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NEOTECTONIC STUDIES IN THE
NORTHEASTERN UNITED STATES

ABSTRACT

The definitions of contemporary regional and local stress regimes which
explain neotectonism are based on data derived from (1) gross crustal
patterns suggested by plate tectonic theory, (2) vertical crustal movements,
(3) earthquake focal mechanism solutions, which usually lack known geologic
control at (focal) depths of concern, (4) instrumental measurements which,
for all practical purposes, are near-surface measurementSj (5) and the
character and orientation of Quaternary (surficial) geologic features.

It has been suggested that principal stress vectors vary widely within
regions and reflect the interaction of whatever stress mechanisms are
present at a particular locale as imposed on particular rock media.

The more recent studi.es-summarized offer relatively detailed interpretations
based on a rational synthesis of tae available data employing, as
needed, scientific judgement and experience. These interpretations present
a viable explanation for the observed neotectonism and are intended to act
as a basis for subsequent neotectonic studies.

RESUME

Les definitions des regimes contraintes regionaux ec locaux contemporains
qui expliqufint la neotectonique sont fondees sur des donnees qui proviennent
(1) des configurations sialiques grossieres suggerees par la theorie de la
tectonique des plaques, (2) des tnouvements verticaux de la croute, (3) des
solutions aux mecanismes focaux sismiques, qui sont generalement depourvus de
controle geologlque aux profondeurs hypocentraux en cause, (4) des mesures
aux instruments qui, a toutes fins utiles, sont des mesures pres de la
surface et (5) du caractere et de 1'orientation des elements geologiques
quaternaires (superfIciels).

On a suggere que les vecteurs contraintes principaux varient trandement a
l'Interieur des regions et refletent 1'interaction des mecanismes de
contraintes qui influent sur un milieu rocheux distinct dans un lieu
particulier.

Les etudes plus recentes resumees dans la presente offrent des interpretations
relativement detaillees, fondees sur une synthese raisonnee des donnees disponibles
qui a recours, au besoin, au jugement et a 1'experience scientifiques. Ces
interpretations presentent une explication possible de la neotectonique
observee et sont destinees a servir de base pour les etudes neotectoniques
ulterieures.

DISCLAIMER

The Atomic Energy Control Board Is not responsible for the accuracy of the
statements made or opinions expressed in this publication and neither the
Board nor the author(s) assume(s) liability with respect to any damage or
loss incurred as a result of the use made of the information contained in this
publication.
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NEOTECTONIC STUDIES IN THE NORTHEASTERN UNITED STATES

1.0 INTRODUCTION

Over the past decade, safety concerns in the design of sensitive facilities

have mandated increasingly mere sophisticated evaluations of the neotectonic charac-

ter of critical siting regions. Regulatory criteria reflect these concerns in their

requirements for detailed analyses, exhaustive syntheses, or (lacking all else) profes-

sional judgements to quantify a region's geological propensity for surface (foundation)

displacement and/or damaging vibratory ground motion. As a result of the problems

which evolve with our increasing energy needs, disposal requirements, population

density, and technical awareness of (previously unknown) problem areas, siting studies

must identify the basic geologic regime in terms of how much, how quickly, and when

the crustal rocks have moved in the recent (geologic) past, are moving at present, and

will move in the future. It follows that the primary consideration in a neotectonic

analysis is identification and characterization of the rock's reaction to the recent and

current state of stress in a siting locality, so that future conditions can be anticipated.

From this standpoint, the areas of northern and southeastern New York

State have undergone perhaps some of the more complete neotectonic analyses of

eastern U.S. region. Several of the applicable investigations are summarized here in

chronological order to point out the increasing diversity, detail, and level of

interpretation of neotectonic studies over the past decade. Where possible, explana-

tory text is minimized in favor of summarizing the final results graphically in

accompanying plates and tables. Presentation of basic data is not complete or

necessarily sequential in the detailed technical sense. Rather, the intent of this

review is to convey concepts and lines of reasoning employed in the investigations.
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2.0 NORTHERN NEW YORK AND CANADA

In the early 1970's a research and field study program was conducted in the

St. Lawrence River Valley region of Canada and New York. The program objective

was to investigate a possible geologic alignment connecting the seismieally active

northeastern St. Lawrence River Valley in Canada and the seismicity near Attica, New

York. This has been postulated as a zone of weakness which has been tentatively

extrapolated by some observers to the New Madrid, Missouri seismic zone on the basis

of the linear distribution of historical seismicity.

Detailed geologic field work (Plates 2-1, 2-2, 2-3) and geophysical data

(Plates 2-4, 2-5) defined the basement and bedrock characteristics, showing no major

disruption of bedrock across the St. Lawrence River. Investigations of pop-ups and

deiV/med Pleistocene sediments through the study area attempted to identify trends

of recent tectonism. Some of this deformation is clearly of intra-Pleistocene age, the

geometry of deformation being controlled by a deposits' form or structural weaknesses

in the underlying bedrock.

Although post- or intra-Pteistocene deformational features occur through-

out the area, it was concluded that a particular or uniform origin for them should not

be assumed. The pop-up features at one locality south of the St. Lawrence River

occur as competent sandstone, limestones and dolomites and are of post-glacial origin,

showing brittle deformation indicative of high horizontal stresses in an east-northeast

direction. It was concluded that active tectonic forces, modified locally by topogra-

phy and structure, appear adequate to generate stresses large enough to cause the

brittle failure seen in the pop-ups. Whether or not highly localized pockets of residual

stresses or bedrock lithology were also factors was not determined. In the Quebec-

Montreal region, the regional parallelism of normal faulting in Pleistocene sediments

to fractures in Precambrian and Paleozoic rock, along with structures indicative of

rapid stress application and sudden ralease of stored strain energy (overturned folds,

breccia zones, reverse faults, convoluted laminations, ball and pillow structure, and

nearly vertical beds which retain integrity despite subhorizontal normal faults) suggest

that earthquake activity has been responsible for structures in the Pleistocene

sediments.

DAMK-!> V, MOOUf



Near Ottawa, the parallelism ot bedrock fractures with those in Pleisto-
cene sediments suggest that the Pleistocene fracture geometry was controlled by, or
developed synchroneously with, the structural weakness in the underlying bedrock.
Faulting and folding in the Pleistocene deposits in the Thousand Islands region may be
slump-related phenomena, although minimal exposures in the area preclude a firm
statement of the apparent lack of relationship of Quaternary tectonic activity to the
observed Pleistocene structures.

Further to the southwest, on the southern shore of Lake Ontario, on-site
normal faulting near a critical facility had been noted in previous siting investigations.
A more detailed analysis was initiated to provide the age of faulting and the extent to
which it might affect the safety consideration for the subject installation. Maximum
displacement along this structure was 26 ft., decreasing to about 6 ft. near the
installation. The exploration program included detailed mapping, a dense matrix of
borings, geophysical logging and seismic refraction studies, age dating of mineraliza-
tion, and on-site trenching. The results of this program, together with a regional
analysis of stress conditions in the site area, concluded that (1) the stratigraphic and
structural relations of overlying glacial materials indicated an age of least 22,000
years for fault inactivity; (2) the tensional forces responsible for fault creation and
last movement have been replaced with a generally east-west compressive stress
regime for the last few millions of years; and (3) undeformed hydrothermal minerali-
zation in the fault zone, probably deposited before 65 million years ago, indicated no
subsequent fault movement. Thus, all evidence indicated that the structures were
geologically inactive and unrelated to known seismicity.

While the above neotectonic analyses did no' produce unambiguous results,
the general tectonic diversity and relationship of the region were beginning to be
better understood and a foundation for subsequent, more detailed studies had been
established.

f\ MOOtiE



3.0 SOUTHEASTERN NEW YORK

3.1 PURPOSE AND APPROACH

This study undertook a comprehensive research program concerning bed-
rock stresses and presented information which could be used to evaluate the present
day tectonic stability of the lower Hudson River Valley of southeastern New York
State.

The principal objectives of the program were tot

1. Explore the in-situ stress field arc jnd the hamapo Fault System and
adjacent to the lower Hudson River Valley.

2. Determine the similarity of this stress field in relation to patterns of
regional stress as measured elsewhere in the northeastern United States.

3. Explore possible relationships between the contemporary state of stress,
seismicity and recent vertical crustal movements.

The first phase of the program included a compilation and analyses of all
available information concerning the state of stress in the region bounded by latitudes
36°N-57°N and longitudes 63°W-80°W. Published literature and Dames & Moore files
were reviewed to obtain the results' of in-situ stress measurements in the area (Plates
3-1, 3-2). In addition, all possible effort was made to obtain data from studies of
initial motion of P waves generated by recent earthquakes within the rsgion (Plates
3-3, 3-4). Available literature was also reviewed for the location and characteristics
of relatively recent geologic features attributed to stress release, such as pop-ups,
surface warpings and minor surface faulting (Plate 3-5).

3.2 RESULTS

The results of this investigation indicated that the observed stress field in
the lithosphere of the northeastern United States is considerably different than that to
be expected due solely to the present gravitational loading. This stress field appears
to be spatially continuous but heterogeneous in its character from one area to the



other. The most consistent observation regarding this stress field is that the major
and intermediate principal stresses are more or less horizontal. The major principal
stress is oriented about an east-west axis, approximately at right angles to the
prominent structural features. The least principal stress tends to be vertical.

Throughout the region, deviations from this regional stress pattern were
observed, suggesting the existence of locally anomalous stress conditions. These
deviations were manifested by the positions of principal stress vectors differing from
the regional positions (inclination and orientation) of the principal stresses, by
existence of tensile stresses at or near the earth's surface, and by the dissimilarity of
orientations of principal and lateral secondary stresses. The regional stress investiga-
tion further indicated that the site is located near or within a transition zone between
differing stress fields. To the south, fault plane solutions indicate an extensional
stress regime, whereas to the north they suggest a compressional stress regime.
Apparently, the Ramapo Fault System does not form a boundary between these
differing stress fields, but is situated across the actual boundary. Hence, it is
suggested that this fault system may have a limited significance from the neotectonic
point of view (Plates 3-10, 3-11, 3-12),

The second phase of the program encompassed an investigation of the
recent vertical crustal movement in the northeastern United States. The investigation
was based on thirty-two first-order survey lines from precise geodetic leveling and
data from severai tidal-stations. The evaluation ot these movements included a
glacial-eustatie correction of 1.0 mm/year; hence the rates were considered to be
"absolute" velocities of vertical movements relative to a stationery surface (Plate 3-6).

The interpreted pattern of absolute vertical erustal movement (Plate 3-7)
revealed that within the region, the upper free surface of the lithosphere is undergoing
vertical movements, the rate of which varies between +7.2 mm/year to -8.8 mm/year,
but most frequently it is of the order to 2.0-3.0 mm/ year. This average rate is much
higher than an estimated average rate for the last 130 million years. Hence, the
movements must be transient — either episodic or oscillatory.

The analysis of releveling and tidal gage data indicated that there appears
to be two different patterns of these movements. A so-called "northern pattern" is



evident in the northern part of the region, approximately corresponding to the

Canadian Shield. V ê velocity isopleths are probably trending approximately east-

west, increasing in magnitude northward. Vertical movements evident in this pattern

may be attributed to post-glacial isostatic rebound. A so-called "south-central"

pattern occupies an area south of the Canadian Shield. This pattern appear? to be

composed of several crustal undulations in which the zones of uplift are contiguous

with zones of subsidence. The fronts of these undulations appear to be trending

approximately north-south. The origin of these undulations cannot be attributed to

post-glacial isostatic rebound. It is possible that their origin is related to relative

horizontal translations oetween the lithospftere and asthenosphere and, thus, they may

be secondary effects of the fundamental plate tectonic motion. The boundary zone

separating these two areas extends approximately east-northeast from the Gulf of St.

Lawrence, throughout the St. Lawrence Lowlands, toward Lake Ontario and Toronto,

Canada.

Theoretical analyses of a stress field developed within a lithospheric block

subjected to small sinusoidal undulatory movements (plate 3-8) indicated that these

movements could significantly influence the existing state of stress. Continuous

vertical movements would consequently result in formation cf a stress field which is in

a state of dynamic equilibrium, that is, in which the amount of conserved elastic strain

energy of distortion does not remain constant in time.

Based on these analyses it appeared that the zero velocity isopleth of

crustal movements may be of particular seismotectonie importance. Zones adjacent

to it are characterized by stress trajectories inclined with respect to the earth's

surface and a concentration of the elastic strain energy of distortion, the value of

which increases downward.

A comparison between the pattern of historical earthquake activity, the

pattern of vertical crustal movements, and that of regional stresses indicated that the

observed stress fiolds and the earthquake activity are eJosely related and may be the

result of vertical crustal movements. Extending this relationship, it is possible to

distinguish two orders of seismogenic zones in the region of northeastern United

States. A first-order seismogenic zone appears to be characterized by frequc.it and

relatively significant energy releases in the form of an earthquake. These zones are

situated at the intersection of the zero velocity isopleth of the glacial-isostatic



rebound and the wave fronts of negative erustal undulations. They are located near
Quebec, near Montreal, and near Buffalo-Attica, New York. The second-order
seismogenic zones are characterized by smaller and less frequent earthquakes. These
zones appear to be spatially related to the zero velocity isopleth of undulatory
movements.

The investigations of vertical crustal movements avid regional stresses
suggested that the lower Hudson River Valley is located near the termination of a
positive crustal undulation, that is, within the zone adjacent to the zero velocity
isopleth (Plate 3-7). Hence, it is located within the second-order seismogenic zone.
This zone probably extends from about the latitude of Harrisburg, Pennsylvania
northward along the Fall Line to New York City, where it joins another second-order
seismogenic zone running north, parallel to the Hudson River, to about the latitude of
Montpelier, Vermont. The largest recorded earthquakes which could be reasonably
associated with these zones are earthquakes of MM Intensity VII.

More locally, the investigation of the stress field near the Ramapo Fault
System and in the area adjacent to the lower Hudson River Valley was based on five
fault plane solutions and thirty seven in-situ lateral bedrock stress measurements
made at four locations (Plates 3-9, 3-10). This investigation revealed that the stress
field existing in the area is most likely being induced totally or in part by vertical
crustal movements (Plate 3-11). The principal stress axes inferred from fault plane
solutions appear to maintain positions predicted by the theoretical analyses with
regard to the zero velocity isopleth of these movements. The axes of major (P axis)
and least (T axis) principal stresses are nearly perpendicular to this isopleth, whereas
the axis of intermediate principal stress (B axis) is parallel to it (Plate 3-11). Similar
relationships were expressed, to a degree, in the orientation of the secondary lateral
stresses measu'^d during this investigation (Plate 3-12). The magnitude of near-
surface lateral stresses varied greatly from one site to the other. It also varied
considerably at a particular site when measured at different depths. The average
magnitude was within a range of 200 psi to about 1500 psi for the maximum horizontal
stress. Tensile lateral stresses were evident in the results of one or more overcoring
tests at each considered site. The magnitude of these stresses ranged from -30 psi to
maximum -2S2 psi, average about -150 psi.



The overall appearance of the stress field in the lower Hudson River Valley

strongly suggests a stress field in the state of dynamic equilibrium. The amount of

elastic strain energy of distortion conserved by bedrock probably does not remain

constant in time. Occasionally, it reaches the value characteristic for the bedrock,

thus satisfying the Huber and Hencky yield criterion.

With regard to seismogenic structures, a revision of the existing crustal

velocity models for the area near the Ramapo fault established more precise locations

for the moderate earthquakes in the locale (Table 3-1, Plate 3-13). Specific critical

events, although of moderate size, were relocated with unusual precision (Tables 3-2,

3-3, 3-4) to determine any possible correlation with the Ramapo Fault (Plate 3-14).

Fault plane solutions (Plate 3-13) were developed to identify the strain axes extant in

the immediate fault area. From this analysis, it was determined that there was

insufficient correlation of seismieity and structure to determine a seismogenic

potential for the structure.

Although this research program resulted only in proposing a qualitative

relationship between the degree of geologic hazards, vertical crustal mcvements and

bedrock stresses, a broader base was established for defining a quantitative relation-

ship between these factors. Further refinement of the data base and the approach was

deemed necessary to define, among other things, (1) the possible relationship between

the rates of vertical crustal movements and the frequency of earthquake occurrences

and (2) the relationship between dimensions of a crustal undulation and the size of a

maximum synchronous energy release specific to this undulation.



4.0 NORTH-CENTRAL NEW YORK STATE

4.1 PURPOSE AND TECHNICAL APPROACH

Recently, a comprehensive geoteehnieal investigation near the south-

eastern shore of Lake Ontario was initiated by Dames <Sc Moore to evaluate the nature

and genesis of certain, geologic structures and to present pertinent data regarding the

tectonic stability of the area. This investigation is being finalized at the present time.

The investigation was directed toward acquiring information at two general

levels, namely, regional and local. The regional studies focused upon the geologic

history and tectonic character of the northeast end of the Appalachian Basin, as well

as the current regional seismicity and the in situ stress distribution. Special attention

was paid to the history of the Wisconsinan glaciation, and to the pattern of vertical

crustal movements affected by this glaciation. The local studies were directed at

defining the nature and extent of geologic structure, the sequence of deformation, the

relationship of the bedrock deformation to that of the overlying sediments, and the

local in situ bedrock stresses. Interpretations and conclusions of three additional areas

of investigation, namely, geomorphology, vertical crustal movements, and seismology

were utilized to characterize the regional tectonic regime.

Of considerable importance to the neotectonic characterization of the area

were the results of the rock mechanics studies. The studies consist of:

1) review of all available information concerning the in situ stress field in the

region;

2) evaluation of the contemporary, near-surface local stress field in the

bedrock;

3) assessment -;f the residual strain energy locked into the site rocks;

4) evaluation of the groundwater gradients and pressure in the bedrock

immediately adjacent to the geologic structure under investigation.

5) evaluation of the time-dependent swelling potential of the local near-

surface rocks;

6) identification of the geologic processes which may have caused the

contemporary stresses measured locally; and



7) assessment of the evolution of the stresses with time, prior to, during, and
after glaciation.

The results of these studies with regard to neotectonism are summarized
below.

4.2 REGIONAL TECTONIC SETTING

In the area of investigation (Plate 4-1) the various tectonic episodes

responsible for major structural disruptions elsewhere in northeastern United States

have provided little more than broad epeirogenic crustal movements which have gently

uplifted and eroded the rocks since the end of the Paleozoic Era. The uplift caused

tilting of the sedimentary strata southward with an average gradient of 50 feet per

mile. Superimposed on this epeirogenic movement were several advances of continen-

tal ice sheet in Few York State during the Pleistocene Epoch. Each advance

contributed to isostatic downwarping of the earth's crust and, during each interglacial

stage, the crust rebounded. Isobases, calculated from the upwarped shoreline of

glacial Lake Iroquois, indicate that the area under investigation has been uplifted 225

feet since approximately 12,500 years B.P.

The differential vertical crustal movements, together with lateral move-

ments of the Laurentide Ice Sheet, caused a considerable fluctuation of the water

level in the Great Lakes region and it may be inferred that this fluctuation in the

Ontario Basin resulted in the development of transient pore pressures in the bedrock.

It is possible that, at a time immediately following the glacial retreat, the fluid

pressure in the bedrock was greater than the water pressure exerted by the lake. The

fluid pressure in the uppermost bedrock strata could have approximated lithostatic

pressure.

Throughout the northern portion of the tectonic province, small structures

of postglacial age are common as previously discussed. Typically, the structures are

asymmetric with opposing limbs dipping at different angles. The axial planes of these

folds are generally oriented west-northwest to northwest. This preferred orientation

is approximately parallel to the inferred axis of crustal tilting which, in turn, is

commonly believed to be related to glacioisostatic rebound. Additionally, the

preferred orientation of the folds is approximately perpendicular to the greatest

10



principal stress in the region. A comparison of the distribution of historical

earthquake activity with the distribution cf postglacial folds shows no correlation.

Significant historical seismieity associated with known structures in the

region is confined to two areas. One is the area around Attica, New York, where

seismicity has been related to the Clarendon-Linden Fault. Other important seismic

activity Is confined to the St. Lawrence Valley region from Massena, New York to

Montreal and Quebec, Canada. Historically, the investigated area has displayed a very

low level of seismic activity (Plate 4-2).

4.3 RECENT VERTICAL CRUSTAL MOVEMENTS IN THE ONTARIO BASIN

The investigation of contemporary, vertical crustal movements occurring

in the Ontario Basin was based upon precise geodetic leveling of several first-order

survey lines and data from Lake Ontario tidal stations. The evaluation of these

movements was performed assuming that the tidal gauge at Cape Vincent, New York

remains stationary; (Plate 4-3, 4-4) hence, the rates of crustal movements are

relative. The study revealed that the upper free surface of the lithosphere is

undergoing vertical movements. The relative rate of these movements varies between

0 mm per year at Cape Vincent to -2.0 mm per year at Rochester and Buffalo, New

York. The relative rate for the site area is approximately -1.0 mm per year. The

velocity isopleths trend northwest and increase in value northward inferring a

continuation of glacioisostatic rebound to the present time (Plate 4-5).

4.4 STATE OF STRESS IN THE REGION

The study of the regional state of stress was based upon a review of

published information related to rock stresses in the region surrounding Lake Ontario.

The following four groups of data were identified:

1. focal mechanism solutions for four small, shallow earthquakes (Plate 4-6)

2. in situ stress determinations performed at depth at four different sites,

using the hydrofraeturing technique (Plate 4-7).

3. in situ determinations of near-surface, lateral stress performed at ten

different sites, utilizing the overcoring techniques (Plate 4-8); and

11



4. numerous geologic observations regarding stress conditions at specific

localities (Plates 4-9, 4-10).

The results of this study revealed that the entire region surrounding Lake

Ontario is characterized by a stress field which is considerably different than that to

be expected due solely to present gravitational loading. This state of stress in the

lithosphere is manifested by the development of postglacial deformational structures

(pop-up structures) and by the occurrence of shallow seismic events of low magnitude.

The existence of this state of stress is confirmed by the in situ measurements made at

many locations. The regional stress field appears to be spatially continuous and, unlike

the study in southeastern New York, homogeneous in its character from one locality to

the other. Similar to the southern study, howevei, the most consistent observation

regarding thir. field is that the greatest and intermediate principal stresses are either

horizontal or subhorizontal and the least principal stress tends to be nearly vertical.

The trend of the greatest principal stress, as indicated by focal mechanism solutions,

hydrofracture testing, and the average orientation of postglacial folds, J.« consistently

northeast to east-northeast (Plate 4-11). A southward plunge of this stress is

su, ^ested /or the area north of the site. However, the overcore measurements made

at fallow depths pevealed a widespread variation in the orientation of the maximum

horizontal stress, making it difficult to identify a representative trend.

The magnitude of the maximum horizontal normal stress in the region is

high, and ranges from several hundreds to several thousands of pounds per square inch

(psi). Averaging the data gives a magnitude of this stress in excess of 1.400 psi, which

is a fair indication of the order of stress to be expected at any given site. The average

stress difference in the horizontal ptene is also high, and is approximately equal to

1000 psi.

4.5 SUMMARY OF INVESTIGATIONS - SOUTHEAST SHORE AREA, LAKE
ONTARIO

4.5.1 Stratigraphy

Locally the bedrock in this locale constitutes part of a major Late

Ordovician deltaic complex that was a product of progressive uplift along the northern

and central Appalachians during the Taconic Orogeny. The unconsolidated sediments

12
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range from iate Wisconsinan to Holocene in age. The Pleistocene sediments consist of

till and galciolacustrine deposits associated with the Wisconsinan glaciation.

4.5.2 Structural Geology

The structural features encountered in the bedrock in this area are

subdivided into two general groups. One diagnostic group consists of three west-

northwest-striking faults with steep dips, as well »s two sets of vertical fractures

striking northwest and east-northeast. The other group of structures is composed of

gently dipping thrust and bedding plane faults with associated folds. These structures

generally trend north-northeast. Exposures of one of the structures contain expres-

sions of thtee episodes of deformation each with different kinematic schemes and

mechanisms of deformation. A detailed study revealed that the fault was initially

developed as a vertical, left-laterial, strike-slip fault with 2 to 3 feet of stratigraphic

displacement. The fracturing occurred selectively in the strongest rocks of the

stratigraphic section, namely, the massive part of the Oswego Sandstone. In contrast,

the strike-slip fault zone did not develop within the softer rocks of the Transition

Zone, and the underlying Lorraine Group. During the deformation, the fault zone WPS

mineralized by calcite and sulfides. Analysis of fluid inclusions from this calcite

indicated crystallization temperatures ranging from 170°C to 120°C (corresponding to

a depth of burial of 3 to 3.5 kilometers). Moreover, fluid inclusions in quartz of the

host rock indicated that the temperature reached during diagenesis was approximately

170°C. From these data, it was interpreted that the fault was formed at the end of

the Paleozoic Era, during the initial stage of regional uplift, soon after the rocks

reached a maximum depth of burial of approximately 3.5 kilometers. At a later time,

during the second episode of deformation, the fault plane was propagated downward as

a normal fault through the Transition Zone and the Lorraine Group, with a northward

dip of 55° to 65°. The displacement along this structure was small, not exceeding a

few feet. At this time, the fault zone was also mineralized with calcite and sulfides.

Fluid inclusions in the calcite yielded temperatures of homogenization ranging from

116°C to 73°C (corresponding to a depth of burial of approximately 2 to 3 km). The

age of the normal fault movement is interpreted to be Late Jurassic to Late

Cretaceous.

The third episode of deformation on this fault was characterized by

reverse-slip, bedding plane slip, and dilation within 200 feet of the bedrock surface.

13



Field evidence clearly indicates that there were two phases of movement. The first
phase preceded the deposition of the overburden sediments, occurring prior to 12,500
years B.P. whereas, the second phase post-dated the deposition of these sediments.

During the first phase of deformation, dilation of the bedrock strata on the

hanging wall of the structure resulted in a reverse stratigraphic displacement that

decreases from 5 or 6 feet near the ground surface to zero at a depth of 200 feet

(Plate 4-12). This deformation is attributed to a mechanism of buckling, and is

believed to have been initiated during crustal downwarping induced by glacial loading

(Plate 4-13).

The deformation during the second phase was expressed as two types of

structures:

1. fluidized flow structures in the overburden sediments,- and

2. folds and faults which deform the fluidization structures.

This phase of deformation was attributed to a mechanism of bedding plane

slip which probably was caused by changes of fluid pressure in the bedrock associated

with water level fluctuation in the Ontario Basin during the draining of glacial Lake

Iroquois (Plate 4-14).

Two sets of systematic vertical fractures occur in bedrock at the site. One

set strikes N42W and the other strikes N72E. Some of these fractures exhibit calcite

and sulfide mineralization, and are commonly in proximity to the faults. The

temperatures at which the caleite formed range from 124°C to 73°C, as determined

from fluid inclusions. The fractures are interpreted to have formed as conjugate

strike-slip shear fractures contemporaneously with the development of the s t ike-slip

faults during late Paleozoic time.

4.5.3 In Situ Strain Relief Measurements

The study of the in situ stress field in the area adjacent to the site is based

principally upon a program of strain relief measurements utilizing the overcoring

technique and the United States Bureau of Mines borehole deformation gauge. A

typical result for a site boring is shown on Plate 4-15. This program of overcoring

u MOOHE



measurements was supplemented by a series of undercoring tests. These tests involved
undercoring of unconfined bedrock specimens and monitoring the resultant strain
relief. Typical results are shown on Plates 4-16 and 4-17.

The results of the in situ strain relief measurements revealed that the

bedrock at the site contains a considerable amount of strain energy. The most

common magnitude of the principal stress near the ground surface ranges from 120C to

1800 psi. Stresses of higher magnitudes ranging from 2000 psi to 2750 psi were also

measured. In general, these high stress magnitudes are believed to be developed only

locally and in restricted volumes of the rock mass. However, stresses with magnitudes

exceeding 2,000 psi may be more widespread at depths greater than 100 feet.

Strain relief measurements performed in horizontal test holes showed that

the near-surface, greatest principal stress is inclined at a shallow angle to the

horizontal, at least 5° to 7°. The influence of local bedrock heterogeneities on the

trajectories of the principal stresses prevented a firm definition of the direction of

this inclination. Nevertheless, from the results, it was inferred that the greatest

principal stress plunges toward the west-southwest, in accordance with the plunge of

the stress trajectories in the regiei as indicated by focal mechanism solutions.

The results of the strain relief measurements indicated the presence of

shear stresses in planes parallel to bedding. These stresses were expressed either by

the inclination of the maximum normal stress in a vertical plane, or locplly by the

progressive rotation with increasing depth ot the maximum normal stress in the

horizontal plane. The magnitude of the layer-parallel shear stress was approximately

150 psi.

The components of the in situ stress field, evident in the strain relief

measurements by overcoring, appear to be essentially applied boundary stresses. This

is principally apparent because magnitudes of stresses measured by strain relief during

overcoring were comparable with calculated values of overburden loading. Self-

equilibrating residual stresses, locked into the rock mass during the geologic past,

were concluded to be of minor significance.

The conclusion drawn from the comparison of the stress field in the area

with the regional field was that the existence of high lateral stresses is a widespread
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regional phenomenon. High stresses are common in the Paleozoic rocks in much of

New York State, Pennsylvania, and the Province cf Ontario, and thus, the occurrence

of high stress is not unique to the site under study.

4.5.4 Swelling Potential of the Bedrock

The experiments revealed that the bedrock at the site is characterized by a

rather high swelling potential. Examples of swelling strains are shown on Piates 4-13,

4-19, and 4-20. Numerous unconfined swelling tests demonstrated that a rock

specimen undergoes a time-dependent increase froin its original dimensions when

removed from the in situ stress field and placed in an environment of constant

temperature and high humidity. The rate of this expansion or swelling varies with the

lithology of the specimen and commonly is greatest in the direction perpendicular to

bedding.

Drying and slaking tests revealed that the swelling process, at least in part,

is related to changes in environmental humidity. These tests demonstrated that the

process is reversible. Under conditions of low humidity, a rock specimen can contract,

and it subsequently swells when placed in an environment of high humidity. Very high

rates of swell or contraction occur when the environmental humidity is increased or

decreased, respectively.

4.6 THE GENESIS AND EVOLUTION OF THE BEDROCK STRESSES

The interpretation of the genesis and evolution of the rock stresses which

are evident in the results of in situ strain relief measurements is based upon the theory

of elasticity. This interpretation drew heavily upon geologic information concerning

the regional uplift, the history of structural development of the site area, as well as

processes attendant upon the advance and retreat of continental ice sheets during

Quaternary time. The specific purpose of this assessment was:

1) to identify the geologic processes which have given rise to the contempor-

ary stresses at the site;

2) to interpret the evolution of these stresses through preglacial, glacial, and

postglacial time; and
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3) to make a qualitative estimate of how these stresses are changing at the

present time.

The evaluation revealed that the stress field could have been introduced

into the bedrock at the time of maximum burial in late Paleozoic time. The

development of the stress field is believed to have been influenced by two factors:

1) the development of vertical stress during the Paleozoic corresponding to
burial of the sediments at a depth of approximately 10,000 feet; and

2) the reduction of high lateral stresses imposed on the bedrock subsequently

in Paleozoic time as indicated by the presence of strike-slip faults; this

reduction was probably caused by tectonic processes responsible for the

activity of the St. Lawrence Rift System.

The magnitudes of the principal stresses which gave rise to the Mesozoic

system of conjugate normal faults were computed assuming the combined Griffith and

Coulomb criteria of failure. This assumption enabled the relationships between the

acute dihedral angle, the maximum effective differential stress, and the pore fluid

pressure to be estimated. The value of the greatest principal stress at the onset of

normal faulting was determined based upon the depth of burial of the bedrock

established from studies of diagenetic and epigenetic minerals.

In the last 100 million years, following the development of the normal

faults, the bedrock was uplifted and eroded approximately 10,000 feet. During this

period, the stress field underwent continuous modifications caused mainly by the

following factors:

1) the decrease of the vertical stress and corresponding changes of the lateral

stresses;

2) the change in the bedrock temperature from an estimated 100°C to

approximately 15°C; and

3) the lateral extension of the strata caused by uplift.

Based upon estimates of various elastic constants for the bedrock onsite,

the magnitudes of stress changes caused by these factors were computed. Subtracting
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the values of these changes from the magnitudes of the principal stresses estimated at

the onset of normal faulting yields the magnitudes of the current lateral stresses

which agree well with the stresses computed from the in situ strain relief measure-

ments.

On the basis of these computations, it was concluded that the contempor-

ary stress field observed at the site is composed of predominantly remanent gravita-

tional and remanent tectonic stresses. The local heterogeneities in this field are

believed to be caused by the following factors:

1) the local development of strains and concomitant stresses caused by
normal faulting in Mesozoic time;

2) the regional and local development of crustal strains caused by the

processes induced by glaciation during Pleistocene time; and

3) the local release of stored strain energy facilitated either by glacial

processes or by regional uplift.

The process of normal faulting is interpreted to have given rise to local

concentrations of strain energy. These concentrations were caused by the local

development of nonhomogeneous strain fields in the rock mass adjacent to the normal

faults. The magnitudes of the resultant stresses may have exceeded the magnitudes of

the regional stresses. This is especially true for areas where polarization of strain

fields from closely spaced, subparallel faults occurred. However, the orientations and

magnitudes of these induced stresses varied considerably from place to place around

the faults, reflecting the local heterogeneities of the strain field. Initially, the "cells"

of concentrated strain energy may have remained stored in the bedrock strata because

the high vertical confining pressure inhibited stress release from fracturing or folding.

As uplift and erosion brought these strata nearer to the ground surace, the vertical

confining pressure was being progressively reduced. This reduction nay have

promoted local folding and minor thrusting.

During the Quaternary Period, the stress field was profoundly influenced by

regional processes induced by glacial loading. Among several effects which resulted

from this loading, the most important appears to be downwarping of the crust and the

development of the associated crustal flexure ahead of the advancing ice sheet (Plate

4-21). The differential downwarping gave rise to transient and abnormally high, layer-

la
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parallel shear stress (Plate 4-22 and 4-23). Based upon the average magnitude of the

shear stress which could be developed on the bedding, this was estimated to be

approximately 2,000 psi. The development of shear stress with this magnitude must

have affected the stability of bedding planes by promoting localized buckling and

bedding plane slip (Plate 4-24).

Following glaciation, when the load imposed by the ice sheet was removed,

the shear stress along bedding planes began to decay with the passage of time and

progressive glacioisostatic rebound (Plate 4-25). It is likely that this decay occurs at

the present time and will continue to occur for an indei.erminant period of time.

Another glacially-induced factor which influences the near-surface bedrock

stresses is the fluctuation of the water level in the Ontario Basin. The rapid drainage

of Lake Iroquois is believed to have caused the build-up of excessive fluid pressure in

the bedrock. This pore pressure increase resulted in a temporary reduction of the

effective body weight of the strata and, consequently, facilitated a release of lateral

I stresses by promoting bedding plane slip, local buckling, and "lifting-off" of the upper

bedrock strata. The continued lowering of the water level likely caused some

I desaturation of the rock mass. Subsequent submergence of the bedrock may have
I

promoted the development of swelling strains and concomitant stresses locally in areas
I where the earlier deformational processes sufficiently reduced the confining pressure.

4.7 EVALUATION OF THE POSSIBILITY OF THE OCCURRENCE OF FUTURE
1
§ MOVEMENTS ALONG THE DEFORMATION STRUCTURES

1 Analysis of buckling along a major west-northwest trending fault indicated

that the deformation process can be seismogenic only if the structure can enhance its

| present depth of development. The evaluation of the process and its origin, in light of

" the data obtained during the overall investigation, revealed that this further develop-

ment is not possible in the present tectonic environment of the site area.I
Nevertheless, it was difficult to demonstrate with the required degree of

I certainty that future, near-surface movements with relatively low rates of straining

will not occur along the fault. The in situ strain relief measurements demonstrated

9 that the bedrock bordering the zone affected by buckling still contains a considerable

amount of distortional strain energy. This energy could cause enlargement of the

I
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amplitude of individual buckles forming the structure within the depth interval of 140

to 200 feet. Such enlargement could account for the decreases in ground water head

which was observed within the fault zone. Furthermore, the local volumetric

expansion of the bedrock caused by swelling could have some effect on the structure.

The influence of swelling was believed to be restricted to the rock mass within the

depth interval from 50 to 140 feet, in which a major stress drop occurred and which

contains rocks with high swelling potential. The conditions of transient humidity

required for the swelling to occur may have been provided by the risa of the water

level in the Ontario Basin following the Admiralty Stage.

It was concluded that any future adjustments associated with the major

west-northwest-trending fault would involve very limited volumes of the bedrock as

well as very low strain rates. These adjustments were considered to be of no

consequence in the context of vibratory ground motion. Furthermore, it was

concluded that such adjustments would not be expressed at the btdrock surface

because of the presence of voids between layers that first must be closed.

The results of in situ strain relief measurements indicated that the stress is

too low for the development of additional thrust structures and associated folds in the

near-surface rocks of the site area. The sequence of pore pressure changes associated

with the late Pleistocene and Holocene is not likely to recur and thus movements

associated with these changes are not probable. In the relatively recent past, the

associated bedrock was subjected to abnormally high fluid pressure. At that time,

conditions were favorable for bedding-plane slip and thrusting, which diminished the

lateral stresses sufficiently to assure stability. Currently, with the maximum possible

fluid pressure in the bedrock equal to approximately 40 percent of the overburden

pressure, the structures remain stable.

20



TABLE 3-1

LIST OF EPICENTERS INSTRUMENTALLY LOCATED
IN THE VICINITY OF THE RAMAPO FAULT

.TE

3
13
20
30
21
8
19
22
*8
11

SEP
OCT
DEC
NOV
MAY
APR
JUL
AUG
OCT
MAR

1951
1962
1962
1964
1966
1974
1975
1975
1975
1976

H

21
4
8

10
7

22
20
17
19
21

M
(GMT)

26
9
1

47
30
8
59
49
2
07

S

24.5
42.0
41.0
32.4
55.0
21.5
32.2
22.2
43.2
20.2

LAT
(NORTH)

41.
41.
41.
41.
41.
41.
41.
41.
41.
40.

22
0
0
3
2
24
43
11
3
97

LONG
(WEST)

74,22
74.3
74.3
73.9
74.0
74.02
73.79
73.94
73.97
74.37

INTEN MAGNITUDE

1.0
2.0
1.0

1.0-1.5
2.1
2.3
2.3

2-2.5

*This event is a probable earthquake.



TABLE ,3=2

P AND S ARRIVAL TIME DATA FOR THE SEPTEMBER 3, 1951 EARTHQUAKE

Code

PAL

CNY

FOR

WES

OTT

Amplitude

Station

Latitude
S

41°

40°

40°

42°

45°

00.25'

49.30'

51.78'

23.08'

23.63'

Measurement

Longitude
W

73°

73°

73°

71'

75°

54.55'

57.20'

53.13'

19.33'

42.95'

on Palisades

h

21

21

21

21

Records

P
m

26

26

27

27

s

32.5

3-1.8

18

44

h

21

21

S
m s

26 36.6

26 40.4

S-P
s

4.1

5.6

5.6

Trace amplitude on short period N-S component seismogram - 4.3mm S
Trace amplitude on short period E-W component seismogram - 4.0tran E

First motion direction from vertical component aeismogram-Compression
Azimuth of the epicenter from Palisades

- N tan"1 (4.0/4.3) W
= N 43°W

Azimuth of the epicenter from Palisades, applying Sykes' correction for the
misalignment of seismographs of 8°+l° off from the cardinal azimuths of
north and east,

- S51°W



LOCATION OF THE SEPTEMBER 3 , 1951 M>?.THQUAKE

Ho.

1

2

3

4

5

6

7

8

9

10

V

V e l o c i t y

P
km/sec

5 .
6.
6 .
8.

5.
6.
6.
8.

5,
6
6
8

5
6
6
8

5
6
8

00
05
30
10

Same

00
05
35

,10

Same

.00

.05

.35

.10

Same

.00

.05

.30

.10

Same

.00

.30

.10

Same

Model

Depth
(cm

0.
1.
4 .

35.

a s

0.
1.
4 .

35.

as

0,
1,
4,

35.

as

0
1
4

35

a s

0
1

35

as

0
0
5
0

Above

0 •
5
0
0

Above

,0
.5
,5
.0

•Above

.0

.5

.5

.0

Above

.0

.5

.0

Above

v /v
V v s

1.69

1.69

1.69

1.69

1.69

Hypocenter Location

Depth
Origin Time Latitude Longitude (fixed)
h a s N U km

Azimuth of the
Epicenter from
Palisades

21 26 26.6 41" 12.5' 74" 13.6' 0.5

21 26 26.5 41° 13.4' 74° 13.3" 5.0

21 26 26.5 41° 12.91 74° 12.5' 0.5

21 26 26.5 41" 13.5' 74" 13.2' 5.0

21 26 26.6 41" 12.5' 74° 13.0' 0.5

21 26 26.5 41° 13.5' 74° 13.1' 5.0

21 26 26.6 41° 12.2' 74° 13.2' 0.5

21 26 26.5 41° 13.3' 74° 13.2' 5.0

21 26 26.5 41° 13.4" 74° 13.2' 0.5

21 26 26.5 41° 13.7' 74° 13.5' 5.0

N50°W

N47°W

N47°U

N47°W

N49°W

N50°W

N47°W

N47°W

N47°W



TABLE 3-3 (Continued)

No.

11

12

13

14

15

16

17

18

19

20

21

22

Velocity Model

VP
km/sec

6.20

Same

5.00
6.04

Same

4.66
5.64

Same

5.40

Same

6.31
8.14

Same

6.04
8.14

Same

Depth
km

0.0

as Above

0.0
1.0

as Above

0.0
1.0 •

as Above

0.0

as Above

0.0
34.4

as Above

0.0
34.4

as Above

Vvs
1.72

1.67

1.67

1.76

1.75

1.67

Origin
h a

21

21

21

21

21

21

21

21

21

21

21

21

26

26

26

26

26

26

26

26

26

26

26

26

Time
8

26.

26.

26.

26.

26.

26.

27.

27.

27,

27

26

26

9

9

3

3

4

4

,3

.3

.2

.2

.4

.3

Hypocenter

Latitude
N

41°

41"

41°

41°

41°

41°

41°

41"

41°

41°

41°

41°

12.6"

12.6'

13.11

13.2'

11.0*

11.11

07.8'

07.81

12.2'

12.3'

13.4'

13.41

Location

Longitude
W

74°

74°

74°

74°

74°

74°

74°

74°

74°

74°

74'

1 74'

13.5'

13.3'

14.0'

14.0'

13.9'

14.0*

12.2'

11.91

13.0'

' 12.61

' 14.6'

' 14.4'

Depth
(fixed)
km

0.5

5.0

.50

5.0

.50

5.0

.50

5.0

.50

5.0

.50

5.0

Azimuth of the
Epicenter from
Palisades

N49°W

N49°W

N49°W

N49°W

N54°W

N54°W

N61°W

N60°W

N49°W

N49°W

N49°W

N49°W



TABLE J-4

LOCATION OF THE MARCH 1 1 , 1976 Earthquake

Veloc i ty Model

VP Depth .
No. km/sec km P S

5.00
6.05
6.30
8.10

0.0
1.0
4.5
35.0

1.69

Same as Above

5.00
6.05
6.35
8.10

0.0
1.5
4.0
35.0

1.69

Same as Above

5.00
6.05
6.35
8.10

0.0
1.5
4.5
35.0

1.69

Same as Above

5.00
6.05
6.30
8.10

0.0
1.5
4.5
35.0

1.69

Same as Above

Hypocenter Location
Number Number

Origin Time Latitude Longitude Depth of P of S RMS
h m 8 N W km Data Data sec

21 7 20.41 40" 58.19' 74° 21.95'
+.75km +.27km

6.8+1.4 24

21 7 20.10 40° 57.65' 74° 21.97' 0.1+0.7 25
+.46km +.24km

21 7 20.21 40° 57.57' 74° 21.96' 2.5+0.9 25
+.37km +.23km

0.10

20 0.15

21 7 20.27 40° 58.19' 74° 22.11' 1.1+1.8 25 0 0.10
+.52km +.29km

21 7 20.13 40° 58.15' 74° 22.14' 0.1+0.5 25 20 0.12
+.38km +.20km

21 7 20.40 40° 58.19' 74" 22.11' 4.3+3.4 25 0 0.09
+.44km +.24km

21 7 20.18 40° 58.10' 74° 22.13' 0.6+0.6 25 20 0.13
+.40km +.21km

21 7 20.33 40" 57.92' 74° 22.00' 5.0+1.7 24 0 0.10
+.76km

20 0.13



TABLE 3-4 (Continued)

Velocity Model Hypocenter Location
Number Number

p D e P t h v IV
No. km/sec km P S

Origin Time Latitude Longitude Depth of P of S RMS
h m s N W km Data Data sec

10

12

13

16

18

5.00 0.0 1.69
6.30 1.5
8.10 35.0

Same as Above

11 6.20 0.0 1.72

Same as Above

5.00
6.04

0.0 1.67
1.0

Same as Above

15 4.66 0.0 1.67
5.64 1.0

Same as Above

17 5.40 0.0 1.76

Same as Above

19 6.31 0.0 1.75
8.14 34.4

21 7 20.44 40° 57.80' 74° 21.98" 1.6+1.5 25
+ .47koi +.25km

21 7 20.40 40° 57.37'
+.44km

21 7 20.22 40° 57.06'
+.52km

Zl 7 20.28 40° 57.71
+.48km

21 7 19.52 40° 55.66'
+.70km

21 7 19.62 40° 56.44"
+.57km

21 7 17.91 40° 51.84"
+1.69km

21 7 18.63 40° 55.85'
+1.66km

21 7 17.23 40° 49.43*
+2.30km

21 7 18.30 40° 55.62*
+2.95km

21 7 20.64 40° 57.94'
+.47km

74° 22.15'
+.25km

2.7+1.9 Z5

74° 21.70" 9.8+1.5 24
+.28km

74° 21.93'
+.25km

9.9+1.3 25

74° 21.16' 13.6+1.6 24
+.38km

74° 21.42' 13.9+1.2 25
+.30km

74° 19.38' 18.7^3.6 24
+.96km

74° 21.00' 15.0+3.4 25
+. 86km

74° 18.17' 13.2+6.2 24
+1.35km

74° 19.66' 9.6+8.6 25
+1.59km

74° 22.05' 3.1+2.0 25
+.25km

0.10

20 0.14

0.10

20 0.14

0.12

20 0.15

0.31

20

18

0 49

0.46

0.99

0.10



TABLE 3-4 (Continued)

Velocity Model Hypocenter Location
. Number NumberV

P Depth . Origin Time Latitude Longitude Depth of P of S RMS
No. km/sec km P S h m s N W kg Data Data sec
20 Same as Above 21 7 20.67 40° 58.10' 74° 22.00' 1.3+1.8 25 19 0.14

+.<Ukm +.23km

21 6.04 0.0 1.67 21 7 19.92 40° 55.67' 74" 21.00' 3.1+2.0 25 0 0.16
8.14 34.4 +1.32km +.48km

22 Same as Above 21 7 20.05 40° 56.87' 74" 21.67' 8.2jnQ.7 25 21 0.16
+.63ta» +,30kro
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STRESS FIELD NEAR THE RAMAPO FAULT IN COMPARISON WITH THE
PATTERN OF VERTICAL CRUSTAL MOVEMENTS
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P AND T AXES OF FOCAL MECHANISM'SOLUTIONS AN6 ORIENTATION OF
SECONDARY HORIZONTAL STRESSES FROM IN-SITU STRESS MEASUREMENTS

REGION AROUND THE RAMAPO FAULT SYSTEM
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DIFFERENT SOLUTIONS FOR THE LOCATIONS OF SEPTEMBER 3, 1951
AND MARCH 11, 1976 EARTHQUAKES.

PLATE 3-1



a. H=0.1 Km

d. H'2.5 Km e . H--I
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FOCAL MECHANISM FOR MARCH 11. 197GJ
a-a. Lower hemisphere plot

I. Upper hemisphere plot
H-Focal depth
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b. H=0.1 Km c. H-0.1 Km

e. H=2.5 Km f. H-6.8 Km

|R MARCH 11, 1976 EARTHQUAKE

>lot

LEGEND:
Q COMPRESSION 1 LESS RELIABLE DATA ARE SHOWN BY
X NUTATION J SYMBOLS OF SMALLER SIZE

<J> KCHANISN AXIS
PLATE 3-15
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PROJECTED LAKE NIPISSNM ZERO I30BASE
(c*. 4,000 VEAMS M )

TORONTO.

HAMILTON C

PROJECTED L'AKE ALGONQUIN ZERO ISOBASE
' (ca. 12,000 YEARS BP)

After: Caiman, A.P., 1904
Coon, H.F., I960
Fair-child. H.L., 1902
Fairch i ld , H.L., 1916
Fair-child, H.L., 1918

Galtf t lwalt , J .H. , 1910
Hough, J .L . , 1958
Kirkland, J.T. and

Cost<s, D.R., 1977
Sp«nc.r. J.W., 1890

/ LOCATION OF CROSS SECTION A - A '
* « / SHOWN ON PLATE 1-13
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SYRACUSE yy

ICO ISOBASE LINE (FEET)

« . "PROXIMATE LAKE IROQUOIS SHORELINE

^ ^ - — DATA POINT

A - A '

ISOBASES DRAWN ON THE UPWARPED

LAKE IROQUOIS SHORELINE
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REGIONAL VELOCITY PROFILE
FOR NEW YORK STATE

DEVELOPED FROM SEVEN SURVEY LINES
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INTERPRETATION OF
VERTICAL CRUSTAL VELOCITY
FOR LAKE ONTARIO REGION

RELATIVE TO CAPE VINCENT. N.Y.

SYNTHE1IZED FROM ALL

AVAILABLE DATA

• 1.0
CONTOIM M I M l

MOUCNTON.J.C. el al (IJ71I tEOLOC» OF *EV TOR* -A Î W " ACCOunT
EDUCATIONAL ICAFI.CT No.20 HEW ÏOIU STATE nuSEun A«O SCIEICE SE»mtE

GEOLOGICAL tlMVCV OF CANAU {tjtji UOtOCICM. «tf Of CAMABA to. »SO «

PLATE A-5
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EARTHQUAKE FOCAL

MECHANISM SOLUTIONS
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GEOLOGICAL SUKVer Of OtHAOA CSS9f CtOLOOCAL l I OF CMADA No. "250 *

PLATE k-6
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EARLY UPPER DEVONIAN

MEASUREMENTS OF STRESS
BY

HYDROFRACTURING
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SO 60
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X
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p P IS H U I K * ! HORIZONTAL NOIWAL COUPRESSIVE STRESS.
DASHED ARROKS INDiCATE U I X R I A I N T T OF THE STRESS
MAGNITUDE.

•mmnuctuRC STRESS ««5URCHENT GOREKMX

Q ^ CUWEW0N. l l .T.

@\ »U«. K.V.

( 5 J BRADFORD. PA.

( 5 ) »EST VALLEf. «.».

HOUCMTOH.J.C. Cl » l , I J U . CCOLOU OF «EU T 0 K -A SHOM ACCOUNT
EDUCATIOWU. UAFLET do.10 NEW VOW STATE nUSEUn AW) SCIUCE « « H C E

GEOLOGICAL SUMET OF CAWDA ( I J H ) CEOUCICAL W OF CAMDA No. USD A

SECTION 2 I
PLATE k-7
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MEASUREMENTS OF STRESS
BY OVERCORING
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\ s / ' s l l -ADIRONDACK MASSIFi J , V ' s „7
ROCK SURFACE STRAIN DATA
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INDICATIONS OF STRESS
FROM POSTGLACIAL FOLDING

X
POSTGLACIAL TOLD, 0"rEKTATim HOT «*OW

POSTGLACIAL FOID: OAHK IAR IUDICATCS ^THIK{ or
AftBOU IHDICATCS POSSIILE ONlEHTATIDN OF KAXIHun
HOMIIOHTAL STRESS. kUMCns K£H* to O*TA tISTED

(1 ) WORK I T SUTTON ( U S D PUSCMTfO AS StHCLE
VALVE, ftCAESEMTS AUEMCE THEM) OF l i FOLDS IN
lATAVIA QUAOUMCLE.

W J G. ct .»). . I9C6. GEOLCG* OF NEU ""ORR ->« j
EDUCATIONAL LEAFLET No.10 I E " » ( « » STATE nUSEu" AkO

GEOLOGICAL SURVEV OF CAJtAD* (19691 GEOLOGICAL f r t f £»

PLATE 4-10
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DIRECTION OF P INFERRED FROM

POSTGLACIAL FOLDS(1)

DIRECTION OF P DERIVED FROM

SURFACE STRAIN DATA

DIRECTION OF P DERIVED FROM

FOCAL MECHANISM SOLUTIONS

MEASURED DIRECTION OF P

FROM OVERCORE AND

HYDROFRACTURE TESTS

K E Y :

1 2

TEST RESULT

UNCERTAIN DATA

NUMBER OF MEASUREMENTS PER 15° INTERVAL

NOTE: DATA FROM SUTTOI1, 195t (AVERAGE TREND OF
16 FOLDS) AND FROM WILSON, 1902 (AVERAGE
TREND OF 6 FOLDS) HAVE BEEN LISTED AS ONE
TEST RESULT EACH.

FREQUENCY DIAGRAMS
SHOWING ORIENTATION OF MEASURED OR INFERRED

MAXIMUM HORIZONTAL STRESS IN THE REGION
PLATE 4-11

DAMES e MOORE
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PLANE
BUCKLE GEOMETRY

\
A = WAVELENGTH

STRUCTURAL GEOMETRY

PLATE k-n
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175"

200-

225-

250 J

ZONE OF DIRECT
SHEAR DISPLACEMENT

WHETSTONE GULF
FORMATION

OLD-
NORMAL

REVERSE SLIP DISPLACEMENTS FAULT

DUE TO BUCKLING
PLATE A-1
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+400-,

+300-

5 +200-1

en
oĝ
+100—

PLANE OF MEASUREMENT-

KEY:

AXIS I
AXIS XL

AXIS xnr

0.99 WIN.

0.96 PIN.

0.95 PIN.

ROCK TYPE:
Sandstone

-100—'

NOTE: A POSITIVE INCREASE IN INDICATOR UNITS
INDICATES EXPANSION OF THE fcX HOLE DURING
OVERCORING.

r ARROWS INDICATE TOTAL DEFORMATION
USED TO CALCULATE STRESS

BORING
TEST NO. 11
DEPTH 84'S"

PLATE 4-15



SCHEMATIC REPRESENTATION OF PRINCIPAL STRAINS AT SUCCESSIVE TIMES

CORE no. 3
(TOP VIEH OF CORE)

PLATE 4 -16



PRINCIPAL STRAIN MAGNITUDES

ROSETTE B, AXIS 3

B/IO REAOtNGS USED AS
8ASE FOB OATA PHES£NT/ir
AFTER 2K0 CUT.

ROSETTE C, AXIS {•
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PRINCIPAL STRAIN DIRECTIONS
(FREQUENCY)

ROSETTE B, AXIS 3

. a/io REUUHSS useo « ZERO
8ASE FOR DATA PRESENTATION
AFTER 2ND CUT.

( © AVS. N 7 * E)
N

( 0 AVC. N IS* C)

( &AVG. N »?°E>

E W

icrtmc SECOND CUT Arre/i secom cur

( © »VO. N t ' E )

ROSETTE C, AXIS

STORAGE ROOM TEMPERATURE

40
lUNOEMONE

Krone secono cur tf-re* secono cur

STRAIN RECORD

CORE no. 5
AXIS 1 (330°), AXIS 3 (090°)

PLATE * M 7
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- 3*1

Axis i. vertical, N
Axil 5, Vertical, C

E MflHiaum horiionfal principal st

c HIniiiu« noritonta\ or-inclpai sti

UNCONFINED SWELLING STRAIN: SAMPLE 3 P L ATE J»-i8



Axis 4. Varitul, N
Axf . V«rltc«l. E
£ . • • horizontal principal sfr»in

BORING TD-1
TEST «
GRAYHflCKE a I t9 '2b"

UNCONFINED SWELLING STRAIN: SAMPLE 6

PLATE 4 -
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For a = 180, H = 3000 Meters

Based on W = ~r e^fccosl-] - sin[~]~] after Walcott, 1970

H = Elevation in center of Ice sheet
W = Amplitude of deflection
x = Horizontal distance from ice margin
a = Flexurai parameter

Vertical Exaggeration = 1000 X

(Approx.)

POINT OF MAXIMUM CRUSTAL ELEVATION

\

KILOMETERS 800

PROFILE OF CRUSTAL WARP ADJACENT

TO ADVANCING ICE SHEET

i r

I -

o
z
8

-I 100

300



X
t-
0-

600

800

1000

1200

1000 2000 3000

T psi

SCHEMATIC OIAGRAM SHOWING ALTERNATE INTERPRETATION

OF LAYER PARALLEL SHEAR STRESS VS DEPTH RELATIONSHIP

PLATE 4-22



1. GLACIAL ADVANCE

OT hj

• Advancing
>.' Ice Front

2. GLACIAL MELT (RtBOUND)

Sense of Shear Stress due to Flexure

SUMMARY OF

LAYERING

SHEAR

DUE TO

STRESSES

FLEXURE

APPLIED

ADJACENT

PARALLEL TO

TO GLACIER

PLATE 4-23
•MOORS



ssw NNE SSW

OSWEGO SANDSTONE

PULASKI \FORMATION

WHETSTONE GULF
FORMATION

TRANSITION ZONE OF
OSWEGO S . S .

(A) LOCATION OF INITIAL
BUCKLING INSTABILITY

INDUCED/
BENDING
HOMENT

OSWEGO
SANDSTONE

DOWNWARD

(B) DEFLECTION STAd

LOWER SHEAR
PLANE DEVELOPMENT

(D) ROTATION STAGE

MECHANICS OF BUCKLING

S E C T I O N 1 1



Isw NNE

. • .# •

INDUCEDJ
BENDING
MOMENT

* • . •

r
• . * * J # • •

OSWEGO
SANDSTONE

r
• • i

• i

' COMPRESSIVE
STRESS

<"^~ 1

TRANSITION ZONE

/̂2 DEVELOPMENT

DOWNWARD PROPAGATION

(B) DEFLECTION STAGE

SURFACE NNE

ZOK j STABLE ZONE

£>e,

(C) AHPLIFICATIOI STAGE

NNE

ON

JCKLING

\

(E) STABILIZATION STAGE

EQUILIBRIUM DEPTH

PLATE k-2k
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ICE
ADVANCE

SHEAR STRESS IN
LOWER ZONE
(NO SLIP! - — y « »

SHEAR STRESS IN _^-
UPPER ZONE (SLIP)

I C E ^
LOADING

\

ICE
RETREAT.

A
POSTGLACIAL

REBOUND

SCHEMATIC REPRESENTATION OF SHEAR STRESS EVOLUTION

ON BEDDING DUE TO CRUSTAL WASP ASSOCIATED WITH GLACIATION

(IGNORING EFFECTS DUE TO FOREBULGE )

PLATE 4-25


