PALEODYNAMICS OF THE GREEN POND OUTLIER,
NEW JERSEY HIGHLANDS: EVIDENCE FOR
NONCOAXIAL DEFORMATION DURING

LATE PALEOZOIC OROGENESIS

By JAMES PORTER MITCHELL

A thesis submitted to
The Graduate School—-New Brunswick
Rutgers, The State University of New Jersey
in partial fulfillment of the requirements
for the degree of
Master of Science

Graduate Program in Geological Sciences

Written under the direction of
Professor Randall Forsythe

and approved by

’i(‘{é@a Yo, -
- i)
. N T,

;£

New Brunswick, New Jersey

January, 1985



ABSTRACT OF THE THESIS
Paleodynamics of the Green Pond outlier,
New Jersey Highlands: evidence for
noncoaxial deformation during
late Paleozoic orogenesis
by JAMES PORTER MITCHELL

Thesis Director: Professor Randall Forsythe

A paleostress analysis of folds using echelon vein
arrays and slickenfiber faults was conducted in
Siluro-Devonian strata in the Green Pond outlier of
northern New Jersey. Results indicate that slickentiber
faults principally record NW-SE trending compression
oriented perpendicular to the dominant structufal trend
and that echelon vein arrays record a greater variation
with a N-S maximum oriented oblique to the structural
trend. The N-S8 compression, however, is oriented normal
to an E-W trending locally developed second cleavage
recognized for the first time in the Green Pond outlier.
The two cleavages combined with the paleostress results
indicates that noncoaxial deformation occurred in the
Green Pond outlier. Additional field evidence suggests a
clockwise rotation from a NW-SE direction of compression
and shortening towards a N-S direction.

In the Allegheny Plateau in eastern Pennsylvania two
noncoaxial phases of deformation with structural trends

parallel to those in the Green Pond (NE-S5W and E-W) are



clearly Alleghenian in age. The two nonceoaxial structural
trends may be followed discontinuously across the
intervening provinces of the Great Valley and Valley and
Ridge. Therefore, it is concluded that noncoaxial
deformation in the Green Pond outlier is Alleghenian in
age and provides the first evidence of phase Il
Alleghenian deformation in the Highlands province.
Regional correlations also indicate that noncoaxial
deformation is locally restricted to the New York
promontory and occurs on every promontory in the central
and southern Appalachians. A rigid indentor model is
presented to explain the nonceoaxial deformation on the hew
York promontory and the corresponding rotation in the

stress field recorded in the Green Pond outlier.
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INTRODUCTION

Structural geologists typically restrict their field
studies to geometric and kinematic {(ie. strain)
information recorded in naturally deformed rocks without
addressing the dynamics (ie. stresses) that caused the
deformation. However, particular structural features are
locally developed in orogenic belts which, with some
reasonable assumptions, can be used directly for dynamic
analysis. Such a unique set of dynamic features is
developed in the Green Pond ocutlier in northern New
Jersey. These features are 1) echelon vein arrays (EVA)}
and 2) "slickenfiber” faults (S5FF) (terminology of Wise et
al., 1984). They are two distinct types of brittle and
semi-brittle shear zones that have geometric attibutes
that can be assumed to bear a direct relation to the
direction of applied stress that caused them to form.
Previous field studies in other areas have utilized them
for kinematic information (EVA: Shainin, 1930% Hancock,
!?64; Ramsay and Graham, 19703 SFF: Clops, 1971) and more
recently for dynamic information (EVA: Dalziel and
Stirewalt, 1975; Etchecopar, 19813 Rizpoli and Vasseur,
19835 SFF: Marshak, 1981; Etchecopar, 1981: Rispoli and
Vasseur, 1983; Bristol et al., 1984).

Many dynamic studies ha?e been conducted by using

quartz deformation lamellae and calcite twins {(see review



of eight studies in Dieterich and Carter, 1969) as well as
by using fracture patterns (Buwrger and Thompson, 19703
Friedman and Stearns, 1971). However, in all cases cited,
studies were restricted to a single fold. In this study
numerous shear zones were measured (202 EVA and 130 SFF)
from four large folds over an area of about 80 square
miles within the Green Pond outlisr of northern New
Jersey. As such the data base provides regional
information about the directions of principal stresses
that operated in northern New Jersey during the structural
evolution of the Green Pond outlier.

The study area covers most of the New Jersey portion
of the Green FPond outlier (figure 1). It is about 20
miles long (Dover northeastward to West Milford) and less
than 9 miles wide (NW-SE). Much of the stratigraphic and
structural relations of the outlier have been mapped by
Barnett (1976). Additional structural analysis has been
conducted by Rowlands, but as yet is not published
{Rowlands, personel communication). The outlier consists
of Cambrian through Middle Devonian sedimentary rocks
resting above and surrounded by Frecambrian rocks of the
Reading Prong {(figure 2a). Cambrian and Ordovician strata
occur discontinuously between the Precambrian and the
Silurian and Devonian strata suggesting an angular
unconformity in the ssquence. In contrast, the SBilurian

and Devonian strata can be mapped continucusly throughout
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SKUNNEMUNK CONGLOMERATE: Interbedded
reddish-purple conglomerate, red sandstone,
and red shalej quartz cementi conglomerate
pebbles up to 6 inches in diameter and
well-rounded, one-half are milky vein quartzs
nonfossilifercus; 3000 feet thick.

BELLVALE SANDSTONE: Interbedded black shale,
black siltsone and gray sandstones shale and
siltstone more abundant in lower parts
uppermost beds grade into overlying Skunnemunk

MIDDLE

DEVONIAN

Conglomerate and contains red and green
sandstones and shalesj fossils reported by
Kummel and Weller (1902); 2000 feet thick.

L RCELLUS SHALE (MONROE SHALES of Kummel and
Q0,50 7000 Weller (1902)): Dark gray slightly silty

; shale; silt more abundant in upper partj;
slightly fossiliferous; slaty cleavage
prominant; 600 feet thick.

KANOUSE SANDSTONE (NEWFOUNDLAND GRIT of Kummel
and Weller (19C2), correlative with SCHUOHARIE
FORMATION in westernmost New Jersey): Lower
part is sequence of interbedded conglomerate
and sandstone with quartz cements gray in
colors weathers brownji conglomerate pebbles
small and well-rounded; upper part mostly
sandstone; somewhat fossiliferous; 50 feet.

SOPUS FORMATION (included in KANOUSE
SANDSTONE on Geologic Overlay Sheet # 22 of
the New Jersey Geological Survey), S5 members
in descending order:

Woodbury Creek Member: Light gray siltstone
and fine sandstone; fossiliferous at Highland
Mills, NY; 70 feet thick. '

Upper Black Mudstone Member: black mudstone
and siltstonej abundant Taonurus markings

{fan—shaped animal trails), and ctherwise
nonfosiliferous; 55 feet thick.

Highland Hills Member: Light gray or bluish
gray fine sandstone and siltstone; abundant
fauna at Highland Mills, NY (Boucot, et al.,
1970) and nonfossiliferous at BGreenwood Lakes

IEARW

90 feet thick.

Lower Black Mudstone Member: Dark-gray to
black mudstone; nonfossiliferous; 110 feet.
Mountainville Member: Unconformably overlies
Connely Conglomerate; light to dark—-gray
siltstone; many Taonurus markings and
otherwise nonfossiliferousy 25 feet thick.

CONNELLY CONGLOMERATE (considered eguivalent
to the ORISKANY SANDSTONE and included with
the KANOUSE SANDSTONE of Geologic Overlay
Sheet #22): Disconformably overlies Berkshire
Valley Formationj predominantly quartz pebble
conglomerate with abundant quartz sand; white
colori weathers tan and pinkj some silicified
brachicopods; 39 feet thick.




BERKSHIRE VALLEY FORMATION {called the DECKER
FERRY FORMATION by Kummel and Weller (1902)
and Weller (1903), and was included with the
POXONO ISLAND FORMATION in Geologic Overlay
Sheet #22): predominantly calcareous siltstone
with abundant lenses of silty dolomitej both
are gray in color and weather yellow grays
numerous partings of olive—-gray shale in the
basal beds; abundant bryozoans and brachiopods,
faunal list by Kummel and Weller (1902); 126
feet thick.

POXOND ISLAND FORMATION (at Woodstock was
referred to as the DECKER FERRY FORMATION by
Kummel and Weller (1902)): varied lithologies;
dominantly nonfossiliferous gray delomite
which weathers grayish yellow; interbedded
with green sandstone, green and purple silty
shale, and green siltstone; 300 feet thick.

HIGH FALLS FORMATION {(called LONGWOOD SHALES
by Kummel and Weller (1902) and is correlative
with the BLOOMSBURG FORMATION of westernmost

New Jersey): Purple-red silty shale with some

S

slaty cleavage; nonfossiliferousi thin

sandstone beds in lower parts 300-350 feet.

GREEN POND FORMATION (Correlative with the

1000 SHAWANGUNK FORMATION in westernmost New
Jersey)! Rests unconformably above the

SILURIAN

Precambrian to the SE, the Kittatiny Dolomite

to the NE, and the Martinsburg Shale to the

OR
A

DOVICIAN

MBRIAN

PRECAMBRIAN

Jalial
3¢ . a .
. R ISA N A
P N LS 1
/JJ/

SW3 purple-red conglomerate interbedded with
and grading upward into purple-red sandstone;
quartz cement; conglomerate pebbles up to 3
inches and almost entirely white qguartz,
chert, red shale and red sandstonej upper

contact gradational; nonfossiliferousi 1000
feet thick.

MARTINSBURG SHALE: Dark gray shale with
prominant slatey cleavage and orange-buf+f
weathered siltstone; sitstone contains
abundant Late Ordovician brachiopods;
thickness unknown.

KITTATINY DOLOMITE {called LEITHSVILLE
FORMATION on Overlay Sheet #22): Gray massive
dolomite; weathers yellow-buffi slightly
fossiliferousi solution cavities filled with
Green Pond conglomerate; 35 feet thick.

HARDYSTON QUARTZITE! Unconformably above
Precambrian gneissj blue-gray conglomeratic
sandstone grades upward into calcareous
sandstone which grades upward into the
Kittatiny Dolomite; nonfossiliferousi 100
feet.




the outlier. The Silurian and Devonian strata consist of
nine formations as shown in the stratigraphic column of
figure Zb. Data were collected from the thickest and most
exposed formations which are the Shawangunk Formation
{Silurian), Bellvale Sandstone {(Devonian), and SBkunnemunk
Conglomerate {Devonian) {(Barnett, 1974).

The overall structure of the Green FPond is one of a
series of upright northeast trending fold structures that
have been down—faulted within the Highlands province
between adjacent ranges of Precambrian rocks. Folds in
general are doubly plunging with gently plunging
hingelines. Fopld geometry in the study area, as
illustrated in figure 3, is characterized in the north by
a large tightly folded assymetric syncline with a steeply
dipping eastern limb which is overturned in some regions.
Southward it expands to include three smaller amplitude
open folds separsated by faults {(Barnett, 1974). Axial
surface cleavage , both slatey and spaced (Zpressure
solution) cleavage, is largely restricted to the finer
units {(shales and siltstones) and is subvertical at most
sites. In addition, a locally developed second spaced
cleavage has been observed in the large syncline and
strikes nearly E-¥ at a high angle to the fold structure.
Compared with deformation in egquivalent age strata in the
VYValley and Ridge toc the northwest, metamorphic grade is

slightly higher in the outlisr {(Thompson, PhD) and there
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(CONSTRUCTED USING TECHNIQUES FROM RABAN, 19733 .



is no strong fold vergence.

The overall approach of this study is to determine
regional trends in paleostress directions that accompanied
deformation of the Green Pond outlier and wherever
possible to identify these trends with finite strain
recorded by other structures {(eg. folds and cleavages).
The result is an integrated paleostress and structural
history of the Green Pond outlier that may be compared
with the structural history of the surrounding region.
After these results are presented, they will first be
discussed in light of late Paleozoic deformation in ths
Central Appalachians and then used as a dynamic complement
to existing kinematic data in a discussion of recent
models of the Alieghenian orogeny (Zcollision of Laurasia

and Bnndwanéland).
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BACKGROUND TO ECHELON VEIN ARRAYS

AND SLICKENFIBER FAULTS

INTRODUCTION

The purpose of this section is to pravidé a
background understanding of echelon vein arrays and
slickenfiber faults, as dynamic interpretations of these
features form the basis of the present study. General
geometric attributes and models of development are
presented which are considered applicable to features in
the Green Pond, though specific attributes observed in the
Green Pond are discussed in a later section. #flso in this
section, background of the relation of applied stress
directions to the formation of these structures is
presented which provides a foundation for the dynamic

assumptions and technigues used in this study.

ECHELON VEIN ARRAYS (EVA)

EVA Geometry

An echelon vein array (EVA), is a series of roughly
parallel and ocverlapping veins or veinlets in an echelon
arrangement as schematically illustrated in figure 4.

Veins are oriented at relatively low angles to the array
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FIGURE 4. SCHEMATIC ILLUSTRATION OF AN EVA WITH
THE SENSE 0OF SHEAR INDICATED.
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FIGURE 5. TWO 1DEALIZED CONJUGATE EVA GEOMETRIES

(AFTER BEACH, 1975): A) TYPE 1, B TYPE I1.
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({45 degrees) indicating that development is related to
shear in a tabular zone roughly defined by the array and
vein dimensions. The sense of displacement is such that
veins are rotated away from the shear zone during
progressive shear {Ramsay and Graham, 1973). EVA have
also been described as "tension gash arrays” (Roering,
1969), "tension gash bands” (Dalziel and Stirewalt,’1975},
and "lens-belts" {(Hancock, 1764).

EVA freguently occur in conjugate pairs (Ramsay and
Graham, 1970). That is, two arrays intersect while
displaying complementary senses of shear (figure 3) such
that the bulk rock is shortened {(minumum principal strain
axis, €3) in the acute angle between arrays and extended
(maximum principal strain axis, el) in the ocbtuse angle
{Shainin, 19503 Davis, 1984). Two conjugate EVA
geometries that have been noted in the literature (Beach,
1975) are shown in figure 5 with the senses of shear and
principal finite strain axes indicated. BSome studies have
recorded type 1 geometry {(figure 3a) where individual
veins parallel the maximum shortening direction {(Beach,
19755 Reering, 19&85 but most studies have reported typg
11 geometry {(figure 5Sb) where individual veins parallel
complementary shear zones and hence lie at an angle to the
bulk shortening direction {(Shainin, 19503 Roering, 19483
Ramsay and Graham, 1970, figure 113 Beach, 19755 Rickard

and Rixon, 198335 this studyl.
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Other types of EVA form in relation to master
fractures {ie. faults and larger veins). "Pinnate veins®
{Hancock, 1972) or vein filled "feather joints" (Cloos,
193235 Dennis, 1972, p. Z2B0) branch diagonally from a
master vein or fault {(figure 6é6a). EVA which create
discontinuites along veins have been called "dilatant
echelon cracks” (Pollard et al., 1982) {(figure ébl). Also,
EVA may occur at fault tips {(Fletcher and Pollard, 1981ij;
Rispoli, 1981) or vein tips {Roesring, 19568; Beach, 1977}
{(figure 6c). To my knowlege, intersecting conjugates of

these types have not been observed.

EVA Development

General Conditions: While not always the case, many
EVA develop within the more competent beds of folded
sedimentary sequences {Ramsay and Graham, 19705 Beach,
1977). Their development is believed on the basis of
kinematic arguments to be an integral part of the
deformation process that involves cleavage formation and
buckling {(Ramsay, 1967).

Also, due to the restricted nature of
recrystallization of EVA it is likely that they develop at
shallow depths, yet deep enough faf greatly reduced
permeabilities within the sedimentary pile (Beach, 1977;
Rickard and Rixon, 1983). Bince permeability and porosity

vérsus depth functions depend on many factors {(eg. thermal
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FIGURE 6. EVA TYPES RELATED TO MASTER FRACTURES:
A) PINNATE EVA, H) DILATANT ECHELON CRACKS,
C) EvA AT FAULT AND VEIN TIFS.
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gradients, composition, and rates of burizal), exact depths
and conditions for EVA develcopment are difficult to
estimate.‘ Rickard and Rixon {(1983) conclude from
stratigraphic considerations that EVA in an area of
Australia developed at depths of less than 3 KM and
probably at about 1 KM. Also, fluid pressures close to or
greater than lithostatic pressures are likely to be
necessary conditions for EVA formation.

The development of EVA is thought tec be a centinuous
process involving both brittle {(microfracturing and
‘fracturing) and ductile deformation {(crystal plasticity,
grain boundary sliding and grain bnunaary diffusion?
{(Knipe and White, 1979). Therefore, what feollons is not a
discussion of a single process but a simplified seguence
of interrelated and overlapping processes that dnminaté
during the evolution of EVA. On the basis of micro— and
mesostructural studies two characteristic stages of EVA
development are presented. Then modern concepts of fluid
dynamics are presented which provide a mechanisa for vein
formation and a commonality in 211 aspects of EVA
devel opment.

Twa*Stage Formation: On the basis of cobserved
structures‘the development of EVA appears to follow at
least a two~stage evolution. This involves an early
microcracking stage during incipient shear zone

development which continues into a second stage of



16

incremental vein growth. Microcracks are thought to play
an important role in early EVA development {Knipe and
White, 1979). Thevy have been found in shear zones which
were thought to be precursors to EVA indicating that
microcrack development precesds vein formation (Knipe and
White, 1979). In laboratory experiments microcracks have
been observed to preceed shear failure {(Hallbauer et al.,
1973) and to grow by coalescence of pre-existing
microcracks (Lajtai, 1971). Thus, a tabular zone of
microcracks along a2 plane of shear proeobably establishes
the EVA shear zone prior to vein formation.

During stage two, microcracks coalesce to form EVA
veins. The available evidence suggests that this usually
occurs incrementally. Studies of mineral filled veins
show that mineral fibers filling veins of EVA have an
incremental growth history of fissure propagation and
dilation {Durney and Ramsay, 19?3; Ramsay, 1980a). Ramsay
{1980a) concludes that incremental vein growth involves a
repeated process of 1) fracture formation and subseguent
2) sealing of the fracture by mineral growth in optical
continuity with the pre—existing mineral species (usually
quartz) resulting in incremental lengthening of fibers.
In contrast to fibrous forms, massive mineral forms {(eg.
drusy quartz}), som=stimes accompanied by comb structure and
vugs, have also been ocbserved in veins of EVA {(Beach,

1975). These latter textures reflect spacious guarters
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during crystallization as well as formation during a
single event or at least during a rather large increment
of vein growth {Beach, 1977). In one study both fibrous
and massive forms of guartz were observed in some veins of
EVA which was interpreted as the result of unequal
increments of dilation during vein formation (Beach,
1975). ©Since fibrous mineral forms have been reported in
veins of EVA from most studies it appears that EVA
generally evolve incrementally in accordance with this
model .

The first increments of vein growth take place prior
to significant displacement on the shear zone (Ramsay,
19793 Knipe and White, 1979). However, many EVA, though
not all, record significant shear strains related to
progressive shear (Ramsay and Graham, 1970). This shear
resulted in complex vein formation coeval with dominately
ductile deformation processes (stages two and three of
Knipe and White, 1979). Examples of complex veining
related to progressive shear are shown in figure 7.
Pre—-existing veins may rotate while at the same time
tontinue to grow resulting in sigmoidal shaped veins
containing curved fibers (Durney and Ramsay, 1970). Vien
spurs may develop off of deformed veins (Shainin, 1950).
And new veins may cut across pre—existing ones (Shainin,
195035 Durney and Ramsay, 1970). Also, vein tips may grow

beyond the shear zone and turn into low angles to the
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FIGURE 7. COMPLEX VEINING RELATED TO PROGRESSIVE SHEAR.
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shear zone which accentuates the sigmoidal shape of
deformed veins (Rickard and Rixon, 1983} {(figure 7c).
Meanwhile, ductile deformation precesses are operating
which result in deformation lamellae, undulatory
extinction, and recrystallization (Knipe and White,
1979). Deformation within the shear zone somstimes
culminates in development of minor cleavage restricted to
the shear zone and oriented perpendicular to veins (Beach,
19753 Beach, 19773 Rickard and Rixon, 1983) and/or a late
stage through-going fracture or fault (Knipe and White,
19793 Rickard and Rixon, 1983).

Fluids and EVA Formation: 1In reéent years it has
become apparent that fluids play an important role in many
aspects of fold and thrust development in sedimentary
terranes, including EVA development. High fluid pressures
within pore spaces of rock may cause rock to fail at
anomalously low strengths {(Hobbs et al., 1976). This is
in part because stress concentrations occur at crack tips
such that fluids within a pre-existing crack may easily
propagate the crack even at low fluid pressures.
Furthermore, hydrofracturing experiments whereby
pressurized fluids are injected into rock, demonstrate
that fluids can create fractures in rock {(Fyfe et al.,
19785 . These»conditions are considered applicable to EVA
vein formaticon {Beach, 19743 Beach, 1983) as well as

‘jointingr(Fy§e, 1978) and thrust {(Hubbert and Rubsy., 1959)
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development. Also, fluids influence ductile detormation
processes invelved in cleavage development,
recrystallization, and folding. Thus, dynamics of fluids
when mobilized in a region of fold and thrust development
touches on all rheologic aspects of structural
developmnent.

Likewise, fiuids are likely to facilitate 11 aspects
of EVA evolution described earlier. High fluid pressures
facilitate microcrack development and may drive the
coalescence of microcracks that leads to vein formation
(Fyfe, 1978). Similary, the reduction of fluid pressures
tends to initiate mineralization and halt crack growth
{Casey, 198B0) resulting in the first increment of vein
formation. Laboratory sxperiments have shown that the
effect of microcrack and crack development is to dilate
the rock. Dilation in turn increases pore volume which
reduces fluid pressure. As a result, low pressure sinks in
cracks create a pressure gradient in rocks which, in a
manner analogous to suction, draws mineral rich fluids out
of adjacent rock into vein fissures where minerals
crystallize (Casey, 1980). Thus, the first increment of
vein growth may involve a process of 1) hydrofracturing
which propagates cracks and 2) dilation which halts crack
growth and creates low pressure sinks that facilitate
mineralization. Subseqguent vein growth recorded by

mineral fibers would occur as fluid pressures are
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repeatedly restored to hydrofracture levels and dissipated

by an increment of crack growth.

Relation of EVA to Applied Stresses

The geometry of EVA found in nature was shown
previously in figures 4-46. In this section it is shown
that the relation of conjugate EVA to the stress
directions that cause them to form is relatively weil
constrained. This peréits these features to be used as
indicators of the paleostress directions at the time of
their formation. Aiso, approaches to dynamic analysis
using EVA in the absence of conjugates are discussed.

Since EVA occur as zones of shear with known
displécement directions they must develcp at some angle
less than 20 degrees to the applied compression
direction. While this in itself is not very useful,
additional constraints are given based on experimental
compression tests on natural rock where the relation of
applied stress to the orientation of induced conjugate
shears is well-documented. S8Specifically, samples of
relatively isotropic and homogeneous rock under an applied
axial load {maximum principal stress axis, 1) often fail
by the production of conjugate shear fractures oriented
symmetrically about the principal stress directions such
that =i bisects the acute angle between shears (Daubree,

1897; Shainin, 195C, fig. 73 Griggs and Handin, 19603
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Turner and Weiss, 1963, p. 2935 Hobbs et al., 1976, p.
3255 Davis, 1984, p. 304). The relation of the shears te
the principal stress axes are listed in table 1. Inasmuch
as the conjugate shear zones of EVA form in a manner
analogous to the conjugate shear fractures, the stress
directions responsible for the development of conjugate
EVA are the same as that in table 1. Conjugate EVA and
conjugate shear fractures in the same specimen have been
produced in compressed clay (Davis, 1984, p. 306, fig.
9.463) which shows, at least gualitatively, that the
geometric relations of stress and strain to conjugate
fractures just described, also applies to conjugate EVA.
Furthermore, under ideal conditions, principal stress axes
parallel principal strain axes {(Means, 1976, p. 2523
. Ramsay, 1980b3 Davis, 1984, p. 30&), hence, for EVA
idealized earlier in figure 5 the direction of applied
stress (sl1) parallels the bulk shortening direction (e3).
Many EVA occur in nature without intersecting
conjugates. This is not surprising since a single set of
shear fractures, rather than conjugates, commomly occurs
in laboratory experiments, even under "ideal” conditions
{Handin, 194603 Turner and Weiss, 194633 Davis, 1984).
Unfortunately., this means that the causal stress
directions can not be determined using table 1. Rather, an
additinnalvassumptian is reguired for isclated EVA in

order to use them as a tool for measuring the paleostress



TABLE 1. THE RELATION OF PRINCIPAL STRESS
AXES TO CONJUGATE BRITTLE SHEARS.

S1 BISECTS THE ACUTE ANGLE BETWEEN SHEARS.

52 PARALLELS THE INTERSECTION OF THE SHEAR
: ZONES AND IS PERPENDICULAR TO THE
DIRECTION OF DISPLACEMENT ON EACH SHEAR.

83 BISECTS THE OBTUSE ANGLE BETWEEN SHEARS.
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directions. For sxample, since field studies consistently
indicate that conjugate arrays form an acute angle of 40
degrees {(Shainin, 19503 Roering, 19693 Rickard and Rixon,
1983), one may assume that sl lies about 20 degrees from

' the shear zone for all EVA, including isolated arrays.

Or, one may find that isoclated arrays occur in an area
where only type 11 conjugates are found and therefore
assume that sl bisects the acute vein-array angle for each
EVA {(see figure Sbi. A third approach, is to assume that
sl parallels individual veins {(eq. Dennis, 1972, p. 30Z;
Etchecopar, 1981). This approach is rather tempting since
veins in EVA are reported to show more evidence of forming
as tensile fractures rather than as shear fractures
{Rickard and Rixon, 1983), and the assumption is
consistent with type I conjugate geometry. However, this
approach is clearly incorrectly applied to conjugate shear
zones of type II conjugate EVA geometry for determining
the principal stress directions that initiate the shear
zones. Therefore, it is important to distinquish between
type I and type 1II conjugate geometry in a study area when
conducting a dynamic analysis.

If no con;ggate EVA occur in a fiegld area then there
is little basis for making any of the assumptions just
mentioned, in which case, only a range of possible sl
orientations {eg. accurate to within 20 degrees) may be

determined for isclated EVA. The problem corresponds to
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two uﬁresolved theoretical issues over the mechanics of
EVA vein formation, namely 1) shear verses tensile mode of
failure {alluded to earlier), and 2) primary verses
secondary stress fields. The four different models are
shown in figure Ba {after Rickard and Rixon, 1983). Each
model may be correct for specific physical conditions,
however, such conditions have not yet been delineated.
The only certain generalization consistent with all +our
possible dynamic models is that the si orientation which
initiates a shear zone ("primary si") lies somewhere in
'the acute angle between, and including, egach vein and its
enclosing array {figure 8b). |

The generalization just mentioned also applies to the
dynamic interpretation of EVA along fault or vein
surfaces. Since these features seldom occur as conjugates
it appears that mest, if not all, can only be used to
constrain the "primary s1" direction to the acute
vein—array angle. This is in contrast to other isclated
EVA that occur in association, both in proximity and
character, with conjugate EVA that can be used to better
constrain si.

Finally, in undertaking a dynamic analysis using EVA
one should be aware of the possible effects of
anisotropies, and perhaps should not include such EVA data
in the analysis where possible. For example, veins may

clearly form parallel to pre—existing planes of weakness
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FIGURE 8. FOUR DYMAMIC MODELS FOR VEIN FORMATION

RELATED TO EVA DEVELOPMENT: &) THE MODELS ,
(AFTER RICKAKRD AND RIXON, 1983), B) RANGE OF
FOSSIELE PRIMARY 51 ORIENTATIONS WITH RESPECT

TO VEINS.
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{Ramsay, 1967, figure 3-23) such as crossbedding. #lso,
the entire array orientation may cccur along a fault or
vein surface which follows pre-existing planes of weakness
(Ramsay, 1967, figure 7-38). 0On the other hand, other EVA
whose veins and shear zones crosscut rock anisotropies are
good candidates for dynamic analysis. Also, whereas the
natural geologic environment rarely approaches ideal
conditions of isotropic and homogeneous rock presumed
earlier, it does appear that conjugate EVA observed in
most studies do approach the ideal conjugate geometries in
figure 5. Thus, in general, EVA appear to be reliable
tools for approximating paleostress directions in spite of
the anisotropies common in nature.

In conclusion, the direction of applied stresses
related to EVA geometry are well constrained for conjugate
EVA. To incorporate isolated EVA into a paleostress study
requires care in making apprapriate assumptions. For &ll
EVA, including EVA related to master fractures, the si
orientation is constrained to the acute vein-array angle

for each array.
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SLICKENFIBER FRAULTS (SFF)

Geometry

A slickenfiber fault (S5FF) is a fault wherein the
surface of slip is characterized by the growth (or
crystallization) of secondary minerals such as quartz or
calcite. The crystals generally have a fibrous to
prismatic habit and are aligned and overlapped with each
other along the fault plane in a systematic manner
dictatéd by irregularities of the fault surface and the
sense of fault metion.

A systematic orientation of crystal fibers is
apparent in cross—sections of SFF (figure 9). Sections
cut parallel to fiber lineations reveal fibers that join
the two fault blocks by attaching to wall rock at each end
{Durney and Ramsay, 19270). But, unlike fibers in veins,
they uniformly lean in one direction at a very low angle
to the fault surface (less than 5 degrees) and overlap one
another like shingles on a roof. For reasons discussed
below their orientation and length represents the
displacement vector, or fauit movement.

An exposed SFF surface commonly exhibits lineated
step~like surfaces due to breakage across the overlapping
fibers {(figure 9cl}. The geometry is such that one may use
the conventional "rough—smooth” technigue for determining

the sense of displacement (Stoces and white, 19353 Durney
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FIBURE 9. DEVELOFPMENT OF SFF AND THE EXPOSED SURFACE
{(AFTER DURNEY AND RAMSAY, 1973).
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and Ramsay, 1973), This technigue invelves stroking the
surface parallel to the lineations such that it feels
relatively smooth in one direction and rough in the

other. The fault block that is represented by the hand
was displaced in the direction of hand motion that feels
smooth te the touch (figure 9c). Movement in the
opposite, and incorrectly interpreted, direction is rouah
to the touch as fingers encounter miniature escarpments.

" In recent years the reliability of the "rough—-smooth”
technique has been guestioned. Debate has been arocused by
‘the results of some. fault studies in which the technique
gave the incorrect sense of displacemént. However,
geoclogists have come full circle to accepting this
technique for faults characterized by overlapping crystal
fibers (eg. BFF) (see discussions by Durney and Ramsay,
1970, and by Hobbs et al., 1976, pp. 303-303). Indeed,
inspection of the systematic orientation of overlapping
fibers using a hand lens, as well as pinnate EVA, gives
the same results as the rough—smcoth technique. Thus, the
sense of displacement can be determined with certainty on

SFF as opposed to faults that do not have fibers.

SFF Development

Beneral Occurrence: SFF may develop along any slip
surface including faults and bedding plane flexural slip

surfaces. They are particularly common in fold and thrust
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belts where they are found in association with cleavage
development as well as EVA. Like EVA, BFF are considered
to form at relatively shallow depths {1 or 2 KM} but at
depths sufficient to sustain high fluid pressures.

8FF Formation: Microstructural studies in rocks
suggest that S5FF development involves two stages which
parallel the two-stage formation of EVA. These ared: 1)
microcracking related to initiation of the fault and 2)
incremental displacements thereafter which corresponds to
incremental fiber growth. Stage one microcracks coalesce
to form a through—going fracture which in nature would be
a fault. Subsequent displacements result in incremental
fiber growth {(stage 2) considered to proceed in accordance
with the model of Durney and Ramsay (1973) described
below.

The fracture surface prior to displacement usually
contains small irregularities. Conseguently, the first
increments of displacement create small cavities along the
fault surface as bumps on opposing surfaces ride over one
another. These small spaces then fill with minerals and
seal the fault. Later, a new fracture develops along the
previcsly healed fracture surface and creates space for a
new increment of fiber growth. Subsequent incremsnts of
displacement result in incremental growth of crystal
fibers and overlapping of fibers at low angles to the

shear zone. Depending on the site of recurring fractures
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the actual growth of crystal fibers may take place at
fiber tips adjacent to wall rock (oldest increment at
fiber centers) termed “"antitaxial growth" or at fiber
centers along a central suture {(cldest increment at fiber
tips) called "syntaxial growth". In some cases growth may
be a composite of antitaxial and syntaxial growth. In
most faults studied by Durney and Ramsay {(1973) syntaxial
growth was particularly common.

This same repetitive process of 1) fracture formation
followed by 2) dilation induced fiber growth alsoc explains
the formation of curved fibers that are occasionally seen
along SFF surfaces. In these cases fiber curvature
records a change in the direction of incremental
aispiacements during progressive development of the SFF.
In all cases fibers grow in the direction of displacement
for each movement on a fault. Curved fibers, therefore,
record rotations of movement directions,; providing, care
is taken when interpreting the sense of rotation.
Antitaxial growth {(last increment of displacement parallel
to fiber ends) implies rotation of one sense (eq.
clockwise) and syntaxial growth {(last increment of growth
parallel to fiber centers) implies rotation of the
opposite sense {(eg. counterclockwise) (Durney and Ramsay,
1970} .

Fluid Dynamics and SFF Formation: Processes related

to fluctuations of fluid pressures furnishes 2 mechanism
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for SFF development as well as for EVA. In addition to
aiding fracture formation, fluids under high pressure
facilitate movement {(ie. faulting) by reducing the effect
of friction. Upon displacement the effect of dilation is
to reduce fluid pressure which increases the effect of
friction and tends to arrest displacement. Thus,
incremental displacements involved in SFF formation (as
recorded by mineral fibers) may be intimately related to a
process whereby fluid pressures are repeatedly restored to
hydrofracture levels and dissipated by an increment of

displacement.

Relation of BFF to Applied Stress

As described earlier, natural rock experimentally
compressed under ideal conditions commonly has produced
conjugate shears oriented symmetrically about principal
stress and strain axes as indicated in table 1 and figure
10a. Thus, inasmuch as conjugate faults in nature deyelop
in a manner analogous to experimentally produced conjugate
shear fractures, principal stress directions can be
reasonably assumed for SFF that occur in conjugate sets.

For a sinéie fault, in the absence of conjugate
features, one must utilize a2 different approach. For
example, one technique is to assume that esach fault formed
at a 30 degree angle to si1 {(Ragan, 19735 Davis, 1784, pp.

314-318) (figure 10b). This reflects the fact that



FIGURE 10. RELATION OF SFF TO PRINCIPAL STRESS AXES
FOR ISOTROPIC ROCK.



experimentally produced conjugate shears commonly develop
with an acute angle of &0 degrees such that s1 lies at a
30 degree angle to sach shear (Turner and Weiss, 1963, p.
2933 Davis, 1784, pp. 306 and 309).

The above approach assumes ideal conditions {(eqg.
isotropic and homogeneous mechanical rock properties),
whereas naturally occurring rocks commonly contain
anisotropies characterized by preferred planes of
weakness. Compressive tests on anisotropic rock
demonstrates the susceptibility of such rocks to failure
along pre-existing planes of weakness at anomalous angles
to s1. For example, compressed slates have reéulted in
failure along cleavage planes for all orientations to the
applied stress from 25-40 degrees (Donath, 1961) (figure
i1a). Also, Handin (19469) has shown that pre-existing
fractures may fault at orientations to s1 as high as &5
degrees.‘ Consistent with Handins (196%) results, slip has
been reported on pre—existing conjugate joints such that
s1 bisected the obtuse angle (Marshak et al., 1983)
{figure 11b). Thus a S5FF surface that developed along
anisotropies in the rock may have formed at any of a
number of possible s1 orientations.

SFF that develop by reactivation of pre-existing
fractures not only may form at a range of possible angles
to =1 but to 82 as well. That is, s2 may be positioned at

an angle to the fault surface as illustrated in figure
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FIGURE 11. RELATION OF SFF TO PRINCIPAL STRESS AXES
FOR ANISOTROPIC ROCKS.
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1ic, rather than lying in the plane of the fault as
described for isotropic rock (table 1 and figure 10}.
This situation may be visualized by imagining a pile of
disordered dice on a table which is squeezed horizontally
in a vice beneath a glass plate. 52 is vertical but not
in the plane of all slip surfaces. Obviously, using the
approach in figure 10 for slip surfaces that record
movement in a manner analogous to the dice produces
results that are erronecus on a detailed scale.
Nonetheless, it is commonly accepted that the results may
be used to provide a general window of possible si
prientations when a reasonable density of faults has been
measured {Ragan, 197335 Compton, 19&6).

Clearly, care must be excercised in using SFF for
dynamic analysis. Conjugates and isolated SFF in
isotropic rock may be used for detailed determinations of
stress directions whereas SFF that developed along
pre—existing fractures or anisotropies are less reliable
but are alsoc likely to provide at least a general window

of stress directions.
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METHODOLOGY FOR DYNAMIC ANALYSIS

IN THE GREEN POND OUTLIER

INTRODUCTION AND RATIONAL

The fundamental rational for using echelon vein
afrays and slickenfiber faults for dynamic analysis is
based on the assumption that they represent naturally
occurring examples of brittle and semibrittle zones of
shear that formed in manners analogous to brittle and
semibrittle shears observed in experimentally deformed
samples. The fact that they are often found in conjugate
sets and in some cases with faults that indicate
consistent stress orientations provides further support
for this assumption. This is not to say that there are
not pitfalls and many exceptions as discussed earliér in
the context of rock anisotropies.

Nonetheless, due to the brittle nature of these
features, they are more reliable indicators of stress than
are most other deformation features. Experiments on the
brittle deformation of rocks have shown that under an
fapplied load agnve a critical yield stress, crack
propagation occurrs more or less instantaneocusly. This is
trqe for hydraulic fracture experiments as well as axial
load tests. In addition, as implied from the above

discussion, these cracks grow at predictable orientations
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to the applied stess. Therefore, because of the relative
rapidity of crack growth, crack geometry generally
reflects the instantaneous principal stress configuration
that caused it to form. This is in contrast to the
protracted history of deformation represented by cleavage
and other deformation features formed strictly by a
ductile mechanism. These deformation features can
generally be used to determine the principal finite
strains but not the instantaneous strains or instantaneocus
stresses that operated throughout the deformation history.
Most strained obiects are the end product of a summation
of different incremental strain and stress states of
unknown configurations and durations. Barring rare cases,
only the finite strain state is generally mesasurable.
Consequently, EVA and SFF are somewhat unique because they
record a more instantanecus stress field.

In some areas one can find a co—occurrence of brittle
and ductile features both likely to have formed during a
protracted history of deformation. For example, in the
Breen Pond outlier EVA and SFF represent brittle
deformation while cleavage and deformed reduction spots
represent ductile features. A11 of these features, for
reasons to be developed further on, are likely to have
formed during the general feolding event. The shear zones,
repesented by the EVA and 5FF,; have a protracted history

of incremental displacements (via the previously discussed
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crack—seal mechanism) which usually does not alter the
planar nature of the shear zone. Thus, the orientation of
the shear zone continues to record the relative principal
stress configuration at the time of incipient shear zone
development despite its possible rotation within the fold
structure or with respect teo an external reference frame.
Thus, in contrast to most strained objects, the
instantaneous principalystress configuration that
initiates a shear zone is usually preserved even if the
shear zone has a protracted history.

This means that in a progressive or polyphase
deformed region a given shear zone orientation records the
paleostress directions for a small finite period within
the overall deformation history. For example, within a
relatively tightly folded sequence in the Green Pond some
shear zones are curved {(deformed) while others are
undeformed implying that each represents a different
finite period in the fold history. Furthermore, although
progressive folding leads to rotation of earlier formed
shear zones with respect to the regional stress field the
discontinuous, but seguential, formation of shear zones
results in systematic pattefns that may be related tc the
regional stress field through time. The measurement and

anaysis of such patterns is the goal of this research.
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EVA IN THE GREEN POND

EVA Attributes in the Green Pond

EVA characteristics in the Green Pond appear to be
typical of those decribed in the previous studies just
reviewed. In the Green Pond ocutlier they occur
predominately in sandstone and conglomerate beds as
opposed to the less competent shale and siltstone beds.
Most occur internal to massive units rather than along
bedding surfaces and crosscut pre—-existing crossbedding.
This indicates that these features did not develop along
pre—-existing planes of weakness and are therefore good
candidates for dynamic analysis. Furthermore, many
conjugate EVA pbserved in the Green Pond closely
approximate the ideal geometries previocusly described in
figure 5.

Some EVA typical of those cobserved in the Green FPond
are illustrated in figure 12. An array usually contains
10-20 veins spaced over a distance of less than 3 meters.
The dimensions of individual veins in cross—-section are
commonly less than 30 CM long and less than 2 CM thick
,(note scale of hammers and lens cap in figure 12). The
three dimensional shapes of veins are schematically
illustrated in figure 13. In many cases veins of a given
array are roughly rectangular and of equal length (figuwre

13a). In other cases veins in a given array are
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FIGURE 12. PHOTO TRACINGS OF EVA IN THE GREENPOND
{ROCK HAMMER AND LENS CAP FOR SCALE).
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FIBURE 13. THREE DIMENSIONAL SHAPES OF EVA IN THE
BREENFOND: A) RECTANGULAR, By ELLIFTICAL.
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elliptical in shape and of unequal length {longer in the
array center) as in figure 13b. But in all cases, the
longest dimension of veins (b axis in figure 13) is many
times greater than the other two dimensions (a and c

axes).

All EVA types were observed in the Green Pond
although isolated and conjugate EVA associated with
néndiscrete zones of shear (figures 4 and 5) outnumber
those EVA associated with master fractures {(figure 6&).
Over 200 EVA were included in the dynamic analysis which
includes about 120 isolated arrays (ie. those isolated
from conjugates, faults, or veins) and 60 conjugate arrays
{ie. 30 pairs). Also, about 10 pinnate arrays along
faults and about 10 relatively small "dilatant echelon
cracks” along veins were measured. EVA associated with
fault tips or vein tips, though observed, wefe not
measured in this study.‘ Conjugate EVA, in addition to
isolated EVA, were found at almost all sites. Nearly ail
conjugates (28 cut of 30 pairs) displayed type 11 geometry
{ie. conjugate arrays developed at low dihedral angles,
{40 degrees, and nonsigmoidal gashes parallel
complementary conjugate shears) (figure 12}. Clearly
‘isolated érray; and tvype Il conjugate arrays provide the
bulk of the data used in the regional analysis.

Vein minerals are almost all quartz and most appear

to have a fibrous form indicative of incremental vein
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growth, though many veins contain massive guartz with comb
structure and vugs. EVA develecpment in the Green Pond is
considered to follow the general model proposed earlier
whereby fluids under pressure repeatedly fracture the
rock, dilate the fissures, and facilitate mineralization
to form EVA veins. Individual veins are commonly slightly
sigmoidal such that vein tips turn into low angles to the
shear zone ({30 degees) {(figure 12Z2a and 12Zb). The
sigmoidal shape is considered to be produced in part by
progressive shear, as described esarlier, and in part by
complexities in the stress system discussed further

below. Not infrequéntly, veins are highly sigmoidal and
complex in shape due to overprinting of later veins and in
some cases the development of a through—going fracture. A
slight fanning of veins was consistently cobserved in the
intersection of type 1II conjugates such that a central
vein, one common to both arrays,‘bisects the acute
array~afray angle and parallels the inferred sl direction
{(figure 1Z2c).

The preferred dynamic model of type 11 EVA
development follows Rickard and Rixon (1983). This model
is shown in figure 8 as one which favors vein formation by
tension in a re—oriented stress field {(ie. secondary
s1). First, the principal stress configuration initiates
embryonic shear zones at a low angle to si1 {(about 20

degrees). Incipient shear zone development {(eg.
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microcracking, dilation, fluid mobilization) alters the
physical conditions of the shear zone resulting in a
re—oriented principal stress configuration rotated in the
direction of digplacement. Vein cracks subsequently
propogate as extension cracks oriented parallel to
secondary sl. Cracks which propagate beyond the shear
zone curve into parallelism with s1 of the primary stress
field. Hence, sl tiajectories at the time of vein growth
parallel primary sl outside of the shear zone and
secondary sl within the shear zone. Interference at array
intersections produce a vein oriented parallel to sl as
well as a slight fahning of adjacent veins. The data in
the Green Pond appear to fit this model gquite well. A
possible weakness in the model is that the resulting
geometry requires that the secondary sl consistently

rotate approximately 20 degrees for each EVA.

EVA Methodology used in the Green Pond

Assumptions: For each EVA s1 was assumed to bisect
the acute vein-—-array angle consistent with type 11
conjugate geometry (figure 5Sb). The assumptions for all
principal stress axes are listed in table 2. This
interpretation is considered valid for the isclated arrays
since they were associated, both in proximity and
character, with type I1 conjugate arrays. MNonetheless, in

consideration of possible effects of anisotropy and of



TABLE 2. THE RELATION OF PRINCIPAL STRESS
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82

853

AXES TO EVA AS ASSUMED IN THIS
STUDY.

1S ASSUMED TO BISECT, OR AT LEAST LIE
WITHIN, THE ACUTE VEIN-ARRAY ANGLE
FOR EACH EVA.

IS ASSUMED TO LIE PARALLEL TO THE
INTERSECTION OF EACH VEIN WITH
THE PLANE OF THE ARRAY AND TO LIE
PERPENDICULAR TO THE DIRECTION OF
DISPLACEMENT ON THE SHEAR ZONE.

15 ASSUMED TO BISECT, OR AT LEAST LIE
WITHIN, THE OBTUSE VEIN-ARRAY ANGLE
FOR EACH EVA
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alternative dvnamic models the range of possible si
prientations within sach acute vein-—array angle was
determined for sach EVA. The range plots on a stereogram
as a line of finite length. When numerous shear zones are
compiled the sterecgram shows numerous criss~crossing
lines as shown in figure i4a. When a plot for a given
site is compared with a cumulative plot of the same data
but using the assumption that sl bisects the vein~array
angle for each EVA the general pattern is found to be the
same {(compare figure 14a with 14b). It appears that given
a reasonable database the general pattern would be
reproducible using ény intepretation lying generally
within the vein—array angle. This was found to be
consistently true for compilation plots. Therefore it was
concluded that whether one equates s! with the acute
bisector or with a range of possible sl orientations for
each EVA the results are insignificantly different for the
purpcseé of the regional analysis made here.

Measurement Technigques: The attitude of the array
{ie. shear zone) and a representative vein was measured
for each EVA. With each measurement the degree of
confidence {ie. error) was estimated qualitatively, based
on the extent to which three points (two lines of site)
éould be established for each attitude. The orientation
of most veins were measured with a relatively high degree

of confidence (error of less than 15 degrees). Array



FIGURE 14.

TWO STEROGRAMS OF THE SAME EVA DATA
(SITE #2) SHOWING THAT DIFFERENT
APPROACHES GIVE SIMILAR RESULTS

{LINES=S1, CIRCLES=83, DOTS=POLES TO
BEDDING) .
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orientations were commonly measured with a moderate degres
of confidence {(error of less than 30 degrees)f Numerous
EVA vere measured with less than a moderate degree of
confidence but were not used in the analysis and therefore
not included in the EVA total (202) used in the regional
analysis.

When measuring sigmoidal veins their tips were
measured rather than vein centers because the centers may
have been rotated during progressive shear. The actual
measurement is not difficult since in nearly all cases
aemall irregularities along the exposed surface can be used
to establish the plénar orientation. - Unfortunately,
measuring the shear zone is more difficult because two
exposed sections are required for a confident measurement,
not just one. The problem lies in determining the true
inclination of the shear zone into the outcrop as
illustrated in figure 15. Frequéntly, a second exposed
sectinn‘reveals the long dimension of a gash{s). Equally
as often, a second section must be conceptually
constructed by visually compiling information from ocutcrop
irregularities as seen from different perspectives. This
appruach involves a lot of pacing back and forth. Another
technique takes advantage of sigmoidal veins by
éstablishing a down hinge view within the plane of the
shear zone. In general one tries to establish several

lines of site within the plane of the shear zone before
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taking a measurement. Once two sections or lines of site
are established the field notebook is placed parallel to

the shear zone for a direct compass reading.
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FIGURE 15. VIEWING ONLY ONE EXPOSED SECTION

A

WHEN MEASURING EVA SHEAR ZONES MAY LEAD
Y0 AN ERRONECUS MEASUREMENT. A THIRD
POINT ON THE PLANE (OR SECOND SECTION)
18 REQUIRED IN ORDER TD MEASURE THE
TRUE ATTITUDE.
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8FF IN THE GREEN POND

8FF Attributes in the Green Pond

SFF in the Green Pond occur predominately along
bedding and crossbedding surfaces although some do cut
across layering at high angles. Most appear to have formed
by flexural siip along bedding surfaces during folding.
In addition, only a few conjugates have been observed.
Thus in contrast to EVA, it appears that SFF formed
predominately along pre—-existing planes of weakness and
therefore are considered less reliable measures of the
paleostresses. Furthermore, preguming that SFF developed
primarily in response to only those sl orientations which
were likely to create slip on bedding surfaces, then they
are likely to provide an incomplete record of the stress
field(s) during deformation. Nonetheless, for reasons
discussed earlier the SFF are considered useful for
determining windows of regional st orientations.

Most S5FF are discontinuous on the outcrop. Most
occur along crossbeds and do not extend beyond the given
length of the crossbed surface. Displacements along SFF
are generally less than 10 CM. The overlapping crystal
fibers aré usually quartz sandwiched between thin films of
chlorite. Some fibers are curved and are indicators of
rotations in the relative displacement direction on the

fault surface during SFF development. Other slip surfaces



54

such as polished ripple marks and bedding surfaces with a
thin film of lineated phyllosilicates were observed but
not measured even though these lineations appeared to
parallel those of SFF.

EVA are intimately associated with SFF. Pinnate EVA
apparently developed on pre-existing SFF such that both
recorded the same displacement sense (eg. figure léa).
Occasionally a SFF cut across a pre—-existing EVA
presumably as a late stage fault in the progressive
evolution of the shear zone (figure 16b). Thus EVA may
form both in advance of SFF or during subsequent slip on
8FF {(Hobbs et al., 1976, pp. 294-295). Also, SFF and EVA
apparently may form at about the same time as indicated by
shearvzones in the Green Pond characterized by an S5FF at
one end and an EVA at the other (figure 1é6c). This
intimate relation between the two features suggests that
the conditions that lead to the formation of one or the
other mﬁst be very similar and that the variation in
physical conditions must be very localized. Perhaps in
this case there were differences in material strength
along the crossbedding surface such that the SFF developed
along the weaker portion. The EVA may have developed along
the stronger or more tightly sealed portion where shear
Strain was most effectively accomodated in a distributed
zone as opposed to a discrete plane. The development of

EVA at fault tips (figure 14d) further supports the
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FIGURE 1&. SFF AND EVA ASSOCIATIONS IN THE GREENPOND.
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premise that there is a delicate balance of physical
conditions that leads to the formation of one feature in

preference to the other.

SFF Methodology

Assumptions: Since most SFF in the Green Pond formed
along planes of anisotropy and only a few formed as
apparent conjugates, a range of possible sl orientations
from the fault surface was determined for many of the
SFF. However, in the regional analysis a specitic angle
to the SFF was assumed for the purpose of 1) simplicity in
the analysis and 2) consistency with the approach to EVA
gnalysis. The conventional assumption of 30 degrees was
utilized as well as the assumption that s2 lies in the
plane of each fault and perpendicular to the fiber
lineation figure 10. Although imprecise, measurements of
paleostress directions from SFF provide at least general
information on the regional paleostress directions. Also,
curved fibers are considered useful because they give an
indication of the sense of rotation in the local stress
field.

Measurement Techniques: For each SFF the following
was measured, 1)attitude of the fault surface, 2) pitch of
the fiber lineation, 3) sense of relative displacement,
and 4) sense of rotation of curved fibers {(assuming

syntaxial growth). All were measured with a high degree



57

of confidence (ie. error of less than 15 degrees). The
displacement sense was determined by observing fiber
overlap orientation and by using the "rough-smocoth”

technigque described sarlier.
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DESCRIPTION OF PALEOCDYNAMIC RESULTS

GENERAL TRENDS

In an attempt to resolve the dynamic history of ihe
Green Pond ocutlier EVA and SFF data were used following
the methodology discussed in the last section. Over 200
EVA and 130 SFF were used to determine more than 330
independent stress directions over an area incorporating
80 square miles within the ocutlier. The data was then
grouped into summary plots and stereograms to characterize
four southeast dipping limbs, three northwest dipping
limbs and two hinge zones. The locations of seventeen
sites where data were collected are shown on the
accompanying map {(figure 17). The positions of each in
the fold structure are indicated in the two-point
perspective diagram of figureriB.

Results from each site displays one or more clusters
of s1 orientations and many have a linear distribution in
the stereograms. Although clusters from one site to the
next do not always match one another, compilation plots
produce distinct patterns which are relatively consistent
from one part of the fold structure to the next. These
patterns are first summarized below and then regionwide

modes are discussed in more detail.
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FIGURE 17. ROAD MAF SHOWING PRINCIPAL SITES WHERE
EVA AND SFF DATA WERE COLLECTED.
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FIGURE 18. THREE-DIMENSIONAL REPRESENTATION OF THE
GREEN POND FORMATION SHOWING THE POSITIONS
OF SITES IN THE FOLD STRUCTURES. S8ITES 1-4
ACTUALLY OCCUR ON MODERATE TO STEEPLY DIPPING
LIMBS OF THE SKUNNEMUNK CONGLOMERATE AND,
IN PART, THE BELLVALE SANDSTONE. ALMOST ALL
OF THE REMAINING DATA COMES FROM THE GREEN POND
FORMATION.
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Cumulative sl plots are shown for southeast dipping
limbs (figure 1%a), hinge zones {(figure 19b), and
northwest dipping limbs {(figure 1%c). In each plot note
the overall symmetry about the generally NE-SW strike of
axial surfaces and bedding. This symmetry is defined by
two major trends in the si distribution which lie in
vertical s1-s3 planes roughly oriented NW-SE and NE-SW
with s2 horizontal. In addition, a significant though
less pronounced si trend is oriented N-S as expressed by
the slight assymmetry in the sl distribution that is
particularly evident in the EVA plots. Because regionwide
sl trends may have significance for regionélly applied
stress directions, rose diagrams were also constructed to
illustrate s1 trends at each site for both SFF (figure
20a) and EVA (figure 21a) data. In the cumulative plots
SFF data (figure 20b) record a variation restricted
largely to the NW and SE quadrants and records largely one
modal trend, whereas, EVA data (figure 21b) span all
quadrants and records all three modal trends described
above (NW-SE, N-5, NE-SW) with maximums oriented NW-S5E and

N-S8. The maximums are analyzed separately.
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A SE Dipping Limbs
Compiled Data

B  Hinge Zones
Compiled Data

C nw Dipping Limbs
Compiled Data

FIGURE 19. CUMULATIVE S1-S3 PLOTS FOR ALL SFF AND EVA
DATA: A) FROM SE DIFPPING LIMES, B) FROM
HINGES, C) FROM NW DIPPING LIMES
(SHORT LINE=S1, CIRCLE=S83, DOTTED LINE=
FIELD OF FOLES TO BEDDING) .



FIGURE 20.

S TRENDS FROM SFFD A AT INDIVIDUAL SITES,
By CUMULATIVE PLOT OF ALL SFF.
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FIGURE 21.

S1 TRENDS FROM EVA: A) AT INDIVIDUAL SITES,

jAY)

CUMULATIVE FPLOT OF ALL EVA.
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NW-SE S1 TREND ORIENTED NORMAL TO FOLD HINGES

Results

Initial inspection of the NW-5E s1 trending data
reveals nonrandom but complex distributions. These
distributions, in addition to field relationships relevant
to the deformation history, are described below.

First, since sl1 trends of the 5FF data are largely
confined to the NW-SE modal trend, it appears that the SFF
record only part of the stress history of the outlier,
whereas, the EVA record a more complete stress history.
this may reflect that S5FF development was largely
restricted to slip on pre—-existing planes of weakness such
as bedding. Orientations of crossbeds generally parallel
the NE-SW strike of bedding in the Green Pond Formation
{Thompson, PhD). This is an orientation which may have
been less vulnerable to slip in a rotated stress system.
In contrast to SFF, EVA appear to be less effected by
bedding surfaces and therefore are more likely to record a
rotated stress systen.

Secondly, where both EVA and 5FF record NW-SE
trending s1 at the same site, the sl directions (ie.
plunges) are approximately parallel. This relationship is
most apparent where a large population of both features in
the same ocutcrop record a reasonably uniform stress system

such as that illustrated in figure 22. This strongly
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FIGURE 22. DUTCROP DRAWING OF NUMEROUS EVA AND SFF
WITH COMMON S1 ORIENTATIONS (ROUTE 23,
NEWFOUNDLAND, NEW JERSEY).
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supports coeval development of these features. In some
cases one can see on the cutcrop (such as that in figure
22) that SFF surfaces terminate into EVA each giving the
same sl direction (figure 146c) also suggesting coeval
development. Thus, SFF and EVA with NW-S5E trending sl
orientatons appear to have formed during the same general
period of deformation.

| Thirdly, the specific orientations of si (ie. plunge)
vary systematically with respect to positions in the fold
structure; At hinge zones of major folds sl is
consistently normal to bedding and vertical (figure 1%9bj.
This is in contrast to limbs which record a wide range of
s1 plunge orientations as shown in stereograms which show
all SFF and all EVA for SE and NW dipping limbs {figure
19a and 19c). Note that in the plots for fold limbs a gap
in the distribution of si orientations occur in
orientations plunging sﬁeeply in the direction opposite of
bedding dip. That is, the "si gap” plunges steeply in the
NW quadrant for SE dipping limbs and in the SE quadrant
for NW dipping limbs. The significance of this for stress
variations through time will be discussed later. At
present, it is sufficient to note that the s1 orientations
‘are unique andcvary in systematic ways for each position
in the fold structure {ie. hinges, S5E dipping limbs, and
NW dipping limbs). For these and other reasons presented

below it is believed that the NW-S5E trending stress system
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reflects the main folding event. The fact that the trend
is generally perpendicular to hinge lines further supports
this interpretation.

Fourthly, the variation in sl orientations on a given
fold limb appears to be systematic with respect to
bedding. The bulk of the data consists of s1 oriented:
from a position nearly parallel to bedding (eg. EVA at
sife 7, figure 23a) through a range of intermediate values
towards a horizontal position ({(eg. SFF at site 7, figure
23b) to a subhorizontal position oriented normal to
bedding for steep limbs (site 17, figure 23c). This range
of orientations produces the s1 gap introduced earlier and
is apparent at some individual sites (eg. figure 23b) as
well as for data compiled for single limbs {eq. SFF in
figure 23d, sites 1 and 3I). This systematic variation
suggests the possibility that s1 rotated witﬁ respect to
bedding during progressive folding. Evidence for rélative
timing occurs at sites 6 and 7 where an exceptional
exposure of minor folds demonstrates this variation
(figure 24) (more extensive drawing of features along this
outcrop in the appendix). At this site several EVA shear
zones are deformed. That is, the shear zone is bent or '
chrved in a mahner consistent with its enveloping shear or
bedding surface and indicates that it too was buckled
during the folding process. Thus, some of these features

clearly predate at least some of the buckling history



FIBURE 23. STEREOGRAMS EXEMPLIFYING 81 PATTERNS FOR
NW~-SE TRENDING DATA (EXAMPLES FROM SE DIPPING

LIMBS): A)Y EVA-SITE 7 (MINOR FOLD), B) SFF-
SITE 7 (MINOR FOLD), C) EVA-SITE 17, D) SFF-—
SITES 1 AND 3 COMBINED.
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FIGURE 24. OUTCROP DRAWING OF EVA AND SFF ON A
MINOR FOLD (ROUTE 23, NEWFOUNDLAND,NJ).
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while others appear to have developed later in the folding
history. Furthermore, since at this same site only EVA
shear zones recording bedding parallel sl are found to be
deformed it appears that s1 was parallel toc bedding in the
early stages of folding and subsequently rotated to higher
angles to bedding.

The numerous EVA and SFF that record NW-SE trending,
but bedding parallel si orientations, are restricted to
fold limbs. Since hinge zones consistently do nat.have
EVA and SFF that indicate si1 of this orientation it
appears that although these features formed during the
early stages of folding they did not accomodate laver
parallel shortening prior to buckling. This may be
important for contrasting the style of deformation in the

Breen Pond with that reported for the Valley and Ridge.

A Model for the Stress History of Folding

The available field evidence and the systematic
variations in si1 orientations presented in the
accompanying stereograms leads one to conclude that both
EVA and SFF with NW-SE trending sl orientations developed
during the main folding deformation. Furthermore,
variationé in the plunge of si1 on limbs appear to reflect
rotations of s1 during folding in a2 manner consistent with

the following model:



72

1) In the early stages of, but not prior to, folding
SFF and EVA recorded a bedding parallel compression
directed NW-SE and normal to hinges. These early
features were then subsequently rotated with a few
being deformed along with their enclosing beds

during later stages of folding.

2) As folding proceeded =1 orientations progressively
rotated to higher angles to bedding while maintaining
the NW-SE trend. On stereograms this is identified by
a linear continuum of s1 orientations between bedding
parallel positions to the horizontal and likely
represents an incremental record of s1 orientations

during intermediate stages of folding (figure 253) .

3) Late stage folding is characterizied by subhorizontal
s1 orientations which occur at high angles to bedding
{eg. on limbs dipping greater than 50 degrees and
with interlimb angles less than 90 degrees).
This pattern is similar to that predicted from
dynamic models of buckling by Dieterich and Carter (19246%9)
and Dieterich (1970). Their models predict that when
layers of high viscosity céntrast are subjected to an
externally applied horizontal stress field, 51 on fold
iimbs will rotate with respect to ﬁedding during
buckling. Computer generated simulations (figure 26)»shaw

that S1 rotates out of a bedding parallel orientation



FIGURE 25. A MODEL FOR THE STRESS HISTORY OF FOLDING
AND DEVELOPMENT OF THE "S1 GAP": A)CROSS~
SECTION OF FOLD LIMBS SHOWING ROTATION OF
SIGMA 1 RELATIVE TO BEDDING, B) STEREOGRAM
SHOWING SIGMA 1 PATTERN AND RELATIVE TIMING,
) SFF-SITES 1 AND 2 COMBINED (SHORT LINE=
SIGMA 1, DOT=POLE TO BEDDING).
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FIGURE 26.

Pringipal Compressive Sirsss Directions

r

COMPUTER BENERATED S1 TRAJECTORIES DURING
PROGRESSIVE FOLDING OF LAYERS WITH HIGH
VISCOSITY CONTRAST (FROM DIETERICH AND
CARTER, 1969).
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into progressively steeper angles to bedding during
progressive folding until, for steeply dipping limbs, si
is oriented subperpendicular to bedding and

subhorizontal.

S1 TRENDS ORIENTED OBLIGUE TO FOLD HINGES AND THOSE

ORIENTED PARALLEL TO FOLD HINGES

Results

Much of the remaining dynamic data from the Green
Pond outlier does not appear to fit the simple model of
progressive folding just described. For example, most of
the other data indicate s1 orientations that are not
normal to fold hinges. Nonetheless, a number of other
field relations and patterns in the data indicate that
these data cannot be considered simply spurious results.
These other modes may record an important change in the
regional stress field which either occurred very late in
the fold history or post-dated folding.

First, as described earlier, two other s1 modal
trends occur in the data, N;S {eg. figure 27a) and NE-S5W
(eg. figure 27b). These two modal trends lie in a
continous range of sl trends between NW-SE and NE-SW. One
thing that is clear is that there is practically no

evidence for E-W trending compression in the Green Pond
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A B
N-S 'I;RENDING NE-SW TRENDING
N

Site 12

FIBURE 27.

SOME SITES WITH A LARGE SIGMA 1 POPULATION
TRENDING: A) N-5 (SITES 9,5,1, AND 3),
B) NE-SW (SITES 12,11,1, AND 3.



outlier. This absence, in and of itself, would be
difficult to explain if the other modes were simply
representing spurious or secondary fields during the main
folding event.

Secondly, sl orientations that are inconsistent with
the NW-SE trend are recorded by more than one—half of 2ll
the EVA data. This suggests that EVA record either
spacial variations in the orientations of s1 {(ie.
secondary stress fields) during the main folding event or
a unique period of obligue compression reflecting temporal
wvariations in the orientation of the regional stress
field.

Thirdly, several sites record incompatibilites of =1
trends in the same rock layer. This proximity of
incompatible s!1 trends can be seen between S5FF data and
EVA data where each has a unigue trend {(eg. site 12,
figures 20 and 21), and within the EVA data where a
variatidn, or at least two distinct trends, are recorded
by EVA {(eg. sites 1 and 3, figures 20 and 21). In
addition, pinnate EVA have been observed {site 3)
branching off of SFF with a geometry such that each
feature records a different sl orientation. The SFF
record a NW-SE trending s1 orientation while the pinnate
EVA record a range of sl orientations trending NW-SE to
NNW-SSE with a prominate NNW-SSE si trend. The fact that

nonparallel si trends occur in the same rock suggests that
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a temporal shift occurred in the stress field for those
rocks. In these cases cited, the features that record the
NW-SE trend apparently developed at a different time than
the features recording the other modal sl trends. Thus,
it appears that rotations occurred in the stress fields
with time. Do these rotations reflect local variations
only or do they reflect rotations in the regional stress
field? Arguments presented below suggest the latter
alternative.

Fourthly, at several sites throughout the Green Pond
outlier some curved fibers have been found on SFF that
indicate rotations in the local stress fields during
progressive SFF development {(plate 1). These fibers
consistently record a clockwise rotation in the sl trend
from NW-SE positions towards NNW-S5SE. Therefore, a
temporal clockwise rotation in the stress field did occur
at least locally.

A fifth point, is that a curvilinear continuum of si
plunges occurs at site 3 with NNW-SSE trends oriented
oblique to the NE-SW trending axial surface {note SE
guadrant of figure 28b). Could this be related to
progressive folding under an obligque stress field? One
would expect that folding within a horizontally applied
external stress field oriented obligue to hinge lines
would produce a curvilinear si distribution as shown in

figure 28a {(modeled using results from Disterich and
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RUARTZ FIBERS ON A SFF SURFACE (SITE #1).
TWO STABES OF DISPLACEMENT ARE INDICATED.
THE FIRST TRENDS NW AND THE LATER TRENDS

MORE NORTHERLY.

PLATE 1.
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FIGURE 28. A) CURVILINEAR S1 DISTRIBUTIONS MODELED BY
SUBJECTING A FOLD LIMB TO OBLIQUE HORIZONTAL
COMPRESSION DURING PROGRESSIVE FOLDING.

S1 "PATHS" ARE SHOWN FOR TWO ORIENTATIONS

OF OBLIQUE COMPRESSION (LINE=S1, CIRCLE=S3).

B) EVA-SITE 3; NNW-SSE TRENDING SIGMA 1 AND
SIGMA 3 "PATHS" COMPARE WITH THOSE IN THE MODEL.
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Carter, 1969). Therefore, at least a partial late stage
history of progressive folding within an oblique stress
field may have occurred in the main syncline .

Sixth, on the same fold just described a "cross"”
cleavage has been recognized for the first time in the
outlier. It covers at least 1 square kilometer in the
environs of Terrace Pond and has not yet been fully traced
nht. This cleavage crosses both limbs of the main
syncline and strikes N 85 E {(figure 29). Several EVA were
observed in the same region with s1 orientations normal to
cleavage (plate 2). Although cleavage records a finite
strain rather than the more or less instantaneous stress
represented by EVA and SFF the compatability of the
shortening direction {(ie. normal to cleavage) with the sl
direction from EVA in the same area suggests s mutual
relation in time. Both the cleavage and the EVA
independently support the interpretation that a noncoaxial
deformation occurred in the Green Pond outlier. The
dominant cleavage of the rocks in the Green Pond strike
roughly parallel to axial traces of the folds which trend
N 30 E - NS5 E. The cross cleavage strikes at a high
angle to the dominant structural trend and, hence,
reflects a clnékwise rotation in the finite shortening
direction. Thus the two cleavages may be used to argue
that noncoaxial de%ormaiinn affected the outlier and that,

more specifically, a clockwise rotation occurred in the
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FIGURE 29. POLES TO CROSS-CLEAVAGE (LARGE DOTS) AND BEDDINS
(SMALL DOTS) FROM SITES 1 AND 2 OF THE MAIN
SYNCLINE. NOTE THE DISCORDANCE OF TRENDS.
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PLATE 2. EVA ORIENTATIONS INDICATE MAXIMUM
COMPRESSION DIRECTED N-S AND NORMAL
TO CLEAVAGE CONSISTENT WITH COEVAL
DEVELOPMENT DURING A PERIOD OF

OBLIGUE COMPRESSION AND SHORTENING
{(SITE #1).
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bulk shortening strain during either the late stages of
folding or after it.

Lastly, a large number of EVA data record si
orientations with NE-SW trends. The timing of these EVA
relative to folding is uncertain, although, in one outcrop
the veins of an EVA with a NE-SW s1 trend cross—cuts
crystal fibers of and SFF with a NW-S5E s1 trend. This
suggests that hinge parallel compression post—dated-at
least some of the major folding. The mechanisms that led
to hinge parallel compression are also unclear. The EVA
formation may be related to the development of fold
terminations andlor‘to lengthwise buckling of folds.
Also, since sl trends are exactly parallel to the strike
of axial traces of the folds it seems reasonable to
suggest that significant folding of the outlier predated
and later controlled the development of these EVA. One
way to explain the data is to viéualize the Green Pond as
a serieé of cylindrical folds with layers of high
competency. These corrugated competent layers, could act
as a strong stress guide effectively rotating external
fields into parallelism with the fold axes. At present
the most reasonable interpretation is that when the fold
was responding to the oblique N-8 regional field, further
fntations locally occurred due to a contrel of the fold

structure.



85
Two—Stage Stress History Model

The dynamic data and field relations appear to
indicate that rotations in the stress field{(s) occurred at
least locally and that these rotations were consistently
clockwise from NW-5E towards N-5 (figure 30). In
addition, the two cleavage trends in the main syncline
strongly argues for two noncoaxial deformations. The
parallelism of eacﬁ of the inferred shortening directiané
with the two NW-S5SE and N-5 si1 modal trends supports their
correlation and ceollectively makes a strong case for two
'periods of noncoaxial deformation. The fact that N-8 si
trending data can be found from many ai¥ferent parts of
the outlier suggests that this noncoaxial history is
regional in scope. Therefore, it is concluded that a
two—-stage noncoaxial deformation history occurred in the
Breen Pond ocutlier involving a clockwise rotation of the
regional sress field and locally the finite axis of
shortening. The deformation history is envisioned as

follows:

Stage I: major folding was initiated under a semi-regional
compressive stress field oriented NW-SE {(and
subhorizontal) as recorded by both SFF and EVA. At this
{ime the dominant NE-SW trending folds and cleavage

developed.
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SHORTENING DIRECTIONS
FROM MESOSTRUCTURES

DEFORMATION SFF EVA CLEAVAGE
NW N NwW N NW N

STAGE [
(Major Folding)

a
STAGE Il @
(Late Folding ’
and/or

Post Folding)

FIGURE 30. SUMMARY OF NONCOAXIAL DEFORMATION RECORDED BY
STRUCTURES IN THE GREEN POND OUTLIER INDICATES
A CLOCKWISE ROTATION OF THE MAXIMUM SHORTENING
AND COMPRESSION DIRECTION FROM NW-SE TO ALMOST

N-S.
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Stage 1i: The semi-regicnal stress field rotated clockwise
to a nearly N-S direction. This direction was an
unfavorable orientation for slip on bedding surfaces such
that SFF development was reduced significantly and any
additional slip on bedding surfaces resulted in curved
fibers. Since EVA are less effected by rock anisotropies
{eg. bedding) these features continued to develop
throughout the period df oblique compression. Stage I1I
post—dated most folding but probably occurred during the
later stages of folding in the main syncline resulting in
the E-W trending cleavage and the distinctive NNW-55E to

N-S modal sl trends recorded by EVA.

TECTONIC MODEL FOR THE GREENPOND OUTLIER

Any model for the structural development of the Green
Pond must account for the noncoaxial deformation. Since
the stage 11 deformation is reccgnized for the first time
in the outlier no previous work explains this aspect. The
The model proposed for stage 11 deformation is one of -
oblique compression that induced strike-slip motion on
pre—existing fractures in the crystalline basement beneath
the Green Pond_ strata. Strike-slip motion on echelon
faults or irregular fault surfaces would have created
pull-apart basins that downdropped the Green Pond and at
the same time result in locally distributed compressional

deformation {(figure 31). This would provide a single



FAULT WITH
NORMAL SLIP
' COMPONENT

FIBGURE 31. THREE POSSIBLE MODELS OF STAGE 11 DEFORMATION
IN THE GREEN POND OUTLIER RELATED TO STRIKE-SLIFP
FAULTING DURING N-S DIRECTED COMPRESSION (E=

EXTENSION, C=COMPRESSION).
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mechanism to account for stage 11 deformation and the
numerous faults in the area.

The Green Pond outlier, an elongate sliver of folded
lower and middle Paleoczoic strata, was downdropped into
the surrounding FPrecambrian along at least three high
angle faults. These faults occur on the SE and NW borders
in New York which forms a graben {(Sanders et al., 1991,
p110). Downdropping also occurred along a fault in the
southeastern region which passes through a U.8. Military
Reservation (U.5.6.8 open file report). Although a
significant normal component of displacement apparently
occurred along each of these faults, it is possible,
though not known, that significant strike-slip components
occurred as well. At least two other uncharacterized
faults occur in the southern region. Previously (Ratcliff,
1980) it has been suggested that the downdropping occurred
during the Triassic rifting event. GSince little, if any,
data exist on the exact nature of these faults or their
time of movement this model is highly speculative. Since
the faults run almost exactly parallel to the fold axes
and to the dominant cleavage, a later normal faulting
event seems somewhat unsatiéfactory, unless of course it
involves reactivation of older basement faults. In either
case we might conclude that faulting played an important
role during folding of the Green Pond. In & region near

the state line the NW border fault may dip eastward at
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less than 40 degrees (Gunderson, oral compunication) which
raises the possibitiy that the downdropping occurred along
a pre—existing thrust. Furthermore, recent gravity data
collected across the Green Pond outlier (toskos, M.5) at
the northern end of Clinton Reservoir suggest that
basement and cover is juxtaposed along a high angle fault
located beneath the central anticline. This supports the
hypothesis that deformation in the cover rocks is, at
least in part, controlled by adjustments between basement
blocks. The model therefore would account for the obligue
deformation and the existing fault data without calling on
a later rifting event to explain the present structural
position of the outlier within the Precambrian highlands.
Much work is needed before this model can be considered
more than a speculation but it serves as a legitimate
alternative to previous models, as it accounts for the

oblique deformation.

TIMING OF DEFORMATION: ALLEGHENIAN?

Three major orogenic events are commonly thought to
have occurred in the central fAppalachians. They are the
Taconic {generally Middle to early Late Ordovician,
450-470 m.y.), the Acadian {(mostly Middle Devonian, but
inclgding Early Devonian, 360-400 m.y.), and Alleghenian

{(Pennsylvanian and {or) Permian, 230-280 m.y.) {(Drake,
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1980). Since the structural analysis of this study
occurred in Silurian and Devonian age rocks the Taconic
orogeny had no contribution to the deformation described.
The youngest rock affected by the deformation is Middle
’Bevonian in age, hence, records the Acadian orogeny and/or
the Alleghenian orogeny.

The Middle Devonian age is based largely on marine
fauna collected by Kummel and Weller (1202) and Willard
and Cleaves (1933) from the Bellvale Sandstone and
Marcellus Shale. @A partial list of index Brachiopods are

listed in table 3. Plant fossils have also been found
in the Bellvale Sandstone {Martin, 18713 Smock, 1884;
Prosser, 1892). Although a Middle Devonian age was
suggested, Devonian plant taxonomy was poorly understood
at the time and no recent workers in the region have
reinterpreted the assemblage in light of modern taxonomy.

The age of stzage I and stagé I1 deformations in the
Green Pond is uncertain. In New York an Acadian thermal
event is recorded in the Precambrian {(Bunderson, oral
communication) located near the NW border of the Green
Pond outlier. I1f Acadian deformation extended into the
Late Devonian then the outlier would have likely recorded
it. On the other hand , Acadian deformation may have
ended in the Middle Devonian at about the same time that
the Bellvale Sandstone and Skunnemunk Conglomerate were

being deposited. These two formations were part of a



TABLE 3. BRACHIOPODS OF MIDDLE DEVONIAN
AGE COLLECTED FROM THE LOWER
BELLVALE SANDSTONE AND THE
MARCELLUS SHALE BY KUMMEL AND
WELLER (1902) AND WILLARD AND
CLEAVES (1933).

Athyris spiriferoides
Camarotoechia sappho
Chonetes coronatus
Leiorhynchus laura

Spirifer audaculas
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prograding delita whose sediments were derived from an
uplifted terrane to the east presumably caused by the
Aeadian grogeny (Barnett, 1976). Conseuently, a Middle
Pevenian Acadian deformation in the Green Pond requires
the unlikely conditions of voluminous deposition (>1.5
KM), burial to at least one additional KM, lithification,
lpw-grade metamorphism, cleavage development, folding, and
thrusting during the Middle Devonian. Therefore, although
Acadian grogenesis may have occurred in the Green Pond
putlier, middle Devonian fold and thrust development
appears te be highly unlikely.

Northwest of the outlier noncoxial Alleghenian
struetural trends in Carboniferous rocks of eastern
Pepnsylvanian have been recently traced to the Valley and
Ridge of westernmost New Jersey (Geiser and Engelder,

1983), Also, deformation in the Valley and Ridge and

that in Carboniferous rocks to the west (ie. decollement
related fnidsg thrusts and cleavage involved in thin-skin
tectonies) (Drake, 1980). Similarly, The two—stage
nonceaxial structural trends in the Green Pond may
correspond to the two phases of Alleghenian deformation
further west and represent an easternmost trace of
Qi;gghgnign effects in New Jersey. Regional correlation

wauld previde evidence for wholly Alleghenian age fold and



thrust development in the Green Pond and is therefore

described in more detail in the following section.

P4
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RELATION TO CENTRAL APPALACHIANS

The previously described structures are developed
within an outlier of Silureo-Devonian strata within the
Highlands province {(Reading Prong) of the Central
Appalachians. As such, structures are not directly
traceable across intervening ranges of Precambrian
gneisses into equivalent and younger age strata of the
Valley and Ridge and Plateau provinces. Yet, certain
relations, especially with regards to the noncoaxial
nature of late Paleozoic deformation within the Highlands,
Valley and Ridge, and Plateau provinces strongly argues
for direct correlation. These relationships are described
below.

In the Alleghenian Plateau of eastern Psnnsylvanis
and‘southern New York two noncoaxial phases of Alleghenian
deformation appear to be well documented by Geiser and
Engeldef (1983) (figure 32,#1). The two phases correspond
to regional development of cross cutting folds {(figure 33)
and cleavage (figure 34). For example, the Lackawana
syncline in eastern Pennsylvania developed generally along
a NE-SW trend whose eastern limb was subsequently refolded
along E-W trends indicating a clockwise rotation of the
overall shortening direction. Since both deformations
folded middle Carboniferous rocks in the syncline the two

structural trends correspond to two stages of Alleghenian
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FIBURE 33.

Kilometers
] 100
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FOLD TRACES IN THE CENTRAL APPALACHIANS
(FRIMARILY AFTER GEISER AND ENGELDER.

1983, AND COHEE ET AL., 1976). DOTTED LINES=
LACKAWANA SYNCLINE AND GREENPOND “SYNCLINE".
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N
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FIGURE 34. CLEAVAGE TRENDS IN THE NORTHERN CENTRAL
APPALACHIANS (PRIMARILY AFTER GEISER AND
ENGELDER, 1983).
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deformation. Phase 1 structures of the "Lackawana phase"
are late Carboniferous or younger and phase II structures
of the "Main phase"” are early Permian or younger.

In the Green Pond ocutlier of northern New Jersey a
two—stage structural history is also apparent {(this study)
{(figure 32, #2) and may correlate with the "Lackawana" and
"Main" phases of deformation just described. Folding that
produced the main syncline in the Green Pond was initiated
along a NE-SW trend and is associated with a NE-SW
trending axial plane cleavage. The syncline was
subsequently affected by an E-W trending cleavage cutting
across the fold structure. This corresponds to a
clockwise rotation in the shortening direction. Also,
paleostress directions determined from numerous EVA and
8FF indicate compression directed NW-SE and N-S5 and a
probable clockwise rotation in the stress field. This
rotation is compatible with the two shortening directions
and suggests that a clockwise rotation in the regional
stress field caused the clockwise rotation in the
shortening axis. Since the two structural trends deform
Middle Devonian and older rocks the ages of deformation
may be Alleghenian and/or 1éte Acadian. In the light of
this uncertainty regional correlation of structures is
critical evidence for timing. Indeed the two structural
trends in the Green Pond ocutlier of New Jersey are

compatible with those of esastern Pennsylvania, both in
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orientations and relative timing, suggesting a probable
Alleghenian age for the two-stage history of the Green
Ponid.

If this correlation is real then Alleghenian
noncoaxial deformation is extrapolated well into the
Highlands province for the first time. O0Of course; the
credibility of such a correlation depends in part on
tfacing these two structural trends across the intervening
Precambrian ranges and Great Valley into the Valley and
Ridge. A detailed study of this problem is beyond the
scope of this work, however, several studies done by other
workers in the Great Valley and Valley and Ridge report
two noncoaxial structural trends considered to be
Alleghenian deformation. The locations of these studies
are indicated in figure 32 and some details of each are
summarized below.

In the Precambrianvof the Reading Prong thrust‘¥au1ts
which generaly strike NE-SW have been mapped in the area
of the New Jersey-Pennsylvania border south of the Green
Pond outlier (Drake, 1949). Also in this area, but along
the western margin of the Reading Prong (figure 32, #3),
allochthonous klippe of Precambrian lie in subhorizontal
‘thrust contact on top of Cambro-Ordovician rocks of the
Great Valley (Drake and Little, 1980). Gince many of
these thrust fzaulis cut across Taconic age folds in the

Cambro—Ordovician rocks the thrusts are thought to
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represent a late Paleozecic deformation and have been
interpreted as Alleghenian age structures (Drake and
Little, 1980). Their overall strike is NE-SW compatible
with the earlier phase of deformation but as of yet no E-W
trending structures compatible with the later "Main" phase
have been discovered in the Precambrian to my knowledge.
However evidence for this later phase does occur in the
adjacent Cambro-Ordovician rocks as described below.

In the Cambro—-Ordovician rocks of the Great Valley
three phases of folding and associated cleavage have been
recognized (Drake and Little, 1980) (figure 32, #3). The
first phase is related to nappe development during the
Taconic orogeny and resulted in ENE (N 60 E) trending
folds and slatey cleavage in the Martinsburg Formation
{Drake, 1978). The second and third folding phases
overprint the Taconic structures and are considered
noncoaxial phases of Alleghenian deformation (Drake, 19783
Drake and Little, 1980; Drake, 1980). OFf the latter two
folding phases the first developed in association with a
strain slip cleavage along a NE trend (N 40 E) and fold
hinges of the second and last phase trend nearly E (N 80
E) parallel toc a locally and poorly developed cleavage.
These orientations are compatible with those in the Green
Pond ocutlier and the Lackawana syncline. These structural
relations can be seen in the Paulins Kill Valley just east

of the Delaware Water Gap where a tectonic window into a
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Taconic nappe is framed by the Portland thrust. This
thrust is thought te be a major Alleghenian decollement
that was subsequently deformed by both N 40 E and N 80 E
sets of folds {(Drake, 1978). The folds of the last phase
{N 80 E) control, at least in part, the configuration of
the tectonic window {ie. a general E-W trend) both in the
Paulins Kill Valley and in other tectonic windows in the
same nappe exposed in this area (Drake, 1978). Thus, it
4appears that the second phase of Alleghenian deformation
extended eastward at least as far as‘the Great Valley.
Noncoaxial deformation is also evident west of the
Great Valley in the Valley and Ridge of New Jersey and
Pennsylvania. Here folds and cleavage in the
Siluro-Devonian rocks are dominately NE-SW trending. This
deformation is considered Alleghenian in age based on
similarity of structural style with younger rocks further
west (Drake, 1980) and is compatible with phase I
deformation. Evidence for a period of oblique compression
is the presence of small E-W trending folds north of the
Lehigh River in Pennsylvania (figure 32, #4) (Epstein and
Epstein, 196%9,figure 54), a nearly E-W trending cleavage
located in northwest New Jersey and in the Hudson Valley
of Mew York (figure 32, #1) {(Beiser and Engelder, 1983,
figure 3), and curvature of axial surfaces into ENE-WSW
trends in the Delaware Water Gap area of New Jersey and

Pennsylvania (figure 32, #5) {(Epstein, 1969). Also, the
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cross fold flexure that controlled, in part, the formation
" of the water gap (Epstein, 1969} may also have formed
during a period of obligue compression.

Finally, in figures 33 and 34, it appears that E-W
trending folds and cleavage have been reported across the
Pocono Plateau of eastern Pennsylvania and southern New
York (Beiser and Engelder, 1983) spanning the remaining
distance to the Lackawana syncline and completing the
regional traverse westward from the Green Pond outlier in
New Jersey. Along this traverse it has been shown that
noncoaxial structural trends (NE-SW and E-W) considered to
be phases of ﬁlleghénian deformations can be traced in a
discontinuous fashion from the Green Pond outlier across
the Great Valley, Valley and Ridge, and Focono Plateau to
the Carboniferous rocks of the Lackawana synciine where
the phases are clearly Alleghenian in age. Although only
NE-SW trending thrusts in the Reéding Prong have been
identified and considered Alleghenian in age, the cross
cleavage and EVA orientations in the Green Pond outlier
provide the first evidence of phase 11 deformation within
the Precambrian of the Highlands province. Indeed, based
on the regional correlation just described, it appears
that noncoaﬁial Alleghenian deformations extend eastward
'"911 into the Reading Prong of New Jersey. Furthermore,
the relative timing is consistent for all provinces with

the NE-SW trend being overprinted by the E-W trend and
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corresponding to a clockwise rotation in the finite
shortening direction from NW-SE to N-S. It should also be
noted that avaiiable dynamic information is compatible
with the kinematic information. Namely, cross joints and
conjugate wrench faults in Carboniferous rocks south of
the Lackawana syncline (figure 32, #6) are thought tco
jndicate a NW-SE compression (Nickelson, 1972} that
produced phase I structures {Beiser and Engelder, 1983}
and N-S striking joints to the north are thought to record
N-S compression during development of phase 11 structures
{Beiser and Engelder, 1983). This appears to correlate
with orientations aﬁd relative timing. of the compression
directions interpreted from dynamic data in the Green Pond
outlier (this study) suggesting that the Alleghenian
noncoaxial structural trends which record a clockwise
rotation in the regional finite strain for eastern
Pennsylvania and northern New Jefsey developed in response
to a cohtemporaneous clockwise rotation in the regional

stress field.
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AN INDENTOR MODEL FOR THE COLLISION OF
GONDWANALAND AND LAURASIA AND DEVELOPMENT

OF ZONES OF NONCOAXIAL DEFORMATION

Alleghenian deformations in the Central Appalachians
are thought to record the final convergence and suturing
of Gondwanaland and Laurasia in the late Paleozoic {(Lefort
and Van Der Voo, 1981). 7o understand the kinematics of
continent-continent collision it is useful to loock at a
modern day analeg such as the India-fAsia collision. The
kinematics of this collision has been modeled by
Tapponnier and Mpolnar (1976) , Molnar and Tapponnier
{1977), and Tapponnier et al. (198B2) as the consequence of
a rigid die ({India) indenting a plastic-rigid material
{Asia). This plane strain model incorporates slip-line
theory which predicts trajectories of maximum shear stress
{paralleling slip lines) as well as principal stress
tréjectories through the relatively plastic material {(eqg.
Asia) (Tapponnier and Molnar, 1974). The general pattern
of strike slip faults in Asia is strikingly similar to
that predicted by the model. This model has also been
applied to the Gondwanaland;Laurasia collision to explain
the distribution of major Carboniferous strike—-slip faults
in north Africa and North America {(Lefort and Van Der VYoo,
1981). Unfortunately, their model does not explain the

development of noncoaxial deformation recorded in eastern
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Pennsylvania and New Jersey as well as in other areas
{Mosher, 1983).

In addition to strike-slip faults, both the Himalayas
and the Appalachians have well developed fold and thrust
belts. These structures reflect a "thin-skinned” tectonic
response of a continent— margin orogenic zone during the
collisional process. Their development differs from the
response observed in experiments by Tapponnier et al.
(1982), in that, deformation is accomodated principally by
underthrusting of one collisional margin under the other
giving rise to a zone of thickened crust.

Assuming that {he mechanical processes necessary to
propogate the Appalachian fold and thrust belt do not vary
significantly around the New York promontory and
Pennsylvania reentrant, variations in space and time of
its development, should reasonably reflect variations in
space in time of underthrusting of the Laurasia craton
under Gondwanal and during collision. Superposition of
folds and cleavages in regions having undergone noncoaxial
Alleghenian deformation can likewise be used to test
various geometric and kinematic models for collision based
on a modified indentor model which allows for some
underthrusting.

Convergence of a rectilinear margin of Gondwanaland
with the North fAmerican margin would logically bring the

New York promontory into initial contact, and then as



107

deformation proceeded the reentrants would eventually make
contact. In order that a rectilinear margin adjust to fit
the North American margin significant deformation must
occur in the region of the promontory. As either the
promontory or Gondwanaland is deformed the contact zone
migrates into the reentrant. Deformation would continue on
the promontory but it would be expected to continually
reflect changes in margin geometry. Pfogressive
development of fit during contact between the two cratons
can logically explain the distribution in space and time
of noncoaxial défurmation. Figure 35 illustrates a =imple
three stage model tﬁat explains the development of
noncoaxial deformation chserved on the New York
prumontory.

Stage one (figure 35b): A rigid North American craton
makes initial contact with a relatively plastic
Gondwanaland at the New York prnﬁontcry. This results in
underthfusting and northwest directed fold and thrust
development in response to principally a NW directed
compression. This stage could haye produced the NE-SW
trending structures of phase I Alleghenian deformation.

Stage two (figure 35c): Vertical thickening of the
collisional zone in the promintory area builds progressive
kesistance to continued underthrusting due to gravity
forces. Internal deformation (along slip lines?) begins

to allow the Gondwanaland margin to change shape and to
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Suture?

N American Margin

Gondwanaland Margin g
Possible Suture —————
Structural Trend [V N
Wrench Fault ———
Slip Lines 22S
Compression >

Relative Plate Motion D

FIGURE 35. CONTINENT-CONTINENT COLLISION MODEL FOR
THE NEW YORK PROMONTORY AND PENNSYLVANIA
REENTRANT: A) CONVERGING CONTINENTAL
MARGINS OF GONDWANALAND AND LAURASIA,
B) INITIAL CONTACT ON LEADING EDGE OF
PROMONTORY MARGIN, C) SUBSEQRUENT CONTACT
ALONG THE PROMOTORY SIDE(S), D) CONTACT
AND OCEAN CLOSURE IN THE REENTRANT.
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move into the Pennsylvania embayment. This could have
involved moton along E-W trending right-lateral
strike-slip faults and have been coincident with northerly
directed fold and thrust development on the New York
promontory. Both faulting and folding would likely
reflect a corresponding clockwise rotation in the stress
field. This stage could have produced the E-W trending
structures of phase 11 Alleghenian deformation.
Consequently, it is suggested that deformation around the
promontory subsequent to initial contact with the African
craton produced the clockwise rotation in the stress field
and corresponding axes of shortening observed in the Green
Pond outlier and eastern Pennsylvania. The kinematics of
this deformation (stage 1I1) is considered analogous to the
development of fold and thrust belts that parallel wrench
faults along the India-Asia suture (figure 3éa).
Tapponnier and Mclnar (19768) note that the direction of
thrust Faulting {tnormal to wrench faults) that led to
crustal thickening in the Himalayas is approximately
parallel to the orientation of the compressive stress
predicted for the plastic material {(Asia) {(figure 34b).
The same India-Asia analog was used by BGeiser and Engelder
(1983) to exuplain Alleghenian deformations in eastern
Pennsylvania.

Stage three (figure 35d): fis the African craton makes

contact with the reentrant and margin adjustments cease to
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occur, deformation proceeds by underthrusting in the
reentrant as it first occurred on the promontory. This
could have produced the nearly N-S trending structures
soutﬁ of Pennsylvania (eg. the South Mountain
Anticlinorium, Cloos, 1950), which can be seen in figure
33.

This model is consistent with the regional geclogy in
three ways. First, major E-W striking right-lateral
strike-slip faults cross north Africa (eg. South Atlas
fault, Tizi n"Test fault) along which Gondwanaland is
thought to have converged into the North American craton
{Mattauer et al., 19725 Arthaud and Matte, 19775 Lefort
and Van Der Voo, 19813 Mosher, 1983). This is consistent
with stage two deformation mentioned above. Furthermore,
in a Permo-Triassic reconstruction Lefort and VYan Der Voo
{1981) (figure 37) suggest that this right~léteral fault
system extends westward‘across the African continenial
shelf and into the Pennsylvania reentrant where some E-W
trending right lateral strike-slip faults of possible’
Alleghenian age also have been reported (eg. Breesewocod
fault, Carbaugh—-Marsh Creek fault: Root, 19733 Root and
Hoskins, 1977).

Sécnhdly,cevidence from regional Appalachian geoclogy
supports the assumption that the North American craton
behaved more rigidly than the African craton during

continental collision. Major displacements (>50 KM)
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FIGURE 37. A MAJOR RIGHT-LATERAL WRENCH FAULT SYSTEM
ON A PERMO-TRIASSIC RECONSTRUCTION
(ADAPTED FROM VAN DER V0O, 1981).
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peccurred on individual faults in north Africa {(eg. South
Atlas fault) while displacements on the Pennsylvania
extension of this fault system was <4 KM (eg.
Carbaugh—Marsh Creek fault). Also, it is thought that the
Nor-th American cratonic margin has maintained its general
geometry since rift development in the late Precambrian to
Cambrian. This argument is based on geophysical
anomalies, the distribution of rift related volcanics
{Rankin, 1976), and on systematic variation in thicknesses
of Paleozoic sedimentary strata (Thomas, 1977). Thus, it
appears that during continent-continent collision the
development of the Valley and Ridge structural trends
mimicked the geometry of the pre—existing cratonic

margin. At the same time, the African craton appears to
have internaly deformed to accomodate the promontories and
reentrants of the North American cratonic margin. This
condition implies that rigid~indehtor models for
continent-continent collision must assume that the North
American craton acted as the rigid die in a manner
analogous to the Indian craton. The rigid indentor model
proposed is consistent with this ﬁgndition.

Thirdly, noncoaxial deformation of Alleghenian age
has been reported on every major promontory in the Central
and Southern Appalachians. This is a condition predicted
by the three—-stage model above. Figure 38 shows the

location of each promontory and gives references for
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Geiser and Engelder (1983)
This study (1984)

Wintsch (1983), (1984)
Dreier (1984)
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{?deformation age?)
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FIGURE 38. NONCOAXIAL STRUCTURAL TRENDS OF PROBABLE

°

ALLEGHENIAN AGE REPORTED ON PROMONTORIES

IN THE CENTRAL AND SOUTHZERM APPALACHIANS.
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. noncoaxial deformation at each. In each case crosscutting
structural trends indicate a rotation in the shortening
direction consistent with the three stage model. On the
Alabama promontory and in southern New England, the
noncoaxial deformetion occurred on the south facing sides
producing a clockwise rotation in‘the shortening direction
in a manner analogous to the model in figure 35. However,
it has been locally reported that a later third phase of
Alleghenian deformation caused an additional
counterclockwise rotation in the shortening direction
{(Tull, 1984; Mosher, 1983). This condition could occur on
promontories following ocean closure in neighboring
reentrants as stress trajectories are restored to a
uniform direction across the suture. According to the
rigid indentor model, stress trajectories along irregular
margins rotate out of uniformity during movement into
embayments prior to closure. Once closure and complete
suturing between cratons is established stress
trajectories should restore to a uniform direction
consistent with the late stage counterclockwise rotations
observed. The fact that a late stage counterclockwise
rotation is not reported in‘the New York promontory may
simply be because stress magnitudes were not restored to
levels sufficient to initiate a late phase of

deformation.
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CONCLUSIONS

Echelon vein arrays and slickenfiber faults a;e
semi—-brittle and brittle shear zones with known
displacement directions. Each records a relatively
instantanecus principal stress field at the time of its
formation. They have been used to approximate paleostress
directions during folding of the Siluro-Devonian strata of
the Green Pond ocutlier in northern New Jersey. SFF record
a strong NW-5E trending compression directed perpendicular
to the NE-S5W trend of major folds and dominant cleavage.
Results from EVA are more variable, ranging from NW-SE to
NE-SW with a strong‘regicnwide N-8 directed compression.
The development of those EVA which record compression
directed oblique to the dominate structural trend are
likely to correlate in time with the development of a
secqnd cleavage striking E-W. The two structural trends
combined with dynamic data leads one to conclude that a
two—stage noncoaxial deformation history occurred in the
Green Pond outlier of northern New Jersey.

Stage I represents the period of major fold and
cleavage development. During this stage the development of
numerous SFF and many EVA on fold limbs recorded a
progressive folding history as follows. First, when
¥olding began numerous SFF and EVA recorded layer paraliel
shortening with s1 lying in the bedding plane and ocriented

NW-SE. Progressive folding of fold limbs rotated these
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early features preserving their local parallelism to
bedding. Continued folding eventually developed new EVA
with their sl oriented at low angles to bedding. Finally
in the later stages of folding numerous EVA and SFF
developed with their s1 at high angles to bedding and
subhorizontal. The general order of these features fits
well with changing stress patterns predicted by various
models for the stress history of progressive folding. In
addition, the vertical sl recorded by SFF and EVA at
hinges fits these models.

Stage 11 deformation corresponds to the development
of numerous EVA which record compression trending NNW-N
parallel to the shortening direction of the cross
cleavage. The clockwise rotation of the stress field from
NW towards N produced curved fibers on SFF and resulted in
incompatible sl orientations of SFF and EVA in the same
rock. Numerous EVA record this stage of obligue
compression because their development, unlike SFF, is not
strongly controlled by pre-existing bedding surfaces.

The two stages of noncoaxial deformation in the Green
Pond correlates with two phases of Alleghenian deformation
on the Allegheny Plateau in eastern Pennsylvania where
northwest directed shortening {("Lackawana phase"”) was also
followed by north directed shortening {"Main phase”).
These two structural trends are also recorded in the

intervening Great Valley and Valley and Ridge of
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northwestern New Jersey. Thus, it is concluded that a
two-stage Alleghenian deformation history occurred in
northern New Jersey on the basis of regional correlation
of stfuctures.

Coaxial deformation is recorded in the Pennsylvania
reentrant indicating that the zone of noncoaxial
deformation is restricted to the New York promontory. This
is considered a natural conseguence of shortening along an
irregular and relatively rigid cratonic margin during
collision with Gondwanaland. As a tentative hypothesis
the following is proposed. When the New York promontory
made initial contact with the continental margin of
Gondwanaland the ME-S5W trending structures were formed
{stage 1) as a consequence of underthrusting of
Gondwanal and beneath Laurasia. As collision proceeded the
African craton internally deformed arcund the promontory
and into the Pennsylvania reentrant invelving, in part,
right—lateral motion on E-W trending wrench faults. This
produced the E-W trending stage II structures which
coincides with clockwise rotation of the stress field
recorded by the dynamic data in the Green Pond outlier.
Similar structural developmént has occurred in the fold
and thrust belt on the Indian cratonic margin as a
response to margin adjustments during continental
collision with Asia. This model may be useful, in a

general way, to explain the presence of Alleghenian age
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noncoaxial deformation that appears to exist on every
major promontory in the central and southern

Appalachians.
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