuller (1912)

- Davison (1936)
- Davison (1936)

Plains Oldham, T. 0. (1882)
- Davison (1936)

Lowlands Dutton (1889) ,
River plain Davison (1936)

- Davison (1936)
Plains Oldham, R. D. (1899)
Plains Tarr and Martin (1912)
Alluvial plains Lawson and others (1908)

- Saint-Amand (1963)
- Davison (1936) .
- Davison (1931)

Alluvium Pardee (1926)
- Davison (1936)
- Davison (1936)
- / Davison (1936)
- Gordon (1939)

Plains Tsuya (1950)
Stream banks Oakeshott (1955)
Swamp Zones (1957)
Dunes and plain Davis (1960)
Coastal plain Davis and Saunders (1960)
Alluvium Uo S. Geological Survey (1964)
Coastal plain Segerstrom and others (1963)
Alluvium Berg (1964)



A few investigators have attempted to relate the occurrence 

of these ejections to local geologic or hydrologic factors0 The author 

became interested in the relation of such local factors to ejections 

during studies of the hydrologic effects of the 1964 Alaska earthquakee 

In some instances the localities of ejections varied, and in others 

it appeared to be consistent where local factors appeared similar. 

Because field data are inadequate to prove regional control of 

ejections, this possibility is not considered in this study.

Because the Alaska earthquake occurred in winter, ejected 

material was easily seen during aerial reconnaissances. In particular, 

the vast areas of braided-stream channels in south-central Alaska 

showed excellent examples of both the ejection patterns and the 

associated fissures. From aerial observations and subsequent ground 

observations at accessible sites, water-level data recorded at various 

Geological. Survey hydrologic stations, and the observations and 

reports of other investigators of the Alaska earthquake, the author 

was able to reconstruct some of the geologic and hydrologic conditions 

at many of the ejection locations. Describing such factors and rer.: A 

lating the known factors at ejection sites reported in the earthquake 

literature will provide an aid to understanding these phenomena. In 

addition, the author and his colleagues believe that the seasonally 

frozen ground played a major part in the control or location of the 

ejections from the shallow unconfined water zones. Most previous major 

earthquakes had occurred in temperatei climates or under less severe 

winter conditions.



While reviewing the data on the Alaskan ejections and those 

associated with previous earthquakes elsewhere in the world, the 

author concluded that there should be a distinction between ejections 

that are associated with fissures and those having an obvious point 

source without linear fissuring. Though the former might not have 

occurred if the fissures had not developed, they may have been 

instrumental in forming them. However, this paper only attempts 

to relate the common controls, or physical factors, for both types 

of ejections. In addition, the obvious confusion in the literature 

in denoting water-table or confined-water conditions at ejection 

sites will be appraised.



EJECTION LOCALITIES

Previous Earthquakes 

A rather thorough search of the literature was made to 

determine whether previous earthquake investigators had noted specific 

geologic or hydrologic factors controlling seismically-induced ejec

tions o The descriptions or ideas that pertain to the thesis of this 

paper that were reported by the following authors are presented below. 

Where the investigator1s postulated mechanism of ejection phenomena 

seem appropriate to the discussion, the postulate will be cited.

Lyell (1883) notes that sand cones and craters occurred on 

plains, especially those of the 1811 New Madrid earthquake, and he 

also cites (p. 128-129) R. Mallet*s 1846 explanation that cones are 

created on flat plains.

To 0. Oldham (1882, p. 52) appraises the creation of sand flows 

that occurred during the Cachar earthquake of 1869. He states that 

when seismic waves occur, a water-bearing ooze beneath a surface layer 

(apparently a confined aquifer by definition) can be set in motion.

The pressure of the enclosed water preceding and following a traveling 

seismic wave is increased and the water is forced upward.

Dutton (1889) notes that the ejections in the 1886 Charleston 

earthquake occurred in certain ^belts’* which he relates to centers of 

seismic intensity. A region of about 20 by 30 miles had extensive 

areas of ejecta. The region was, however, a lowland with numerous

5



swamps„ Specific observations led Dutton to state that areas where 

"quicksand" (water-saturated, fine-to-medium sand) was near the 

surface had very many ejections. Earlier well-drillers in these areas 

reportedly had much trouble with the "watery quicksand."

In describing the 1897 Assam earthquake, R. D. Oldham states 

(1899, p. 101) that the principal cause of ejections was the sinking 

of the "heavy" overlying silt onto the water-logged sand after fissures 

had developed. He states further (p. 105) that where the overlying 

layer was thin, especially where it was cut by streams, ponds, or 

wells, and thereby weakened, ejections commonly occurred. One area 

where ejection sites were particularly numerous was a lowland tract 

intersected by numerous channels. Oldham concludes his discussion 

of fissuring and sand vents by stating (p. 109) that they occur only 

. . where the local conditions are favorable." The inference here . 

is that alluvial settings were affected, except those on the older 

elevated compact alluvium (evidently terraces), and where "loose 

waterlogged sand" occurred at some depth under a less permeable 

layer.

Fuller (1912) describes ejection phenomena of the New Madrid 

earthquake from the recorded accounts of many eye-witnesses. Although 

he investigated this earthquake 100 years after its occurrence, he 

still found good field evidence as well as descriptions in the numerous 

reports of others. Fuller concludes (p. 85) that ejections at New 

Madrid occurred under two processes: some were observed to be

produced when seismic waves closed fissures with a consequent sudden



ejection of material (as most others had postulated) and some, by the 

differential settlement of a confining layer over a "developed" arte

sian system. Fuller notes that higher lands and terraces did not have 

ejections, a fact he relates to the thicker (confining) layers over 

the "quicksand," an insufficient head of water, and resistance of 

the overlying layer to fissuring. Fullerfs explanation for the absence 

of ejections near the Mississippi River channels was the easier relief 

of ground-water overpressure through the incised streambeds (the 

intersected water table). Thus, it appears that Fuller narrows the 

general factors related to ejections to (1) the character of the 

surficial material and (2) the depth of the water table. Fuller also 

states that he believes most of the fissures initially were created 

by the water pressures,

In describing notable earthquake phenomena, Imamura (1937) 

points out (p. 70) that low and water-logged ground often produces 

ejections ", , , and, as a rule, from fairly good depths," One 

wonders, then, why a water-logged low ground is needed if the water 

and sand come from a fairly good depth, for he presented no evidence 

to support his statement,

Macelwane (1947) does not dwell on specific geologic factors 

for ejections, but he does imply that the water table was close to 

the surface, He proposes a mechanism for the ejections which was 

similar to the elder Oldham1s, He states that the alternating tension 

and compression of seismic waves opens fissures. As a fissure closes.



ground water is "sucked down11 and ejected, along with any sand or 

mud in its path.

Housner (1958) cites a requirement of a shallow water table 

when he developed a theory for the mechanism of a particular type 

of ejection, namely sandblows, that seems directly applicable to most 

ejections. In brief, HousnerT s theory is that the passage of seismic 

waves readjusts the soil particles causing consolidation, the resulting 

overpressure is diffused upward, the upward diffusion encounters 

inhomogeneities in the permeability near the surface and thus creates 

localized increases in the pressure gradient, and ejection occurs 

if the pressure is great enough. He concludes (p. 158) that the 

necessary conditions are that the "water table" be sufficiently near 

the surface, and that readjustment of the soil particles be of 

sufficient magnitude. He also concludes that other special conditions 

may produce sandblows.

Two Alaskan earthquakes in 1958 created extensive ejections 

that were thoroughly reported by Davis (1960) and Davis and Saunders 

(1960). Davis discovered that the Huslia earthquake produced sand 

flows that were controlled in areal extent by topographic, geologic, 

and hydrologic conditions, in which unfrozen ground in that permafrost 

region played an important part. Davis is the first investigator to 

provide a detailed (p. 507) explanation of the probable controls on 

the seismic ejections. Davis and Saunders (I960, p. 248) note that 

the Lituya earthquake created sandblows that were related chiefly to 

low-coastal ground in which a water table was at or near the surface.
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Tarr and Martin (19129 p» 48) also note this aspect from the Yakutat 

Bay earthquake of 1899,

The Chilean earthquakes of May 1960 also produced ejections. 

Segerstrom, Casertano, and Galli (1963) describe sand vents occurring 

in a low-lying part of the Boca Sur coastal plain as having been caused 

by the eruption of the impermeable confining layer which overlay the 

water-saturated sand and mud.

The above investigators cite almost unanimously that ejections 

occur on low water-saturated ground. They are about evenly split on 

stating whether water-table or confined conditions existed, although 

the use of the term water table in the older reports may have been 

misapplied. It has a more specific meaning in modern hydrology.

Hence, the writer concludes that ejections were common in low, 

relatively fine-grained, water-saturated ground, but no other common 

factor has been cited. A most significant factor, whether confined 

or unconfined water is present, has not been.specifically determined. 

The Alaska earthquake resulted in many investigators, including the 

writer, noting these ejections and describing the local conditions. 

Therefore, an excellent opportunity is provided to determine the 

controls or factors common to ejection sites as noted by many investi

gators in an extensively affected region.

The Alaska Earthquake of March 27, 1964 

The 1964 Alaska earthquake produced sites of ejections that 

were scattered throughout a region covering about 20,000 square miles 

(Figure 1). Many geologists studied various areas affected by the
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earthquakeo Grantz, Plafker3 and Kaehadoorian (1964, p. 6) discuss 

the more spectacular evidence of ejections, similar to those shown in 

Figure 2, and report- that ejections occurred in the glaciofluvial and 

coastal areas as far distant as Controller Bay, 140 miles east of the 

epicentero These authors report eye-witness accounts of ejections up 

to 100 feet high. No specific study of the ejection phenomena was 

made, but several investigators of earthquake-affected areas describe 

the local ejection features and a few postulate mechanisms and controls 

for the occurrences. Various reports and the data used in this study 

must be briefly summarized at this point, so that the writer may 

cite them specifically in reference to interpretations developed 

in the rest of the report,

Reimnitz and Marshall (1965) made observations of the Copper 

River Delta ejections and concur with Housner on the controlling 

conditions. They suggest, however, that the source for the ejecta 

did not have to extend to the surface, but may have been overlain 

by at least 20 feet of undisturbed material (p, 2366).

Hansen (1965, p. A29) reported that ejections in the Anchorage 

area, where a shallow water table was overlain by frozen ground 

that cracked during the earthquake, probably were related to settling 

and compaction. Mud ejections on the frozen tidal flats were common; 

likewise, water emerged from cracks in ice near lake shores. Several 

flows that occurred at the base of landslides are mentioned, including 

the large slides that caused much damage.
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Figure 2. Typical scene of ejection phenomena.

Dark intersecting lines are ejecta. Ejection on Copper River 
(photograph by S. J. Tuthill, June, 1964).
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Coulter and Migliaccio (1966, p, C21) show that ejections 

occurred only in fissured areas of the Valdez outwash delta. They 

observed (p. C25) many tabular ridges of material that they believe 

are related to deposition of ejecta in snow-fractured channels.

Most of the "longitudinal" fissures occurred in swales and depressions 

on the flood-plain delta where the seasonal frost layer was thinnest 

and the water table nearest the surface. Subsidence of the frozen 

crust occurred after removal of water and sediment.

Plafker and Kachadoorian (1966) describe ejections occurring 

generally on the deltas, coastal deposits, and flood plains throughout 

Kodiak Island, over 250 miles from the epicenter.

Tuthill and Laird (1966) note that mudventing occurred 

generally near the valley walls in the Martin and Bering river areas 

and in a random pattern on the Copper River Delta. Copious amounts of 

water were ejected in these areas and large craters were formed. They 

noted no other relations to local conditions and generally accepted 

Housner1s theory on mechanism.

Ferrians (1966) relates the ejections in the Copper River 

Basin to a shallow water table. Ejections on the fissured distal 

portions of deltas were common. In flat-lying outwash plains, he 

believes that ejections were due to liquefication of the water-bearing 

sediment, confined by seasonal frost, as it underwent horizontal 

compaction.

Lemke (1967) reported ejections that occurred on two alluvial 

fans and on an alluvial valley floor at Seward. He relates the



ejection on one fan to compaction and a shallow water table„ In 

the other fan3 subsurface exploration provided data for comparing the 

sites of ejections and non-ejections. Lemke states that a shallow 

water-table and fine-grained material represent conditions at ejection 

sites in the lower parts of the fan.

Foster and Karlstrom (1967) observed many ejections in the 

Cook Inlet region. They relate the ejections to local factors but 

believe that the regional pattern is controlled by bedrock structure. 

In one respect9 their area of study was different from most of the 

others. It included a vast expanse of recessional moraine topography. 

These aspects will be discussed later in more detail.

Waller (1966a9b) has included descriptions and interpretations 

of the role of ground water in the ejections in his reports on the 

hydrologic effects of the earthquake.



OBSERVATIONS

General

To evaluate the geologic and hydrologic factors that control 

ejections9 the writer has subdivided the known ejection sites according 

to various geomorphic environments e Those treated include alluvial 

fans, deltas, valley floors, lakes, swamps, coastal plains, and other 

areas that include sand dunes and glacial moraines. The occurrence 

or non-occurrence of ejections is discussed for each environment that 

has been observed directly, or for which photographs are available. 

Known or inferred topographic, geologic,. and hydrologic factors are 

then related to the ejection sites. Eye-witness accounts and hydro- 

logic records are cited where available. Similar phenomena having : 

different expression, especially within the same environment, are 

compared and evaluated. The associated fissures are described where 

they are associated with the ejections. Documented data that are 

available on previous earthquake ejections in a particular environment 

are compared and evaluated.

Alluvial Fans

Alluvial fans having fissures on the lower slopes as well 

as ejecta from the fissures along the outer margin of the lower slope 

were common, particularly those fans that developed onto a valley 

floor. A notable example is the Jap Greek fan at Seward where the 

Forest Acres subdivision was badly damaged (Lemke, 1967). Numerous

15



examples were widespread in the glaciated valleys of the Chugach 

Range where fan development was common. Ferrians (1966) described 

similar features in the Copper River Basin. Tuthill and Laird (1966 

p. 9) did not specify any relation between fans and the numerous 

ejections in the Martin and Bering river areas, but they indicated 

that most of the . . mud vent deposits were concentrated in the 

third of the valley adjacent to the valley walls . . . .11 This area 

would include alluvial fans as well as valley-floor deposits.

Many fans extended into lakes occupying glaciated valleys. 

Ejections were not as common on these fissured fans as they were on 

those encroaching upon valley floors. Generally, sublacustrine 

slides occurred off the fans and probably provided lateral relief 

of increased ground-water pressure through the rapidly fracturing 

slides. McCulloch (1966) mapped and described such occurrences at 

Kenai Lake.

Using known geologic and hydrologic principles, as well as 

field observations and data for the Seward area in particular, the 

following discussion illustrates the writerrs interpretation of the 

factors controlling ejections on alluvial fans during the Alaska 

earthquake.

Figure 3 shows the areas of ejection on the two fans in the 

Seward area. The fans have a similar pattern of fissure development 

but their areas and extent of ejection are different. The fans have 

a similar origin, but their present environment is different. The 

Lowell Creek fan extends out into the deep fjord of Resurrection Bay



Figure 3
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and is thus limited in its growth. Jap Creek fan is built out onto 

(and probably interfingered with) the alluvial deposits of Resurrection 

Riverg as is shown in a schematic section (Figure 4).

Drill-hole data (Lemke9 1967) in the Forest Acres area of 

the Jap Creek fan (Figure 3) show that the deposits decrease in 

average grain size down the fan slope. Many of the fissures and test 

pits showed that ejecta could have come from near-surface strata, 

whereas a few showed material that must have been derived from deeper 

(12.5 feet) strata. Well-sorted sand in some test holes (at 12.5 

feet) indicates that such sand was ejected from depth at those sites.

Lemke1s data also show that the water levels were closest to 

the surface (6.3 feet) at the toe of the fan. Post-quake water levels 

in this badly fissured area may not indicate the pre-quake levelss 

but both pre- and post-quake water levels in the city well field 

(Figure 3) just south of Forest Acres show that the water levels 

here were 18 to 20 feet below the surface. The area south of the 

ejection area had lower water levels because of its greater distance 

from the Jap Creek recharge source. The area of ejection on the fan 

is restricted to those areas where water levels are, and most likely 

were, close to the surface, as shown by the well data and by the 

wells' proximity to their source of recharge--Jap Creek. Seasonal 

frost was present on the Forest Acres portion of the fan to a depth 

of 1.5 feet (Lemke, 1967). Seasonal frost penetration was probably 

uniform throughout the fan, except possibly deeper under the street 

network because snow cover is constantly removed. Much fine-grained
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Figure 4. Schematic section of an alluvial fan showing relationship of water table, geology, 
and fissure and ejection zones.
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material is present in the lower slopes; hence9 this zone could act 

as a restricting medium also9 when sudden water "overpressuresn 

were created by seismic motion.

The fissuring and ejection on the Lowell Creek fan were much 

less than on the Jap Creek fan9 even though both fans have similar 

gradients (about 3 Q) and sources of material. The Lowell Creek fan 

is not as extensive9 however9 because it terminates in the bay. 

Subsurface materials may differ9 although Lemke describes the material 

in the area of ejections that is similar to that at Jap Creek.

Lemke also states that the depth of frost was only about 0.5 feet 

in the vicinity of the water front.

The water table in the Lowell Creek fan near the ocean was 

only a few feet below the land surface. Upslope9 however9 the 

water-table gradient probably did not rise as much as the gradient 

of Jap Creek. Lowell Creek water has been completely prevented 

from flowing over the fan for many years. The stream is used as a 

city water supply and is diverted above the apex of the fan; direct 

precipitation and some runoff provide insignificant recharge to the 

alluvial fan sediments. Furthermore9 recharge from precipitation 

is inhibited because the entire fan is covered by the community streets 

and buildings. A well at the apex of the fan (No. 8 9 Figure 3) had 

a water level of 66 feet below the land surface when drilled some 

time before the earthquake. The well is 123 feet above sea level.

Post-quake water-level measurements showed a water level of 75 feet 

in May and 74 feet in August 1964. This deep water table may explain
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why ejections were not created beyond about 300 feet up the slope, 

whereas they extended about 600 feet up the Jap Creek fan to where 

the water level was approximately 19 feet below the land surface.

Another possible reason for the lack of ejections upslope may 

be that induced ground-water overpressures were relieved laterally 

into the bay through the normal submarine outlets of the aquifers.

This buildup of pressure may also have contributed to creating 

instability prior to. the submarine-slope failures (Coulter and 

Migliaccio, 1966, p. C15; McCulloch, 1966, p . A31; Lemke, 1967.

In addition, easy and rapid egress of the ground water would have 

occurred as the waterfront submarine slide removed the fore’s lope 

material and temporarily displaced the sea water below the shore

line .

The Eska Creek fan at Eska (Alpine) near Palmer also fissured 

and ejected fine sand on its lower slope, collapsing part of the 

Glenn Highway. In contrast to the above examples, several alluvial 

fan-delta deposits on Kenai Lake that fractured and produced very 

destructive sublacustrine slides, did not produce any ejecta, according 

to McCulloch (1966). Perhaps ^ave run-up obliterated some of the 

material, or the ejections were not of any significance, or pressures 

were relieved by the slide mechanism.

The absence of ejections, and even fissures, on some fans 

as large as or adjacent to other affected fans seems to be related 

to a deeper water table such as at Lowell Creek or the postulated 

lateral relief of ground water into a displaced lake or bay. A good
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'example of nonfissuring and nonejection is the large Mineral Creek 

fan at Valdez, which has a creek at least as great as Jap Creek 

feeding it. Coulter and Migliaccip (1966, p. C35) attribute the 

lack of fissuring to the coarse, tabular, cobble-gravel matrix of the 

fan sediments. The water table probably was as close to the surface 

as that at comparable sites at Seward. Subsequent drilling in the 

summer of 1964 for the new town site on the Mineral Creek fan entered 

a water table 4 to 6.5 feet below the surface. Frost conditions 

in this area were not determined but Coulter and Migliaccio (1966, 

p.. C21) stated that frost was 4 to 6 feet deep at Valdez under 5 

feet of snow. The forest cover at Mineral Creek may have prevented 

deeper frost penetration. Hence, it seems that the shallow water 

table may not have been confined, perhaps because the base of the 

frost did not reach the water table. Perhaps these conditions, or 

the coarseness of the material, or both, did not permit overpressures 

to develop, or fissuring or ejections to occur.

Other examples of alluvial fans that did not fissure or have 

ejections are those at Ship Creek and Campbell Creek at Anchorage, 

approximately the same distance from the epicenter as Seward. At 

Homer, where many alluvial fans emerge from the Homer escarpment, 

no fissuring or ejections occurred, although a large mudflow was 

caused by surface failure at the apex of one fan down which water, 

vegetation, and mud flowed. Generally, it appears that alluvial- 

fan ejections occurred only within a 130 mile radius of the epicenter.
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The literature citing earthquake ejections does not specifi

cally mention ejections or fissuring occurring on alluvial fans.

This omission seems unusual, because the phenomena occurred commonly 

during the Alaska earthquake„ Perhaps the ejections on the alluvial 

plains and deltas were so prominent that occurrences on fans were 

not noted.

Deltas

The ejections on deltas were the most conspicuous of the 

various sites of ejections. The deltas also were the sites of the 

disastrous submarine landslides at Seward, Valdez, and Whittier, 

that took some 70 lives and destroyed property valued in the millions 

of dollars. Figure 5 shows a typical fissure and ejection pattern 

on a delta. A pronounced landward boundary of fissures and ejections 

occur and the limit is parallel to the shore. This pattern was noted 

on every delta observed. The outer portion of each delta also was 

subjected to wave wash-over, as seiche action was set up in the lakes 

and bays. Waves created by the submarine landslides also washed over 

the delta fronts. Excellent photographs of the ejection and fissure 

pattern on deltas have been published for Tazlina and Tonsina lakes 

(Alaska Department of Fish and Game, 1965); Whittier, where no 

ejections occurred (Kachadoorian, 1965); Valdez (Coulter and 

Migliaccio, 1966); Tustumena Lake (Waller, 1966a); Kenai Lake 

(McCulloch, 1966); Terror Lake on Kodiak Island (Plafker and 

Kachadoorian, 1966); Nelchina River and Kiana Creek (Ferrians,

1966); Seward (Lemke, 1967); and Troublesome Creek at Lake George



Figure 5. Tustumena Lake outwash-delta fissure and ejection zone.

Photograph by A. Thayer, U. S. Fish and Wildlife Service, March 28, 1964. r o4>
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(Foster and Karlstrom, 1967). The vast Copper River delta is not 

included in the preceding discussion, for its topography is more 

related to that described under the Valley Floor and Coastal Plain 

sections. As an emerged outwash delta, the Anchorage area has a 

different hydrologic environment, which will be discussed under 

H0ther areas.n

The geology and hydrology of deltas are illustrated by a 

schematic diagram (Figure 6). Certain authors believe that variable 

bedrock topography is an important influence on the occurrence of 

fissuring.

By late winter, the water table of a delta is inclined at 

a low gradient toward the delta face (Figure 6). Water-table contours 

drawn across a map of the delta would show a smooth profile, slightly 

concave upstream, with smaller concave-upstream profiles beneath 

actively flowing channels. Because the aforementioned ejections on 

the delta are generally confined to a narrow zone behind the delta 

front, it seems more than a coincidence, that the boundary would paral

lel the water-table contours, The inshore extent of the ejection 

zone can also be related to the depth of the water (Figure 6), Thus, 

the zone of ejections is apparently related to the shallower water- 

table depth just as the description of the alluvial-fan conditions 

indicated.

The extent of the ejection zone, and the associated zone 

of fissures have been related to other causes. Oldham (1899, p. 87-90) 

has postulated that similar types of earthquake fissures were related
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Figure 6. Schematic section of a delta showing geology and hydrology in relation to ejections 
and fissures.
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to lateral spreading toward an unconfined face. Coulter and 

Migliaccio (19669 p. C21) conclude that the transverse fractures 

paralleling the delta front at Valdez resulted from this lateral 

spreading and cambering of the delta as submarine landslides removed 

supporto Their fissure-pattern map shows a fairly uniform pattern 

decreasing in numbers away from the shore. They note further that 

only "minor quantities of silt and sand were ejected from some of the 

transverse fissures near the shore." The ejection pattern was not 

mapped because high tides on the subsided delta obliterated the evi

dence. However9 a photograph taken March 31, 1964, shows the ejecta 

confined to the extreme outer portion of the delta. There also 

were extensive ejecta within town, though broken water and sewer 

lines also contributed to the flow.

Coulter and Migliaccio (1966, p. C3) present data from 

subsurface drilling at Valdez which showed . . that the delta 

front is composed of a thick section of poorly consolidated silt, 

fine sand, and gravel. The silt and fine sand occur as beds and 

stringers . . . and also are widely disseminated throughout the 

coarser fractions." The water table was reported (Coulter and 

Migliaccio, 1966, p. C21) to be from 4 to 6 feet below the surface 

(probably in the vicinity of town) at the time of the earthquake.

Thus Coulter believes (oral communication, 1966) that the ejecta did 

not come from any one source bed but rather were washed out of the 

walls of the fissures of the relatively heterogeneous section.
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Ferrians (1966, p, E24) postulates a different mechanism 

for the limits of the fissure pattern and, hence, a control on the 

areas of ejection. Ferrians considers that differential compaction 

of a delta over a bedrock lip (see bedrock surface, Figure 6) would 

account for the "hinge-line- fractures. Figure 5 resembles this 

feature,, especially because there are few transverse fractures between 

the hinge line and the delta front and, more pertinently, because 

the bedrock ridges protruding through the delta are located in a 

proper position for a possible subsurface "lip." The author considers 

development of a hinge-line fissure probable in some instances, but 

because this hinge-line feature occurred on most deltas, it seems 

unlikely that nearly every delta has a bedrock lip underlying it.

The fissured delta at Tustumena (Figure 5) does seem ideally related 

to Ferrian!s postulate. At any rate, this system of fissuring 

would relieve water and sediment under pressure and tend to restrict 

ejections to this fissured zone. The ejection pattern is clearly 

seen in Figure 5; most of the ejecta came out of the hinge-line 

fissure and flowed lakeward. Some ejecta flow patterns at right 

angles to the hinge-line fissure are associated with fissures in 

distributary channels, which is the subject of the next section of 

this study, whereas others are confined to uhfissured stream channels.

In direct contrast to the pattern in Figure 5, is the pattern 

on the northern part of this same delta (Figure 7). The entire zone 

from the shore to ejections farthest inland is laced with fissures 

and ejecta. Inland extension of the fissured zone can clearly be



Figure 7. Tustumena Lake outwash-delta fissures and ejecta in the 
northern portion.

Photograph by A. Thayer, U. S. Fish and Wildlife Service, 
March 28, 1964.
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seen in the lower right portion of the photograph. At this delta 

front the offshore depth is very shallow^ some few tens of feet at 

its maximum^ in contrast to the great offshore depths of the delta 

front in Figure 5. There were no submarine failures of the delta 

front at the northern site, but it appeared to spread laterally toward 

the lake. Figure 8 shows a typical fissure with ejected coarse 

sand and gravel. The fissure parallels the lake front, to the left, 

and is located about in the center of Figure 7. The ejecta from 

this fissure and most of the others in this area were deposited both 

upslope and downslope, with perhaps 25 percent more sediment in the 

downslope, or lakeward direction. In Figure 8 the thickness of 

the material was nearly 2 feet at the lip of the 2-feet wide fissure 

and gradually diminished in thickness at distances up to 200 feet 

or more away from the fissure. This particular fissure, which was 

typical for this area, was several hundred feet long. The visible 

portions of the fissure walls (at most, 2 feet of exposure) consisted ; 

of fairly well-sorted sand and gravel. The ejected sand was of such 

quantity that most of it must have come from a sand aquifer beneath 

the surficial sand and gravel.

The low tree-covered ridge in the foreground of Figure 7 

is part of a moraine. Though fissures were present on its slopes, 

particularly near the base, no ejections were noted. The ejection 

pattern is seemingly influenced by the moraine and bedrock ridges, 

note the Idck of ejecta lakeward of these features (Figure 7), and 

a subsurface condition that limits the upstream extent. The latter



Figure 8. Tension fissure at Tustumena Lake.

Coarse sand and gravel form apron on both sides of fissure.
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is probably controlled by the increased depth to the water table, 

as discussed earlier, in the northern segment of the delta. In the 

center section of the delta, the factor of depth to the water table 

may have been overshadowed by the hinge-line fissures created by 

a bedrock lip.

The southern part of the delta front (see Figure 5) is a 

low terrace representing a higher outwash-delta level and possibly 

should be discussed under a subsequent section. However, the effects 

are so intimately involved with the remainder of the delta that 

it seems more appropriate to discuss them here.

The terrace is heavily covered with spruce and birch in the 

upstream part and its surface is up to 10 feet above the delta.

Heavily fissured by the seismic motion, the terrace evidently subsided 

and spread laterally toward the delta front. The front was only 

about a foot above the level of the adjacent delta and showed signs 

of submarine slope failures. The fissures produced many ejecta, 

but the pattern was different from that of the delta. The transverse 

fissures were also dominant here, but the lakeward side was usually 

downdropped. The ejecta flowed toward the lake (Figure 9). Many 

of the fissures show 2 to 3 feet of lateral spreading, denoted by 

split trees, and 1 foot of vertical displacement.

The fissures were generally filled with material that was 

either backfall or with material that was only partially ejected.

The near-surface material in the fissure walls is shown in Figure 10.

A 3-inch surficial vegetal mat containing an ash layer overlay a



Figure 9. Typical fissure in low terrace on Tustumena Lake delta. 

Downdropped, lakeward side to left.
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Figure 10. Fissure wall showing character of material.
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3-inch bed. Beneath this bed was an unsorted silt, sand, and gravel 

formation that extended to the depth of the fissure (maximum depth 

observed in all fissures was about 3 feet). The ejecta on the ground 

were principally medium-coarse sand and some tabular gravel up to 

4 inches in diameter. The sand probably came from an unknown depth 

beneath the unsorted formation but certainly some sand and probably 

all of the gravel was washed out from the fissure walls. The water

table varied in depth from 1 foot to at least 4 feet in this area

at the time of the field observations in June, 1964.

As an example of contrasts in ejecta. Figure 11 shows pre

dominantly fine material washed out from underlying coarse deposits 

on the Valdez outwash delta (Coulter and Migliaccio, 1966, p. C22).

Ejections on Kodiak Island deltas were reported by Plafker 

and Kachadoorian (1966, p. D15), where they also cited observations 

and presented photographs, made by F. 0. Jones, of interesting 

pumiceous ejecta. Those cited also noted ejections and fissures 

along margins of other water bodies. Excavations or deep fissures 

indicated that ejecta (ranging from fine sand to gravel) came from

depths as great as 20 feet.

The delta fronts of Eklutna and Skilak lakes also had a

pattern of ejections and fissures (Foster and Karlstrom, 1967) similar

to that of the northern segment of the Tustumena Lake delta. At 

Seward, the ejection pattern on the delta could not be determined 

because of the extensive sea-wave overwash. Fissures were prominent 

(Figure 3) parallel to the shore and ejections undoubtedly occurred
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Figure 11. Fine sand and silt ejecta on the Valdez outwash delta.

Original land surface at top of coarse gravel zone. Photo
graph by H. W. Coulter.
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at the delta front as in other deltas <, Post-quake drill-hole data 

obtained for the relocated dock facilities give a good description 

of the strata (Lemke, 1967). Artesian aquifers were encountered 

in which the piezometric level was more than 6 feet above the surface 

(Waller, 1966b, p. A25). Lemke believes the artesian pressures 

were instrumental in increasing the instability of the submarine 

slopes that failed during the quake.

Another delta that was drastically affected was the Snow 

River delta, located north of Seward at the head of Kenai Lake. 

Extensive fissures and ejections occurred as the sediments became 

compacted (Lemke, 1967)o A new highway bridge was being built across 

the delta; hence from pre- and post-quake reconstruction data9 

conditions before and after the event could be determined. Lemke 

reports that the material to the 100-foot depth consists chiefly 

of sand and silt and that the water table was within 2 feet of the 

surface. Lemke also reports that the Alaska Department of Highways 

n . . . states that penetrometer logs indicate an increase in density 

after the earthquake.ff '

The silt-covered delta foreset beds of Lake George (which 

drains each summer) had numerous fissures and ejections ^(Figure 12) 

occurring in an irregular pattern. The frozen silt beds at the 

surface apparently served to confine the saturated zone. The ejecta 

were dominantly fine grained.

One delta that fissured but did not have ejections was that 

at Whittier. Kachadoorian (1965) reported no ejections and his 

photographs show no sign of any. Perhaps the preponderance of
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Figure 12. Ejecta on delta or emerged lake floor of drained Lake 
George.

Photograph by T. N. V. Karlstrom.
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coarse-grained materials of the delta (Kachadoorian9 1965, p. B3) was 

the principal way that it differed from other deltas having ejections„ 

Other deltas were reported to be ejecta-free3 but the writer could not 

confirm this on numerous flights and on low-altitude photographs,

The occurrence of delta ejections in previous earthquakes 

was not noted in the literature available to the writer. It is 

very likely that some deltas were within the area of influence, 

but the investigators did not cite them.

Valley Floors.

Ejections occurred in a wide variety of localities in valley- 

floor sites. Flying along valleys in the first days after the 

earthquake, one could see sediment deposits on the snow that were 

not continuous along the stream channels or arranged in any systematic 

pattern. Because it was impossible to land at most sites, the writer 

attempted to relate the occurrences to the topographic setting.

Geologic conditions could not be determined, but reasonable assumptions 

can be based on stream morphology.

The most common factor at ejection sites on valley floors 

was the constriction of the valley walls. , Whenever a valley was 

constricted, ejecta could usually be observed on the valley floor.

A water table close to the surface in the valley may be expected 

at such sites because the subsurface flow may be confined to a 

thinner cross section of alluvium than in the wider reaches of the 

valley. Thus, one can reason that ejections possibly were associated 

with a high water table at these sites.
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Elsewhere, in any given uniform reach of the river, localized 

ejections can be otherwise explained. Many occurred near the juncture 

of tributary streams. Sediment load is dropped at these sites--in 

a sense, these are alluvial fans--and, thus, their permeability is 

more likely to be less than that of the main stem where sediment 

sorting is more consistent. There, ground water from a tributary 

valley is in effect dammed by the decreased permeability and the 

water table is raised. Notable examples of this condition were 

in the Fox River valley on the Kenai Peninsula. Figure 13 shows 

an example in the Copper River valley. Lemke (1967) also related 

similar conditions to the ejections in the Resurrection River valley 

at Seward.

Ferrians (1966) noted that ejections were present in outwash 

plains in the Copper River basin, but did not denote specific occur

rences . Tuthill and Laird (1966, p. B9) noted that mud venting 

generally occurred adjacent to valley walls in the Martin and Bering 

river valleys " .  . . because of the general direction of slumping 

toward the valley centers," but had no specific pattern in the 

Copper River delta. This reason for localized ejections also would 

seem to apply to the Martin and Bering river sites.

Other valley-floor sites of ejections were on slip-off slopes 

of meanders where the water table would be close to the surface and 

confined by seasonal frost. Sloughs and abandoned meanders were 

also sites of ejections. There too a water table close to the
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Figure 13. Ejections at the mouth of a tributary stream to the 
Copper River.

Photograph by R. R. Migliaccio.
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surface and confining conditions of old silt-covered channels and 

a frozen crust can be reasonably assumed.

Subsurface reefs or dikes or barries of bedrock^ which dam 

the subsurface water and raise the upgradient water table closer 

to the surface, were suspected in some areas where ejections occurred 

in linear patterns much like that shown in Figure 5. The subsurface 

bedrock "highs" were assumed where the adjacent valley wall indicated 

them.

The valley floor seemed to have been the most common type of 

locality for ejections in previous earthquakes. During the 1811 

New Madrid earthquake, ejections occurred in the Mississippi River 

bottom lands (Fuller, 1912, p. 85), but higher ground and river 

terraces did not have ejections. A most important point made by 

Fuller is that where lateral relief of ground-water overpressure 

was available (in streambeds, the natural discharge point of the 

ground-water system), ejections on land did not occur. The probability 

of lateral relief explains the subsidence and cratering with no 

surface flow, the "raised" streambeds, and the ejecta from sand dunes, 

all from the Alaska earthquake, that are otherwise difficult to 

explain. The Charleston earthquake of 1886 also had ejections that 

evidently were confined to lowlands, particularly swamps (Dutton,

1889). R. D. Oldham's study (1899, p. 105) of the 1897 Assam 

earthquake states that the ejections there were near river channels.
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Lakes, Swamps, and Tidal Flats 

It was quite common to observe ejecta, usually black organic 

mud, on the snow or ice cover of swamps or shallow lakese Figure 14 

shows a particularly large example of such an ejection in a swampy 

portion of the Placer River valley near Portage. In small lakes, 

the shallower portions or embayments commonly had ejections.

Coastal plains or tidal flats were also conspicuous for 

their heavily fissured and ejected zones. In general, these sites 

represent valley floors, deltas, or outwash .plains that are slowly 

emerging from the ocean. The ejections are similar to those 

previously described. At these sites, the water table is very close 

to the surface and sediments are generally well sorted, both 

considered ideal factors for creating ejections. Grantz and others 

(1964, Figure 5b), show a good example of the ejections and fissures

on the coast near Bering Glacier (just east of Controller Bay).

The linearity of fissures and associated ejecta parallel to the coast 

is most likely due to structural control from old beach ridges or 

to tension cracks from lateral spreading of the sediments toward the

deep water as did those of the deltas.

Generally, the tidal-flat ejections were irregularly located, 

as may be expected with the homogeneous sediments, flat water table, 

and flat topography. However, some linear features were noted by 

Reimnitz and Marshall (1965, p. 2367 and Figure 3), which they 

interpreted as being ejected material. The direction of the trend
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Figure 14. Large mud ejection in Placer River valley swampland.
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was east-west and therefore could possibly represent fissuring along 

an old shoreline feature„

Ejected mud was also common at Anchorage (Hansen, 1965, : 

p. A29, and Waller, 1966b, p. 336) on the tidal flats. An area in 

the tidal flats off Campbell Creek, south of Anchorage, had peculiar 

mounds mantled with pack ice. The author believes they were ejection 

phenomena, or possibly mounds pushed up by hydrostatic seismic- 

induced overpressure without appreciable ejection--much like the 

formation of pingoes in permafrost terrain. These features were 

soon destroyed by tidal action. Hansen (1965, p. A31-32) apparently 

had noted similar features offshore from the Anchorage landslides

during his investigation. The disastrous landslides created ejections
. )

at the toes of the slides (Hansen, 1965, p. A29), but this phenomenon 

is not an example of the seismic ejections discussed here.

Lake shores and coastal sites were the most common ones 

for the most distant area of ejections--Kodiak Island. Plafker and 

Kachadoorian (1966) show several excellent examples of these features.

Coastal sites of ejections were very conspicuous in a previous 

earthquake. In describing the large areal extent of sandblows 

associated with the Lituya earthquake in southeast Alaska in July 

1958, Davis and Saunders (1960, p. 248) noted that the sandblows 

were r n. . „ mainly restricted to the lower areas where the water 

table was at or just below the grbund surface” and that they ” . . . 

occurred in stream bottoms as well as on land.” The sandblows (only 

a few sand flows, in contrast) occurred on coastal plains, stream



valley mouths (deltas), and forelandse Large areas were covered with 

thousands of small cones in an irregular pattern--these are the 

sandblows of Housner!s theory (1958)--whereas large sandblows always 

seemed to be in a linear pattern and were believed (Davis and Saunders, 

1960, p, 240) to be related . . to cracks or other weaknesses

extending to greater depths," It seems that the 1964 Alaska earth

quake created ejections on coastal plains similar in areal extent 

to the ejections of the Lituya quake. However, the relative number 

of sandblows in a given locality did not seem as great. Winter 

conditions of frozen soil seem to be a reasonable explanation for 

limiting this number. The overpressures developed in the ground 

water could not be generally relieved throughout a relatively large 

area because of a confining frozen "crust," Only where the crust 

was thinnest was ejection most probable.

Other Areas

In general, ejecta were not observed or reported for other 

types of terrain such as dunes, moraines, and hillsides (except 

where landslides had occurred). The writer did not see ejections 

at such sites either in many aerial observations or in numerous 

aerial photographs. The latter were generally taken at too high an 

altitude to show small flows. However, cracks of fissures were 

noted in some of these terrains.

Grantz and others (1964, p. 6 ) particularly noted severely 

fissured sand dunes on the Copper River and Bering Glacier deltas. 

Reimnitz and Marshall (1965, p. 2367, and Figure 5) noted Copper



River dune fissures also. No ejecta were reported by these authors. 

Plafker reports, however (personal communication, 1967)9 that some 

ejecta were present on the lower slopes of these dunes, apparently 

similar to ejecta on the lower slopes of alluvial fans. Sand dunes 

were the only reported site of extensive sand flows resulting from 

the Huslia (north-central Alaska) earthquake of April 1958 (Davis, 

1960). These ejections occurred under winter conditions also, but 

in the permafrost region. Davis concludes (1960, p. 507) that 

fracturing of the sand dunes allowed water from the underlying water- 

saturated alluvium to be forced up by seismic and gravitational 

(from settlement of adjacent frozen overburden) forces through any 

dune thicknesses less than 50 feet and thus produced the tremendous 

sand flows. Apparently, the adjacent lower land there had a thick, 

frozen confining layer (probably permafrost) and relief of the 

overpressure was possible only through the frozen but permeable dunes. 

In 1964, in the Copper River case, however, the adjacent lands allowed 

most of the ejections to take place through a relatively thin, sea

sonally frozen layer, except for the few noted by Plafker on the 

lower flanks of some dunes.

Ferrians (1966) reported ejections in many areas, but does 

not amplify on their specific occurrence. His map (1966, Figure 7) 

shows that most fissures were in valley settings, however. M. G. 

Bonilla (personal communication, 1966) reported one ejection near 

Hunter, north of Seward, that appears to be unusual. Figure 15 

shows an ejection that came up through a fissure only where it
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Figure 15. Ejecta on railroad bed near Mile 36, The Alaska Railroad. 

Photograph by M. G. Bonilla, May 26, 1964.
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crossed the railroad bed, which: was almost 5 feet higher than the 

surrounding valley floor. Such fissures were common along the 

railroad„ Another fissure (at the top edge of photo) ejected material 

only on the valley floor. To the writer, the only apparent explanation 

for the former seeingly anomalous ejection is that local seasonal 

frost was not as thick on the railroad-bed site--perhaps the rail- 

bed fill was of a coarser material which was below the freezing 

point but had not frozen to create an impermeable layer. The result 

was much like that of the Huslia sand-dune ejections mentioned 

earlier.

Foster and Karlstrom (1967, p. F3) and Plafker (written 

communication, 1967, regarding ejections on elevated beach ridges 

at Yakataga) observed and reported the only occurrences, to my 

knowledge, of extensive ejections in other physiographic settings than 

those heretofore described. The setting of the Foster and Karlstrom 

occurrences is on recessional moraine on the Kenai Lowland consisting 

of many knolls, swamps, and lakes. One of the more unusual ejections 

was a copious flow of sand-bearing water that came out of the fissures 

and flowed down a slope and into a swamp. The material ejected was 

chiefly medium sand. Figure 16 shows one of the extremely large 

fissures and the thickness of ejected sand. According to Karlstrom, 

the section in the walls is 1 to 4 feet of medium-fine sand; 0.5 

to 4 feet of silt, sand, and gravel; and over 2 0  feet of till.

The writer cannot determine any definite local geologic, 

hydrologic, or topographic control for this unusual occurrence.



Figure 16. Large fissure and ejecta on north Kenai Lowland. 

Photograph by Helen Foster.
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The only possible factor may be that the knoll to the northwest of 

the ejection site represents a sand kame surrounded by less permeable 

deposits„ Thus, the more permeable kame provided an avenue of relief 

for the rising fluid developed during the earthquake, much like the 

occurrence at Huslia in 1958 (Davis, 1960).

The outwash plain upon which the city of Anchorage is now 

built and which has been raised relative to sea level, was conspicuous 

for its lack of ejections. In the Anchorage area, ejections occurred 

only on the tidal flats, in some stream valleys, lakes and swamps, 

and at the toes of some landslides.

A water-level recorder, operated by the U 0 S. Geological 

Survey on a shallow well, recorded the response of the shallow water- 

table to the seismic motion. This recording seems to offer a clue 

to the conditions that did not produce ejections. The writer discussed 

this aspect in another report which includes a reproduction of the 

recorded hydrograph (Waller, 1966b, p. 3361) . In brief, a water- 

saturated medium sand, with a water table at 7 . 8  feet below the surface, 

had fluctuations in water level only slightly less than 1  foot in 

the open well (probably less than this in the aquifer itself) during 

the several minutes of seismic motion. The writer's interpretation 

of the cause of this small fluctuation is that the water was not 

confined and, thus, was able to dissipate the seismic stress into 

the immediately overlying, unfrozen crust. It seems significant 

that the water table fluctuated less than a foot in this aquifer.
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while deep, confined aquifers beneath this site and throughout the 

general area had recorded fluctuations of as much as 24 feet (Waller, 

1966a).

Ground-water overpressures in the sand lenses within the 

clay formation at Anchorage would presumably have resulted in ejections 

if pressure relief had not been obtained by some other means.

Because there was a free face (the sea bluff), the bluff segments 

were slid laterally toward the sea at or below sea level on the 

"liquified1’ sand lenses. As the earth broke up, the overpressures 

were relieved at the toe of the slides or within the earth breaks. 

Evidence of such ejections was noted heretofore by Hansen (1965, 

p. A29).



SUMMARY AND CONCLUSIONS

The general belief that shallow water-table conditions are 

needed for seismic ejections was borne out by the observations in 

Alaska. In general, ejections on most alluvial fans were located 

around the toe of the fan. Deltas had extensive ejections along 

their distal portion. Stream valleys and flood plains had conspicuous 

flows in their shallowest parts, such as channels and swales. 

Constrictions in the flood plain or valley floor, where the two 

valley slopes are closer to the stream, were sites of ejections, as 

were lakes, swamps, and coastal plains; however, only the lake 

locations are sites of high water table or complete saturation.

Ejections apparently did not occur on glacial moraines, sand 

dunes, elevated outwash plains and terraces, hillslopes, and other 

areas, cwithffew exceptions. The evidence points to the absence of 

a high water table or of temporary confinement as probable causes 

for the lack of ejections at these sites.

Seasonal frost conditions provided the confinement in some 

areas. Frost also inhibited the number of ejections in a given 

area;* limiting them to specific sites rather than permitting mass 

ejections.

It appears also that where the water table was lower than the 

seasonal frost or some other semiconfining zone at the land surface, 

there were no ejections. Elsewhere, extensive sand and mud flows
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attest to the excessive pressures developed on the shallow water 

which was under confinement„ The occurrence or absence of the 

flows apparently was controlled by the local confining conditions 

as well as the depth to water.

The distinction between water-table and confined-water 

conditions must be known to clarify the hydrologic conditions at 

ejection sites, A water-table condition is one in which the top 

of the water zone is free to rise or fall as water moves through the 

system, A confined-water condition is one in which the top of the 

water zone is in contact with an overlying9 relatively impervious 

zone. To distinguish between the two different conditions becomes 

important when investigators report that the ejected water came 

from a certain zone. For example, in the reported cases where 

earthquakes have produced ejections "everywhere the eye could see," 

it seems obvious that near-surface water-table conditions must 

have prevailed. However, to provide point sources of ejections, 

a surficial confining layer (soil?) probably was present. In addition, 

the ground must have consisted of fairly homogeneous granular material 

throughout the area in order to produce extensive numbers of ejections. 

In contrast, when ejections occur at relatively wide-spaced selected 

sites, the conditions that must exist are the differences in depth 

to the water table, or the presence of a variable confining layer 

which inhibits area-wide ejections, or both.

The time of occurrence of an earthquake is of major signifi

cance in cold climates because of seasonal changes in the water table
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and in frost conditions at the surface«, The Alaska events seemed 

to show that seasonal frost limited the ejection areas, but the 

seasonably low water-table conditions were the major factor in 

limiting the extent of ejections. , Shallow water tables, such as occur 

in the fall in south-central Alaska, probably would have caused a 

greater areal extent of ejections and undoubtedly would have caused 

greater quantities of flow.

Housnerfs (1958) mechanism for the production of sandblows, 

one type of ejection, seems to apply to the Alaskan ejections.

However, some of his statements or conclusions regarding the necessary 

conditions are misleading and have been misinterpreted by others.

For example, he states (p. 159) very clearly that when seismic-induced 

overpressures develop nthe fluid will merely well up” unless the 

"inhomogeneities in the permeability near the surface give localized 

increases in the pressure gradient.” Although the events begin under 

water-table conditions, the presence of overlying material with local 

inhomogeneities or less permeable material restricts the general 

welling up of the water and causes jets or ejections at definite 

points. If no restricting layer is present, the general welling 

uppwill.produce a quicksand-type of condition with no jetting or 

spouting, much like that which has been noted in streambeds (actually 

an inhomogeneity in the land surface) and occasionally on land 

"everywhere the eye could see," as in many previous earthquakes.

Thus, it seems very clear that a restriction or confinement is needed 

to produce an ejection. Even though the pre-quake conditions at a
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site are "water-table," the subsequent "welling up" or development 

of overpressures create temporary "confined" conditions. Therefore, 

a pre-earthquake confined condition (for example, seasonal frost) 

will lend itself to ejections, if the frost is not too thick, in 

some areas where ejections would not occur under non-frost conditions.

A good illustration of the above discussion can be noted 

from the aforementioned recorder-well record at Anchorage. The shallow 

water-table record showed less than a foot of fluctuation, whereas 

a record of a 350-foot deep, confined aquifer showed fluctuations 

exceeding 24 feet. It has long been known (Ferris and others, 1962, 

p. 87) that distant earthquakes cause water-level fluctuations in 

wells tapping confined water "as the water in the aquifer assumes 

part of the imposed compressive stress." In contrast, water-table 

wells seldom show fluctuations of any magnitude. However, it is 

easy to visualize that in nearby large or sustained seismic events 

the overpressures developed in water-table aquifers may encounter 

inhomogeneities (Housner, 1958, p. 159) or weak spots (Ferris and 

others, 1962, p. 80, regarding nonseismic sandblows) and, thus, 

produce ejections of the sandblow type.

Maximum depth determined as the probable origin of ejecta 

was 20 feet in the Copper River delta (Reimnitz and Marshall, 1965),

20 feet on Kodiak Island (Plafker and Kachadoorian, 1966), 25 feet 

on the Kenai Peninsula (Foster and Karlstrom, 1967), and 12.5 feet 

at Seward (Lemke, 1967). The first and the latter depths were 

determined by excavations, whereas Karlstrom!s is a minimum figure
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(depth of fissure, see Figure 14) and is possibly much more 0 In 

previous earthquakes, the San Francisco earthquake of 1906 reportedly 

(Byerly, 1942, p. 6 8 ) produced a sand fountain in the Salinas Valley

bringing up sand from a depth of 80 feet.

The evidence of subsidence, with or without surface evidence 

of ejection, in this and other earthquakes, should alert investigators 

of land subsidence to the possibility that local seismic events, 

even of small magnitude, are playing a part in the consolidation 

of recently deposited material.:

The flows carried much material in some places. Such removal 

of material from the ground caused ground collapse or craters and

probably subsidence in the general area. Figure 17 shows a typical

crater, developed by collapse, with no outflow channels. The craters 

commonly occurred where there was no evidence of outflow of sand 

or water. Some were on river terraces, but most were on flood 

plains. The collapse indicates the removal of material at some dis- . *

tance from the ejection fissure,. ». Davis (1960, p. 499) noted extensive

evidence of such occurrences at Huslia in 1958 and found that the

distance between a crater and the nearest flow was as much as 600

feet. Possibly craters with no outflow may develop long after the 

earthquake. Migliaccio, (oral communication, 1965) states that some 

craters in Alaska showed up after the early summer stream runoff.

The delayed collapse of such craters might be explained by eventual 

thawing of the seasonally frozen surface, or rising water level.
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Figure 17. Crater developed from collapse of the land surface after 
removal of sediment.

Scale markings are 1 inch. Photograph by H. W. Coulter.
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or a rise and fall of the water table as the ground water is recharged 

by snowmelt streamse

Probably the most significant aspect of the earthquake in 

respect to the ejection phenomena was the length of time of land 

motion. The several minutes of land oscillation created excessive 

overpressure in the water-saturated sediments. It is well known 

(Terzaghi and Peck, 1948) that oscillation or vibration of such 

sediments creates instability of the sediment, progressively with 

time, as the water takes up the stress.

It seems obvious that the above findings indicate that man 

should seriously consider the potential hazardous results of building 

and living on sites that are subject to fissuring and ejection of 

material during seismic events.



SUGGESTIONS FOR FURTHER STUDY

During the writing of this report on the seismically induced 

ejections, the lack of pertinent data became very apparent. In the 

event others may wish to study further the local and regional causes 

of ejections, the following suggestions are offered.

A laboratory study of ejections should be made to determine 

the effect of various geologic or hydrologic factors, such as the 

various sediment types under water-table or confined conditions 

and with variations of time and amplitude of oscillations. The writer 

refers the reader to experiments by F. J. Rogers (in Lawson and 

others, 1908, p. 326-335) with wet and dry sediments in a shaking 

machine. With adaptations, such as water-table versus confining 

conditions and varieties of permeable layers, experiments relative 

to ejection phenomena are possible with such a machine.

Subsurface data in ejection areas are needed to determine 

the character of the sediments in place and their vertical and 

horizontal distribution. Water-bearing zones and their respective 

water levels need to be determined. All these studies will establish 

the post-earthquake conditions and, thus, aid in evaluating the 

pre-earthquake conditions at that site.

Similarly situated geomorphic types and their ejection 

phenomena should be compared to determine whether ejection occurrences 

are affected by other factors, such as seismic-wave differences
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(the canceling and reinforcing of waves as noted in ocean-wave 

studies) 3 orientation of the geomorphic types, vegetation patterns, 

slope gradients, and so fortho In regard to the first item, LaRocque 

(1941, p. 385) postulated that faults reflected seismic waves and 

created greater water-level fluctuations at specific sites during 

the Long Beach, California, earthquake.

The relationship of ejections to fissures needs to be studied. 

As previously pointed out, it has not been ascertained whether 

linear ejections would occur in any instance where ground fissuring 

had not occurred. Perhaps a more careful distinction should be made 

between true venting, or ejection through ’’orifices" to produce 

cones, and ejection from fissured ground.
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