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ABSTRACT

Late tectonic extension faults and extension fractures
may form abundantly in steep liabs of detached anticlines. The
Devonian Brallier formation of the central Appalachians
is the unit that has undergone the greatest aamount of
extension faulting anmd fracturing, amsong Upper Ordovican to
Lover Mississippian units exposed and studied on the noCthwest
liab of the Wills Xountain anticline. Gravity data and analogy
vith exposures on the northvest limb of the Wills Mountain
anticline indicate that the Blackwater and Glady.
anticlines may also have thinned and fracturad Brallier on
their northwest liabs in the subsurface. Given the
underlying dark shale source and updip thickened shales as
a seal, these volumes may contain gas ian a fractured

reservoir.
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INTRODOCTION
Fracture is defiped by Dennis (1967) as a surface along
vhich loss of cohesion has taken place. Therefore, unless
the tera is restricted by use of a modifier or used in
conjun&tion vith the term fault, fracture a; used herein,
¥ill include faults, joints, and fissures. When used in
conjunction with the term fault, fracture is defined as a
surface along wvhich little or n§ slip has occurred
{joint or fissure). When used with a prefix, such as éxtension
L fracture, then the tera is restricted to those fracture
surfaces formed by bed-parallel extension, as defined and
characterized in the main text of this thesis.
!ﬂ- The purpose of thg thesis is to investigate a
particular class of bed-exteading brittle structures knowvn
L as extension faults and extension fractures. These foraed
[t" late during the growth of anticlines in the detached
tectonics characteristic of the central Appalachians. A
;fv specific goal of this investigation is to develop a
predictive tool for the subsurface locations of unusually
fractured rock in the Middle and Opper Dévonian clastic
(e sequence.
The field area investigated in this thesis vis
3 primarily the northwvest limb of the Wills Mountain
anticline, which extends through Penasylvania, Maryland,
West Virginia and Vvirginia. Other amap-scale anticlines

near the Wills Mountain anticline were examined, as well
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as localities in Penasylvania that expose outcrop-scale
kink folds or kink-bands ana vhich were suggested by Dr.
R« T. Paill (vritten coamunication, 1978). <Conclusioas
and speculations apply to these areas and to larger parts
of the ceantral Appalachians, chiefiy in West Virginia.

The thesis is coamposed primarily of four short
sanuscripts, each having separate title, authors an&
abstract, and each building on or extending the last. The
references and asknovledgesents are a cosbined list froa
all four manuscripts. There is a separate section
containing coanclusions based on the work reported in the
four manuscripts. Bach manuscript has been or will be
submitted for publicatioan.

Bach manuscript addresses the problem of predicting -
vhere the greatest amount of bed extemsion occurs. The
first manuscript introduces the concept of fold-related
brittle extansion structures. It presents a relative tiae
sequence for typical central Appalachian faulting and
associated fracturing, and describes general field
criteria for differentiating betveen earlier faults and
the later extension faults. This mahusc:ipt refines a
three stage model originally conceived by Dr. Williaam J.
Perry, Jr., of the U. S. Geological Survey, Restoa,

virginia. ~®Pield work was doane by all three authors, but

most of the sanuscript is based on a ters paper written by

—— .
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the senior author and his field work at Pinto, faryland.
The second asanuscript develops an approximate
mathematical model using measured values of horizontal
shortening to estimate the minisum bed dip at which
extension structures will occur. This informatioa plaqes
geographical constraints on areaé.vhich may be investigated
for gas-bearing porosity or permeability produced as
gxtension fractures or extension faults. The equatioﬁs in
this manuscript vere developed by Dr. Russell. L. Wheeler.
The third sanuscript concentrates on extension
faults, as described and defined in the first manuscript,
and represents the result of field investigations in Ehe
area delineated in the second manuscript. The third
manuscript describes the stratigraphic distribution of
extension faults in and near the Devonian clastic sequence
and especially rslates abundance of extension faults to
structural p&sition. It is alsoc concerned vith the
relationship betveen the extension faults and large
fold-related splay faults rising froa deeper detachsents.
The sanuscript estimates the contributiom of extensicn
faalting to anticlinal growth and estimates relative
amounts of extension in fold limbs so that liazbs may be
selected which are most likely to contain gas in fractured
reservoirs. The equations in the manuscript were derived

by Dr. Russell L. Wheeler.
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The fourth manuscript uses a kink-band model of fold
development to estimate the amount of extension in the
kink-band or in the more rotated liab of a kink fold. The
extension can occur as porosity and permeability producing
fractures or faults as described in .the first and third
manuscripts. The kink-band model of fold developaent is
probably the best explanatican for the observed geometric
form of major folds in the central Appalachians. Pield
criteria are given for differentiating between folds of
kink-band origin and those of buckling origin. The map
disfribution of gravity lovs is used to expiain the
distribution of extension faulting froa sanuascript three
in a kink fold nodel.'Drillinq areas are suggested for

fractured reservoirs.
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Three-Stage Model of Brittle Deformation in the Central Appalachians

Philip S. Berger!, William J. Perry, Jr.2, and Russell L. Wheeler?

ABSTRACT

Recent fieldwork in the central Appalachians shous
the applicability of a three-stage model of brittle
deformation. Distinct ainor structures fora at specific
times during overall horizontal shortening and sap-scale
folding. Stage I contraction faults shorten horizontal or
gently dipping beds and are closely associated with
vedging. Stage II uplimb thrust faults shortem folded beds
hingevard. Stage III extemsion faults and extension
fractﬁres lengthen steeply dipping to overturmned beds..
Oopening or shearing directions of fractures and
crosscutting relationships of faults, other fractures, and
stylolites allow distinction of the three stages. Stage
III nmay havé produced fracture porosity and permeability
on steep limbs of anticlines. We propose a three- stage
asodel of outcrop~scale fault and cther fracture

development for steeply dipping to overturned beds in

tpeparteent of Geology and Geography, West Vicginia
University, Morgantown, West Virginia 26506
2g0.S. Geological Survey, Reston, Virginia 22092

In press, SOUTHEASTERN GEOLOGY
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eastern West Virqiniavand adjécent areas. Less rotated
beds may show at least tvo of the stages. Kinematic
analysis of faults and other fractures allovs
differentiation of the three stages.
Structural Style
The central Appalachian foreland has many detached

apticlines but few outcropping major thrust faults. The
anticlines are interpreted as active features generated
nainlz by duplication of strata by rampiang of underlying
thrust faults, by splay faults, and by ductile flow of
sha le-rich intervals into anticlinal crests (Perry aand de
Witt, 1977, Perry, 1978, Wheeler, 1975). The synclines are
regarded as passive featuies resulting froam anticlinal
grovth in adjacent rocks, rather than froa active
downbuckling (Gwinn, 196u)Q

Ve da;l vith the sequence of outcrop-scale structures
that formed at specific times during overall
southeast-northwest hcrizontal shortening and vertical
extension. ¥e assume that each individual structure foramed
in an orientation that allowed it to accommodate soame of
that horizoantal shortening, or vertical extension, oOT
bothe.

The first-order anticlines (Nickelsen, 1963, p. 16)
of the western Valley and Ridge and the Allegheny Plateau

provinces formed predominantly by flexural slip folding
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(Faill, 1969), rather than by passive or flexural flow
folding (Gair, 1950). Interlayering of shales and
evaporites vith sandstones, siltstones or limestones
allows slip between units of low relative ductility. Stage
I structures form before folding, or early during folding,
vhen the angle between bedding and the maxiaum principal

compressive stress is less thaan about 10 degrees.

Experiments at room teamperature and confining pressures to

2000 bars (equivalent to about 6 kam in depth) suggest that
slip parallel to bedding is possible when the angle
between the maximus principal compressive stress and
bedding ranges froam 10 to 60 degrees (Price, 1967) . Stage
II structures fora in this range of limb dips (see below).
Stage IIT structures form in response to additional
horizontal shortening, late in or after folding, when
Steep limb dips preclude further slip parallel to bedding.
These strucfures fora when the angle between bedding and
the maxiamum principal coapressive stress exceeds about 60
degrees. These conclasions are reinforced by the
finite-eleaent derived stress-history of folding
(Dieterich and Carter, 1969).

Price (1967) described extension and contraction
structures from the Canadian Rocky Mountains using the
fault terminology of Norris (1958). We report the same

types of structures from the central Appalachians, placing
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themx in a relative tinme sequen&e and describing siample
field criteria for differentiating among stages.

STAGE I STRUCTORES.-—Cloos (1964) first recognized
and named the prefolding vedges coamon in the central
Appalachians. Wedges are the wedge-shaped ends of samall
fanlt blocks in vhich the bounding contraction fauléé
(Norris, 1958) fora angles of 30 degrees or less to
bedding. Examples provided by Cloos (1964, figs. 2, 3, 4
agd 6) involve briﬁtle layers (sandstone and limestone)
vhich have been "sheared, wedged, and telescoped together"®
in a more ductile msedium (shale). This process of
contraction faulting shortened the stratigraphic section
in a northvest-southeast direction and thickened it
perpendicular to bedding prior to or early during folding.
Such contraction faults can form dipping in either
direction (northwest or southeast).

Concerning the Canadian Rockies, Price (1967) writes
that if layering was planar and inclined at a lo¥ angle to
the saximua principal compressive stress, that stress®
trajectories would tend to parallel layecring, and
subsequent failure would take the form of contraction
faults acting to shorten layers. The resalting geometry
of brittle beds in a more ductile matrix is that of Cloos!'
wedges. Coapound vedges involving a series of brittle beds

vhich have been telescoped together are shown by Cloos
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(1964, £ig. 7) and Perry and de #itt (1977, fig. 10).
Price (1967) used the term contraction faults to irclude
all faults that produce a shortening in the plane of the
bedding, thus iacluding upliab tarust faults (see below).
In vedged beds later rotated to vertical by folding,
the bounding ¢ontraction faults record normal-fault
separation at a low angle to bedding. In cratonwvard-faciag
folds (asymmetric to the northvest in the Appalachians),
such stage I faults normally shovw a downlimb sense of
displacement (fig. 1). They did not form as normal faults
in their present orientation, because (1) the necessary
northvest-southeast horizontal exteasion is inconsistent
with central Appalachian structural style, and (2) their
formation in a contractional regize is indicated by drag
features and absence of associated extension features.
Prefolding fractures have been recognized in the
central Appalachians (Dean and Rulander, 1977). These
fractures may predate the contraction faults, because such
fractures are offset by these faults and by bed-parallel
compaction stylolites that are inferred to have formed )
under overburden stress equal to maxiaum principal
compressive stress, when bedding was horizontali.
Prefolding calcite-filled fractures can be recognized

if orientations of calcite fibers record shearing on the

fractures. If the fractures are rotated to their original
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Contraction fault (stage I) formed wedges prior
to folding: (a) prefolding attitude, (b) postfolding

attitude on northwest limb of west-facing anticline.

The angles between the bedding and fault planes and the

size of the associated fold are variable.
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(prefolding) orientations, the net growvwth direction of the
fibers should be about 30 degrees from the (horizontal)
saximua principal compressive stress.

STAGE IT STRUCTURES.--Stage II structures forned
during folding. They record relative reverse aovement
tovard the anticlinal hinée as part of the Appalachian
fold's internal adjustmeats to southeast-northvest
horizontal shortening, and to fold growth by flexural
mechanisms. Perry and de Qitt (1977) describe and define
uplinb thrust faults, the hanging walls of which move up
the limb of the anticline and ;way from the axis of the
adjacent syncline (figure 2). Similarly, Gair's (1950)
out-of-syncline thrusts, aﬁd‘gvinn's {1964) symmetrical
thrust faults are northwest- and southeast-dipping raverse
faults that resolve space problems in cores of anticlines.
In concentric folding, upwvard and invard motion on
anticlines"flanks. and flexural slip above ductile rocks,
thrust strut-like brittle beds of the limbs over passive
anticlinal crests wvhere flexural slip is inhibited. Perry
(1971) mapped southeast~dipping apparent normal faults at
a lov angle to bedding in vertical beds on the northvest
linb of the Wills Mountain anticline in Pendletoﬁ County,
West Virginia. He interprets these as originally
northwest-dipping upliab thrust faults (Perry, 1971,

1978), later rotated by continued growth and asymaetric
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development of the anticline. Rotated uplimb thrust
faults are also present on the nearly vertical northvest
limb of the Cacapon Mountain anticline in Maryland (Perry
and de witt, 1977. p. 32).

Stage II structures shorten beds and facilitate
anticlinal growth. Both can cccur contemporaneously in a
planar, asechanically anisotropic medium if net transport
is mostly toward the apnticlinal hinge. Soame rotation of
stage IT structures occurs if they fora early, at low liab
dips (Root, 1973). Uplimb thrusts also shov a vedge-like
geometry and may be difficult to distinguish from stage I
vedges. Upliab thrusts tend to cut many beds and die out
in shale flowage (Gair, 1950), folds (Gwinn, 1968), or bed
parallel slip (Price, 1964). Wedges tend to be small
because they represent the adjustzent to shortening of a
single or a few strut-like beds. Wedges éan shov a
dovnliab sense of displacement on northwest limbs of
anticlines. Upliab thrusts tend to cut more beds because
they represent adjustment to shortening of the entire
fold. Uplimb thrusts alvays show hingeward displaceaent
of the upper (or outer) fault block.

As uplimb thrust faults on lisbs steepen during growth
of the anticline, the normal stress across the thrust
surface and the resulting frictiom increase until the

fault locks (Gwinn, 1964). Purther tightaning of the
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anticline can produce another fault or faults on the
liabs. Continued groeth of the anticline, beyond that
vhich flexural slip is capable of relieving, causes onset
of stage III. '

STAGE III STRUCfURES-o-Staqe IIT structures begin to
form vhen beds rotate so far towards the vertical that the
effect of vertizal exteasion exceeds that of horizomtal
shortening. Further growth of the anticline can then qnly
occur by bed-parallel extension. Stages I and II both
involve bed-parallel contraction, and so can overlap in
tise. Because the change froa bed-parallel coatraction to
bed-parallel exteasiocn is a discrete évent, stages II and
IIT are unlikely to overlap, and their structures should
be readily distinguishable. Stage III structures are aost
easily recognizad on and are especially characteristic of
steeply dipping to overturned beds.

UOrriS (1958, 1964) defined extension faults as those
that resul; in elongation in the plane of the layering. He
reported extension faulting in otherwvise ductile beds
(carbhonaceous stales) dipping 10 to 25 degrees. Price
(19648, 1967), Perry (1971, 1978) and this paper describe
extension faults in brittle, steeply dipping beds. Norris
and Price noted that if the layering rotated externally in
the course of flexural-slip folding until it was at a high

angle to the maximum principal éouptessive stress, then
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the trajectories of that stress would tend to becocae
perpendicular to> the layering and subsequent brittle
failure would take the form of extension faults. This
rotation of the stress trajectories is shown by the
finite~element modelling of Dieterich and Carter (1969).
Price (1967) has found that exteasion faults tend to
intersect bedding at about 70 degrees.

Bxtension faults shéw net bed-parallel lengthening
unique in the kinematic history of a fold, thus allowving
easy recognition. Characteristically, extension faults
are low-angle, northvest- or southeast-dipping reverse
faults on steep or overturaed liambs (figpre 3). Exrension
fractures vhich shov bed-parallel lengthening and rorm
noraal to bedding are stage III structures. Extension
faults have not undergone a significant amount of later
rotation. If they formed prior to folding, they would have
foraed as high angle normal faults, vhich are inconsistent
vith Appalachian contractional deformation. Specifically,
extension faults cut contraction faults of stages I and II
(Perry, 1971, Perry and de Witt, 1977) and are therefore
later features. 1In extreme cases, map—-scale extension
faults can lead to overthrust west limbs of anticlirnes
(Dennison, written communication, 1978).

With the possible exception of some systematic

joints, stage III structures are the latest recognizeable
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effects of brittle, fold-related deformation in the
central Appalachians. Because they are least likely to be
filled by vein material or closed during later .
defornmation, they are a possible target for gas
exploration ia fracture& rocke.
Pield Applicatioas

Recent fieldwork has shown the applicability of our
three-stage model of brittle deformation in steeply
dipping beds in the central Appalachians. Nine exposures
of Ordovician through Mississippian lisestones,
sandstones, siltstomnes, and shales of West Virginia,

Maryland and Vvirginia have been interpreted in teras of

" the model to yield é-seqnénce of events consistent with

Appalachian structural style. Siip-senses of minor faults
are usually apparent and shovw either stage I contraction
faulting, stage II crestwvard slip, or stage III bed
parallel exiension, depending on the anglz2 between beds
and horizontal shortening when failure occurred.
Directions of fracture openings are ambiguous unless the
fractures are filled with fibrous calcits,

cut across compaction or tectoanic stylolites, or are
slickensided. Durney and Ramsay (1973) showed that crystal
fibers in calcite fracture-fillings track the directiom of
opening of the fracture. If the fracture opened by simple

dilatancy, then succesive orientations of incremental
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extension during fiber grovwth can be determined. If the
direction of fracture opening is parallel or at a small
angle to bedding, then the fracture is unequivocally a
stage III feature. Practures whose opening directions have

components of crestwvarcd shearing can be either stage I or

'stage II.

An exceilent exposure showing examples of all three
stages of brittle deformation is the cut in Silurian
limestones along the Baltimore and Ohio Railroad, om the
northvest flank of the Wills Mountain anticline at Pinto,
Allegany County, Maryland.
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Western Limit of Extension Practuring in West Vicginia
Philip S. Berger and Russell L. Wheeler
Departament of Geolagy and Geography

West virginia University

Morgantown, West Virginia 26506

Abstract: Extension fractures can extend beds and create

porosity; pecmeability or both wvhere dips on anticlipal liabs

are relatively steep (greater than 45 degrezes if thére is no
strain parallel to hinge lines). Siaple calculations and
reasonable assumptions permit the conclusion that
including the effect of hinge line parallel strain does
not significantly alter the minisum bed dip at which
extension fractures will open. Therefore the ainiaum
conditions necessary for extension fracture formation are
anlikely to occur west of Gwinn's (1964) high plateau,
vith the excéption of the Buzning Springs anticline, in
Wood apd Wirt Counties, West Virgiania, vhere liabvdips
reach a maximua of 68 degrees;
INTRODUCTION

Detachment faults in ductile beds are the priaary
mechanisa for map-scale deformation in the central
Appalachian allochthon, and specifically for the Valley
and Ridge and most of the Plateau provinces in West

Virginia (Gwinn, 1964; Rodgers, 1963). The location of the
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western limit of detachment in the central Appalachianms is
a matter of conjecture,'althouqh';t aay be signifiéant in
explaining the dist:ibution or oé¢currence of gas
production froa the Middle and Upper Devonian clastic
sequence (mostly shales). The purpose of this paper is to

deteraine the western liamit in ¥Vest Virginia of

detachaent-related fracture porosity and permeability formed

as folding rotates beds froa low limb dips, vhere they are
contracted, to high dips, vhere they are extended.
STROUCTURAL STYLE

The West Virginia allochthon has aany detached
anticlines but few outcropping major thrust faults. The
major anticlines are interpreted as active features
generated mainly by duplicaticn of strata by ramping of
underlying detachment faults, by splay faults, by kink
band folding, and by ductile flow of shale rich intervals
into anticlinal crests (Gwinn, 1964; Paill, 1969; Wheeler,
1975) . The major synclines are regarded as passive
features resulting from anticlinal growth in adjacent
rocks, rather than from active downbuckliang (Gwinn, 1964).

Locatioa of the western limit of allochthonous
anticlines involving the Devonian clastic sequence is
ambiguous, because the folds generally become less
distinctive towards the vest. Limb dips and closure

decrease westwvard. In some of the folds of central and
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wvestern West Virginia, such as the Arches Pork and Wolf
Sumait anticlines, closure is apparent below the Middle
and Upper Devonian clastic saquence, on the Middle
Devonian Onesquethas Group (Cardwell, 1973), but not above
the claétic sequence, on the Middle Mississippian
Gteenb:iet Group (Haught,. 1968): The liaestones,
sandstones, cherts, and thin shales of the Onesguethaw
Group and the underlying Oriskany Sandstome, Helderberg
Group, and Tonolovay Pormation coammonly form a single
stiff unit about 600 to 1000 feet (180 to 300 aeters)
thick (Cardvell and others, 1968) in the mechanical
stratigrapahy of West Virginia. 'If the folds in the.
Onesguethav are part of the allochthon, then a detachment

below the Silurian Tonoloway and the thick Devonian

clastic sequeace (2600 to 7800 feet; 800 to 2400 meters)

has absorbed the deformaticn by flow (Cardea, 1956) or
upper detachment (Dahlstrom, 1969%a). On the other hand,
somse folds show closure in the Mississippian Greenbrier
Group but not in the Devonian Oriskany Sandstone, froa
vhich ve infer that a detachaent is above the Oriskany arnd
probably in the ductile Middle Devonian black sha;es.
Perry and Wilson (1977) describe an example of this on the
Bann Mountain anticline.

We believe that extension fractures may form a

significant part of gas-bearing fracture porosity and
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permeability. Extension fractures that shov bed-parallel
extension are interpreted to be late tectoanic, formed when
folding beds rotated to such steep dips that the rocks
vere within the axteasioanal, rather than contractional
field of the strain ellipsoid (Berger, Perry and Wheeler,
8S. in review). These extensiocn fractures are unlikely to
be filled by vein material or closed by later deformation
and thus say produce gas. We atteapt to locate the

vestern limit of extension fracturing in the subsurface as
pact of a program to predict the location of aore highly
fractured rock for gas exploration.

In this paper we use the analytical and qraphicél
techniques of Raasay (1967) to determine the angle (8)
betvaen the X strain axis (the direction of greatest
lengthening: vertical) and the surface of no finite
longitudinal strain. The surface of no finite longitudinal
strain sarks the boundary between the contractional aand
extensional fields in the strain ellipsoid and its dip
inocreases vith the horizoatal contractional strain.
Assuaing that tha maxisua principal compressive stress and
the Z strain axis (direction cf greatest contraction) are
horizontal and perpendicular to strike (Perry, 1971), then
the ainimum bed dip at which extension fractures can open
is 90 - # degrees. Using published values of shortening or

values measured on publishked cross-sectioas, we calculate
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the critical (minimum) bed dip at vhich extension
fracturing will begin. Comparison of predicted values of
critical dips with observed or estimated values of liamb
dips or shortening im anticlines allows us to predict the
disttibution'of extension fracturing and related fracture
porosity and peraeability in West Virginia.
METHCDS

Ramsay (1967, p. 128) determined the equation for the
angle (@) between the surface of no finite longitudipal
strain and the X strain axié, assuming constant volume and

no hinge line parallel strain (eyq = 0)
o= zcos"hl l:’—.-‘—,-— (1)
o ’ . R : '
vhere 1L; = /7,,:

and L. =(ve) (= 1,2,3 (2)
Therefore to determine the minimum bed-dip at which
extension fractures vill begin to open for a given
anticline and its estimated shortening value, we need
vglues of 1, and 1,;.
}; measares length change rarallel to the X
(contractional) straimn axis. %2, Beasures length change
parallel to the hinge line of the fold (intermediate
strain axis: Y) and is assumed to be eqgual to 1. Z,
measures strain parallel to the Z (extemsional) strain
axis. 13is found by measuring the amount of shortening for

a given anticline by the sinuous bed or equal area method,
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after removal of synfolding cr pestfolding slip on faults
that changed bad Lenqth but did not rotate beds. We shall
regard folding of a stiff layer vithin a volume of softer

rock as grossly approximating overall homogenous

nonrotational strain. We assume that the volume of rock

containing the rotating stiff bed is not cut by thréuqh-
going detachaents and thus has not been deformed by shear
on or near the detachment. That assumption is reasonable
vithin a single anticline (Kulander, oral coamunication,
1978) . Then by *the sinuous bed method after restoration of
fault slip, the shortening strain is

e; = (1‘103/1' (3)

vhere 4,

the arc length of a stiff unit like the

Onesquethaw-Tonolowvay sequence, and

~
"

the linear distance between the two inflection
‘points of the anticline (the distance into
vhich 2, has shortened).

The sinuocas bed method is valid for stiff anits that
have buckled, kinked, cr faulted, but have not flowed
internally or pressure-dissolved. The values of
shortening in this paper are determined by the sinucus bed
methcd but are consistent with values determined by the
equal area sethod (Gvwinn, 1970), which does not assuse

that there has been no internal flovage or mass-resoving
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pressure solution.

OQur values of shortening need not include shortening
ty lager parallel penetrative strain (Bngelder and
Engelder, 1977) or by formaticn of pressure solution
cle&vage (Geiser, 1977), because most of this shortening
appears to have formed early, prior to folding (Geiser,
1970; Nickelsem, 1976, 1978; Berger, Perry and Wheeler,
®S. in review). ' >

1, can be calculated as fcllows. Por a unit sphere
deforming at constant volume to a strain ellipsoid

V (sphera) = Y37-3 = %A
V(ellipse) = 7w (1+e,) (1+e,) (1+ey)
Substituting equation (2) and setting V(sphere) equal *o
Vv (ellipsoid) |
r o= 72.2, (4)

Therefore to determine Z, ve need oaly Ay¢ Vhich vwe estimate

from shortening, and A,, which ve assume is equal to 1.

Therefore l
¢ = tcos” /[1* 3;.44): - !] )

(S
oo sty - (10 5]

If we take into account hinge line parallel strain,

then 1, vill be close to but nct equal to 1. We assume that* e,

vill be no more than #£10 percent of ey. This figure is

arbitrary but is probably in excess of the true value in
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most places, especially wvhere large folds are straight in
map view. There is no doubt that strain parallel to hinge
lines occurs. Tha existence of cross joints in folded
rocks demonstrates hinge line parallel extensioa, although
hinge line parallel contraction nay.be equally likely in
folded rocks. The arcuatae trends in parts of the central
Appalachians may help determine whether hinge line
parallel contraction or extension has occurred. Where the
Appalachians are converxr toward the craton, as in ceatral
Peansylvania, hinge line parallel extension may be sore
likely. Where the Appalachians are concave cratoavard, as
in southern West Virginia .and western Virginia, hinge line
parallel coatractiom is more likely.

Using our values of shortening, and ceasonable
estimates of 2, , the angle (g) between the vertical X
strain axis and the surface of no finite longitudinal
strain is determined graphically using a Mohr diagraa for
three-dimensional strain (Ramsay, 1967, p. 152). The
points along the line <« = 1 on the Mohr diagraa yield
values of points on the surface of no finite loagitudiaal
strain, in degrees froam the X and Y strain axes. These
valaes can be plotted in equal area projection to
deteraine the shape of the surface of no finite
longitudinal strain: conical with hinge line-parallel

strain, planar vwithout (Ramsay, 1967, fig. 4=21). The

PR
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aipimum bed dip at which extension fractures #ill open is
measured along the east-vest axis of the projection.
RESULTS |

.Table 1 lists the predicted bed dips at which
exteqsion fractures will begin to open for given values of
shortening and P 1. These values vere calcunlated using
equation (5) and are the co:pienents of the angles (¢)
between the X strain axis and the surface of no finite
longitudinal strain. Some of the predicted dips vere
checked by Mohr diagrams for three-dimensional strain.
With no change in length parallel to the hinge line, the
niniaugm bed dip at vhich extension fractures will begin to
open is 45 degrees. That finding is consisteant with the
results of finite-element modeling of viscous layers
{Dieterich and Carter, 1969), and other work suamarized
by Perry (1978, p. 524). Where there is t.1(e,) hinge line
parallel st:éin, the minimum bed dip at which extension
fractures will open does not differ significantly from the
values in Table 1.

Table 2 lists measurements of shortening for
anticlines in West Virginia, determined frona
cross—-sections by the sinuous bed method or from estimates
in the literature. With the exception of the Burning
Springs anticline, in Wood and ¥irt Counties, West

Virginia, no anticlines west of Gwinn's (1964) high
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TABLE 1
PERCENT SHORTENING
1%
2%
3%
4%
5%
10%
15%
20%
25%
30%
35%
40%
4s%

50%

1978 10

MINIMUM LIMNB DIP
45 degrees
85 degrees
U6 degrees
46 degrees
.46 degrees
48 degrees
50 degrees
51 degrees
53 degrees
55 degrees
57 degrees
59 degrees
61 degrees

63 degrees
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plateau, which have structural relief less than 300 feet
{90 meters), should show extension fracturing unless
faulting in the subsurface has created abnormally high
limb dips. Pault imbrication in the subsurface of the
Burning Springs anticline has caused dips as steep as 68
degrees (Shockey, 1954). The Arches Pork and Wolf Suamit
anticlines may also shov extension fracturing, since Gwinn
(1964) indicates that they have between 300 and 800 feet
(90 and 240 meters) of relief, intermediata between

anticlines of the high plateau and those of wvestern West
Virginia.
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Table 2.

Anticline
RELIEF GREATER
Burning Spgs.
Briery I*tne
Che;tnut Rdg.
dills ¥tn.

Browns M+tn.

RELIZF BETWEEN
7olf Suamit
Hirasm

Arches Fork

Rarfield
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Yaximun
Lisb
Location Shortening Dip

THAN 800 FEBET (240 METERS)

¥ood/Rirt.Co. 2% 68 degrees
- i

Preston Co. 6% 45 degrees

Monongalia Co. 3% 12 degrees

Pendleton Co.  20% overturned

Pocahontas Co. 16% overturned

300 and 800 PEET (90 and 240
Levwis Co. <1% 5
Harrison. Co. <1% <1
Doddridge Co. <1% <1
Logan Co. <1% <1

RELIEP LESS THAN 300 PEET (90 “ETERS)

d¥arn Xtn.

Payette Co. <1% <1

YETERS)
degrees
deygree
degree

dagree

degree

32

Source

Shockey (195 {.
Cérdea (1959)

Mitchell (19 ©
Perry (1971)
Kulander and

Dean (1972)

Milner (1968
Cardwell (1977
Cardvell (1973

Cardvwell (19

Perry and

¥ilson (1977
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Late-Tectonic Extension Paulting in the Central Appalachians
Philip S. Berger and Russell L. Wheeler
Departaent of Geology and Geography
West Virginia University

Morgantown, West Virginia 26506

Abstract: Exaamination of outcrops iA parts of the vestern
valley and Ridge and eastern Allegheay Plateau proviaces
of Maryland, Pennsylvania, Vvirginia and West Virginia
located 227 bed-extension faults of vhich 115 had
measurable separation at 24 stations. Previous work
shoved the faults formed late during folding vhen beds
vere steeply dipping, and not by early normal faulting
vhen beds vere horizontal. The distribution and asount of
extension faulting have implications bearing on tectonic
development and gas potential. Pirst, outcrop-size and
larger extension faults coantribute significantly to
anticlinal groswth in more brittle units vhen external
rotation steepens fold limbs. Second, stratigraphic
localization of extension faulting suggests that reported
thinning of brittle upits on steep limbs of anticlines may
be partly due to late~-tectonic extension faultiné, rather
than wholly to splay faults rising froa detachaent
surfaces. Third, measured values of bed=-parallel extension

for packets of especially brittle rocks indicate
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significant amounts of fracture potentially suitable for
gas reservoirs.
INTRODOCTION
The vestern Valley and Ridge and easternm Allegheny

Plateau provinces of Maryland and West Virginia are
characterized by anticlines with the greatest amounts of
structural reliaf within their respective provimces. In
the Valley and Ridge province, the Wills Mountain
anticline (Pig. u)'hAS approxiamately 4000 m of structural
relief (Perry, 197S). In the Plateau province, the Browns
Mountain anticlipe may have structural relief as great as
2500 to 3000 m (Kulander and Dean, 1972). The Elkins
Valley anticline also exposes vertical beds and may have
structural relief of alaost 3000 m (Rodgers, 1970).
Northvest liabs of these folds are steeply dipping and
locally overturned. Other eastern Plateau anticlines are
characterized by more steeply dipping rocks in the
subsurface than at the surface, at least to the level of
the Lower Devonian (Rodgers, 1970), and aay be asymmetric
vith more steeply dipping southeastern liabs at least to
the level of the Oriskany (Geinn, 1964).

‘The steeply dipping liabs of map-scale anticlines in
the central Appalachians are due primarily to external
rotation of stiff beds (maostly sandstones_and limestones)

during folding. The 3zap-scale folding is caused by
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stepvise westwvard rise (raaping) of detachment surfaces or
by splay faulting froa nearly horizontal detachment
surfaces (Rodgers, 1963; Gvinn, 1964). In most places in
the central Appalachians, the detachment surface or splay
fault does not reach the surface. As bed rotation and
accoapanying horizontal shorteaing and vertical extension
continued, anticlinal growvwth in stratigraphic units above
the detachsment involved‘flou of shaly sequences out of
anticlinal liabs and into crests (Wheeler, 1975) and
bed-parallel extension in steeply dipping to overturned
beds (Percty, 1971).

This study is based on outcrop exaaination of
bed-parallel extension structures, priasarily faults, vwhich
begin to form when beds rotate sufficiently tovard the
vertical that the effect of vertical extension exceeds
that of horizontal shortening. Extension faults can fora
at any bed orientation, depending on the attitude of the
local saximum principal cospressive stress (Norris, 1958,
1964) . Hovever in the cenfral Appalachians, analysis of
structural style and field investigation both indicate
that extension faults form when the dip of beds exceeds 45
degrees (Berger and Wheeler, in review), and mostly as
reverse faults, serving to thin the beds. Cloos and
Broedel {1943) and Root and Wilshusen (1977) described

faults with similar structural style in other parts of the
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central Appalachians. Perry and de Wittt (1977), Perry
(1978), and Berjer, Perry a;d Wheeler (in press) recoganize
these reverse faults as extension faults, analogous to
those described fros the Canmadian Rockies by Norris (1958,
1964) and Price (1964, 1967).

¥ith the possible exception of some systeamatic
joints, these extension faults are the latest recogmnized
effects of brittle but fold-related deformation in the
central Appalachians (Berger, Perry and Wheeler, in
press). Baecause they are formed late during deformation,
they are least likely to be filled by vein material or
closed during later deformatioan. If sufficieatly numerous
and extemsive they are an excellent targex for gas
exploration assuming the presence of a gas-bearing source
and reservoir seal. In particular, they may form
permeable fractured reservoirs in the Middle and Upger
Devonian clﬁstic-sequence. This paper atteapts to evaluate
that hypothesis.
PIELD METHODS

More than 100 large exposures of steeply dipping or
overturned beds vere exaamined in the wvestern Valley and
Ridge and eastern Allegheny Plateau provinces in parts of
Maryland, Penasylvania, Vvirginia and West Virginia (Pig.
4). Of these exposures, 24 were intersected by at least

one measurable axtemnsion fault. Each fault was identified
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Station

Location Map

8 Station Number
=~ State Boundary -
Anticline

50 mi
| |
50 km

Figure 4. ’Map showing majbr anticlines in the study area. Numbers show

locations of stations listed in Table 4.
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either by the senses of asymametry of associated drag folds
or by matching of beds across the fault. The following
were measured or calculated for each fault: vertical
saeparation, horizontal separation, dip separatioas,
bed-parallel extension (separation measurad parallel to
the beds, not defined by Dennis, 1972), and the thickness
of the packet of beds affected by the fault. Por each
statiom, the exposure length and thickness of each
stratigraphic unit present were measured. In exposures
with variable dip, omly beds dipping more than 45 degrees
vere included, because only there are exteasion faults
expected (Berger and Wheeler, in review).

At a fev places in the exposures, zoaes of en echelon
filled feather fractures with sigmoidal habit vere
presumed to mark incipient extension faults. The d.ip
separation wvas calculated as the saua of the zZzone-parallel
thicknesses of the fracture fillings and the other
separation values were calculated accordingly. Styles of
terminations of the fault surfaces were noted, as were
spatial r=alations to folds and to coatraction faulrs
(faults that shortened beds: WNorris, 1958, 1964).
STROCTURAL STILE

Perry (1971) recognized 31 extension faults on the
northvest liab of the Wills Mountain anticline in

Pendleton County, West Vvirginia. He (unpublished notes,
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1965-1967) found extension faults in the Silurian
Tuscarora quartzite, Bose Hill formation, Keefer
sandstone, Williamsport sandstone and Tonolovay limestone
and the Devonian Oriskany sandstone. Table 3 details the
number of extension faults recognized in our study.
Extension faults were found in msany of the same units in
the study area in vhich de witt and Dennison (1972) noted
ainor faulting and Perry (1971) noted minor exteasion
faults. BExtension faults vere found as well in other
units.

Outside the study area, Cloos and Broedel (1943,
their Plate 1) shov 27 extension faults in 180 a of
outcrop in the Hamilton Group near Harrisburg, .,
Pennsylvania. Not.all the reverse faults reported by
Cloos and Broedal (1943) are extension faults. Many are
fractures vith unmseasurable amounts of offset or are
conttaction‘faults. However, the nuaber and distribution
of faults and other fractures (843 fractures in 12
stations) led Cloos and Broedel (1943) to conclude that
reverse faults in steeply dipping beds ar= widespread and
characteristic of Appalachian folding (p. 1388).

Some extension faults occur singiy. Others ar=2
conjugate pairs with associated synthetic and antithetic
extension faults. Numerous other fractures wvere observed,

especially in the shaly parts of the Brallier Pormation,
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Table 3Jec.
COMULATIVE
NO. GF THICKNESS
NOQ. OP MEASURABLE OF SECTION:
EXTENSION EXT. COTCROPS V¥WITH PAULTS Pcd |
STRATIGRAPHIC UNIT PAOLTS PAULTS MEAS. EXT. FPAULTS OF SBCTI*!V
—_— —_— - -

Bississippian

Pocono Formaticn 9 4 : - 266 m 0.034
Devenian

Hamnpshire Formation 1 0 -— -—

Cheaung Group. 8 6 308 ﬁ 0.026

Brallier Formaticn 104 u{ 1251 = 0.063

Hillﬁoto Formation 1 ‘1 7S m 0.01

Marcellus Forraticn 4 0 - --
Silurian

Tonoloway Form?ticn 35 24 200 = 0.175

¥ills Creek Porumation 1 1 159 a 0.006

Bloomsburg Pormation 7 p 98 a 0.078

8ckenzie Pormaticn 27 17 148 = 0.182

Rochester Shale 14 14 139 o 0.101

Keefer Sandstone 2 1 6 a 0.3

Rose Hill Pormaticao 8 2 71 n 0.6

Tuscarora Porasation 7 4 82 n 0.08
Ordovician

Juniata Formatico 3 2 80 = 0.08

115

Total 227
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many vith slickenside, slickenline, or apparent dip
orientations similar to those of nearby extension faults
but not showing drag foldiag or matchable beds. The number
of extension faults recognized, as well as the numerous
undifferentiated fractures, indicates to ns.that extgcsion
faults are an important and little recognized coaponent
of, and are indeed characteristic of, certain
stratigraphic units where those units are rotated to steep
dips. Thas field observations indicate that in the
Devonian clastic sequence, the Brallier Pormation may forn
unusually many extension faults vhen bed dips increase
into the extensional field.

Pield observations indicate that the extension’fauits

may terminate against each other, or against a thick bed

of siltstone or limestone. In some places the thick bed is

broken by a fracture zone aloag the continuation of the
extension fault, and the fractures may shov small amounts
of slip. An extension fault may die out as a single fault
or by distributing its slip among several splays in
shales. At many places the extension faults curve upwards
or dovwnwards into surfaces of bedding-plane slip (Price,
1964) .

Bxtension faults may fors and have been recognized
on limbs of folds ranging in size from typical

outcrop-scale to map-scale. Therefore they represent a
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common response to the local maximuam priacipal compressive
stress, which tends to be roughly parallel to beds until
dips reach 45 to 60 degrees, and then tends to be
perpendicular to the beds (Diseterich and Carter, 1969).
Previous vorkers have shown that most exteansioa faults
fora at high angles to beds, although they can form at
lovwer angle (Norris, 1958; Price, 1967; Perry, 1971).

Price (1964) writes that in less steeply dipping beds
in the Capadian Rockies, extension faults tend to shov a
uniform dip direction and coamonly begin and terainate in
a bedding-plane slip surface. With increased bed rotation,
he noted that exteasion faults form conjugate-sets. We
have not found this to be generally true in the central
Appalachians. An extension fault that te:;inates in a
bedding~plane slip surface may be part of a conjugate set
of exteusiog faults. Overturned beds in the central
Appalachians shov both single faults and conjugate sats of
extension faults.

Because some extension faults are found to begia or
terminate in bedding planes, earlier flexural slip folding
may still have been active at the time of exteamsion
faulting. 7e propose that extension faulting can occur
during flexural-slip folding if the contacts within a
packet of beds becose locked, perhaps around samall folds,

so that the shear streangth at a bed contact axceeds the
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tensile strength of the bed or beds. The slip surface amay
then cut across the locked beds, forming an extension
fault. Some subsequent external rotation of those
extension faults by further folding is likely (Price,
1964), especially where beds are nov overturned.

Other extension structures found include boudinage of
thin siltstone or limestone beds, abundant lenticular
extension fractures oriented roughly perpendicular to
bedding, and three normal faults of small displaceament.
There is a strong positive association between exposed
fault length and aasount of dip separation (for 119
observations, Spearman's correlation coefficint (Siegel,
1956) gives a significanée level of ;0001.

RESULTS

Table 4 summarizes the results of our field
investigations for the 24 stations that shovwed measurable
separation. Below, we suggest that useful conclusions of
regional applicability can be reached by extrapolatiag our
data into the subsurface. Inferences about fold grovth and
tectonic thinning of the limbs can be made frosm
compilation of the vertical and horizontal separation
data, respectively. Estimates of gas potential are basad
on the amcunt of bed parallel extension.

It must be emphasized that measurements reportad

here are ainimum values. Only definite extension faults
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Table &,
STATINN N0. AND ¥ARE |94 | T/ | 4
1 Pisco, N4 27. 0% 1.6% J0.0%
2 doodmont, 1d 2.9% Q. 4% 3.7%
3 La Vale, a4 8.08 3.5% .0%
& FKatverman's "not, ¥V ag, 0% 9.1% ta_,us
5 Parsons, ¥V - 2. 6% 1.5% 3.6%
6 Uhite Sulfur Springs, Vv 40.0% G. 1% 1s.4%
7 Judy Gapws, ¥V <. 1% 0.2% ~=—w~
3 2ydec Gap, 71 23.08 3.7%  25.0%
9 Cedar Cliffs, nd 1.0% 0.6% 1.3%
16 Mowe Hill, 2d 0.5% 0.2% 3.2%
17 Teeter Raollow, V¥V . <. 12 0. 1% <. 1%
12 Saowy Rt. Rd.-a, V¥ 2.0% 0.a% 2.4%
13 Snowy At. R4.-b, ¥ 1.0% 2.9% 2. 1%
18 Serawy Me. Pd.-c, WV .08 t.9% 2.3%
15 Huntersville, WV 9.1% <. 1% J.8%
16 e, 19, v 3. u% <. 1% N.6%
17 Yigoehaha Spciags, #V 0.5% 0.3% N.4%
18 I-b4=~a, ¥V .1% 0,18 <.1%
19 I-68-H, WV <o 1% 0.2% <. 1t
20 ®octh Pork Gap, v 0.2% 0.3% <. 1%
21 Saolf Caap Pusn, Pa <. 1% 0, 1% <. 1%
22 *artia 2<., 14 <. 1% 0.12% <o 1%
23 Raacock, a4 <. 1% a. 1% <. 1%
28 Judy Gap=d, IV 31.0% 1.1 3a.3%

N¥ lisb, vills 2t. ant,

¥¥ liad, Cacspaa vt, ant,

N¥ liak, Uills At. ant.

¥¢ liab, Vvills ATt. ant.

axial ceqios, Dee: Park aat.
N¥ lieb, Brovas A=. ant, -
N¥ list, wills 8t. aumt.

¥é¢ liaz, 9ills 8c. ant.

SE liso, ¥Wills Bt. ast.

SE lisbk, Wills At. ant.

N® lizo, #ills at. ant.

N® liwet, 9ills 8t. anc.

¥4 lier, ¥ills Re. anec.

N¥ lisb, 9ills %tt. ance,

N9 lim=b, 3rovas %t. ane.
axial cagiot, 5rowans Yt. .wnc=.
S? lish, =rc~wvns T, aat.

SZ list, 9rcvns At. apt.
axial tegine, Browas At, aat.
29 lieb, dills 2z, aae.

F¥ limb, 9ills %t. aat.

N9 lisb, Pateerson CXx. it. ant.
S2 lisb, Cacapom 1t. aat.

¥¢ limb, Wills %, ant.

T L L L L L T —m——

STRATIGRPAPRIC ONITS (L

Fose Mill/Keyss -
Xahbaatanqo/dralliet
%ahip*aneo/Masr-h
Bralliec v
Cheasng
Chenang/Pocong
Tosolovay
3rallier/Chesury
8locasburg/nc® ;
Pose fill/ncken.ie
Fochester
Fochesster/Kaef
fochester/Keefer
Eachestec/Nee?!
Blooasbury
Tuscaroca
Janiata/“uscar 2
drallier
Jacrell/3raille=
Tiscarora
Yakantan3yo/Mrallis
Torolowvay
8loossburyg

scallier

2 = anticlinel growth; T = tectonic thiaming; P = asount of extension; B = structural celief
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vere measured. All measurements vere taken in 2 to 3 o
high strips aloang the accessible basal segments of
exposures. The larger the displacesent along the fault the
less the chance of aatching beds across the fault. The
extrapolations into the subsurface could be maxiaum values
because they assuse the sanze intensity of faulting

throughout the vertical extent of the fold liab as that

. measured in our selected exposure. Hovever, because it

seess unlikely that the present arosion level
preferentially exposes unusually extended rocks, the true
values may approach our extrapolated values. Thus the
results reported here are conservative (minimum) but
probably roughly accurate values for ﬁhe amount of fold
growth by extension faulting.
POLD GROWTH

The major anticlines of the central Appalachians are
active struétures generated mainly by duplication of
strata by ramping of underlying detachment faults, by
splay faulting, and by ductile flow of shale or evaporite
sequences into anticlinal crests (Gwinn, 1964; Faill,
1969; Wheeler, 1975). The major synclines are passive
structures resulting froam anticlinal grovwth in adjacent
rocks, rather than frem active dovnbuckling (Gwian, 1964).
We propose that extension faulting late during folding

provides an important contribution to anticlinal growth.
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At sStation 1, near Pinto, Maryland on the northvest

limb of the Wills Mountain anticline (Pig. 4, Table 4),

the aamount of growth by bed-parallel extension may be as

mach as 27% of the entire structural relief of the foli.

This value is based on data from a single exposure on the

liab of the anticline and is extrapolated into the

subsurface by

E = V(BPT/ET) (R/2.5) (1)

where

E = the amount of anticline growth by exteasion,
in meters,

Vv = the sum of the amounts of vertical separation
of measured exteasion faults,

BPT = the sua of the thicknesses of the packets
of beds containing the extension

faults,

ET = the present (post-extension) length of

the exposure aeasured perperndicular
to beddinig,
B = the structural relief of the anticline, aand
2.5 = the height of accessible exposure

in meters.

BEstimates of structural relief are: Wills Mountain

anticline - 4000 a (Perry, 1971), Browns Mountain

anticline - 3000 » (Kulander and Dean, 1972), Deer Park

anticline,

3000 a» (Gwinn, 1964), Cacapon Mountain
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anticlipe - 4000 a (Perry and de Witet, 1977), and
Patterson Creek Mountain anticlinme - 2500 a (Cardwell,
1975). The amount of structural relief of the Wills
Mountain anticline in Maryland and Pennsylvanii is equal
to or greater than the amount measured by Perry (1971) in
Pendleton County, West Virginia, because although the
anticline appears to lose structural relief northeastward
into Maryland (Cardwell and others, 1968), that is

compensated by increasing depths to basement from

- southvest to northeast along the strike of the Wills

Mountain anticline (Kulander and Dean, 1978).

Using equation (1), values of E have been determined
for each station in which extension fdultinq vas |
measurable. Similar results have been obtained by Cloos
and Broedel (1943), using a siailar method of
extrapolation.’ They estimated that the reverse faults
contribute 10% to the structural relief of the anticline
they studied. Table U4 lists our percentages of anticline
growth by extension. The contribation of extemsion to
fold growth is significant in many exposures, especially
considering that extension does not begin until late in
folding when the limbs are steeply dipping and the fold
say have already attained considerable relief. The
videspread stratigraphic and geographic distribution of

extension faults in steeply dipping beds (Tables 3 and 4,
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Pig. 4) supports our suggestion that our results have
regional applicability.
TECTORIC THINNING

Tectonic thinaning of measured stratigraphic sequences
has been reported in the study area (Deanison and Haeqele,
1963; Denniscn, Travis and Perguson, 1966; de Witt andw
Dennisomn, 1972; de Witt, 1974) and vas used as a guide by
us in locating axposures that have undergone extemsion
faulting. We hoped to be able‘to recognize eanough
extansion faults to account for a large proportion of the
tectonic thinning. The amocunt of tectonic thinming (T) is
determsined using equation (2) |
T = H/ET (2)

vhere i = the sum of the amounts of horizontal

separation of measured extension faults.

At stationlu, near Ketterman's Knob, Pendleton County,
West Virginia (Pig. 4, Table 4), Dennison and Naegele
(1963) report that approximately 60 a of the Brallier
formation is absent (about 25% tectonic thianing). Outcrop
examination at Station 4 indicates a aminimua of .1%
tectonic thinning by extension faulting. Here Dennison and
Naegele (1963) write that tectonic thinning was probably
accoaplished by ainor faulting within a fault zZone in the
Brallier Pormsation.

To the north along strike, Dennison, Travis and
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Figure 5. Contrasting models of tectonic thinning by faulting on the northwest limb of the Wi
Mountain anticline. No vertical exaggeration. A. Splay fault interpretation modifi
from Dennison and Naegele (1963). Dennison and others (1966)and de Witt and Denniso
(1972). B. Extension fault interpretation modified from Perry (1971). Dashed lines
decollement or splay faults. Short solid lines in upper left of sect.B are extensi
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Perguson (1966) infer the presence of four major fault
Zones in the Brallier Pormation (Kittlelick, Dawson,
Cresaptovn [station 3], and Hyndman [station 21] faults)
lacgely frow geomorphic evidence of a narrow strike
valley, but also froa measured stratigraphic sections.
Dennison, Travis and Perguson (1966) infer that these
fault 2zomes are splay faults rising from a deep
detachaent, probably located in the Ordovician Reedsville
Formation. De Witt (1974 and written coununicatibn, 1978)
proposes on the basis of seismic data that the Hyndaan
fault is a large splay fault with associated extansio;
faults in the fault zZone, particularly in the vicinity of
the village of Hyndman. '

. We believe that the tectonic thinning reported by
Dennison and Naegele at our stations 3 (La Vale) and 4
(Ketterman's Knob) was accoaplished more by small and
negiun size late tectonic extension faults than by the
single splay faults envisioned by Denpison and Naegele
(1963) and de ¥Witt and Dennisoa (1972) (Pig. 5). Our
arguments are three. First, all four inferred splay faults
crop out in and thin the Brallier FPormsation., This requires
a fortuitous coincidence of erosionm level with the
intersection of the Brallier Pormation and the fault

surface and aust occur for all four faults. If a fault is

a splay and thus not confined to the Brallier, then it is
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about equally likely to crop out stratigraphically above,
within, or beloe that uait. Second, as showva in Table 3,
the Brallier Pormation shovs sore extension faults than
does any other Devonian unit examined. Third, as noted
above under -"Pield Methods™, the Brallier contains more
sinor faults, sany unclassifiable, than does any other
unit examined. We suggest a sinplér explanation that the
Brallier Pormation localizes extension faulting in our
study area (Pig. 5). These small extension faults may not
descend to the detachnment in the Reedsville Pormation, but
could have considet;ble slip. Perry (1971) has recognized
a map-scale extansion-like fault on the Wills Mouantain
anticline (see also de Witt, 1974).

We suggest that the Dawsoa thrust of Dennison and
Naegele (1963) and de Witt and Dennison (1972) is a large
extension fault‘because ve observed few ainor extension
faolts in ghe oatcrop belt of the fault zone (station 21
and in exposures near station 1).

The thinning in the Hyndman fault zone is more likely
to be due to splay faulting than to the associated
extension faults (de Witt, written coamunication, 1978) oan
the basis of confideantial seismic data available to de
Vitt. Hovever, the thinning mapped at the surface (de
Witt, 1974) may not be clearly connected vith the splay

fault observed on the seisaic section at depth because
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poor reflections are usually received in such areas of
steep dips.

The Kittlelick fault is thqught to be a fault zone by
Dennison, Travis and Perguson (1966). We agree bat
suggest that the thinning along the Kittlelick fault is
due to a zone of extension faulting similar to the zome of
rnumerous extension faults observed along the Cresaptown
fault and near Ketterman's Knob. We also suggest that
thinning of stratigraphic units adjacent to the Ki+ttlelick
and Hyndman faults as reported by Dennison and others
(1966) and de Witt and Dennison (1972) may alsc be Que in
pacrt to extaeansion faulting as well as to branches tfroa
splay faults.

PERCENT EXTENSION
Maxisum possible amount of extension due to faulting
(PF) is estimated by

F

il

BPE (BPT/ET) (R/2.5) (3)
vhere BPE = the sum of the amcunts of bed-parallel
extension of measured extension faults.
The value (P) is the amount of extension for a limb of a
fold based on extrapolation of measured values of
bed-parallel extension. The greater the (F) value the
greater the possibility of a fold being suitable for gas
in fractured reservoirs. This estimate is a maximus

because the extension is generated as beds are faulted
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apart in directions parallel to bedding but the resultant
voids are siaultaneously reduced by tectonic thinning.

As. shown in Table 4, the (P) value due to
bed-parallel extension on the Wills Mountain anticline caa
be locally almost 35% of total structural relief. We have
noted that extension faults are alvays associated with
extension fractures. We suggest that qualitative
estimates of th2 relative amounts of fracture porosity and
permeability in the subsurface can be made by coaparison
of bed-parallel extension values (P).

Murray (1968) obtained a value of .05 percent
fracture porosity from a geometric analysis of bed
curvature in a producing field with very lowv primsary
porosity. #We believe there cccur zones or patches of
concentrated fracture porosity, or peraeability, or both,
depending on the response of a particular stratigraphic
unit to the local maximuam principal comprassive stress.
Where many small measurable faults extend the beds, rather
than one or a few larger unameasurable extension faults,
then our data will show a higher percent extemnsion. Along
the Allegheny Front in southern Pennsylvania, Maryland and
northern #est Virginmia (Dennison and Naegele, 1963), these
faulted zones vary in intensity northeast and southwest
along strike of the Brallier Pormation. It is also

possible that faulted zoces vary vertically throughoat the
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lisb in the subsurface. uore'detgiled stratigraphic work
is necessary before drilling targets can be selected.
However, estimates of tectoanic thianing by Dennison and
Naegele (1962), Dennison and others (1966), and de Witt
and Deanison (1972), values in our Table 3, and the
abundant unclassified fractures cbserved in the shaly
parts of the Brallier Pormation all suggest to us that the
Brallier may be the maost highly exteasion-fractaured and
-faulted unit in the subsurface.

‘Extension faulting is usually restricted to a
relatively brittle bed or beds bounded by mo;e ductile
shaly beds. Thick-bedded brittle units do not shov vell
developed extension faﬁlts, nor do ductile black shales
that we examined. Results consistent with these statements
have been obtained in experimental work (Griggs and
dandin, 1959). We suggest that the 0.3 to 0.7 = thick,
shale-bounded siltstones near the base of the Brallier
Pormation would be the most likely candidates for
production coatrolled by extemsicn faults. They may be
thé equivaleat of the Sycamore sandstone or siltstone
(Patchen, 1977), a unit recogmnized ounly in th2 subsurface
of central West Virginia and which produces saall amounts
of gas.

Any patchy distribution of tectonic thinming may be

due to the presance or absence of lubrication between beds
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(see Reches and Johnson, 1976). #Where the bed packets are
anlubricated, taey may lock and fail by axtension, as
described above. +Where they are lubricated, they say
undergo flexural slip vithout extension. The type and
distribution of lubrication is beyond the scope of this
paper. Alternatively, there exists the possibility that
the zones of intense extension fracturing and axtension
faulting msay be due to the presence of a nearby large
splay fault.

GAS POTENTIAL .

Any potential fractured reservoir vhose porosity and
permeability ara partly or wholly due to extensioa
fracturing would'be located in folds of the eas&ern or
#igh Plateau (Gwinm, 1964) or Yalley and Ridge province
vhere dips greater than 45 degrees allov extension
fracture formation (Berger and Wheeler, as. in review).
If the Brallier Pormation is selected as the target gas
bearing formation, then the Glady, Hortoa, Blackwater and
Deer Park anticlines would be the best potential sites in
the High Plateau because the Brallier is not exposed but
is present at shallow depths and may contain steeply
dipping beds. 1In the Valley and Ridge province the
Broadtop synclinorium also offers steeply dipping Brallier
Pormation in subsurface anticlines (Jacobeen and Kanes,

1974). If the source of gas in the Brallier is the
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underlyinq dark, kerogen-rich shales, then the priae
drilling tacgets would be off the crests of the aaticlines
on the steep, extended linps; Drilling targets on the
liabs have not been adequately tested in the past (R.
Shumaker, oral commuication, 1978). Here thinned, staeply
}ippinq, axtendad Brallier rocks may overlie dark shales
thinned by flowage toward cores of detached anticlines
that grev over iabricated stacks of Oriskaany Sandstone and
older rocks. The presence of gravity lows near the crests
of anticlines indicates shale flowage (Xulander and Dean,
1978)
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BExtension in Kink-Bands and on the Limbs of Kink Polds
Philip S. Berger and Russell L. ¥%heeler
Departaent of Geology and Geography
West Virginia University

Morjantovn, West Virginia 26506

ABSTRACT: Beds in kink=-bands can underqo bed-parallel
extension vhen the angle between the kxink surface and the
kink-band is less than the angle between the kipnk surface
and the enveloping beds. Pield investigations in the
Middle and Upper Devonian clastic sequence of the central
Appalachians indicate that the kink-band undergoes more
extension fracturing and jointing and shovs more tvist
hackle than the enveloping beds. However, comparison of
measured values of extension vith predicted volume
increases in kink~bands indicates that only aboaut 10
percent of Ehe volume change is translated into exteansion
fractures.

The intersaction of two inclined kink-bands produces
a kink fold that is identical in gross form to a chevrosn
fold formed by buckling, but can be distinguished by
associated fold foramas. The geometry of second order folds
(§ickelsen, 1963) of the central Appalachians can best be
accounted for by a kink fold model (Faill, 1969, 1973).

Gravity lovs indicate thickened low density shale on
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the northwest limbs of the*Blacguater and Glady
anticlines. We suggest that there exist thinned and
extended units downdip from the thickened shale sectionse
Therefore, map-scale kink folds should have the aost
thinning by extension fracturing and faulting low om the
steep limb in the subsurface. There, such folds are no;e
likely to comtain gas in fractured reservoirs.
INTRODUCTION

Dennis (1967) defines kink-band as a tabular zone
along vhich foliation is deflected. A kink fold is formed
from the interssction of two kink-bands. A kink fold may
be in the form of a box fold or may have planar limbs and
narrov hinges similarly to a chevron fold (Pig. 6B).

Recent work by Paill (1969, 1973) has shown that the
typical map-scale folds éf Pennsylvania have planar limbs
and parrov hinges that can best‘be explained by kink-band
deformation. The geometric and kinematic siamilarities
betveen aap~ and outcrop-scale kink-bands suggest to Paill
that the processes and mechanisas that gave rise to the
large folds were identical to those that produced the
small folds.

In this paper, we use outcrop-scale folds to provide
information about relative amcunts of bed extaasion on
liabs in map-scale folds. Anticlines with large amouats

of extension may contain suitable exploration targets for
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gas in fractured reservoirs.
KINK-BANDS AND XINK FOLDS

Paill (1969, 1973) is able to explain most attributes
of central Appalachian fold style by using the
intersection of two kink-bands inclined toward each other
vith opposite senses of rotatiom and divergent kink axes.
Hovever, Johnson (1977) argued from elastic theory that
folds with planar liabs and narrow hinges also can arise
from another sequence of developaent (Pig. 6A). Johnson
proposed that hinges can narrow and liabs straighten
progressively during folding, thus transforming a
concentric-like fold into a chevron fold. Conceivably;
tension fractures may form due to initial bending and
later straightening of the limb (B. Kulander, oral
comaunication, 1978). These chevron folds can appear
almost identical in outcrop to kink folds formed by the
intersectioh o0f two inclined kink-bands. The kink~baands
tend to form vhen the beds are lubricated (separated by
very veak interbeds) and when the maximum principal
coapressive stress is at a small angle to beds (Johnson,
1977). Chevron folds formed from concentric-like folds ace
ﬁost likely to occur when the beds are not lubricated,
wvhen the surrounding sedium is softer than the folded beds
and vhen the maximums principal compressive stress

parallels the beds. Hovever, Chapple (1978) notes that
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Figure 6. Contrasting models of formation of chevron and kink folds.
Horizontal lines at left are selected beds. A. Sequence from
sinusoidal to concentric-like to chevron forms. B. Sequence
from low, sinusoidal forms to kink forms, with local chevron

forms (after Johnson, 1977). Dashed lines denote kink surfaces.
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tﬁe applicability of Johnson's elastic theory to folding
is not entirely clear..

We have tried to discriminate in thé field betveen
chevron folds (Fig. 6A) and kink folds foramed from the
intersection of two kink-bands (Pig. 6B). Johnson (1977)
suggests that chevron folds may have vestiges of their
earlier concentric-like form (Pig. 6A) . The combination of
concentric-like and chevron foras causes no rooam problea
in the cores of folds. The folds are similar in style and
can extend indefinitely parallel to the axial surface. On
the other hand, Berger has observed that many kink-bands
and kink folds die out in either direction parallel to the
kink surface. TIf the fold is asymmetric, then it is
probably a kink fold formed by the intersection of twvo'
kink-bands of unequal width (Paill, 1969). The chevron
folds of Johmnson (1977) are usually symmetrical. Although
these diagﬁostic criteria are not infallible, they can
indicate the affinity of the fold.

Ramsay (1967, p. 450) concludes that less work is
expended to shorten a layer by the production of
kink-bands or paired conjugate kinks than by the formation
of symmetrical chevron folds. Thus it seess logical to
conclude that kink folds will be more prevalent in nature.

Planar-liambed folds of uncertain affinity are thus more

likely to be kink folds.



UGR File # 159
WVU Dept. of Geology and Geography 62
Dec. 1978

EXTENSION IN KINK-BANDS

Ramsay (1967, p. 449) usés a geometric model to
predict the amount of dilatiom (p) in a kink-band (Pige.
7). The amount of dilation g = (sin B /sin & ) - 1 (M
vhere B, is the angle between the axial surface and the
enveloping beds, and 3; is the angle between the axial
surface and the kink-band. If £ > 7, then 4<0 and the
layers thin and extend parallel to bedding. KXulander and
Dean (in review) use this method to predict the amount of
porosity in kink bands. They estimate that 10 percent
porosity can occur vhen the beds separate (3,<3,,and A>0).
They determine that porosity can also occul as the beds
separate in the hinges of kink-bands if £ =4, but that
the amount of such hinge porosity depends on the thickness
to length ratio of the beds coaposing the kink band.

In this study, ve are interested in kink folds where
4<0, so that ona limb is extended. Generalizing this model
to central Appalachian folds that have planar liabs and
narcov kinges, -ﬂ is the angle betveen the axial surface
and the shallow liab. g is the angle between the arxial
surface and the steeper dipping limb. We have investigated
several planar~liabed folds to try to observe amore
extension in th2 kink-band or in the steep limb. We
coapare the measured amount of extension vith the amount

of extension predicted by aquation (1), and assume to
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Figure 7.

Kink-band model of fold development showing relationship of ﬁ/ and/f,z,; to
the kink surface and thinning and extension of beds in the kink-band (A) ¢
steep limb of a kink fold (B). C,is original bed thickness, {z‘is thinned

bed thickness.
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start that the dilation is completely translated into
extension fractures. As we shall see, that assuaption is
overly optimistic, but that vil; not change the validity
of the following analysisf
PIELD INVESTIGATIONS

Tipton, Peannsylvania (FPig. 8, 9). This fold is a
northeast-plunging kink-band in the steeply dipping
Devonian Bralliasr Pormation on the northwest limb of the
Nittany Arch. The shallowv liab is the kink-band. tke
steep limb is the enveloping bedding and 4 <0. As shovn in
Figure 9, there are more joints, unclassified fractures,
extension fractures, and tvist hackle (Kulander, Dean and
Barton, 1977; Kulander, Barton and Dean, in reviewvw) in the
kink-band than in the eaveloping bedding. Berger measured
1.7 percent extension by fracturing in the kink-band. The
amount of extension by fracturing is the sum of th2
amounts of s?paration of all fractures in a measured
length of a single bed. EBquation (1) predicts 19.5
percent extension in the kink-band.

wWatts, Pennsylvania (Pig. 8). This kink-band in the

Devonian Triammers Rock Pormation (Paill, wvwritten

‘communication, 1978) dies upward in the exposure, parallel

to the kink surface. In this case, the steep limb is the
kink-band and 4<0. Berger measured 3.0 percent extension

by fracturing in the kink-band. Equation (1) predicts 35.3
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percent extension.

Northumberland, Pennsylvania (Pig. 8). This large
kink-band jin nearly hcrizontal beds of the Devonian
Catskill PFPormation (Paill, written comamunication, 1978)
hasd >0 so that we would expect shortening and separation
of beds rather than extensibn. Rovever, the kink-band
shoved excellent exteasion fractures (Berger and Wheeler,
as. in review) that produced 1.6 percent extension.

The results of our field investigations indicate that
extension by fracturing amounting to approximately ten
perceant of the predicted value is likely in kink-bands.
Berger noted as predicted that beds at Tipton,

Pennsylvania are more extended in the kink-band thanp in

the enveloping bedding. This is consistent with the Raamsay

(1967) model of beds undergoing exteansion in the
kink-band, if 4<0. Results more consistent with predicted
values aight be foand in thinner bedded units than we
examined, because thicker units are extended a lesser
amount, proportionally to their thickness (Ramsay, 1967, pe.
MAP—-SCALE POLDING

Anticlines in the central Appalachians can growv by
crestward flovage of shale and mudstone units (Wheeler,
1975; Perry and de Witt, 1977;: Rulander and Dean, 1978).
For more brittle units, Berger and Wheeler (in

preparation) showv that extension faults can thin and

451).
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extend beds on the steep liabs of asymmetrical anticlines,
providing a significant contribution to anticlinal growtk.
The preseace of gravity lows on the northvest (steeper
dipping) limbs of the Wills Mountain, Blackwatar, Browns
Mountain and Glady anticlines indicates to us one or both
of (1) flowage of ldu density shale from lovw on the steep
liabs to high on those liambs, or (2) thickened or repeated
shale sections iue to (a) detachment-related, pre-folding
thrusting (Kulander and Dean, 1978; stage I of Berger and
others, in press), or to (b) vertically dipping low
deasity shales (B. Kulander, oral coaamunication, 1978).

We would expect gravity lows that are detachment-
related to extend parallel to the anticliral axis until
the detachment surface changes level along a traasverse
step. Thus the relatively long, linear gravity lows on the
northwvest liabs of the Wills Mountain and Browas HMountain
anticlines (Kulander and Dean, 1978, plate 2) are probably
more the result of fault repetition and thickening of the
Oordovician Martinsburg Pormation and Devonian shales than
to lobate crestward flow of ductile rocks (B. Kulander,
oral cosaunication, 1978). In contrast, the circular lowvs
on the northvest liabs of the Blackwater and Glady
anticlines are nore likely due to lobes of uplimb flowvage
in the ductile units of the M4iddle and Upper Devonian

clastic sequence. 0n the northwest lianb of the Wills
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Mountain anticline, the discontinuous strike-parallel
linear gravity lows terminate within a few kilometers
along strike of the discomtinuous strike-parallel linear
belts of thinned Devonian Brallier Pornation mapped by
Dennison and Naegele (1963). The gravity lows are caused
by thickening of Ordovician Martinsburg formation and the
vertical beds of the Middle and Upper Devonian clastic
sequence and the thinned outcrop belt is caused by
extension and other tectonic thinniag of the Devonjan
Brallier formation (Berger and Wheeler, in praparation;
Dennison and Naegele, 1963). On the Blackwater and Glady
anticlipes the inferred thickened shale lobes suggest that
there exists a thinned Brallier formation lower on the
limb that is subjected to exteasion faulting (Berger,
Perry and Wheeler, in press) in the brittle unité and
flovage in the ductile units. This thinning vould be
similar to that observed in outcrop in the Devonian
Brallier Pormation (Dennison and ¥Yaegle, 1963; Berger and
Wheeler, in preparation) and could indicate gas
potentially in a fractured reservoir. The source beds
could be the Devonmian black shales (the Marcellus and
Harrell formations) and the flowved, thickened, perhaps
heavily slickensided shale updip could seal the reservoir.
We suggest further exploration for thinned and fractured

shales down=-dip of the buried, thickened shales that we
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infer to lie beneath the observed gravity lovs (Pig. 10).
Por steep northwestwvard dips, the suggested exploration
target would lia roughly under the northwestern boundary
of a circular gravity low. Additional gravity
aeasuresents and modelinqg of the gravity lovws aapgped by
Kalander and Dean (1978), quided by counstruction of
balanced cross sections (Dahlstrom, 1969b; Perry, 1971),
should define those targets more exactly.

The kink fold model of folding also implies that
thinning by extaunsion can occur on the northwest (staep)
liad (Pigure 2B). Polds thickened near the crest and
thinned lower on the liab can still have planar limbs and
narrow hinqeg coasistent with a kink-fold model of
map-scale folds.
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CONCLUSIONS OF ENTIRE THESIS
1) Outcrop-scals and map-scale faults that formed during
overall horizontal shortening and associated detached
folding can be placed in a three-stage relative tine

sequence.

2) Vedge-shaped contractioan faults form 2arly (stage I)
when beds are n2arly horizoantal. These faults aay have
associated anticlines and may be smaller versions of the
detachment and raap systems characteristic of
allochthonous fold bélts; In beds later rotatad to steep
dips by folding, contraction faults will shov normal fault
separation at a lov angle to bedding. In cratonvatd-facing
folds, contraction faults will shov a downlimb sense of

displacement.

3) Opliab thrusts form during folding (stage II) and
record relative reverse asovement toward the anticlinpal
hinge. These faults serve to raise the limbs of aaticlines

to solve space probleas.

4) Bxtension faults and extension fractures fora late in
folding (stage III) when beds rotate so far towards the
vertical that the effect of vertical extension exceeds
that of horizontal shortening. Extension faults are

reverse faults formed at high angles to beds and rotated
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little or not at all. OUOnequivocal extension fractures are

lenticular and fora normal to beds.

5) Bxtension fracturing will begin vhen bed dips reach 45
degrees assuming that there is no more than *.1(e3) hinge

line parallel strain.

6) EBExtension faults and associated fractures provide a
significant contribution to: a) anticlinal growth, b) unit
thinning, and ¢) bed extension thus favoring formation of

fractured gas raservoirs.

7) The Dawson, Cresaptown, and Kittlelick thrusts of
Dennison and Naegle (1963) are more likely zomes of
extension faulting than single detachsent-related splay
faults. The Hyndman fault is more likely a splay fault

but has associated extension faults.

8) The Brallier Pormation is the Devoanian unit sost
intensely deformed by extension faulting and extension
fracturing. Given ﬁ gas source (the underlying Marcellus
and Harrell PForaations) and a seal, it may be a shallow
gas exploration target on the northvest limbs of the

Glady, Horton, Blackwater and Deer Park anticlines.
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9) Limbs of kink folds and beds in kink bands can undergo
extension parallel to the beds when the angle between the
kink surface and the Kink-band is less than the'angle

between the kink surface and the enveloping beds.

10) Although kink-bands show evidence of nore extension
than do the enveloping beds, the amount of extension
measured is less than the aamcunt predicted. Only about 10

percent of the predicted volume change is translated into

extension fractures.

11) Circular gravity lovws on the northwest limbs of the
Blaﬁkwater and Glady anticlines can be due to lobate
thickehinq of shales high on the limbs and‘thinning low on
the limbs. Thinning can occur in the Brallier formation
similarly to that measured on the pnorthwest limb of the
Wills Mountain anticline by Dennison and Naegele (1963).

wé suggest exploration under the northwvestern boundaries of
the mapped gravity lows to intersect the inferred thinned
shale sections, wvhich may contain gas in fractured

reservoirs.
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SUGGESTIONS FOR PUTURE WORK
1) Ia many instances, contraction faults (stage I)
have associated'anticlines- These fora over smaller
versions of the ramps with vhich major detachaent surfaces
chaﬁge stratigraphic level. I have identified many
contraction fault localities. These are listed in Aépendix
IV. Study of these faults as well as those froam other
localities caa give insights into relative ductilities of
rocks involved in raamp formaticn, ratios of leagth of ramp
to height of associated anticline, initiatiaons and
termipations of raaps, terminations of associated
anticlines, probleas of conservation of space, and the
nature of the most energy efficient structures.
2) An o;tcrop.study of uplimb thrust faults (stage

II) vould probably not be feasible because these faults
are rarely exposed and are usually so large so as to be
unidentifiabie on outcrop scale. Howvever, I found one
upliab thrust that is classic in form, but it may also be
a shear zone associated with an igneous intrusion.
Petrographic work in the fault zone to determine if the
cataclastic material had igneous or sedimeatary affinities
vould ansver this question. The zone in question crops out
in Ryder Gap, Bath County, Virginia (Station 8 of

msanuscript three, Appendix I).

3) Kink folds are formed by a different process than
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are chevron folds (see Manuscript four). Kink folds are
products of shearing and chevrecn folds, of buckling.
Examination of straim markers such as burrovs, fossils or
oolites or analysis of quartz deformation lamellae and
calcite tvin lamellae can yield information on the origin

of the fold.
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APPENDIX T

Locatioa of field stations: "Late-taectonic

extension faulting in the central Appalachians”

Station 1 - West side of the railroad tracks, -1 kam

Station

Station

Station

Station

nocth of Pinto, Allegany County, Maryland
(outcrop described in Swvartz, 1923).

2 = North sidé of the C & 0 Canal, 10 km
south of the intersection of 0. S. 40 and
Woodmont Road, Woodmont, Allegany county,
Maryland. Outcrop is 1 km east of Woodmont
Road on Deneen Road and is described in
Perry and de Wwitt (1977), p. 33-39.

3 - North side of U. S. 40 in La Vale,
Maryland. Outcrop-is east of the La Vale
Plaza shopping center and is described by
de Witt and Dennison (1972) p. 63-68.

4 - East side of U. S. 33, 4 km north of
Riverton, West Virginia. Outcrop is across
the road froa the stream that drains the
south side of Ketterman's Xnob and is
described in Dennison and Naegele (1963),
p- 37-39.

5 - North side of Holly Meadows Road, 5 ka
notth of Parsons, West Virginia at bench

mark 1579.

Station 6 - Along the north side of I-64, B8 ka west
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of whitz Sulphur Springs, Wdest Virginia.
First outcrop past west bound entrance to

I-64 from U. S. 60 at the bridge over Wolf

Creek.

Station 7 - In an abandoned quarry, .1 km east of
the intersection of 0. S. 33 and W. Va.
28, Pendleton county, Hesp Virginiae.

Station 8 - Along Va. 39, Bath Coumty, Virginia, .1
km east of the Virginia/West Virginia
borger.

Station 9 - West side of the railroad tracks, 3 k»
south of Cumberland, ‘Maryland, .1 km north
of the Amcelle Corp. plant (outcrop
described in Swartz, 1923).

Station 10- West éide of the railroad tracks; 3 km
south of Cumberland, Maryland, .3 ka south
of the Allegany County Fairgrounds,
Allegany County, Maryland (outcrop
described by Swartz, 1923).

Station 11- North side of Teter Run, 3 ka south of
Circleville, West Virginia and .5 km east,
up the dirt road into Teter Gap, .1 km east
of the first cattle guard.

Stationm 12 - Bast side of secondary %¥. Va. 17,

" first exposure east (.8 km) of intersection
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vith secondary %. Va. 19, Pendleton County,
West Virginia.

13- Bast side of seccndary W. Va. 17,
second exposure east. (1 km) of intersection
vith secondary #. Va. 19, Pendleton Couaty,
Hest Virginia.

14— EBast side of secondary W. Va. 17, third
exposure east (1.1 km) of intersection with
secondaryli- vVa. 19, Pendleton County, West
virginia.

15- Pirst,out;top on the south side of ¥.
Vva. 39, 1 km east pf Huntersville, VWest
Virginia at the springe.

16~ North side of W. Va. 39, 1.1 km west of
Minnehaha Springs, Vest Virginia. Outcrop
is .1 km east of the bridge over the strean
flowing through Buzzard Aollow and is
pictured on the cover of cardwell (1975).
17- North side of W. Va. 39, first outcrop
(.3 k3) wvest of Minnehaha Springs, West Virginia.
18- along the south side of I-64, 4 ka
southeast of White Sulphur Springs, West

virginia. Third outcrop east of the bridge
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over the railroad tracks (outcrop descriéed
by Kiamg, 1973).

19- Along the south side of I-64, 3.5 kn
east of White Sulphur Springs, ¥est
virginia. Pourth outcrop east of the
bridge over the railroad tracks.

20~ North side of W. Va. 28, 4 km north of
Hopeville, West virginia, .2 ka east of
Smoke Hole caverns (North Fork Gap)-.
Outcrop figured in Sites (1978).

21- South side of Wolf Camp Run, .3 ka west
of the intersection of Wolf Caap Run Road
and Pa; 96. Outcrop descriﬁed in de Witt
and Dennison (1972), p.72-73. Outcrop is .5
km north of Madley, Pennsylvania.

22- North side of U. S. 40, 1 km east of
thé crest of Martin Mountain, Allegheny
County, Maryland.

23- 0On the south side of the exit ramp, at
the juncture of U. S. 40 and U. S. 522, on
the exit ramp of U. S. 40 for eastbouad
traffic. Outcrop is 1 ka wvest of Hancock,
Maryland.

24- West side of U. S. 33, first outcrop (1
ka) north of the juncture of U. S. 33 and

¥. Va. 28, Pendleton County, West Virginia.

32
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APPENDIX IX
Location of field stations: 'Extensioan in kink—-bands and on
the lisbs of kink folds*

Tipton, Penasylvania — This outcrop is located on

Ty

the north side of the Pennsylvania
secondary road that extends froa U. S. 220
[ . northwest through Tipton, Pennsylvan;a. It
is the first west of the town of Tipton.
Watts, Pennsylvania - This outcrop is located on
i | the west side of UO. S. 322, 3 ka north of
1 Amity Hall, Pennsylvania, .1 ka north of
' the enttance'ranp from the secondary road
{.M through Watts, Penasylvania. this is the
r ' ' first entrance raap north of Amaity Hall.
N Nocthuaberland, Penasylvania - This outcrop is
LT located on tge vest side of 0. S. 11, .1 kn
south of the bridga across the vest bran;h
(. of the Susquehanah River ianto
j. NYorthumberland, Penﬁsylvania. The outcrop
is overgrown but is identifiable by the
vords "Susan ¢+ Matt® spray painted on the

outcrope.
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Append{x IIi
A note on the size of extension faults.

Map-~scale extension faults are large enough that body
forces (gravity) become significant relative to the
surface forces that form outcrop-scale exteasion faults.
Mechanics of faulting may differ between the two scales.
Accordingly, tha terw extension fault and its coapanion
ters contraction fault may be limited to outcrop scale
structures (W. Perry, Jr., oral communication, 1978).
Although the size at which gravity becomes sigpificant is
approximately S0 m (R. Wheeler, oral comamunicatioa, 1978)
I do not restrict usage in this thesis because I am not
sure of the significance of this difference in mechanics
of fauitinq.

A note on the stratigraphy and sedimentology4of the

Brallier Pormation

tundegard and others (1978) characterize the
Brallier Pormation as part of an overall thickening- and
coarsening-upvard sequence, containing megaseguences from
3 to 51 m» thick. They recognize six facies of the 3rallier,
of which three constitute 80 -percent of the areal extent
of the formation and contain lithologies I observed to
contain extension faults and fractures. These three facies
are: A) Alternating beds of siltstone, shale or nmudstone;
B) Bundles of siltstone and fine-grained sandstone with
minor interbeds of shale or mudstone; C) Olive-gray mudstoage

or shale.
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APPENDIX IV

Contraction Pault Loéalities

1) West side of the railroad tracks, .1 ka north

2)

3

4)

35)

6)

7)

8)

of Pinto, Allegany County, Maryland.
West side of the railroad tracks, 3 ka south
of Cunberland, Maryland, .3 ka south of the
Allegany County Pairgrounds, Allegany County,
Maryland (tvo contraction faults).
North side of Holly Meadows Road, S km north of
Parsons, West Virginia at bench mark 1579.
Bast side of secondary W. Va. 17, 1 k; east of
intersection with secondary.¥%. Va. 19,
Pendleton County, West Virginia (two contraction faults).
North side of ®. Va. 39, first outcrop vest of
Minnehaha Springs, West Virginia.
North side of W. Va. 28, 4 ka north of Hopeville,
West Virginia, .5 ka east of Smoke Hole Caverns
(North Pork Gap).
West side of U. S. 33, 4 ka north of Riverton, West
Virginia. Outcrop is across the road froam Station 4.
East and vest sides of U. S. 322, 3 km north of Amity Hall,

Watts, Pennsylvania.
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