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RBSTRACT

Although the relation of soft-sediment deformation to earth-
quakes has been debated many decades, recent work in correlating
historiec California earthquakes with distorted sediments provides

& new dimension to the problem. The purpose of this reconnaissance

study was to survey 2500 sq. mi. in the St. Lawrence Lowland of

New York to determine: (1) if Quaternary sediments exhibit deforma-
tion structures similar to those in California, and (2) whether
the deformation was related to possible seismic events. The New
York region, however, is complicated because processes associated
with glaciation have produced a wide range of deformed structures.
The St. Lawrence Lowland contains a vast array of soft-
sediment deformation that includes faulting, folding, and décol-
lement structures. These features occur in sediments of various
thickness, areal extent, textures, and environments. The geometries
of the deformed strata contain features similar to those reported as
earthquake-induced in California. Limited visits were made to
selected sites in other eastern regions. It is shown that the -
St. Lawrence structures are not unique, but the region contains an
unusual concentration and variety of deformation. Criteria that
cen be used to differentiate glacial influences from other causes
include: (1) diapirs, (2) horizontal continuity, (3) thixotropic
features, (4) character of overburden, (5) environmental setting
etc. The great majority of distorted units can be attributed to
causes related to glaciation.
More than 200 sand and gravel pits were evaluated along

with 100's of other sediment exposures. A literature search



provided infofmation on more than 1600 relevant publications, and
600 are contained in the enclosed bibliography. Laboratory experi-
ments with a shaking table have reproduced structures similar to
those found in the field. When these studies are combined with the
,field criteria that can be used to exclude glacial deformation,
localities near Malone, Canton, Gouvehieur, and Alexandria Bay
contain Quaternary structures with the greatest promise of being
related to seismic events.

The regional framework has been determined for a Quaternary
stratigraphy that also provides correlation of landforms and
sedimentary environments. The deformed strata occur in materials
associated with Ftl Covington glaciation, and witﬁ Lake Fort Ann
and Champlain Sea events which have been bracketed by Carbon 1k
dates that range from 12,300 to 10,300 yrs. B.P. Sedimentation
rates of the deposits andAévaluation of varve couplets aid t&
determine local time scales. When the character of the deformed
units is placed into a combined regional and local chronology
it can be inferred that the recurrence interval of possible
earthquake events is less than 100 yrs.

The deformation of St. Lawrence Quaternary sediments is
not unique in eastern United States. However, the exceptional
abundance of the features, and their similarity with structures
from other regions previously interpreted as seismic-induced,
indicates the study approach used in this investigation is valid
and can yield significant data for assessment of previous earth-

quake events.




CHAPTER 1
INTRODUCTION

This report discusses Quaternary deformed sediments in the St. Lawrence
Lowland of New York State. The principal objectives of the investigation have
been to identify late Quaternary deformational structures and to evaluate the
relation of soft-sediment changes with possible seismic events. To accomplish
these goals it has been necessary to: (1) compile an extensive bibliography,
(2) perform'geological reconnaissance field work in a 2500 sq. mi. area, and
(3) undertake laboratory analyses of specimens and experiment studies. Exam-
ination has been made of numerous field sites that contain deformed sediments
and special attention has been placed on those structures that possess the
greatest promise of being related to earthquake activity. Some additional
work was done in glaciated aseismic terrane in eastern United States and
Caﬁada to serve as a basis for comparison of similar-sppearing deformed
structures in the St. Lawrence Lowlend.

The work by J. D. Sims (1973, in Press) in relating deformed sediments
in California to historic earthquakes served as a starting point for this
report. Accordingly speciel effort has been made to compare structures that
occur in soft-sediment deformed units in California with possible counter-
parts in the St. Lawrence Lowland. New York's Quaternary history and
sedimentary deposits are much more complicated because of the large array
of deformed features that can be caused by processes associated with glaciation.
Thus, there is (1) a wider range of structures that include folding, faulting,
and décollement, (2) a greater variety of sediment sizes from clay, silt, sand,
gravel, cobbles, and boulders, (3) a more diverse environmental setting, and
(k) less strata continuity with rapid changes both vertically and horizontally.
Such complexities required evaluation of many diverse unité without original
prejudice for their ability to undergo liquefaction.

The processes that need consideration as possibilities for producing
deformation structures in Quaternary sediments of the St. Lawrence Lowland
include:

1. Glacial readvance over previously deposited stratified materials.

2. Collapse of sediments into a depression created by meltout of

buried ice.

3. Gravitational sliding of sediments during disintegration of an

ice margin,
Overburden loading pressure by water, ice, ar other deposits.

Fluvial flooding and turbidity currents.

Prepared by Donald R. Coates | |



6. Wave pulsations in water from seiches, iceberg calving, etc.

T. Water level changes in beach environment by winds and tides.

8. Sudden drop in water levels when lower base level outlets are used. .
9. Impact of ice rafted boulders.
10. Isostatic rebound. )

11. Earthquake shocks.
This report should not be interpreted as being the final word on the subject or

on the localities that have been referenced. One of the purposes of this investigation

was to form the background for more detailed work..."...recommend specific sediment
sections for future intensive investigation of Quaternary deformational structures

and seismic recurrence rates."

Thus the conclusions of this report are stated at
the end of the text along with a series of recommendations that should point the way

for a more complete resolution of the problem.

REGIONAL SETTING

Physical Geography

The study region in the St. Lawrence Lowland comprises an area that extends from
Lake Ontario on the west to Malone in the east, about 125 miles long, and from the
St. Lawrence River on the north to the Tug Hill Plateau and Adirondack Upland on the
south, about 20 miles wide. The major rivers are St. Lawrence tributaries and from
west to east include (Plate 1) the Indian, Oswegatchie, Grass, Raquette, St. Regis,
end Salmon Rivers. Although elevation ranges from 250 ft., at the St. Lawrence to
1000 ft. at the Adirondack foothills, the mejority of the region is less than 500
£t. and local relief rarely exceeds 100-200 ft. Hiil fabric shows dominant north-
=ast-southwest orientation, regafdless whether the hills are predominantly bedrock
or unconsolidated deposits. Thus the topographic fabric consists of elongated hills
with local swales that contain a variety of lakes, swamps, and sireams. ’
Geology '

Rocks of Precambrian age occur in many localities of the St. Lawrence Lowland
and they constitute a wide range of igneous and metamorphic lithologies. Such rocks
are dominant in: (1) the Adirondack Uplands (Plate 1), (2) along the Frontenac '
Arch which surfaces in the Thousand Island-Alexandria Bay area, (3) many outcrops
in a trend from Potsdam to Gouveneur, (4) extensive exposures in the area surrounding
Black Lake, and (5) much of the southwestern part of the study area where only thin
drift mentles bedrock. The Precambrisn rocks show major lineations and trend north-
east-southwest throughout the entire region.

The remaining bedrock consists of Cambrian and Ordovician Paleozoic sedimentary
deposits. These rocks have contributed much of the-source material for the glacial
deposits. The following formational units have been recognized: Potsdam sandstone
(Cambrian), Ogdensburg and Theresa carbonates -(Lower Ordovician), and Black River-

Trenton limestones (mid to upper Ordovician). Although many of the Paleozoics are
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essentially flet-lying with only slight dips, they occur in a series of north-
east trending belts which have been‘plock faulted and tﬂey contain some folded
units (Dames & Moore, 19Tk, p. 2-15).

Queternary events have caused some local features in the bedrock such as
pop-ups in the Potsdam sandstone (Fig. 1-1). These structures may have resulted
from & combination of isostatic rebound resulting from a 500 ft. of postglacial

uplift, and removal of confining overburden pressure.

Glaciation

Although the St. Lawrence was glaciated several times during the Pleistocene,

this study is largely confined to the most recent giaciations. These events
occurred during late Wisconsinan time and represent the time interval of about
12,000 to 10,000 yrs. B.P. It has been traditional to refer to the older drift
as "Melone" and the younger drift as "Fort Covington". The fabric of till shows
southwest motion by Malone ice and south to southeast motion by Fort Covington
jce. The directional changes are best explained by different ice responses during
a single stade rather than two separate periods of glaciation. During the later
stages of the Pleistocene a series of water bodies, both proglacial lakes and

seas occupied parts of the area. These events have generally been related to

Lake Iroquois, Lake Fort Ann, and Champlain Sea episodes.

The region contains an unusual variety of glacial deposts and landforms.
Many different types of till occur such as lodgment, ablation, flow, and winnowed
till. Stratified deposits include the full range of glaciofluvial, glaciolac-
ustrine, glaciomarine, and glacioeolian sediments, Glacially-related landforms
fall wi%hin such categories as kames, kame terraces, kame moraines kame deltas,
drumlins, moraine ridges, outwash plains and deltas, and till plains.

The glacial sediment contains a wide gamut of deformational features in
meny scales and types. The major categories might be classed as folds, faults,
diapirs, and décollement structures. They have been formed by several different
processes, and it has been the purpose of part of this investigation to determine

their origin mechanism.

TECTONIC SETTING

Tectonic studies of the St. Lawrence region have been a éubject for ex-
tensive studies (Wynne-Edwards, 1972; Kay, 1975; Kumperelli, 1970). Some of the
date (Wynne-Edwards, 1972; Key, 1975) pertained to en earlier phase of tectonic
activity and the faults may have already been "healed".

Field observation of faults has been difficult because of the overburden.

Rl

Very significanﬁ though, are observations in bore holes (Berkey, 1945) and
shafts, and zones of crustal basement rocks that are only partially filled by

Tectonic Setting Prepared by Francis Wu
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calcareous material. Such crushed zones have been seen at several points near the St.

Lawrence valley and whether active faulting in this region is related to these zones '
is of interest. ' '
The seismicity of the St. Lawrence Lowland is understood in a fairly rudiment-
ary level. Several authors (Oliver, 1969; Sbar and Sykes, 1972) observed two trends
in the historical seismicity of this region: one of them trending NE-SW along the
St. Lawrence valley, the other trending NW-SE from Ottawa to Boston. The epicenter
distribution in the region is actually rather diffused; this could result from inac-
curate location of historical events but could also be inherent in the nature of
continental seismicity. This latter possibility is well illustrated in China, where
the level of activity is higher and even the post-1962 data shows a diffused pattern.
The general interpretation is that the earthquake hypocenters are located on old
weaknesses that have been reactivated in response to present-day tectonic stresses
(Molnar, Fitch and Wu, 1973). It may be significant that based on ample historical
seismicity data in China (Shih, et al, 19T4) the recurrence frequency for destruc-
tive"earthquakes in different seismic regions of eastern China, far away from island
arc or mid-oceen ridges, ranges from one episode per 100 yrs. to one episode per
1000 yrs. Each episode may comprise one event or may include a series of events.
Prediction of one destructive earthquake per 50 yrs. has been suggested (McGerrigle,
1966) as the recurrence rate for the St. Lawrence Region. However, without suf- .
vicient data for regionalization, his determination cannot be seriously employed for
any particular section in the New York part.
The section of the St. Lawrence Lowland bordering ‘New York State has had one .
known destructive earthquake, i.e., the Massena-Cornwall earthqueke of September 5,
iokk. This earthquake was investigated at some length by Berkey (i9h5), Hodgson
(1945) among others. Combining‘the findings that the destruction was concentrated in
an elliptical area with its major axis along a Massena-Cornwall line and that the
tombstones tended to rotate one way north of the St. Lawrence or the other way south
of' the River, conclusions were drawn that the causative fault has an east-west
strike. However, the destruction pattern may be controlled by the distribution of
Massene clay (Berkey, 1945). The tombstone rotation pattern (counterclockwise on
the Canadian side and clockwise on the American side) does seem to indicate a
NE-SW strike.
It is of interest theat the response of the Massena clay (Berkey, 19k45) duripg
the 19kl earthquake was widespread in the Massena-Cornwall area. The Massena clay
(also known as the Leda Cley,or Champlain Sea Clay) consists of marine clay and
silty sands. Structures with foundations on the clay were more damaged than those .
on other types of sediments.
A review of previously published seismicity maps indicates the area between
Massena and Lake Ontario is fairly free of activity. One may question again whether

this section is truly quiescent or preparing for a future earthquake. The data
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gathered by Lamont-Doherty Geological Observatory during 197k, shows this section

is populated by small non-destructive earthqﬁakes. That the Massena earthquake
did not leave permanent surface traces is consistent with the focal depth of
approximately 32 km. However, if the fault had been active for a long period of
time, it could have reached the surface. On the other hand, the recurrence
interval of surface faultiﬂé may be long enough so that. the traces are obliterated

by recent processes.

PROJECT DESIGN AND METHODOLOGY

The intrinsic nature‘of the problem of Quaternary deformed sediments and
possible earthquake iﬂﬁucement require an interdiscipline approach within the
geological sciences. The project was to perform a field reconnaissance of the
2500 sq. mi. area. This included the use of previously performed field work such
as that by MacClintock and Stewart (1965), analysis of soil survey maps of the
U. S. Departmenf of Agriculture, and review of maps and aerial photographs to
locate the most promising sites for deformed structures.

The first phase of field work was to initiate a rapid survey of all
existing sand and gravel pits, more than 200 were located, and to evaluate
their potential for containing deformed strata. The rationale for placing
priority on these sites was that: (1) they were distributed throughout the
entire region, and (2) many showed sediment sections of 40-50 ft., and (3)
quickest benefits occurred from seeing 1000's of feet of lateral exposures.

The second phase of the field work included locating riverbank outcrops, road-
cuts, new cellar excavations, new drainage lines for sewer of power facilities,
ete. The third phase was to obtain available drillers logs and to determine
future sources of information where cores could be sampled from deeper drilling
projects. One of the principal thrusts of the reconnaissance program was to
locate several "type" localities that revealed various types of deformed strata
for more intensive study and sampling by the sedimentologists. Other work that
was included in reconnaissance mapping was to obtain information so that the
general sedimentary environment and glacial history of the locality could be
interpreted. Finally, the location was determined of sites that would prove
most fruitful for future work.

The sedimentology group had two principal tasks: (1) a more detailed
sediment analysis of fabric and composition of the material in situ, and (2)
selection of those sediments that should undergo laboratory testing and
analysis. These detailed studies included a variety of mineralogic analyses,
scanning electron microscopy fabric analysis, and particle size determinations.
In addition experimentation was performed using a shaking table to obtain

deformed sediment analogs to thuse observed in the field.
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1-1. Pop-up in Potsdam sandstone near Alexandria Bay, N. Y, (locality 7). Probably

caused by pressure release of overlying confining ice during postglacial time.

1-1 (locality 23).

of p-forms.
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1-2 (locality 23).
Steep faces were plucked by ice and later were smoothed by fine-scale polish and

abrasion.

1-3 (locality 23).
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CHAPTER 2
SOFT SEDIMENT DEFORMATION
INTRODUCTION

Phenomena of soft sediment deformation are widely reported and discussed in
the geological literature. An extensive review would be superfluous in this re-
port; the interested reader is referred to sedimentological texts which include
lengthy references on this subject, some back to the mid-nineteenth century
(Potter and Pettijohn, 1963; Dzulyfiski and Walton, 1965; Conybeare and Crook, 1968;
Vassoyevich, 1960; Fairbridge, 1947; Shrock, 1948). Morphology and origin of
soft sediment structures are variable and complex; the nomenclature and terminology
that have developed over the years are even more so. Some of the terms result
from attempts to produce a genetic classification, but much of the proliferation
was created by the laudeble efforts %o"steer away from genetic connotations and
use non-committal descriptive terms. Literature abounds in terms such as
pseudofolds, rheoglyphs, (Vassoyevich, 1960), convolute lamination (Kuenen, 1953),
corrugated bedding (Shrock, 1948), prolapsed bedding (Wood and Smith, 1959),
crumpled bedding, load folds (Sullwold, 1959), cusps and streamers (Selley et al.,
1963), submarine disturbences (Bailey and Weir, 1933) recumbent cross strati-
fication (Allen and Banks, 1972), deformed cross bedding (Jones, 1962), curved
felse bedding, puckering and overfolding of leminae etc. All these terms refer
basically to features of sedimentary folding, the "contorted bedding” of McKee
(1954).

Another group of terms includes pseudonodules (Macar, 1948), pillow structures,
load pockets (Sullwold, 1959), flow rolls (Sorauf, 1965), roll structures (Cooper,
19:3), rolled up pebbles (Hadding, 1931), and mammelones (Ashwin, 1957). All
these structures refer to discoidal elliptical or rounded rock elements floating
in or pressing into the underlying bed. Though the underlying bed usuelly is finer,
these structures are by no means restricted to the sandstone/shale interface and
occur also in apparently uniform sandstones.

In addition some genetic terms are in common usage, such as sandstone dikes,
flowage structures, and "slump and slide” structures. The latter term now appears
to be restricteé to features displaying a distinct lateral translation.

Throughout the years, study of sediment deformation in glacial sediments has
followed an independent and unrelated path, creating a separate set of terms,
mainly genetic, such as ice wedges, cryoturbation, congelifluction, solifluction,
frost deformation, frost heave, involutions, and thurfurs. It is only recently
that awareness has appeared in the glacial literature that some of these features
may be produced by processes unrelated to frost (Butrym et al., 196k4; Washburn,

1973).

Prepared by Iaakov Karcz and Paul Enos




14, GENERAL RELATIONS

The possible relgtionship between occurrence of soft sediment deformation and i
earthquakes has been widely reported and discussed in the geological ;a.nd sedimentolo-~ 0
gicel literature. This assumption may be traced nearly two centuries back, to the
early descriptions of major earthquakes and their related ground-deforﬁation effects.
In the 1860's De la Beche, Lyell (1883 and in earlier editions), Hobbs (1907) and
Grabau (1913) were those who summarized accounts of seismically-induced deformation
stressing ejection and injection structures such as sand cones, nud volcanoes,
circular ponds and hollows, and sand dikes. Lawson (1908) discussed larger scale
mass movements, recognizing earth-slumps, earth flows, earth avalanches etc.
A glance through the sedimentological literature indicates the majority of

studies and reports of soft sediment deformation, published during the past hundred
years, mention seismicity as the possible indueing source,

~ In some cases seismic inferpretation of sediment deformation is presented as
a tentative hypothesis along with other alternatives, and in many others as a fact.
Thus for example Bailey et al. (1928) and Bailey and Weir (1933) discuss the record
of "recurring tsunamis” in the Paleozoic of Quebec and Kimmeridgian in Scotland.
Early accounts of the geology of Yorkshire in 1926 discuss sediment deformation under
sﬁhh headings as "Ancient Earthquakes". In numerous cases seismic shocks appear to

represent almost a Deus ex machina invoked automatically at first sight of sedimentary

disturbances. Studies of sediment deformation in glacial sediments are the exception
in this respect, stressing the effects of frost, ice shear, ice melt and collapse with
no' recourse to seismicity, nor, for that matter to such processes as liquefaction.
This perhaps is not surprising, because it may be argued that the glacial environment
is sufficiently disturbed and tremorous and no special "need" for seismic shocks
arises. Shrock (1948) wrote in his discussion of Shaler (1888):

", ...myriads of miniature earthquakes occur during the periods of glacial_ad-
vance, when the ice cracked upon surmounting prominences or sheared for other reasons,
and the vibrations transmitted through the surficial or subaqueous sediments might
well have caused the less stable upper part of the deposit to be deformed by folding
or faulting, particularly if sediments lay on 2-3% slope".

In view of the massive literature relating soft sediment deformation and
seismicity, it is hardly surprising that finally Sims (19733 in Press) has proposed
to emplo& such sedimentary features in assessment of.recurrence interval and regional
seismic risk. There is no douot that a majkr'earthquak; may destabilizé a granular
mass: the problem, however, is to distinguish the resulting deformation from that
induced by other, aseismic processes. ‘

In the course of this study we attempted to identify a number of critical
questions which should be answered to meke the usage of sediment deformation in

assessment of seismic risk fully meaningful. These questions include the following:
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(1). Assuming that sediment deformation occurs in response to a seismic

shock, does it always signify a major event?

(2). What are the possible aseismic ﬁéchanisms that can lead to'very
similar features of deformation? Is distinction possible?

(3) Can the seismic events be dated according to the horizon }n which
they appear, (i.e., is it possible that the response to a seismic shock does
not necessarily occur only close to the surface?) and is a recurrence study
possible? )

(k). Wvhat, if any, are relisble indicators of seismically-induced
. deformation?

Obviously, at the present moment we do not have more than indications
of nature of answers to these questions, however, the material at hand demon-
strates that the gquestions are not rhetorical but well founded in theory as
well as in field evidence, and that the problems specified here, though
difficult, are approachable.

) Our presentation in this chapter is limited in its scope to structures
of deformation identified in the field as unrelated to the glacial mechanisms.
Chapter 3 discusses the implications when glaciation enters the picture. Thus,
for example, we are not including here some of the structures interpreted by
the glacial geomorphologists as caused by glacial events. To place the dis-
cussion in its proper context we need to recapitulate a number of concepts
employed in engineering that assess seismic risk in terms of ground deformation.

(a). Terzaghi (1925, 1956) and Terzaghi and Peck (1967) defined

the concept of metastable structure of satur;ted sediment. At this state the
particles are supported at grain/grain point contacts, encompassing water
filled voids. Such configurations are promoted by rapid deposition and admixtures
of silt-in sand, and may reach porosities in the 40-70% range. This structure
may withstand static consolidation stresses but should a contact between grains
be broken (by slip at grain contact), the hydrostatic pressure at depth will
increase by an amount close to the submerged weight of the overlying sediment.
In other words, the weight of the solid particles is transferred from points of
contact to the pore water, and a spontaneous liquefaction occurs. The failure
was observed to propagate through the sand and spread. As already indicated,
in this metastable state the threshold for slip at a point of contact is low,
and thus liguefaction may be induced also by less severe, causing aséismic
disturbance.

Casagrande (1936, 1971) demonstrated the existence of a certain critical
void-ratio, at which deformation takes place with no volume change. This void-
ratio may be achieved through application of stress to a loose sand, which

shows a decrease in volume; or to a dense sand which dilates strongly.




In an undrained saturated sand the strength is S = (P - Pw) tan ¢. The applica-

tion of stress results in densification with the corresponding rise in pore pressure,
which leads ﬁp decrease in strength. When Pw = P the strength is totall¥ lost. 1In ’
dense sand an opposite effect may be expected. It is obyious therefore that when the
rate of increase in pore pressure exceeds rate of dissipation failure may be expected.

(v). It has been demonstrated in numerous works by Seed and his collab-
. orators (Seed and Idriss, 1967, 1971; Seed and Lee, 1966; Seed and Peacock, 1971; and
Castro, 1969), that application of cyclic loading to sands results in progressive de-
crease in volume and increase in pore pressure for each loading cycle. This effect
occurs also in dense sands, which under unidirectional loading would normally dilate.
If the incremental increase in pore pressure (Fig. 2-1) reaches a value equal to
confining pressure, effective stress becomes zero, the strength is lost, and the
sand is liquefied. Castrow(1969) indicated this should be referred to as cyclic
mobility rather than liquefaction in the sense of Casagrande (1936). The difference
is that liquefaction deformation depends on the critical void ratio and takes place
at constant volume and resistance, moreover the effective stress does not fall ko
zero. In cyclic loading, incremental deformations and related changes in void ratio
oceur. ’

(c). Simplified assessment of liquefaction potential (Seed and Idriss,
1971) consists of the following stages:

(1), Determination of the design earthquake and relevant proper-

ties of the soil material. These include: sediment type, mainly: grain size
(Fig. 2-1), which suggests that maximum liquefaction potential is in the silt/fine
silt range; void ratio ~ which shows that in cyclic loading, the incremental increase

in pore pressure is greater for sands; initial confining pressure which indicates

that contrary to slides, here an increase in confining pressure lowvers the lique-

faction potential, and the intensity and duration of ground shaking.

(2). Conversion of the assumed earthquake stress history into
the equivalent number of stress cycles, and presentation of the equivalent cyclic
stress level as a function of depth.

(3). Determination on the basis of laboratory tests of the cyclic
stresses which would have to be developed at various depths in order to induce the
liquefaction. Presentation for comparison with data obtained in the previous stage
(Fig. 2-1).

Other authors suggested correlation between shear strength and penetration
tests and the liquefaction potential of the soil.

There is no doubt that the application of the engineering reasoning and tech-
niques to the geological problem of soft sediment deformation are very worthwhile,
and will result in a feedback of sedimentological information highly pertinent in

engineering research. Some difficulties arise however in this respect. First, the

.
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procedures for assessment of liquefaction potential are simple to follow only in
the case of homogenous, undrained noncohesive sediments. The first question that
arises therefore involves the dissipation of pore pressure in stratified systems.
In general the engineering technique stresses that because of the relatively rapid
dissipation of pore pressure in sands, the rate of applicatioﬁ of shear stress must
be high, otherwise liquefaction does not occur. Silts and fine silts are believed
to have a higher liquefaction potential, because of their lower permeability and
resultant slow pore pressure dissipation. Work is now being carried out in a num-
ber of research laboratories to demonstrate the mechanisms of strain accumulations
and pore pressure increases in clayey meterials. This concept may prove to be
quite critical in evaluation of evidence of soft sediment deformation., Assuming
that clayey materials do show increment pore pressure increases under cyclic
loading, then in view of their low dissipation rates, possibility exists for a
gradual accumulation of pore pressures under repeated long term, but small magni-
tude, cyclic loading. It is known that any conspicudus wave system may be
envisaged as representing a cyclic loading system. Therefore, when the accumu-
lation rate of pore pressure exceeds the dissipation, liquefaction can be

induced by any system of waves (especially storm systems oscillatory currents,
end seiches). If these computations lead to realistic orders of magnitude as

they well may, assessment of seismically induced soft sediment deformation may be-
come even more difficult.

The second question involves the response and behaviour of stratified
systems where discontinuities are present in porosity and permeability or in
lithology; and where, therefore, pore pressure accumulation and dissipation
occur at different rates. Under certain circumstances, the occluded layers such
as a bed of sand underleid and topped by thin layers of clay, mey develop a
different rate of instability than the rest of the éystem.

This may be easily demonstrated experimentally. Figures2-2 to 2-6 show
sequence of events recorded in a stratified systenm placed on a simple shaking
table. The sealed layer seems to break into two main parts: lower one, which
densifies and appears to behave like a solid, and the upper one which behaves
like a fluid, pressing against the upper seeling layer and finally disrupting the
layer and exploding upwards. Following the expulsion, the material shows a
clear settlement and preservation of a folded structure. Figure 2-3 shows
that if the upper seal is not pierced, cessation of shaking will result in a
gradual settlement of the upper layer and an (load like) interface resembling
a "load cast". In this particular case, the unusual interface suggests the
loading by kaolinite (which maintains its coherence) into granular coarse sand.
Similar response was observed in a fluidization experiment, where deformation
took place first at the horizon with the greater voidage. Figure 2-3 shows

diapiric features that resulted in experiments in which shaking was allowed
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to continue until the increase in pore pressure was sufficient to induce penetration
of the sealing layer. A full sequence of events is shown in Figure 2-4 which again .
demonstrates the appearance of the fluid layer, pressing and uparching the overljring .
seal, then bursting out, and finally entering the stage of collapse, or rather,
settlement. Features of settlement are seen also in Figure 2-5 where a small graben-
like collapse feature appears.

Two features shown in the experiments are significant in interpretation of
recurrence intervals. First, it is obvious that deformation does not occur necess-
arily in the top layer. Apparently, the relative importance of '"destabilizing" effects
such as grain size and void ratio is greater than the "stabilizing" effect of increased
confining pressure, Particularly important is the fact that Figure 2-5 shows that
deformation may be occurring simultaneously in several horizons, whether interconnected
or not. .

Our inclination therefore is ts assume that only the "truﬂcated" anticlines, may
be significant in assessment of recurrence interval. At the same time, it is the upper-
most layer which is most prone to aseismic disturbances. Moreover, Figure 2-3 shows
a small diapir which appears to indicate a truncated toyp, even though it did not reach

the surface.

Magnitude of an Earthquake .

The magnitude of an earthquake is expressed by Seed and Idriss (1971) in an
nquivelent number of equal stress cycles. Under natural conditions, however, the
situation may be more complicated.

The occurrence of soft sediment deformation depends mainly on stability of the
sediment (in terms of composition-especially in the finer sediments, and mechanical
and physical properties) and on the nature, magnitude, and rate of the deforming
stresses. Obviously, the less stable the sediment is, the less energy input is
required to induce.deformation. Close to the critical state, deformation may be
induced almost instantaneously by any minor disturbance, and the work involved in
deformation will be performed by the energy stored within the system itself. This
concept is widely accepted and appears in somewhat different facets in considerations
of all mechanisms of mass movement and failure. Dzulyriski (1966) and Anketell et al
(1970) discussed strata with inverse (unstable) density gradient in terms of trigger
systems; Jackson (1968) summarized the instebility of fluidized systems to disturb-
ances, and of course Terzaghi's original concept of liquefaction relies on disturb-
ance-prone "metastable" structure of the granular mass. The more unstable the
system, the smaller the required triggering disturbance and thus the more chance of
its being produced by a source other than a major earthquake. The question therefore .
becomes not so mudﬁ whether a deforming stress, or trigger is available, but
rather whether and how the sediment can reach such an unstable state.

From-what has been previously mentioned about the general behaviour of fine

grained sedimente 1 .e.. the chanaees of gradual accumulation of strain and increase
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in instability, and about the stra?ified systems, it is evident that the dis-
turbance triggering the soft sediment deformation does not necessarily have

to represent a major event. This point will be emphasized again while discussing
some other mechanisms of sediment deformation. At this stage it is pertinent to
point out a number of writers, especially Oulianoff (1951), suggested that some
effects of deformation may be due to a persistent microseismic activity. In this
context it may well have to be indicated, that the Quaternary lacustrine sedi-
ments exposed along the Dead Sea-Jorden Rift Valley, where seismic activity is
taking place (Wu, et al., 1973), about in spectacular features of soft sediment

deformation.

ASEISMIC PROCESSES OF SEDIFENT DEFORMATION

Numerous mechanisms have been proposed in sedimentological literature to
explain the occurrence of soft sediment deformation. In most cases they were
presented as possible alternatives to seismic disturbances or were presented to
account for the presence of instability activated by a seismic trigger. Several
good comprehensive reviews are available (Pettijohn and Potter, 196k4; Diulyfiski,
1966; Anketell et al., 1970; McKee and Goldberg, 1969; Selley, 1969; Allen and
Banks, 1972 and others), so that this presentation will be brief and oriented
mostly towards structures unrelated to glacial effects recorded in the field.

A number of processes discussed below involve virtuelly the same para-
meters and stresses and the mechanisms are interrelated, so that the grouping
seems somewhat artificial and arbitrary.

The general order of presentation (Karez, 1963) is: Syndepositional
effects, including effects of settling (also compression stage of settling)
and flow shear; Syndepositional or postdepositional deformation, induced by
unstable density stratification; Postdepositional effects of consolidation

and fluidication; Sliding and groundwater flows.

Syndepvositional Effects of Settling and Flow

(1). Settling
With increase in concentration, settling velocity of a

suspension diminishes and deviates from Stokes Law according to

V =V (l—c)3/10c or V. =V_ (1-¢)* = 3.5 v, settling velocity
¢ ° ¢ ° of suspension

V_ settling velocity
Stokes Law

¢ solid fraction

This decline in settling velocity, known to engineers as retarded, hindered
or batch settling, is attributed to the. effect of upward moving fluid dis-
placed from below by the settling particles. Settling velocity may be ex-

pressed as the negative superficial velocity of fluid displaced upwards due
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to difference in hydrostatic head of the bulk suspension and the clear fluid. " Re-

tarded settling may therefore be regarded as reverse equivalent of fluidization.

At concentrations of about 10% or lower, suspension breaks into a number of

!,
o
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zones: accumulating bottom sediment, irregular zone (not always present), suspension,
and clear supernatant fluid at the top. When the upper interface between the fluid

and suspension (referred to as sludge line, mud line, disturbance, shock) meets on

its descent the ascending sediment interface, suspension is stated to enter the .
stage of "compression" (or compaction). .

Kuenen (1965, 1968) reported on the effect of the upward moving fluids, des-
cribing settling convection as well as formation K of small vertical veinlets or channels
cutting across the compressing sediment zone, and suggested that they are the small
scale analogs of sand volcanoes (Gill and Kuenen, 1958). ﬂ

Presence of this upward flow led Kuenen to doubt the existence of "scaffold"
or '"house-of-cards" architecture in clayey deposits. Our observations indicaté
however, that the fluid moves through the compressed zone in fairly well defined
small channels not affecting the fabric in between.

. In a number of shaking table experiments, some of the small scale channels
provided outlet for the fluid expelled from an occluded layer and led to development
of diapirs. Some small veinlets and channels were also observed in the field. 1In
principle, the compression stage of settling represents a transition stage between ‘
fluidization and consolidation. Material behaves essentially as a fixed bed (in
fluidization terminology) through which fluids are moving according to laws of flow
in, porous media.

In addition, complex physicochemical processes operate within the settling
suspensions of clay, or mixed with clay. The interparticle forces operating within
the suspension and the compression zone, depend on the mineralogical and colloidal
properties of the suspended material and on the composition of the interstitial fluids.
These control the formation of links, and determine the nature of flocculation, aggreg-
ation, thixotropy and architecture of the fabric, which in turn determine other
properties of the freshly deposited sediment. Thus for example, face/face clay
contacts result in lower viscosity, and the edge/face and edge/edge contacts in a
higher viscosity. The appearance of some definite structure within the fine grained
sediment resembles the metastable sediment structure of Terzaghi (1925); however some
disagreement appears to exist as to the actual nature of this framework and processes
ieading to its collapse. It is clear however that this sediment is thixotropic, i.e.,
possesses a certain strength, which may be destroyed in remolding, but is gradually
restored after the remolding. It has been shown by several workers that small ad-
mixtures of clay can provide thixotropic properties to coarser sand. The same apparent.
ly is true with respect to numerous mixtures of silt, sand, and gravel with clay.

It is not surprising therefore to find that some of the coarser sediments of the St.

Lawrénce region display excellent flowage properties due to the presence of clay.
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Fabrics and links and thus the general behaviour of the clayey materials depends
also to a large extent on the electrolytes present. Thus for example, the
Norwegian quick clays show a strong correlation with the salt content, and in-
crease in sensitivity with the leaching of salt. A number of research laboratories
are now attempting to develop similar relationships for the Leda Clay, however
until now no concrete results are available. It is possible, that the total
chemical analysis of interstitial waters could provide some indication as to the
rneological properties of the sediment. The deformation of clay beds appears to
follow the deformation of sand, often the clayey layers representing the sealing
of small occluded systems. As already indicated, the cohesive properties of the
clay result in its greater coherence in deformation.
(2). Flow

Numerous investigators considered the possible effect of
flow drag on deformation of soft sediment. The frequent occurrence of deformation
in a close association with ripple drift, leading to oversteepened, drawn out
or sheared units led Kuenen (1953; 1968a; 1968b) to suggest that the deformation
results from pressure difference between the ripple crest and trough as predicted
by the Bernoulli relationship. These supposedly lead to an upward suction on
the crests and formation of folds. Sanders (1960) suggested that convolute lam-
ination represents the response of slightly cohesive sediment to fluid sheer,
i.e., counterparts of ripples. McKee et al. (1962a; 1962b) suggested that fluid
drag combined with the drag of the overriding mass of sediments exerts sufficient
shear to induce deformation of the soft sediment. Cline (1966) suggested that
deformation occurs at some critical high velocity. A recent study by Allen and
Banks (1972) of recumbently folded cross stratification maintains however that
the shear stress expected from a moving fluid will not be high enough to induce
the deformation, and propose a rather complex combination of seismic and fluid
shear.

In the present context, however, evidence suggestive of flow-induced
deformation implies that such structures must be disregarded as possible indicators
of seismicity. Therefore care must be taken to distinguish between the "drawn
out" convolute laminations associated with ripple drift, and a situation in which
a rippled bed is uparched and penetrated by a dispir from below.

Another example of such elimination is the treatment of ripple load shown
in Figure 2-T. It was shown by Dzulyriski and Kotlarczyk (1962), and others,
that ripples advancing along a muddy bottom may sink. The fluid shear is
sufficient to incise them still further, with ensuing rotation and incision of
the next ripple ridge. At the same time, it is known to geologists (Kuenen,
1958) that a seismic shock will lead to loss of strength in the mud and the
sinking of the overlying rippled bed. As no way to determine which process
was operative appears to exist, the evidence was recorded but can not be used

for the present purpose.
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However, two comments should be made. First, experimental stressing of fresh
deposited mud by flow of clear water indicated, after a fairly iong period, that con-
solidation and'expulsion of fluid (and occasionally also sediment) is taking place.
The resulting mounds and craters are definitely analogous to mud volcanoces described
in the literature (Karcz and Shanmugam, 1974). The second comment is related to the
behaviour of the bed in response to the passing wave. It has already been pointed out
that a series of storm waves may be treated in terms of cyclic stresses, in an analo-
gous way to the earthquake stresses. In principle however it is possible to show also
that the pressure gradients induced by a wave within the streambed leads to vertical
flbw force, which in turn may induce liquefaction in the upper layer. Such effects
have not been inves?igated thoroughly, because previously most of the attention in
hydraulics was focussed on the damping effect of the porous bed on the wave. Never-
theless, this effect may be real and should be considered while analyzing sediment
deformation. It should perhaps be mentioned, just as a visual reminder, that in flume
experiments with silty material, very often the internal bed geometry will become
distorted when the flow is shut off too rapidly and a.back wave is running to the

upstrean.

Inverse Density Stratification
In a series of papers Diulyfdski and his collaborators (e.g. Dzulyhski, 1966;

Anketell and Dzulyrski, 1968a; 1968b; Anketell et al., 1970) presented a comprehensive
treatment of various features of sediment deformetion in terms of instability induced .

by‘inverse density stratification.

Tt iswell known that inverse density stratification, i.e., in which the heavier
density material overlies the lower density material, is unstable. The best known
illustration is a fluid heated from below and cooled from above. When a certain
critical parameter (either Rayleigh Number, or Richardson Number) is exceeded a
convection pattern sets in. The pattern,known also as the Benard pattern consists of
polygonal (hexagonal) cells along a vertical axis, along which the fluid is circula-
ting. In presence of lateral shear this convection pattern will be transformed into
a pattern of flow rolls aligned parallel to the direction of shear.

Inverse density stratification may be achieved in a number of ways, either
through differenée in lithology or through difference in porosity. This is particularly
important, because the intergranular relationships change not only in the course of
deformation but also through compaction. It is possible therefore that no trace will
be left of the original difference in porosity between two adjoining beds. Moreover,
the onset of deformation requires that a certain threshold is overcome, otherwise the
system may persist in its initial stage. In other words, it is possible to induce
deformation through a certain triggering event. Furthermore it is obvious that this
mechanism starts operating without need for initial loading to take place, i.e.,

various types of penetrative and injection structures can form in the complete absence

of loading or lateral motions. The actual geometry of the individual structures would

0 \
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depend on the sediment properties of the composing material, and their continuity.
Geometrical patterns produced by this mechanism (Figs. 2-5 and 2-8) are

not unlike the spectacular deformational features near Malone, and LaFargeville
(see Chapter 4, localities 3, 4, 5, 18). It may be argued however, that the
field exposures show repeated deformations at different levels and uneven pene-
tration. The previous authors indicate ho&ever, that when deformation takes
place at a certain level, it may affect the stability of the neighboring horizons.
In recent years, Dzulyfiski and his collaborators applied this theory to interpre-
tation of numerous periglacial structures, and demonstrated that results are

fairly convincing both in terms of experiment and field evidence.

Consolidation and Fluidization

The compression stage of setiling heralds the transition to consolidation
regime, i.e., a process of reduction in sediment-volume with the accompanying
expulsion of fluids. Processes of consolidation were widely investigated and
described in the soil mechanics literature as well as in sedimentological and
marine technology studies. Extensive reviews are presented in Rubey and Hubbert
(1959), Terzaghi and Peck (1967), Richards (1967) and Rieke and Chilingarian
(1974). It would be presumptuous to include in this section more than three
"reminders". First, we are dealing with a stratified system and thus different
responses may be expected in layers of different voidage and different litholo-
gical interfaces. Second, liquefaction may obviously occur here in response to
the monotonically increasing deforming force, provided of course that the in-~
crement in stress exceeds the rate of pressure dissipation and expulsion of
fluid. Related to this process are the widely reported phenomena of rapid
dewatering in zones of accelerated deposition. Third, the significance of
consolidation in context of sediment deforﬁation may be in the history of upward
(and perhaps also lateral) movement of the expelled fluids, i.e., possible
occurrence of fluidization. Our decision to focus on the fluidizetion features
was prompted by the fact that relatively little attention has been paid to
fluidization in the past few years (Karcz, 1963; Allen and Banks, 1972).

Migration of the fluids expelled during volume reduction may be gradual,
obeying the laws.of flow in & porous medium, and may proceed at a low rate.

In this case movement may be expressed in terms of movement of fluid through

a bed of particles, without.affecting the particles themselves. This corres-
ponds therefore to a migration of fluid through a "fixed" bed, in fluidization
terminology. When the velocity of fluid is increased (occasionally the
fluidizing force is expressed in terms of mass velocity, or in terms of

pressure drop), to a point that i£ balances the weight of the particles, the
bed starts expanding. Particles are n&f supported by the fluid and any incresase

in fluid veloeity will result in further expansion. In other words when the

frictional pressure drop is equal to the buoyant weight of the solid bed



perticles, any further increase in fluid velocity must result in a slight upward

movement of particles. Particles are reoriented and rearranged so that the resist-

ance to fluid will decrease and the bed voidage will increase. At this point the bed ’

is fluidized, and the fluid velocity is referred to as the minimum fluidizing velocity.
Several brief comments, pertinent in the present context should be made at this

stage:

(1). Unlike air or gas fluidized systems which show bubbling and dis-
continuities (aggregative filuidization) the liquid-fluidized systems are reasonably
uniform (particulate fluidization). At the same time it should be realized that the
process is not completely regular, especially if envisaged to occur under natural
conditions. First, some bed expansion occurs before the point of fluidization is
reached, (especially in highly consolidated or randomly packed beds). Second, at the
point of incipient fluidization a somewhat greater velocity is required to set the '
process in motion, than computed from the weight of the particles. This represents
the effect of interparticle bridging and interlocking. Furthermore, the various
nonuniformities in bed properties imply that the minimum fluidization velocity is
not a sacred value, and that a situation may arise in which fluidized and nonfluidized
r%gions will coexist within the domains of the same bed. In some systems, extensive
cﬁanneling may occur, in which the fluidized motions are restricted to channels
within the bed. When a channel of this type is wide enough to affect the particles
avound it so that a circulation pattern sets in, the bed is referred to as "spouted"
bed. Local circulation patterns may also arise when the drag exerted along the
voundaries of the fluidized zone starts affecting the upward movement.

, (2). . Prediction of the minimum, threshold fluidization velocity can be

expressed in terms of equations derived mostly on the basis of Carman Kozeny equation

and leading to expressions such as
U = 0.00059 a° (ps - pf) g/n p, solid density

Pe fluid density

H viscosity
which was developed for fine spherical particles at 0.4 voidage. Obviously the
velocity at threshold will depend on the voidage. Variation of fluidizing velocity
with voidage are given in terms of U/Ut = ¢” where U and Ut are the fluid and settling
velocity ¢ is the voidage and n is a constant depending on the settling Reynolds
Number.

(3). It is extremely important to realize that a state of uniform ,
fluidization is unstable. Stability of the fluidized state has been investigated by .
numerous authors (see Jackson, 1971). This study of hydrodynamic instability pro-
ceeded as usual by application of the small perturbation method and demonstrated that
in this state one wavelength always exists for which the disturbance is amplified

more rapidly than for all others. This study is important in the present context
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for a number of reasons. First, usually it is assumed that instabilities are
restricted to the gas-fluidized sys?em where high density difference exists
between the particles and the fluid. However, it has been shown that the same
instability mechanism operates in the water-fluidized system, though the growth
and propagation of disturbances are about a hundred times slower than in the
gas-fluidized system. As might be expected instability is promoted by high
voidages.

From what has been said above it appears that soft sediment deformation
may occur when rapidly expelled fluids reach the mass velocity required to start
fluidization - along selected zones within only certain horizons within the
consolidating column, The fluidized system is unstable and thus disturbances
grow rapidly probebly assuming a certain geometrical configuration. It is
important however, that close to the unstable stage deformation may be induced
by a triggering disturbance.

It appears also that the natural system of consolidated sediments may
lead to a variety of combinations between compaction, liquefaction and
fluidization. The former two are responsible essentially for mobilization
and expulsion of the fluid, whereas fluidization is the process that occurs
'in the sediment as a result of this expulsion.

A series of preliminary experiments was conducted in a vertical pyrex
tube infilled with laminated sediments, and connected to & water pipe. The
flow was allowed to enter into a mixing chamber from which it proceeded
through screen and glass wool baffles into the sediment. The entry was
fairly smooth, but unfortunately our flow gauge was not sensitive enough to
monitor the developing pressures.

The nature of deformation is shown in Figure 2-5 which demonstrates a
number of successive stages in the development of diapir folding between
the strata. There is no doubt that the process will be controlled by the
porosity differences between the different layers. It is clear however
that the disturbance is not related to the top horizon of the sequence, and
that it is penetrative, occurring probably at the same time at different
levels,

Fluidization may also be induced through mechanisms other than simple
consolidation. Thus for example lateral changes in porosity, the so-called
"spring mechanisms" have been discussed by Williems (1960) and by Selley
(1969). Such effects may be particularly appropriate for the St. Lawrence
Quaternary sediments, which abound in lateral changes and discontinuities.

The exposures examined were not sufficiently extensive or our work sufficiently
detailed to determine whether any such fluidizing spring mechanisms or

secondary water horizons were present or not.
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In addition to the spring mechanisms, a further way of producing fluidization
would be through oscillations of the water table in a poorly consolidated sedimentary
column. This is esPecially true under ephemeral conditions or in coastal zones.
Features of sediment deformation related to such effects were described by numerous

investigators (e.g., BEmery, 1950, and others).

RECURRENCE INTERVALS

If the time intervals between repetitions of seismic events, or any other event
causing soft sediment deformation, are to be deciphered from study of the strati-
graphic record then we must be able to recognize discrete deformational events. The
éimplest case, and that most amenable to conventional stratigraphic analysis, would be
if the deformation were confined to the surface layer. This condition was implicit,
although not specifically stated, in Sims' (1973) analysis of seismicity in the Van
Norman Reservoir where he identified deformation of the surface layer with the most
recent seismic event and deformation of deeper horizons with successively earlier
events. We saw however, that as a resultwof the discontinuitiés, and changes in
porosity, permeability and grain size, the response to a shock may occur at different
levels, depending presumably on the degree of cementation and on the magnitude of
the confining pressure. It is possible through extension of the existing methods
(Fﬁ:j.gs. 2-6, 2-T, 2-8) to develop a technique of assessment of the maximum possible 0
th;ckness of sediment to be affected by a single event. The first approximation cal-
culations performed here indicate that the problem is approachable.

Recognition of surface deformation in the sedimentary record is possible, but
care must be taken to distinguish the possibly seismically induced deformetion from
other sources of deformation, whether syndepositional or postdepositional. Truncaetion
of deformational structures such as diapirs at an overlying bedding surface is
suggestive of deformation at the surface. Other possibilities for causing truncation
are erosion of an interval sufficient to decapitate structures and possibly the
formation of "secondary layering" during deformation. Erosion might be recognizable
by the nature of the overlying bed, e.g., channel forms, unusually high energy deposits,
or reworking of coherent fragments of the underlying bed. If "secondary bedding" is
formed, e.g., by reworking of fluidized sediment during deformation, it might be
inferred by noting unusual relationships to primary bedding.

From experiments conducted in this study and frbm reports of clouding of lakes
near earthquake epicenters, it appears that copious mud is commonly thrown into
suspension, at least if shock-induced liquefaction produces eruptions at the
sediment surface. If the point of eruption is exposed, a distinct cone of sediment .
may be recognizable in cross section. In shallow water such a cone would be readily ‘
removed by currents. Even in the absence of a cone, the suspension of sediment might
be recoghized by the formation of a thin, relatively fine-grained micrograded layer

overlying a zone of deformation.
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- If deformation produces surface relief in a current-dominated regime,
interaction between the deformational relief and the current might be a
criterion for deformation at the surface. Such interaction could include
decapitation of positive relief and deposition of sediment, possibly cross
laminated, in negative relief, If shear produced by the current were
sufficient to induce orientation of the structures, it might become impossible
to determine whether the structures were produced solely by current shear
(ef. Saﬁders, 1967) or by other external causes.

In the St. Lawrence Lowland only a few cases were observed in which
deformation could reasonably be inferred to have involved the surface layer
because of truncation of structures in the absence of significant erosion.

In no case was an eruptive cone or a fine layer of sediment possibly formed by
settle-out following eruption identified. On the other hand, thick intervals
or sequenées of beds in which deformation was simultaneous throughout were
encountered, most convincingly in the Malone road cut (locality 18). This
implies that the interval between recurrences of deformational episodes will be

difficult, if not impossible to determine.
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are photographs showing a series of sediment changes created during shaking

table experiments. These tests were made to simulate the deformational
features observed in the St. Lawrence Lowland. Different textures and colors

of sand were formed into discrete strata with a layer of kaolinite at the top.

Formation of a fluid layer, penetration of the kaolinite, with ejection and

settlement. ] 0

a and b show formation of a liquid layer and adjustment after dissipation.

b. Diapirs with flat tops have developed.
Formation of a liquid layer and uparching, ejection, and subsidence.
>

Multiple deformations that include uparching, diapirism, and faulting. For -

example see graben and subsidence in photograph c.

Fluidization experiments with development of contorted bedding and diapirs.
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appearing features from other regions.
Ga tool for easy reference, comparison, and discussion. The Law of Equifinality must
e

borne in mind at all times, however....that structures that visually appear to be
almost identical may have been formed by different processes.. The selection of unique
solutions and mechanisms to pfo&uhé the features can be very elusive.

The following discussion of specific deformed structures is a distillation of
viewing of more than 200 sand and gravel pits and 100's of sediment eXposures through~
out the St. Lawrence Lowland. Such features as herein described, however, are not
ubiquitous in the region. Examples of faulted and folded deposits are much more
common, for example, than are the occurrences of proved thixotropy and locelities

where diapir-type structures are present.

. COMPLEXITY OF GLACIAL DEPGSITS

Of all the surficial processes that produce sedimentary deposits, the most
complex are those processes associated with the glacial enviromment. Unravelling the
history and genesis of specific sediments or structures is complicated by the vast
phantasmagoria of events that comprise glaciation episodes. Some of the factors that
contribute to these interpretative difficulties include:

1. Deposition agents. These may consist of ice meltout, basal lodgment,
‘D.wial, lacustrine, marine, gravity, and eolian processes.

2. Sediment size. There is an entire gamut from clay and clay-silt size
rock flour to boulders with every conceivable gradation and distribution of silt,
sand, cobbles, etc.

3. Composition. Because glaciers can override drainage divides, exotic
materials can be incorporated with all other lithologies over which the glacier
moves.

4. Stratification. A complete range of bedding relations occurs from well-
stratified units with horizontal and/or vertical continuity to those that change
chaotically in all directions.

5. Sorting. Deposits may be completely and randomly unsorted, may be un-
sorted but with clast fabric, or may be Qell sorted with predictable, grain sizing.

6. Depositional direction. Sediments formed in a previous glaciated terrane
may have bedding attitudes as diverse as the compass azimuths. This occurs because
glaciers may advance and "retreat" over the same area many times. Isolated stagnant
jce remnants often remain, after the main glacier mass has left the area, and con-
tribute their own unigue brand of diverse deposits.

7. Depositional time scale. Some thick sediments may form in a matter of
minutes or hours as in jokulhlaups, or even some surges, whereas others....as in
true varves....may take 6 months or more to form a laminae that is 1-2 mm thick.

See Mickelson, 1971, 1973 and Goldthwait, 1974, for rates of formation of different

glacial units.

An elemental classificétion system is provided



CHAPTER 3
GLACIATION: AND-DEFERVED SEDIMENTS
INTRODUCTION

An understanding of the general history of glacial sediments and their
environmental setting is of paramount importance in the resolution of the problem
for possible links of deformed strata with seismic events. The entire St. .
Lawrence Lowland has been repeatedly glaciated and is now covered with various
thicknesses of Quaternary deposits. These materials, (1) consist of the '
entire range of sediment sizes, (2) have been deposited by vastly contrasting
physical processes, and (3) possess an unusually large and complex array of
deformed structures.

The purpose of this chapter is to provide the regional glacial framework
for what comprise deformed units in Quaternary sediments of thg St. Lawrence
Lowland. This generalized aspect is intended to be only a first-order approxi-
mation. These concepts and tentative conclusions are those reached through
glacial-type study of the features and sites. Such ideas are consistent with
comparisons of other regions and constitute the types of interpretations that
have been used for decades by glacial geologists throughout the world. It
must be pointed out, however, that rarely have glacial geologists tested such
features with the hypothesis that they might represent the results of an
earthquake event. This certainly is one of the side benefits of this
investigation....to provide a new stimulus and direction for study of Quaternary
sedinents that can give new insights into earth history.

It hes become conventional practice for glacial geologists to attribute
a wide spectrum of deformed glacial sediments to causation by processes con-
nected with glaciation. Indeed such distortions have been taken for granted and
only rarely have non-glacial processes been considered as possibly contributing
to such features. No publications treat the entire scope of glacially-related
deformation. Furfhermore detailed quantitative field studies ere lacking as are
laboratory and experimental data on the topic. In recent years the number of
field observations on modern glaciers has greatly increased, however, and re-
sults of these séﬁdies support the general view that glaciers cause a great
variety of deformed structures in glacial sediments. There is still a paucity
of publications in the glacial literature that treat the creation of distorted
beds by liguefaction processes.

A principal focus of this chapter is to provide a reference frame so that
the reader can visually identify the vast nuber of different types of Quaternary

deformed sediments in the St. Lawrence Lowland. Comparison is made with similar-

Prepared by Donald R. Coates and James T. Kirkland




a, Deformation of hexahedral,
pending domes of b into a.
Arrow indicates the direction
of incipient horizontal shear

Deformation of hexahedral,
downward-facing domes of b into a.
arranged in an en-echelon pattern
Arrow indicates the direction of
incipient motion of the member b

Fig. 2-7. Structures of inverse density stratification (Anketell et al. 1970)
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Glacial Mechanisms that Deform Sediments

This section discusses traditional causes cited in the glacial literature
to explain distorted sediments. The terminology used to describe the features

is not consistent, so there is not a universally accepted nomenclature. Glacial-

folds, thrusts, faults etc. Bibliographic indexes (viz. Geomorphological

|
ists have used such terms as glacial tectonics, load casts, diapir, décollement, !

Abstracts) now reference these structures as deformed, convolutions, and
involutions. Such sedimentologic terms as flame structures, ball and pillow,
flow rolls etc. are rarely used in the glacial literature.

The power of glaciers to deform underlying sedimentary rocks is repérted
by Sardeson (1905, 1906), anjBluemle (1966), so it is not surprising that ice
also transforms nonconsolidated strata. Slater (1926) provides an early review
of glacially distorted deposits, and other reviews occur in Flint (1971) and
Moran (1971). There is an unbelievably wide gamut of types, and scale of
features usually attributed to glacial processes. The timing of the deforma-
tion ranges from being nearly simultaneous with deposition, to penecontempo-
raneous, to immediately postglacial. Thus, it is important to consider many
possibilities when dealing with Quaternary sediment deformation and their
diagenesis. '

The following classification and description represents traditional
glacial concepts and ideas that have been used to decipher the genesis of
deformed strata in glaciated terrane. As in any study, one does not know what
is normal and expectable until it is compared with other regions. This forms
the basis of part of the entire investigation. Therefore, it was felt neces-
sary to compare the St. Lawrence Lowland with, (1) California sediments that
seem to have been deformed by seismic events (Sims, 1973 and in Press), and
(2) Olympic Peninsula, Washington glacial sediments that may have been deformed
by earthquakes. (See Appendices C and E). Another basis of comparison as
provided in this chapter is also fruitful, namely, to compare St. Lawrence
features with those glaciated areas in eastern United States that are not as
seismicly active as the St. Lawrence. Many possible glacial methods for
deformation of strata needed to be evaluated for this study. The following
processes were used as guideposts and cémparisons for the St. Lawrence Lowland.

1. Ice push. Sediments in front of the glacier can be shoved in snow-
plow fashion (Rutten, 1960; Deliwig and Baldwin, 1965; MacClintock and Stewart,
1965, p. 50-51; Embleton and King, 1968, p. 355-356).

2. Ice thrust. In the distal margin of the glacier debris is trans-
ported from the base upward along shear lines and thrust planes. When the ice
melts the thrust sheets subside, assume shallower gradients, may deform intern-

ally, and develop imbricate structures (Mackay, 1959; Slater 192Ta, 19270, 1927c,
1927d; Clayton and Moran, 19Th; Kaye, in Press; Mackay and Stager, 1966).
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3. Glacier overriding. This process causes readjustment of sediments previously
deposited over which the ice moves. The type and degree of contortions that are pro-
duced are highly variable and are dependent upon such factors as characteristics of D
the sediments, ice velocity, and temperature differentials. Thermal gradients are ’
very important because they determine whether the sediments are frozen, and whether
the basal ice is frozen to the ground. Thus the ability of the glacier to incorporate,
or to deform basal sediment in place is a function of whether ice is at the pressure
melting point or below. When sediments are frozen the high viscosity of the materials
can cause them to deform but still maintain their internal integrity. If sediments
have incorporated waté}, their fluidity is enhanced and the deformed fabric loses much
of its original coherence. Examples of such deformation is provided by Hansen and
others (1961), Banham (1965), and Flint (1971, p. 121-12k). Figure 3-1 illustrates
deformation in outwash beés by ice readvance over the deposit.

4., Static loading and compaction. Thié phenomenon is also referred to as
"jce pressing" and involves the deformation of lower' and older strata by the pressure
of overburden materials. The additional weight of the overlying materials, which may
be water, ice, or sediments, may cause sufficient force to disrupt the stability of
the original strata. When this threshold is exceeded the sediments must readjust.
Mobility of the units is enhanced when (1) the beds have a slight inclination, (2)
there are differentials in overlying pressures, (3) the strata have layers of dif- .
¢ orihg viscosity, and (4) sediments have abundant free pore water. Literature
references to such types of deformation include, Harrison (1958), Hansen (1961),

Watson (1965), Okku (1967), Stankowski (1969), and Leeder (1972). They present
discussions with pictures that show thixotropy of the sediments plays an important
role in the-'resulting structures, which consist of load casts, and diapirs. Figures
3-2 to 3-6 have previously been described in earlier works and illustrate structures
formed by these processes.

5. Collapse by ice meltout. Probably the best known, documented, and most
éommon!examples of glacially deformed strata are those associated with ice contact
deposits. In this environment blocks of ice can be buried, as in kames or in
pitted outwash plains, by the superposition of younger sediments. Although such
deposits act as insulation for awhile (in cases many hundreds of years), eventually
the ice mass melts and the overlying beds subside and drape into the vacated depres-
sion. Such subsidence causes a steepening of dips, and results in such features as
folds, faults, sheering, and sliding. Dionne (1970), Flint (2971, p. 185, 212-
21k) end Brown (1933) provide a few of the examples that occur in a rather large
literature on the topic. Figures 3-7 to 3-10 illustrate deformation features such as
folds and faults, in a well-documented case of a pitted outwash and ice contract .
complex at Binghemton, N. Y. (Coates, 1973). ‘

6. Free-standing ice margin. When sediments are deposited against an ice wall

another group of structures can form when the ice melts and the beds can no longer
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toward the former ice face. Thus original dips are shifted in opposite direction
and processes of solifluction and earthslides activate the sediments. Such depo-
sitional types occur in crevasses and depressions in the ice, and at the terminus
of the glacier. '

7. Frozen ground phenomena. Terms used in the literature to describe
the variety of forms that result from this process include, periglacial, perma-
frost, perennially frozen ground, cryogenic features, cryoturbation etc. Books
have been written on the topic (Péwé, 1969) and there are journals devoted
entirely to the subject, such as the Biuletyn Peryglacjalny. Deformed sediments
caused by these processes are produced by the thaw-freeze cycle, and cah contain
a great range of distorted shapes. References that are especially relevant to
the St. Lawrence situation include publications of Mathews and Mackay -(1960),
Johnson (1962), Watson (1965), Péwé (1969), Hails and White (1970'), and
Leeder (1972). :

CLASSIFICATION AND CHARACTERISTICS OF QUATERNARY DEFORMED SEDIMENTS

The great complexity of deformational features in surficial materials of
the St. Lawrence Lowland make it difficult to classify precisely & coherent
and consistent framework. Since the distorted strata show great scale and
geometric pattern differences, it is felt that the most useful classification
system would be one that is descriptive and non-genetic. This method avoids an
initial bias for causation of the deformation and the features can be easily
compared and contrasted with those of other regions. Correlation has always
been a cornerstone of geology. Thus, St. Lawrence deformed sediments should
not be discussed in isoletion but instead should be cross-referenced with some-
what similar appearing features from other regions and terranes. By comparison
with other parts of eastern United States, with Sims' localities in the West,
and with examples from other publications a more comprehensive picture can be
painted for the part that glaciel processes may, or may not, play in the
development of Quaternary deformed sediments.

The following descriptive geometric classification scheme is adopted
because of its simplicity and non-genetic flavor. Six major families of dis-
torted strata are identified, but it should be understood that various sub-
orders of units can occur within each of these categories. Indeed there is a
continuous series of forms within eaéh group, as well as transitional forms
that cross tﬁe boundaries of the classes. For example, there is a large range
of deformational features that vary in size from microscopic to those that are
many feet. Folds and faults occur in every conceivable type of bedding con-
dition but nothing is gained to have a classification system that contains
only a single class. The major emphasis of the discussion is placed on a

glacial appraisal of the features, whereas the detdiled sedimentological
analysis of specific forms at type localities is treated in Chapter 4,
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Kame delta and outwash sands near Dutch Plains, Long Island, New York. The
sediments are associated with Montauk drift events. Reports of the New York
State Geological Association 40th Annual Meeting, May 1968, stated the

deformed units resulted from ice readvance.

Kame delta near Toronto, Canada. Reports at the Friends of the Pleistocene
38th Annual Meeting May, 19Tk, interpreted the deformed structures as
developing from a type of gravitational sliding induced by the unstable

glacial environment.

Kame delta near Stroudsburg, Pennsylvania. Picture taken during Friends
of the Pleistocene 39th Annual Meeting, May 1975.- The sands in the delta
were overridden by glacial ice which deposited till on top. The contorted
layers were interpreted as resulting from processes connected with the

dynamic glacial environment.

Kame delta built into Glacial Lake Hitchcock. Locality near Lebanon, New
Hampshire, east side of Connecticut River. Deformed sands caused by gravity
sliding on underlying varved clays. Initiating mechanism reported as

associated with unequal loading.
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Figs. 3-5, 3-6, 3-T.

E L Bk s e &

Complex pitted valley train outwash at Van Pit, Corbisello Quarries,
Binghamton, New York. Figures 3-5 and 3-6 show deformed sediments
at a contiguous outcrop in sands, silts and clays. The structures
developed under conditions of thixotropy and the deformation was
initiated by pressure of overlying units being deposited while
sediments were in a low state of viscosity. Figure 3-T shows folds

and faults in varved sediments. Nearby relations of adjacent units

shows the structures were caused by meltout of ice block to the right

of the photo.
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Figs. 3-8 - 3-10.

Van Pit, Binghamton, New York, Figure 3-8, shows fgultihg that was caused

by moderate collapse of units into a melted out ice block. Folded structures
of Figure 3-9 are in varved sediments caused by loading pressure from
overlying units. Figure 3-10 shows detail of overturned fold in varved
sediments. Feature developed by loading and -slippage of units. To the

left of photograph, ice block meltout caused varved sediments to assume
steep dips, and the sliding and adjustment between varved units of differing
viscosity produced a feedback mechanism that also affected and deformed

some contiguous strata.
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Classification of Deformed Sediments
The following classification is provided as a handy reference frame so the reader .\

can easily visualize and compare various geometric sets of deformed Quaternary deposits

in the St. Lawrencé Lowland. By using such a system it becomes vividly apparent that
there is wealth and variety of deformed structures, and the way is paved for their
detailed analysis in Chapter L.

1. Small scale deformation. This class is reserved for those sedimentary
features where the deformed unit is restricted to the confining stratum and is > 1 ft.
These forms are best obser wd in leminated clays and the type of structure invariably
consists of folds and/or faults. Figures 3-11 to 3-16 illustrates this classification,
and such photographs should be compared with Figures 3-9 and 3-10 which represent
structures in aseismic terrane. Such features are usually explained by loading
stresses caused by subsequent deposition of overlying materials. The units generally
do not involve thixotropy, although when thicker and also when closely associated
with other units they may grade into deformation patterns that involve liquefaction.
See:upper strata in Figures 3-11 and 3-16, and middle stratum in Figure 3-6. The
resemblance of such small-scale diapiric structures in both the St. Lawrence Lowland
and the nonseismic Binghamton area, suggest they were both created by the more usual
process of loading phenomensa during glaciation, than from seismic events. i

2. Folds and faults in dipping strata. These structures occur where the con- 0
fining stratum has pronowred dips which are considerably greater than the original de-
positional bedding attitude (Figs. 3;17, 3-18). Thus, strata may possess dips that
greatly exceed the normal angle of repose for such materials. Fault planes may also
severely contort the units. The principal cause is generally conceived to be the
meltout from a preexisting ice block over which the sediments were deposited. This
mechanism leads to the ultimate collapse and subsidence of sediments into the vacated
space, resulting in an entire range of deformed features including slides, folds,
and faults. Deformed sediments in Fhis class can usually be assigned a glacial origin
with little controversy about the stress source. In some situations, however, the
mechanism for the distortion needs more careful evaluation. Ice contact forms of the
St. Lawrence are not greatly different than those from qther’regions. For examﬁle
compare with Figures 3-T and 3-8. ( }

3. FPolds and faults in horizontal strata. Deformed sediments in this group
possess a wide range of structures, grade into several other élasseé, and were not
formed by a single process. One of the subsets within this category are those folds
that have maintained their coherence and continuity with well-ordered fold axes
that exhibit a preferred direction of strain. Such structures developed by a
differential sliding pressure which could be initiated by ice readvance or by ‘
differential loading that permitted sliding in a direction of lesser stress. Compare
Figures 3-19 and D-3 and D-4. Rotational faulting is illustrated in Figure 3-20 within a
stratum that contains confining horizontal beds, and Figure 3-21 illustrates a fault
nlane within flat-lying units but shows evidence for multiple deformation events.
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The initiating mechanism for this gravitational slide is obscure, but it was not
a meltout phenomenon. Figures 3-22 to 3-25 depict transitional forms that con-
tain more complex relations. Figure 3-22 occurs in a continuoué outerop with
Figure 3-19. The faulted structures along with the small-scale anticlinorium
overlying the asymmetrical folds were most likely caused by unequal loading stress
when the materials had rather low viscosity, but still were sufficiently rigid

to shear and maintain coherence. Figures 3-22, 3-24 and 3-25 provide a range of
other anticlinal properties and mey all have been formed by different processes.
Figure 3-23 shows vertical mobilization of materials in the anticline core

that assisted in the arching process. When this feature is considered in the
total context of the outcrop (see Figure 3-34) many of the sediments possessed
thixotropic properties which were set in motion by overburden pressure of con-
fining strata. The overturned anticline in Figure 3-24 may have formed when

ice overrode the sediments. This interpretation is consistent with the kame
moraine setting of the deposit. Note the similarity with Figure 3-36. A
slightly different structure is illustrated by Figure 3-25. This feature was
also formed by processes associated with glaciation, but the most plausible cause
was by ice shove directly into the deformed unit.

4. Recumbent folds. This class is reserved for those folds with axes
that are nearly horizontal. Figures 3-26 to 3-29 illustrate that deformed beds
in this class show a wide range in materials, size, and shape. The mechanics
of maintaining continuity in clays is understood and reasonsble  but the
problem enters when granular and friable materials retain their coherence.
Figure 3-26 shows axial plane thickening indicating some f19wage in the sedi-
ments during the time of their deformation. The photos of sand and gravel
folds in Figures 3-27 and 3-28 indicate remarkable continuity but Figure 3-29
is a speciél enigma. The regional setting of these deposits is helpful in
giving additional insight into the possible stress mechanisms. All deposits
occur in kame delta settings with evidence that the ice margin was pulsating.
Glacial override is a reasoneble hypothesis for similar type deposits (compare
with Fig. 3~1). In order for the granular materials to maintain sharp bound-
aries they were probably partly frozen during the folding episode.

S. Diapirs. Although detailed discussion of these features is contained
in Chapter 4, the environmental flavor, regional setting, and comparison of
these structures must first be placed in proper perspective. Features included
in this class have a diverse nomenclature such as flame structures, s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>