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ABSTRACT

The structural characteristics of two cross-strike
structural discontinuities (¢csp's) in the central sedinen-
tary Appal achians of West Virginia and Virginia wvere exam-
ined using limted field studies, structural cross sections,
and gravity modelling. Detailed mapping and joint inten-
sity studies were confined to the wvalley and Ridge Middle
Mountain syncline and adjacent Elkhorn Nountain anticline
in Pendl eton County, West Virginia vhere these structures
are intersected by an extension of the Parsons CSD. A
gravity profile across these structures was al so surveyed
and nodelled. Two structural cross sections were con-
structed across the sedimentary Appal achians to conpare
structural features north and south along the length of
the Parsons. CSD.  Additional cross sections' north of both
t he Parsons and Petersburg cSh's were constructed to pro-
vide additional details on - -subsurface Valley and Ridge
structure in West Virginia. Comparisons of the theoreti-
cal gravity with already existing observed gravity data
were made al ong these and other previously published
structural sections through the area.

Detai |l ed mapping along the M ddle Nountain syncline
and Elkhorn Mountain anticline indicates that structura

shortening within the Parsons CSD is taken up =y small and
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more nunerous faults than outside the CSD. Splay faults
cutting the Silurian-Devonian structural lithic unit trans-
fer slip into the Mddle Devonian shal es thickening that
sequence particularly in the nore intensely faulted CSD

Rel ative increases in joint intensity are associated wth
faulted and nore intensely folded rocks so that joint inten-
sity within the CSD is generally greater than outside the
CSD.  Reports from other areas along the Parsons and Peters-
burg CSD's are consistent with this interpretation. A
gravity profile across the area indicates that the Cambrian-
Ordovician structural lithic unit is folded and faulted
beneath the Elkhorn Mountain syncline and that splay faults
have cut through that sequence transferring slip into the
overlying Martinshurg Formation.

A subsurface structural nodel of the Canbrian-O do-
vician structural lithic unit is inferred from structural
cross sections. The Parsons and Petersburg CSD s are ex-
pressed at the surface prinmarily in Silurian and younger
formations. However, the expressions of the CSD s are not
confined to these formations. Al ong the Parsons CSD the
Canbrian-Ordovician unit is tear faulted between the noses
of the Elkins Valley and Deer Park anticlines of the Pla-
teau province and across the plunging noses of the Bergton-
Crab Run and Adans Run anticlines in the Valley and Ridge
Provi nce. The Valley and Ridge segment of the Petersburg

CSD coincides with a transfer zone and inferred zone of
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tear faults in the underlying Canbrian-O dovician struc-
tural lithic unit.

The structural details mapped along the Mddle
Mount ai n- El khcrn  Nount diohd pair and nentioned above
can also be explained if the Parsons CSD in the exposed
Silurian-Devonian structural 1ithic unit is a fault trans-
fer zone. Areas mapped previously by other workers along
segnments of the Parsons CSD in the Plateau and al so alcng
the Petersburg CSD in the Valley and Ridge and Pl ateau
provinces are consistent with the fault transfer Inter-
pretation of structures in the exposed Silurian-Devonian
and higher level structural lithic units along these CSD's.
Thus, the structural characteristics of the Parsons and
Petersburg ¢sb's at all structural |evels can be explai ned

as cross strike alignnments of transfer zones, tear faults,

or bot h,



INTRODUCTION

A. Purpose

Structural discontinuities have heen of 1 nterest

to geol ogists for many years (see Chaptzr I11). The aca-
demi ¢ and econom ¢ importance of an increased unders Landing

of structural discontinuities IS recognized by \Weel er,
et al. (1974, p. 197):

First, the lineaments appear to be anobng

the largest cross strike structures of the
central sedimentary Appal achians.  Thus ,

whet her or noct Gwinn's i nterpretation of

them as tear faults is correct, they are a
fundanental . part of the structural geometry
of that region. fecond, an understanding

of the lineaments IS necessary to interpre-
ting the structural evolutiono fthe cu“t.ral
Appalachlans Third , correct interpretation
of the rock novements that produced the

i neaments czn illurinate tectonic processes
occurring iv the marginal, hydrocarbon-pro-
spective zones of orogens generally Fourth,
lineaments' economic importance arises from
the possibility that such structures nmay
create fracture porosity, interrupt reser-
voirs, create structural traps, influence
migratien of fluids along strike, and affect
the vali di ty of structural extraﬁcﬂ ations

al ong strike. Final iy, because understand-
ing of the lineaments Will increase our know
| edge of orogens genecally, such understandi ng
Wl contribute to the increasingly important
effort to find these smaller, dc“Dgr nor e
subtly hidden reserves of hydr ocar bons t hat
still remain in deforned sedinentary rocks.

The current study is designed, in part, to charac-
terize the structural effects of the Pax-sons CSD on exposed

Devoni an shales cf the Middle Mcuntain syncline of the Valley
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and Ridge province in eastern West Virginia (See Chapter
).  Mich of the current research of the Department cof
Energy's Eastern Gas Shales Project is directed toward pre-
dicting the locations of fractured reservoirs in the gas--
produci ng Devonian Shales. The Mddle Devonian shales
exposed in the Valley and Ridge province are mechanically
similar to the gas-productive Upper Devoni an Brown shale to
the west, beneath the Allegheny Plateau. Field studies o-f
the Mddl e Mountain area W Il Dbe discussed in detail in
Chapter II.

In addition to the field studies , opre-existing
regional structural data on the central sedimentary Avpa-
| achian will be integrated and presented as structural Cross
sections. The construction of these cross sections 2nd
their interpretation are discussed in Chapter IIT. A
three dimensional structural nodel wll be proposed for
the region of the Central Appalachians that includes the
Parsons and Petersburg c¢sSp's. .

I n Chapter TV, theoreticsl gravity will be calcu-
lated for the structural cross sections and will be com
pared to gravity data collected and compiled by Xulander
and Dean (1978). New data collected in the Mddle Moun-

tain area i1s also nodell ed.

Suggestions to future workers ..be made in

Clhapler V.
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The major conclusions of tnhe work presented here

wll be outline? in Chapter VI.
B. Terminclog:

The descriptive term cross-strike structural dis-

continuity (or CSD) is introduced by Wheeler, et al. (1978),

and defined by Weeler (1980, in press) as

...structural. . .alignments, at hig'n angles
to regional strikes, that are recognizable
because they disrupt strike-parallel struc-
tural, geophysical, geocmorphic, sedimenta-
| ogi ¢ or ot her patterns.

~

Two zones of cross-strike structural discontinuit

7

in
northeast West Virginia were named the "Parsons .1 ne asent"
and the "Petersturg disconcinuity" {(Wheeler , et al_, 1974) .
Wheel er (1985) discusses cross-strike scructural discon-
tinuities (CSD's) and cormonly refers to the Parsons znd
Petersburg cross-strike structural discontinuities as either
structural, lineaments Or as just lineaments. Thus , it
seens permssible to choose = shortened form of descriptive
termonce it has been escablished that one is referring to

a cross- sfri lve structural discontinui ty when using that
shortened form. Because this report discusses a cross-
strike alignment of discontinuities of various structural
features wthin trhe Pal eozoic sedinmentary cever in the Valley
and Ridge and Plateau provirnces 0f West Virginia and Virginia,
the use of the texrm Ccross-strike structural discontinuity

Is preferred. Use of the shortened form lineamert is not
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preferred, since the term lineament often carries with

it the connotation of LANDSAT, U2, or short air-photo
l'ineament. Al though LANDSAT and U2 lineaments are asSoOC-
lated with the Parsons and Petersburg CSD s (Trumbo, 1976;
Wieel er, ¢t al, 1976), no one such lineament Or group Of
lineaments coincides witk the krown or inferred extent of
these CSD's. Further, LANDSAT, U2, and short airphoto
linesments are not the concern of this study. Hence, toO
avoid the possibility of any confusion with these types
of lineaments, the shortened form--structural discontin-
uity, or just discontinuity-- is often used here. ‘Vhere
the Petersbury and Parsons Csh's are referred to specifi-

cally, the abbreviation CSD is aiways used.

C Pr evi ous %ork

1.  The Parsons Structural Discontinuity

Alignments of structural discontinuity presently
associated wth part of the Parsons CSD (Figure 1) were
previously recognized by Gwinn(1964). Detailed mapping
along the Parsons CSD by Henderson (1973), Wheeler and
others (1974), Mullennex (1975), and Trunbo (1976), indi -
cate that winor and internmedi ate-scale folds are nore
abundant northeast of and within the Parsons CSD in the

Pl at eau province of eastern Tucker County, West Virginia.

A zone ot disruption in dip contours is used t0 define
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the width of the discontinuity (Wheeler, et al. (1976a).

The Parsons CSD has al so been recognized on LANDSAT
| magery as two parallel northwest-trending LANDSAT linea-
ments (Weeler, et al 1976a). Trumbo (1976) and \Weel er,
et al (1976a) slso report that the zone between these two
LANDSAT phot ol i neanents contains photolineanents observed
on U2 color infrared imges which have significantly differ-
ent trends than those to the northeast or southwest.

An alignment of fold term nations can be observed
i n Rocki ngham County, Virginia (Rader and Perry, 1976a,
1976b). The Parsons CsSD has been extended along = more
southeasterly trend than Guwinn's |ineanent through Pendle-
ton County, West Virginia (Figure 1) , to include this align-
ment of fold term nations (itheeier, 1978). The expression
of the discontinuity in Pendleton County is conparatively
subtle in terns of regional structure. However, Wilson
(1979) has shown that internmediate-scale folds and reverse
faults are nore abundant within the discontinuity and die
out to the northeast, where the proposed extension of the
di scontinuity crosses an outcrop belt of the Middle

Devoni an shal es.

2. The Petersburg Structural Discontinuity

The Petersburg CSD appears to intersect the Parsons

CSD in the eastern Plateau province, in a rugged area mapped



& Ceography

of Geology

Dept .

1830

W.Va.Univ,

Decenber

SIPIAWO|

[ R | 3 J/
0% O D€ 02 01 O e
Lo
D
B
g/\fﬁ({;

Lo,

i8] "o
.
~
PRCERTY] ﬂ
3
s
.

f LN O -
, -
iy .. &
R .
: . ( N TRIRENS! K JK. < Lo W
.
3 AN A w - et . N
e 4 . NYHOT 7,
‘ o . V 3 % W\M,w\
R ) 2
L s . N ) \ f, R R
VAR & N ~ s
7 w . ,/. . S

EFREISE| \ m INCOR o ~

1 S i b \
]« § N\
~ NIOOH ' ok

,f A . k\ .NLL‘ .«..f\ i
/J Ve \.\./V :
ey “_ /

NS i
e 4 VHMYNYY - S/, \
- / K ”\.\ N !
' - IR EETL 4] S
N2k 3 - LA -
- 4 WYNIfid w ) Ov/tv
T ) . / Q7N
i
]

N p S (XN
Oy N |
< \»\‘) ! /MEN ;
a 7 m N . :
wza Ot v w\.«/\_l lﬁ M«
\ ./

M YN ﬁ,/x_ { o
: N s
SO

OSVii f

SN G

¢ w \\\ ¢/.\‘u

! R TRy ) {
v / \ E I aoom
N f .
3 5 . .
R s ANCHAOG00 N ’
' TG TR ’ P a_., .‘ltH

&
I TR T

: N -

[y -

N~

\. v..\.)s\
¢ 7 ?m.zmh \F\
) ;i.ﬂ\”f 3L ey ”

T oand1g

_%Mﬁ SEILNNILNODSIA TYHNLONYLS
. oo ey IMIHLS -SS0HD
AHAUNS DINGONODT ANV TVDIDOTOUD VINIDYUIA LSUM Lf Gm:mwmwkm& QZ< mzowmQHW

VINIOWIA ISEM d0 dVIT OID0OT0HD .ﬂ
. AHL 40 SNOILYOOT1

N

HO '> HOOOMT

Yd



SVaL,onLV. ceDI. 05 S00L0gY @ oe0grapny

December 1980

only by Reger (1921) (Figure 1). The Parsons and Peters-
burg CSD's are similar in many respects, and their origins
and devel opments may be intimately related. Sites (1978,
p. 26) says the follow ng about ths Petersburg CSD:

The Petersburg |ineanment is not a sinple

transverse fault. Instead, three factors

are observed that coincide with the |oca-

tion of the lineament: (1) plunge of anti-

cline into synclines; (2) the existence of

several small, lineament parallel cross

faults mostly with a left lateral, strike

slip nmotion; and (3) increased |ongitudinal

faulting and folding with the non-cross

fault controlled water gap.

Asw th the Parsons CSt, the width of the Peters-
burg CSh is defined by disruptions in dip contours {(Sites
and Weel er, 1976; McColloch, 1977; Sites, 1978). Sites
(1978) also notes considerable geomorphic expression of
the Petersburg CSD, disruption in fold patterns, an in-
crease in longitudinal jointing in fold noses, changes in
stratigraphic thickness across the discontinuity, and ex-
pression as a LANDSAT |ineanment. \eeler, et al. (1979)
have presented 2 tabul ation of the phenomena which char -
acterize these discontinuities and others found in the
central and southern Appal achians, the Andes, and the

Irish Cal edoni des.

3. Systematic Jointing Wthin _D.scontinuities

Recent techni ques devel oped by Vialon, and others
(1976) and nodified by Weeler (1.979) have been used

successfully to show that the Parsons and Petersburg CSD's
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are nore intensely jointed (D xon, 1979; Wheeler and

Di xon, 1980). The most closely spzced joint set within
these discontinuities IS the set whose strike parallels
the trend of the discontinuity (Dixon, 1979). Jo imt
intensity studi es have been very productive thus far.
Many of the characteristics of jointing can be associated

Wi th detachment tectonics. However , the presence ¢f in-
creased joint intensity within the Petersburg CSD where
it crosses the Allegheny structural front (Dixon, 1.939)

may invol ve deeper-level tear faults, and/or transfer

zones (see Chapter III).
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1. STRUCTURAL ANALYSIS ¢F TX M DDLE

MOUNTAIN SYNCLINE AND ELKHORN MOUNTAIN ANTICLINE

A Geologic Napping in the Middle Mountain

Syncline and Elkhorn Mountain Anticline

1. I ntroduction

Part of the Mddle Muntain syncline of the Valley
and Ridge province inWest Virginia (see Figure 2) was
chosen as a site for extensive field studies because it
exposes the Middle Devoni an shales®* and plunges across
the Parsons and Petersburg CSD's. The organical ly-rich
M ddl e Devoni an shal es exposed in the Middle Mountain svn-
cline are the mechanical equivalent of the Devonian Brown
shales in the western subsurface of the Appal achian Pl ateau
province to the west. A significant amount of gas is pro-
duced from the Devonian Brown shal es, and consi derabl e
effort has been directed through the Department of Energy's
Eastern Gas Shales Project to exploration for new reserves
of gas in these shales (Patchen, 1977). The effects on
exposed M ddl e Devoni an shales of deformation in the
underlying and nore conpetent Silurian and Lower Devonian

formations may be very simlar to the effect on buried

*Middle Devonian shales as used in this téxt wll in-
clude the Harrell Formation which is the |owernost for-
mation of the Upper Devoni an sequence.
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nroductive sShal es that overlay structures in the Middle
Devoni an Cnondzga Linmestone to the westc under the Plateau.
Deformati on of these nore conpetent limestores and sand-
stones in the low Platezu anticlines 1S much 40vre 1nt2as2
than that at higher structural levels (Gwinn, '1964).

Field studies were focused in the vicinity of the
proposed intersection (Wheeler, 1978, 19380) of the Parsons
CSD with the Middle Mountain svncline (See Figure 2) A
sout hwest -t o-nort heast plunge in Devonian Oriskany struc-
ture across the opronosed extension of the discontinuity
can be obtserved on the Vest Mirginia state geologic man
(Cardwell, et al, 1968). This plunee in structural |evel
was exam ned through detailed surface rapping of exnosed
stratigraphic formati ons and studies of systematic joint
intensities throughoﬁt exposed Middle and Upper Devoni an
formations. I n addition, this work continues previous
structural studies of this area underteken by the author
(Wlson, 1979a, 1979b).

This chapter will zttempt to answer the following
questions: Do interruptions in structure along the length
of the Middle Devoni an syncline and zdj acent Zikhorn Moun-
tain anticline represent part of the inferred regional
cross-strike structural discontinuitv? What similarities
and dissimlarities exist between structural features

observed in these Valley and Ridge structures and those
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reported for the areas across the Parscons CSD of the

Pl at eau (Henderson, 1973, Vheeler, et al, 1974 1976,
Mullennex, 1376; Trumbo, "~ ©76; Dixon, 1979)? Al so, how
are the structural features Wthin the Fiddle Mountain
area simlar or dissimilar to those reported for the
Petersburg CSD (WIlson, 1976; Wheeler, et al, 1974;
McColloch, 1977, LaCaze, 1975; Sites, 1978, Dixon, 1930)?

2. Stratigraphy

Silurian znd Devonian units are exposed w thin areas
of the Middie Mountain syncline and Elkhorn Mountain eanti-
clines mapped by the author (see Figure 3). Field iden-
tification was made on the basis of nunerous published
descriptions of the Silurian and Devonian formations exposed
within this study area and in surroundi ng areas. Det ai | ed
mappi ng anc¢ descriptions of: the stratigraphy along the
WIlls Muntain anticline adjacent to the west of this area
are presented by Perry (1971). Sites (1971) nresents des-
criptions of Silurian and Lower Devonian formations exposed
in the Cave Mountain anticline northwest of the study area.
Sites (1978) describes Silurian, and Lower and Middle Devo-
nian formations exposed in the Petersburg region north of
this study area. Descriptions of the Lower and Middle

Devoni an section along the Patterson Creel; anticline in

Pendl eton and Hardy Counties, West Virginia, presented in
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McColloch (1976) were also useful. Additional inforna-
tion on Mddle and Upper Devonian units is presented in
Dennison (1961, 1963), Dennison and Hasson (1974), Hasson
(1972), and Hasson and Dennison (1974). Perhaps the nost
conpl ete description of the rock units exposed in the
study area is found in the Pendleton County Report

(Tilton, Prouty, and Price, 1927).

3. Structural Setting

The Middle Mountain syncline lies in the Valley and
R dge province of the Appal achians of West Virginia (see
Figure 2). Adjacent to the Middle Mountain svncline al ong
its northwest flank is the Cave Muntain anticline, an allo-
cht honous bl ock, thrust along high-angle listric surfaces
arising frbma thrust in the Ordovician Reedsville Fornma-
tion (Sites and \Weeler, 1977). The Cave Mountain anti-
cline lies on the southeast linb of the wills Mountain anti-
cline, which rises froma decollenent in the Canbrian 'aynes-
boro Formation (Perry, 1971, 1975; Jacobeen and Kanes, 1974,
1975; Sites, 1978) and represents the northwesternmost
large structure of the Valley and Ridge province. The Elk-
horn Mountain anticline is sheared by several |ow angle
reverse faults in a manner |ess intense than, but simlar
to, that of the Cave Mountain anticline, and represents a
Aetachment rizine cut af the Nrdevician Reedsville Feorra-

tion along with possible detachnments in the Silurian Wills
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Creek and/or Ordovician Juniata Tormations.

As nentioned above (section A.1 of this chanter),
a northeastward drop in Devonian Oriskzny Sandstone Struc-
ture can be observed across the extension of the Parsons
CSD.  The WIIs Mcuntain anticline al SO plunges across the
Parsons CSD (see geologic maps Of Cardwell, et al, 1968;
Tilton, et al, 1927, Perry, 1975). Bobs Ridge anticline,
Cave Mountain anticline, and other anticlines between the
WIlls Muntain anticline and Middle Mountain syncline ter-
nmnate within or near the extension of the Parsons discon-
tinuity (Figure 2). Similarly, to the southeastof the
Middle Mountain syncline, the Long Ridse anticline overlaps
with the Elkhorn Mountain anticline in the Parsons CSD.
The former plunges out, but the latter continues to the
northeast beyond the discontinuity. Other structural fea-
tures discontinuous across the extension of the Parsons CSD

w || be discussed in Chapter II1.

4. Surface and Subsurface Structure in the Mav Area

The portions of the Middle Mountain syncline and

Elkhorn Momt air: anticline, manped in this study , are shown
on Figure 3. Contours Of bedding divo over the syncline
along with a strike-line map of this structure presented

in WIlson (1972%2a) were used to | ocate the axial trace of

the M ddl e Mountain syncline. The westward 3end in the
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Figure 3: Geologic map of the Middle Mountain Syncline

and the Elkhorn Mountain Anticline
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axial trace of the syncline across the plunge out of the
M ddl e Devonian formations is produced by an anticline on
the syncline's southeast linb that dies out northeastward
beneath the M ddl e Devonian formations (Figure 3). The
presence and extent of this anticline are illustrated in
cross sections CC & BB (see Figures 4 and 5) (see Figure
3 for locations of the sections). Disruption of bedding
dip and large standard deviations of bedding dip extend
approximately two mles northeast of this anticline
(Wlson, 1979%a, 1979b). R \Weeler (oral conmunication,
1978) has suggested that the disrupted shales may be re-
lated to a northeastward continuation of this anticline

in the subsurface. Cross sections BB (Figure 5) shows
the presence of folded Lower Devonian and Silurian for-
mations on the syncline's southeast linb. Detailed map-
ping of surface structures in this area also reveals that
extensive folding and faulting have thickened the Devonian
Neednore, Marcellus, and Mahantango Formations by two to
three times their normal thicknesses (see Figure 5). The
faults in the shales are related to thrust faults that cut
across nmore brittle Lower Devonian and Silurian formations:;
probably representing splay thrusts that rise froma decol -
| ement in the Ordovician Martinsburg Formation to a decol -
| ement or decollenments in the Mddle Devonian shales (see

Figures 4 and 5). Bagnall, Beardsley, and Drabish (1979)
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present seismc evidence for the presence of detachnent
within the Ordovician Juniata Formation and the Silurian
WIlls Creek Formation on the northwest linmb of the WIIs
Mountain anticline near Reyser, West Virpinia. It is
possible, then, that some of the faulting on the north-
west |inb of the Elkhorn Mountain anticline is partly due
to detachment in these fornmations.

Di spl acements along faults mapped in the Middle
Devoni an shal es are questionable. Presence of a fault
was based on several types of evidence. Roughly |inear
zones often separated rocks of different formations, bed-
ding to one side being steeply dipping to overturned but
becoming flat-lying or nearly so across such a zone. The
Purcel | Linmestone within the Marcellus Formation (normally
16 feet thick) has been thickened in olaces along such zones
to over 70 feet by folding and faulting. Simlar increased
t hi ckness of the Purcell linmestone has been inferred from
cuttings fromwater wells drilled along such zones (Dove,
oral comunication 1979). In nore conpetent units, off-
sets of as much as 100 feet were observed. Often, however,
faulting was inferred on the basis of alignments of dip
reversals along with the presence of slickensided zones
over considerable distances. Thus, the faults represented
on the geologic map (Figure 3) are distinct structura

el ements within exposed formations mapped in the area.
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Al t hough the amount of displacement along any one fault

is not precisely known, the presence of considerable struc-
tural deformation aligned with local structural trends is
clear.

The presence of increased nunbers of faults coin-
cides wth a 2,800-foot northward drop in the level of the
Lower Devonian Oiskany Sandstone between cross sections
CC to the south (Figures 3 and 4) and PA" to the north
(Figures 3 and 6. The geonetry of the Xl khorn-M ddl e
Mountai n structural conplex undergoes considerabl e change
across this area. In the central part of the nap area
(Figure3 and Figure 5), the Elkhorn Muntain anticline is
very nuch |ike an anticlinorium containing several smaller-
order (N ckelson, 1964) 2,000-foot wavel ength folds. In
the south, the El khom Mountain anticline is faulted
(Figure 4) and sone short-wavel ength folds are present,
but to a | esser extent than in the central part of the nap
area. In the northern part of the map area, the anticline
is apparently unfaulted, and short-wavelength folds are Iess
nunerous (Figure 6). The Mddle Muntain syncline within
this faulted zone is nearly flat-bottomed, (Figures 4 and
5) with one 200- to 400-foot anplitude fold present in the
Lower Devonian and Silurian formations. North of this zone
(Figure 6), in the syncline beds plunge to deeper struc-

tural levels and the fold becones nore cylindrical in
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cross section. The anplitude of the Elkhorn Mountain anti-
cline at the base of the Ordovician Oswego Formation is

4,400 feet in section AA" north of the faulted zone. To

the south in sections BB and CC, the anplitudes are 2,800
and 3,000 feet, respectively. Shortening of section AA

al ong the base of the Ordovician Oswego Formation and the
Silurian Tuscarora Sandstone is approxinately 4 percent,

or 1,500 feet. Shortening of sections BB and CC is approxi-
mately 5 percent, or 2,000 feet. Relationships between
shortening in these sections is discussed further in sec-

tion A6 of this chapter

5. The Petersburg CSD

Partial mapping of the region between section AA
and the Petersburg area to the north (Figure 2) found no
significant faulting or disruption of exposed Devonian
formations. Some faulting may be present in Silurian
and Devoni an rocks across the Elkhorn Muntain anticline
(see section NY', Plate 1). Cross section AA" and section
NN'just 7 miles north of it are alnost identical in pro-
file. Sites' (1978) section CC indicates that the Devon-
lan and Silurian fornmations again rise toward the surface
under the Mddle Muntain syncline in the vicinity of the
Petersburg CSD. Across and north of the Petersburg CSD,
Silurian and Devonian formations maintain their structural

level, with a gradual drop in structural |evel occurring
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farther to the north beneath the Clearville syncline (see
the longitudinal section LL' on Plate 3). The geologic
map al ong the Petersburg discontinuity presented in Sites
(1978, Plage 3) indicates that thrust faults in Devonian
and Silurian fornmations becone nore numerous within the

Petersburg CSD than north or south of the discontinuity.

6. The Valley and Ri dge Extension of the Parsons CSD

The proposed extension of the Parsons CSD coin-
cides with a zone in the Mddle Muntain syncline and Elk-
horn Muntain anticline across which Devonian and Silurian
formations plunge northeastward 2,800 feet in structura
level. Thrust faults are nore nunerous within this zone.
Some of these thrusts were observed to transfer displace-
ment into the Mddle Devonian shales of the syncline,

t hi ckening those shales by two to three tinmes their norna
thickness.  These interruptions in longitudinal structure
are alnost identical to those across the Petersburg CSD
to the north and the Parsons ¢sp northwest in the Pl ateau.
Hence, the alignment of interruptions in structure in the
M ddl e Mountai n syncline and Elkhorn Mountain anticline
with interruptions along other Valley and Ridge structures
al ong an extension of the Parsons CSD of the Plateau im-
plies a continuation of that discontinuity into the Valley

and R dge province.

Pt+of Geol ogy & Geography
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Sout h of section CC of this study (Figures 3 and
4), structural features are inferred entirely from Tilton,
Prouty, and Price (1927) and Cardwell, et. al (1968) and
are illustrated in cross sections LL' and SS (Plates 1
and 3). The Devonian and Silurian formations maintain
their structural level to the south (longitudinal section
LL'). These formations are folded into one-mle-wavel ength
folds for which some detachment-related faulting can be
inferred (see section SS', Plate 1).

Al t hough the anplitude of the El khorn-M ddl e Mun-
tain fold pair is less in sections BB and CC (Figures 5
and 4), the total shortening across the structure is
approximately the sane to within a percent and possibly
greater than the shortening across section AA" (Figure 6)
to the north (section A4 of this chapter). Thus, struc-
tural shortening of Devonian and Silurian rocks in sec-
tions BB and CC, within and south of the Parsons CSD,

i's acconplished not only by the 2,800- to 3,000-foot anpli -
tude El khorn-M ddle Muntain fold pair but also from numer-
ous faults and snaller folds within the structure.

The structural discontinuity, then, represents A
zone across which there is atransition in the types and
geonetries of structures producing structural shortening.

A structural nodel explaining the surface and inferred sub-

surface structural features of both the Parsons and the
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Petersburg CSD's will be proposed in Chapter |V.

B. Systematic Jointing
in the Mddle Muuntain Syncline

1. [ nt roduction

Hol | and and \heel er (1977) presented results from
a study of systematic jointing across the Parsons CSD in
t he Appal achian Pl ateau which indicate that rocks within
the discontinuity are nore intensely jointed that rocks
outside the discontinuity. Several interval-scale varia-
bles along with joint orientation, were neasured to quantify
the size of a joint and the relationships between joints.
LaCaze (1978) reported smaller spacings for systematic
joints in the Petersburg CSD than outside the disconti-
nuity along the Allegheny structural front. A method for
estimating fracture intensity devel oped by Vialon and
others (1976) was nodified by Weeler (1979) for use as
an estimate of systematic joint intensity. Analysis of
LaCaze's (1978) data by Wheeler and Dixon (1980) indicates
that joint intensity increases wthin the Petersburg CSD.
Subsequent and nore extensive observations of systematic
jointing along the Parsons CSD in the Plateau and across
the Petersburg CSD where it crosses the structural front
confirmthat these discontinuities contain nore intensely
jointed rock (Dixon, 1979).
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Devoni an shal e gas production is, to a large ex-

tent, controlled by fracture permeability (Hunter and
Young, 1953; Shumaker, 1976, 1978; Larese and Heald, 1977
Schaeffer, 1979).  Shumaker (1978, p. 361) points out that:
V¢ need to understand the type, orientation,
and or|g|n_of the fractures responsible for
gas production from the shale. If we do not
document these characteristics we wll surely
find it difficult to predict their extent and
| ocations, and, therefore, the extent and |o-
cations of production.
Shumaker (1978) uses the term "porous fracture facies" to
describe the limted stratigraphic extent of production-

related fracture perneability.  Shumaker (1978, . 362)
suggest s:

. that at |least part and possibly all of

the fractures responsible for shale gas pro-

duction in eastern Kentuckg and sout hwestern

West Virginia were caused by minor tectonic

transport and/or differential shortening

within and above an ancient high-pressure

detachnent zone in the basal Devonian shal es

of the "undeformed" Appal achian forel and.

A thrust fault is nmore likely to flatten out as
It propagates into a weak |ayer, although higher-anple
faulting is possible (Rodgers and Rizer, 1979a, 1979b).
As the fault propagates into the weak |ayer, secondary
structures and fractures will remain in the region ini-
tially near the fault tip after the fault tip has pro-
pagated out of that region (Rodgers and Rizer, 1979a,

1979b; D. Rodgers, oral conmunication, 1979). Relic
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secondary faults observed in the Upper Devonian Lower
Huron Shal e menmber of the Chio Shale Fornation were used
to identify the interval of detachment in the Pine Moun-
tain thrust sheet (Wlson, et al, 1978). An increased
intensity of jointing was al so observed in the interval of
detachnment (WIlson, et al, 1978). Secondary faulting wll
al so deformthe area in advance of the |eading edge of a
thrust fault (Anderson, 1951; Hafner, 1951; Chinnery, 1966;
Rodgers and Rizer, 1979). Northwest-trending slickenlines
observed in the Brown shales of the MNocholas Conbs MNo.
7239 core (Kul ander, Dean, and Barton, 1977) and slicken-
i nes observed in the Martin County core were explai ned
inthis way (Wlson, et al, 1978) and were suggested to
represent the porous fracture facies di scussed by Shumaker
(1978). Deformation donains defined by Wlson (1979) illus-
trate the stratigraphic confines of detachnent-related
deformation in the Mddl e Muntain syncline. Specifically,
t he Devoni an Needmore Shal e and Marcel | us, and Mahant ango
Formations are intensely disrupted by numerous folds and
faults that are secondary to splay thrusts that cut brittle
Devonian and Silurian formations and transfer slip from
the Ordovician Martinsburg Formation into the Mddl e Devo-
nian shales (section A of this chapter). A sharp decrease
I n anobunt of such nearly penetrative deformation occurs

across the Devonian Harrell Shale into the |ower part of
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the Brallier Formation, indicating that deformation is
largely confined to the ductile and |ess conpetent Middle
Devoni an shal es.

As noted earlier, subsurface structure beneath |ow
Plateau folds is considerably nore conplex than that at
the surface (Cwinn, 1964). Deformation of the shales ex-
posed in the Mddle Muntain syncline wWill be conparable
in degree to deformation of the shales above faulted and
fol ded Devoni an Onondaga Linestone and beneath the nuch
| ess intensely deformed Carboniferous rocks exposed in the
Plateau.  Thus, the deformed M ddl e Devonian shales in the
M ddl e Mountain syncline represent an exposed analogue of
a possible subsurface fractured gas reservoir.

The remaining sections of this chapter docunent the
characteristics of systematic jointing observed in the
shal es of the syncline. Perhaps observations of joint
orientation, joint intensity, and the relationships of
joint orientation and intensity (surface area of joints
per unit volume of rock) to the various structural ele-
ments in the syncline Will lead us to a better understand-
ing of their origin, and thus allow us to predict the ex-
tent and |ocation of fracture-controlled production, as
Shumaker (1978) suggests.

A brief discussion of rotated joints using equal

area projections is presented in Appendix IA along with
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a conplete listing of joint strikes and dips in rotated
and unrotated beds. Joint spacing and the cal cul ation of
joint intensity and other quantities used in the docunen-
tation of joint intensity are discussed in Appendix IIlA
Conplete lists of measured spacings and cal cul ated inten-

sities are provided in Appendixes IIB and IIC

2. Characteristics of Systematic Jointing in the Mddle

Mount ai n Syncline

a. Di scussi on. As di scussed in section A of this

chapter, the Parsons CSD across the El khorn-M ddl e Moun-
tain fold pair is related to specific structures observed
in the field or inferred from mapping. Because of the
rel ationships of rock failure to applied and interna
stresses and to lithology, the joint orientation, spacing,
and intensity data collected in the Mddle Muntain syn-
cline are displayed at each station l|ocation on the geo-
l ogic map of that structure (Figures 7, 8, and 9). The
equal area projections of rotated and unrotated joints
were too cunbersone to represent on the geolgic map, and
so are presented as a series of figures in Appendix IB.
Joint strikes plotted in the roses (Figure 7) are
the unrotated orientations neasured directly fromthe
fol ded and faulted rocks exposed in the map area. The

interpretation of this type of data is considered to be a
complex problemin itself. The question of timng of
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FIOSE DIAGRAMS OF ISYSTEMATIC JOINT ORIENTATIONé

Figure 7 Rose Diagram of Systematic Joint Trends in the Mddle Muntain

Syncline (see the |egend on the caption page of Figure 3)
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Figure 8

STRIKE OF THE MAXIMUM FREQUENCY JOINT SET
PLOTTED AT THE SAMPLE SITE

: i\
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Figure 9
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fracture devel opment needs to be considered before rose
plots of joint strike can be interpreted in a neaningful
way. If, for instance, the develooment of systematic
joints in a specified volume of rock occurred early in an
el astic prefol ding phase of brittle defornmation, subse-
quent folding and faulting of that rock volune wll pro-
bably scatter the observed strikes into an obsoure pattern.
Variations in the rate of sea floor snreadinp inferred from
pal eomagnetic data (Grdler, 1979) suggest that sinilar
variations in strain rate can be expected to occue at con-
vergent plate boundaries. Thus, a volume of rock deforned
during orogenesis may experience brittle deformation at
interval s throughout a particular deformational event.
I ndeed, the stress field at any particular instant, in a
buckling layer, is quite conplex (Detrich, 1969). In
effect, the patterns observed in rose plots of joint strike
(Figure 7), or equal area projections of poles to joint
surfaces (Appendix IB) can be and probably are conplicated
by several factors, particularly in structurally complex
areas.

B. Kul ander (oral conmunication, 1978) and Ii.
Wheel er (oral conmunication, 1979) have suggested that
fracture devel opment can be dated by conparing the scatter

in clusters formed on equal area projections of poles to




UGR File #498

B Va.Univ. Dept. of Geol ogy & Geography
ecember 198¢ 34

systematic joints in deformed beds to the scatter in
clusters of poles forned by those sanme joints rotated back
to their pre-deformational horizontal orientation. If
there is greater scatter in joint orientations in the hori-
zontal or rotated bedding, then the joints are assumed to
be late or post-folding. |f the converse is true, then
joint formation is assumed to have occurred prior to fold-
ing in the flat-1ying beds. This, however, restricts our
timng to either before or early in the first episode of
deformation, or late or follow ng the |ast episode of de-
formation, and does not allow us to discrimnate jointing
that has devel oped at sone intermediate stage, or between
sets of systematic joints which may have devel oped at
different tinmes.

Timng the formation of systematic joints using
this method is further restricted by the necessity of
conbining joint orientations fromtwo or nore exposures.
An increase or decrease in the scatter anong poles in nor-
mal or deformed bedding arises because the bedding at
different exposures will undergo different anounts of
rotation. Bedding orientation at a single exposure is
commonly uniform t hroughout the exposure, so that angul ar
rel ationshi ps between poles to joints or any other planar
or linear fabric elenents are preserved. The question

arises, then, of howto group the exposures for conparison
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Jointing along the hinge of a fold nmay precede or follow
the devel opment of joints on the linbs of the fold or
those along a nearby fault. Thus, groupings for this
study were chosen on the basis of conmon relationship to
the-maj or structural elements in the nap area and to lith-
ol ogy (see footnotes to Tables 8 through 16, Appendix |B,
and Figure 10).

The question of timng in the formation of syste-
matic joints is inportant in the assessment of whether an
area W || have a productive fractured gas reservoir or not.
[f jointing in an area occurred early in a deformationa
event, gas may have mgrated rapidly to neighboring struc-
tural or stratigraphic traps or have been |ost fromthe
section entirely. If, however, jointing occurs late and
is confined in extent, the conditions may be favorable for
both reservoir formation and reservoir sealing.

In the preceding discussion, we have been concerned

with the relative timng of joint formation to the devel op-
ment of folds and faults. It should be noted that relative
ages or the sequence of formation of systematic joint sets
In any given exposure can be established through observa-
tion of cross-cutting and abutting and other relationships
(see Kul aner, Dean, and Barton, 1977; and Kul ander, Barton
and Dean, 1979). The cross-cutting and abutting rel ation-

shi ps between joint sets have not been considered in this
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st udy.

b. Joi nt devel opnent relative to folds and faults.

Systematic joints examned in the study area have been di-
vided into nine groups on the basis of their structura
location within the Mddle Muntain syncline. The stations
conprising each group and their relation to |local structure
are defined in Appendix IB, Wth Tables 8 through 16 (see
al so Figure 10).

Several problens are encountered in the eval uation
of relative anounts of scatter anong rotated and unrotated
poles to joint surfaces plotted on equal area nets. AS di s-
cussed in the previous section, angular relationships be-
tween joint surfaces nmeasured in uniformy dipping bedding
are preserved with respect to rotation of the bedding.
However, in group 1, whose joints cone fromthe same ex-
posure, poles formng the unrotated cluster pole at N12E/
02sW have a standard deviation nore than four times as
great as for those poles fromthe sanme cluster (N51E/07SW)
in rotated beds. This indicates that considerable error
can be introduced from hand-plotting and hand-rotating
processes alone. In the future, useful statistical analysis
of these data will require the use of conputer-assisted ne-
thods to determi ne pole orientation, the angular relation-
shi ps between poles and the positions of rotated poles.

The locations of cluster centers from all grouos
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Figure 10

STATION LOCATIONS AND SUBDIVISIONS OF THE
SYSTEMATIC JOINT STUDY
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were estimated by eye in both rotated and unrotated pro-
jections. The standard deviations of angles between indi-
vidual poles and their cluster center was cal culated for
clusters identified in the rotated and unrotated equal
area projections for each group. The center of a cluster
or cluster pole, the standard deviation of the poles wth-
in a cluster about the cluster pole, and the number of poles
in a cluster, are tabulated in Appendix IB, Tables 8 through
16.  Inspection of the standard deviations (scatter) of poles
about cluster centers indicates that few, if any, statisti-
cal differences are likely to exist between standard devi a-
tions of poles in rotated and unrotated clusters.

Hence the question of timng in the formation of
systematic joints relative to the devel opnent of folds and
faults remains unanswered by this nethod.

c. Joint intensity and spacing relative to folds

and faults. Joint intensity is the anount of joint sur-
face area per unit volune of rock in an exposure (Weeler
and Di xon, 1980). The calculation of joint intensity using
pseudoval ues (R \heel er, oral conmunications, 1979 and
1980) is explained in Appendix IIA  The study area was
divided into nine structural and |ithologic divisions
(Figure 10). The average intensities for the stations
within each of these nine divisions are tabulated in

Appendi x IID.

Exam nation of Appendi x IID indicates that statis-
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tically significant differences (p < .05) occur only
bet ween the average intensity of systematic jointing for
group 6 and groups 1-2, 3, 5 and 7. Goup 6 is conprised
of these stations within the intensely folded and faul ted
M ddl e Devoni an shal es exposed on the southeast [inmb of
the Mddl e Muntain syncline (Figure 10). In each case,
the intensity of group 6 is greater. Differences did not
exi st between group 6 and groups 4, 8, and 9. Goup 4 is
conprised of a single station (station 9, see Figure 10).
A lowangle thrust fault with 80 to 100 feet to displace-
ment cuts through this exposure in the Devonian Brallier
Formation along the axis of the Mddl e Mountain syncline.
Goup 8 includes those stations on the northwest |inb of
the Mddle Muntain syncline and north of the intensely
deformed area (group 6) on the syncline's southeast |inb.
Goup 9 includes those stations on the southeast |inb of
the syncline north of the deformed area covered by group 6.
Al t hough no faulting was observed in the areas covered by
groups 8 and 9, high standard deviations of bedding dip
(Wlson, 1979) indicate that bedding in these areas is
di srupt ed. Rock flexures unobserved at outcrop scale pro-
duce this disruption in bedding dip.

These differences suggest what is perhaps the
obvious -- nore folded and nmore faulted rocks are nore

intensely jointed than | ess-fol ded and | ess-faul ted rocks.
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As indicated earlier (section A of this chapter), the zone
of structural discontinuity across the Mddl e Mountain
syncline contains nore intensely folded and faulted rocks.
Thus, the structural discontinuity will contain |arger

vol unes of nore intensely jointed rock.

On Plate IIl, the strike of the maxi num frequency
(m ni mum spaci ng) set fromeach exposure has been indicated.
I nspection of the map indicates that transverse (north-
west-striking) joints are generally nore closely spaced
in faulted rock. There is considerable variety in the
orientations of maxinmum frequency sets el sewhere in the
study area however, the |ongitudinal (northwest-striking)
set is nmost common and the transverse set |east common.

The orientations of maxi num frequency joint sets
suggest that mninum effective stress during, jointing was
parallel to strike in the reverse faulted and fol ded
M ddl e Devoni an shales on the southeast linmb of the Mddle
Mountain syncline, particularly within the Parsons CSD
produci ng | ocalized transverse joints. Throughout the
rest of the area, mninmun effective stress was at high
angles to strike, producing pervasive |ongitudinal joints.
Di xon (1980) also notes that the nobst intense sets are in
and parallel to a structural discontinuity.

Berger and Johnson (1980) show that fold asymetry

can be produced by buckling, splay faulting, or drag along
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a ranp where novenent along the ranp either does not occur.
or, if it does, it follows the devel opnent of the fold.
This seenms reasonabl e, because if the shear strength of a
rock |layer is exceeded early during folding, continued
shortening is likely to occur by translation along the

pl ane of weakness represented by the fault, rather than by
folding. Their solution is for a viscous isotropic semi-
infinite halfspace. Deformation of a sequence of brittle

| ayers between ductile detachment intervals is likely to
be nmore conplex (see Chapter 111, section B, on structura
lithic units). However, it seens likely that when novenent
along a ranp through a brittle sequence of |ayers is trans-
ferred to slip within an overlying ductile detachment
interval, folding of the hanging wall rocks will term nate.
It is suggested, then, that intense jointing, specifically
the closely spaced transverse joint sets related to faults
in Mddle Devonian shales, developed after folding. Joint-
ing of the surrounding unfaulted M ddle Devonian shal es and
the overlying Brallier Fornmation is less intense than in
the faulted shales and may provide a seal to the fault-
related fracture porosity. However, along strike, faulted
northwest linbs of anticlines will permt mgration of

fluids to structurally higher positions within the faulted

shal e.
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C. Concl usions

The extension of the Parsons cross-strike struc-
tural discontinuity into Valley and Ridge structures
(Weel er, 1978) is thought to be valid. The zone of struc-
tural discontinuity present across the Mddl e “ountain syn-
cline and Elkhorn Mountain anticline is expressed in the
followng ways. The structural |evel of the Lower Devonian
Oriskany Sandstone drops 2,800 feet to the northeast across
the discontinuity. Structural shortening south of the dis-
continuity is achieved by nore abundant, higher-order
(smal ler) structures than those to the north of the discon-
tinuity. Structural shortening within the discontinuity
is taken up by nore abundant, higher-order structures than
those formed either north or south of the discontinuity.
Rocks within the discontinuity are nore intensely faulted,
and folds are nore nunmerous and have smal |l er wavel engt hs
and anplitudes than folds north or south of the disconti-
nuity. In addition, joint intensity studies show that the
Parsons CSD in the Mddle Muntain syncline iS a zone of
greater joint intensity because it is also a zone of nore
intensely deforned rocks. Fault-related jointing appears

to have devel oped late in the folding process.
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1. SUBSURFACE STRUCTURAL | NTERPRETATI ONS

A [ ntroduction

Several theories and observations have been made
concerning the origins of structural discontinuities. Trans-
verse steps and transcurrent faults between decol | ement
hori zons werefirst postulated as a source for higher-Ievel
fold termnations by Wlson and Sterns (1958) for the Cum-
berland Plateau, |ater by Rodgers (1963). Cw nn (1964), and
Harris (1970) for the central and southern Appal achi ans, and
by Dahl strom (1970) for the Canadi an Rockies. The locali-
zation of discontinuities has, in sone cases, been related
to recurrent novenent al ong basenent-controlled faults
(Price and Kluwer, 1974; Price and Lis, 1975; Lis and
Price, 1976; Benvenuto and Price, 1970; Drahovzal, 1974,
Home, 1975, 1971a, 1975b, 1976a, 1976b; Price, 1975, R
Wheel er, 1978, and oral conmunications, 1978, 1980; Ww.
Perry, oral comunication, 1980). Sedinentary facies and
t hi ckness changes have simlarly been suggested to have a
genetic relationship to discontinuity formation by Trunbo
(1976) and Sites (1978). R \Weeler (oral communication
1980) has observed a statistically significant relation-
ship between pinchouts in several Mddle Devonian nmenbers
and location within a discontinuity. Variations in the

timng of plate collision and the northeastward deepening
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of the basin may also be related to devel opment of dis-
continuities in the central Appal achians (8. Kul ander.
oral communication, 1978); R Shunaker, oral cormunica-
tion, 1979). Hence, what we know of structural discon-
tinuities thus far suggests that a variety of factors are
likely to be inportant in the devel opnment of any one struc-
tural discontinuity.

It is the intent of this chapter to describe sur--
face and subsurface structural characteristics in the cen-
tral Appal achians of West Virginia and to suggest an expl a-

nation for the origins of the Parsons and Petersburg CSD's.

B Regional Cross Sections

1. Construction

a. Surface structure and stratigraphic thicknesses.

Surface structure and stratigraphic thickness estimates
are taken alnost entirely fromthe mapped surface struc-
ture and nmeasured sections presented in the Wst Virginia
and Virginia County Reports. Unit contacts and surface
relief were taken directly fromthe maps presented with
these reports. Average thicknesses were cal cul ated (when
possible) fromthe reported nmeasured sections at the surface
along with subsurface information fromoil and gas wells
that often penetrated the Devonian Catskill Formation. A
conpl ete tabul ation of average stratigraphic thickness is
presented for counties through which the section |ines

pass in Appendi x IIIA. Depths to the top of the Big Lime
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(G eenbrier Linestone) in Tyler, Wetzel, and arshall
counties, West Virginia, are taken from Cardwell (1978).
Dudl ey Cardwell has conpiled information from avail able
wel | data on depths to the top of the Onondaga (Cardwel |,
1974) and depths to the top of the Ordovician and Precam
brian (Cardwell, 1977) for the state of West Virginia.
Wells projected onto sections NN' and SS are |ocated in
Appendi x IIIB, Figure 45. Additional information on the
t hi cknesses of Silurian through Canbrian formations is
presented by Chen (1977). Perry (1964) reports on thick-
nesses of Ordovician and Canbiran formations penetrated
by Consolidated Gas Conpany's No. 1 Ray- Sponaugle well.
Thi cknesses from these sources, but largely from Cardwell
(1977), are presented as a fence diagramfor Canbrian to
M ddl e Devonian structural lithic units in Appendix IIIC
(Figure 48). A fence diagramfor thicknesses of Mddle
Devoni an through M ssissippian formations is also pre-

sented in Appendix IIIC (Figure &47).

b. Structural lithic- units. The cross sectional

representation of a structural lithic unit (a sequence of
rock units having simlar nechanical properties [Currie,
Patnode, and Trunp, 1962}) nust be consistent with obser-
ved or inferred features of simlarly deformed sequences

of rock units. Structural lithic units used in these cross

sections are defined according to their potential to form
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maj or decol l ement intervals.

Any relatively nore viscous or soft unit appears
to have the potential to serve as a decol | enent horizon.
Decol | enents have been observed in the follow ng units:
Pennsyl vani an coal seans (Staub, 1979); the Devonian Bral-
lier Formation (WIson, unpublished results) the Devonian
Brown shales (WIson, et al, 1978; Evans, 1979); the
Silurian Salina Goup (Wodward, 1959; Gai nn, 1964); and
the Ordovician Martinsburg and Canbrian Waynesboro For -
mations (Gm nn, 1964; Perry, 1971, 1975, 1978: Sites,
1978; Bagnal |, Beardsley, and Drabish, 1979; Jacobeen and
Kanes, 1974, 1975). Intervening intervals, those relatively
more conpetent, or stiff, sequences of rock units within
whi ch the formation of decollenent surfaces is of mnor
I nportance, forma second group of structural lithic units.
The structural lithic divisions of the Pal eozoic sedi nen-
tary cover used for the cross sections presented here are
listed in Table 1.
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STRUCTURAL LITH C UNITS

Mechani cal

Age Name™ Behavi or

Pennsyl vani an Monongahel a G oup
Conemaugh Goup
Al | egheny Formation

M ssi ssi ppi an Mauch Chunk G oup _
G eenbrier Goup stiff
Pocono G oup

Devoni an Hanpshire Formation
Chemung Goup
Brallier Formation

Harrel | Shale

Manhant ango For mati on
Mar cel [ us Formation
Needmore Shal e

sof t

Ori skany Sandstone

Hel derberg G oup

Tonol oway Formati on

Wlls Creek Formation** Stiff
W I lianmsport Fornmation

McKenzie Formation

Cinton Goup

Tuscarora Sandstone

Ordovi ci an Juni ata Formati ont
OCswego Formati on

Martinsburg Formation sof t

Trenton G oup

Bl ack River G oup stiff
St. Paul Goup

Beekmant own G oup

Canbri an Conococheague Formation
El brook Formation

Lower Canbrian and _
Basement Rocks stiff
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TABLE 1

*Goup and fornation names are taken from
Cardwel |, et _al (1968)

**The WIlls Creek formation is the equival ent
of the Salina of the Plateau. Detachnent
within the Salina is extensive throughout
the Plateau (GM nn, 1964; \Wodward, 1959).
The Wlls Creek is considered a ductile
structural lithic unit in the Plateau por-
tions of the regional cross sections. Bag-
nall, Beardsl ey, and Drabish (1979) report
the occurrence of detachment within the
WIlls Creek Formation on the northwest linb
of the WIIs Muntain anticline near Reyer,
West Virginia.,

“Bagnall, Beardsley, and Drabish (1979) also
rﬁplort det achment occurring in the Juniata
shal es.
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c. Stiff structural lithic units. Sequences of

formations conprising a stiff structural lithic unit are
assuned to have a constant thickness in cross section
normal to the boundaries of the sequence. Ideally, con-
stant normal thickness can be numintained during folding
if the fold devel ops by layer-parallel flexural slip
(Donath and Parker, 1964) between individual |ayers wth-
in the sequence. Chapple and Spang (1974) noted the inpor-
tance of |ayer-parallel slip to the devel opnent of folds
in the Geenport Center syncline in southeastern Yew York.
This type of fold may be concentric or parallel in cross
section and may become chevron-1like at depth (Rambery,
1963). Johnson and Page (1976) and Johnson (1977) obser-
ved this characteristic in the folds of the Fuasna syn-
cline in the Coast Ranges near San Luis Cbispo, California.
Johnson and Page (1976) and Johnson (1977) note

that al though visible evidence of interbed slip is con-
spi cuously absent between nost of the strata, folding de-
veloped primarily by layer-parallel slip between structura
| ayers much larger than individual |ighologic |ayers in
the sequence. The theoretical nodel of Chapple and Spang
(1974) predicts accommodation of folding by I|ayer-parallel
slip at wdely spaced intervals.

l The concentric to chevron-formfolding is also

commonl y observed in the Juras and Canadi an Rockies, par-
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ticularly in rocks deforned above detachnent intervals
( Spencer, 1969).

Shear within | ess conpetent |ayers of the sequence
may produce some thinning in the |inbs and thickening of
hinges in the fol ded sequence. Also, pressure solution
particularly in the Canbrian-O dovician sequence of dolo-
mtes and limestones, is likely to produce thinning of fold
limbs and, hence, apparent thickening of fold hinges during
fold devel opnent. Hence, the above assunption provides us
with only an approximtion to the actual formof a folded
stiff structural lithic unit. Small faulting, wedeing and
jointing will produce further divergence of reality from
the nodel .

The assunption of |ayer-parallel slip as the dom -
nant process in the devel opment of folds in sequences of
stiff units |leads to another constraint on the cross sec-
tional representation of deformation in a stiff sequence.
The Panther Creek and Turner Valley sections of Dahlstrom
(1969 and 1970) indicate that displacenent along ranping
reverse faults decreases up the ranp and that shortening:
hi gher up the ranp is acconplished by increasing amunts
of folding. Dahlstrom (1969, p. 747) points out the
fol | owi ng

The Turner Valley cross section is based on

good well, seismc, and surface geol ogi cal

control. It shows remarkabl e change from

more than 2 mles (3.2 km of fault dis-
pl acement at depth to virtually none at the
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surface and the accommodations of this
change by fol ding.

As mentioned in Chapter 11 (p.40 ) Berger and
Johnson (1980) indicate that drag along a ranp is not
necessary to fold formation and that, in fact, the fold
above a ranp devel ops prior to the formation of the ranp.
The process of fold devel opment by |ayer-parallel slip
inplies that within a stiff structural lithic unit, layer-
parallel slip increases frombottomto too through a se-
quence of structural layers in the unit producing increas-
I ng anounts of shortening by folding toward the top of the
unit.  Dahlstrom (1969, p. 747) indicates:

2. Interbed slippage is a necessary oart

of the thrust faulting process just as it

is in concentric folding;

3.  Interbed slippage can contribute to

t he change of displacenent along a fault

and, in extrene instances, could becone a

species of inbrication.

The cross-sectional representation of stiff units
will be consistent with the above observations and theore-
tical behavior if we inpose the constraint that the length
of the cut on the hanging wall of the ranp be less than the
| ength of the cut along the footwall. in addition to the
requirenent that total shortening along the top and bottom
of the stiff unit be equal. This requires that lavers at
the bottomof a stiff structural-lithic unit be Iess fol ded
and have greater displacenent along the ramo than |ayers

higher in the unit.
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The constraint that the cross-sectional |engths
along the top and bottom of a given stiff structural-lithic
unit be equal, refers to total length across the basin (or
as much of it as possible) and not to individual thrust
slices. The reason for this constraint is to insure that
unit volume after deformation equals that before deforma-

tion.

d. Soft structural lithic units. Def or mati on of

soft structural lithic units is characterized by a nore

vi scous behavior in the cross sections presented in Plate
V.  Field exam nation of the Mddle Devonian shales (a

soft structural lithic unit) . veals that the unit is not
deformed by continuous flow but by considerable folding,
faulting, jointing, and, to sone extent, by solution clea-
vage (see Chapter Il). Much of this folding, faulting, and
jointing was associated with thrust faults ranping through
the underlying Silurian and Devonian formations into the

M ddl e Devonian shales. Simlar behavior is inferred from
gravity data for the Ordovician Martinsburg Formation in
the faulted and fol ded subsurface of the Valley and R dge
province (Chapter 1V). The thickening of soft units in
areas where slip has been transferred from one detachment
horizon to another is also supported by Bagnall, Reardsley
and Drabish (1979). In addition, the nmore viscous behavi or

of a soft structural lithic unit is represented in cross
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section by thickening the unit in the hinges of folds and

thinning the unit on the linbs of folds.

e. Descriptions of the sections. The regiona

structural cross sections constructed for this study are

di splayed on Plates 1, 2 and 3. The individual sections
are located in Figure 11. They consist of two cross sec-
tions north (NW) and south (ss') of the Parsons CSD

(Plate 1) and extend from the Blue Ridge Front across the
Valley and Ridge, and Plateau provinces to the West Virginia-
Chio border. Jacobeen's and Kanes' (1974) section has been
redrawn and included as section JJ' to the north of the
Parsons and Petersburg CSb's (Plate 2). The 1ongitudina
section LL" extending along strike through Pendl eton County,
Vst Virginia into Mneral County, Wst Virginia across al

three cross sections has al so been included as Plate 3.

2. Valley and Ridge Structures

There has been consi derabl e dispute over the inter-
pretation of Valley and Ridge structure presented by Jaco-
been and Kanes (1974). Two possible interpretations of
subsurface structure along their section line are pre-
sented below in Figures 12 and 13. Their interpretation
(presented as JJ' Plate 2, and Figure 12) is considered
valid for several reasons. First, their interpretation

I's based on seismc reflection data (see Jacobeen and
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Kanes, 1974 and 1975) covering a large percentage of the
area represented in cross section. Second, additional
unpubl i shed seismc data between the Rroadtop and WIIs
Mountain anticlines favors their interpretation. Third,
terrain-corrected Bouguer gravity froma survey al ong
their section line run by R Perkey (1980. oral conmuni-
cation) also supports their interpretation. Gavity nodels
of both interpretations are presented in Chapter IV along
with the inplications of R Perkey's (1980 oral comuni -
cation) observations.

Interpretations of Valley and Ridge structure south
of JJ' including the Elkhorn and Long Ridge anticlines and
structures northwest to the structural front along the
northwest linb of the wills Mountain anticline are con-
tained in sections NN and SS of Plate 1. The interpre-
tations are simlar to those presented by Perry (1971. 1978)
and Jacobeen and Kanes (1975), both of which are sunnorted
by seismic data along or near the section line. A though
there is general agreenent that subsurface Canbrian and
Ordovician structure across the area is represented by a
series of inbrications of that brittle sequence there are
sone differences worth mentioning. In Perry (1971 and
1978) the length of the cut on the hanging wall is equa
to the length of the cut on the footwall of major ramms

through the Canbrian-Ordovician sequence. This inplies
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either that layer-parallel slip did not olay a role in
fault devel opment and folding --contrary to observations
of Chappl e and Spang (1974), Johnson and Page (1976) and
Johnson (1977)-- or if there was a |layer-parallel slip,

It occurred uniformy throughout the sequence --contrary
to the observations of Dahlstrom (1969 and 1970) (see
section ¢, chapter I11). A'so, in Perry's (1971 and 1978)
cross sections through the area there is little or no

t hi ckening of the O dovician Martinsburg (or Reedsville)
Formation in front of splay thrusts through the Cambrian-
Ordovi ci an sequence and al ong which there is fromone to
three mles of displacement. This behavior for a rela-
tively ductile unit disagrees with field observations pre-
sented in Chapter 11, behavior inferred from a published
seismc interpretation (Bagnall, Beardsley, and Drabi sh
1979) and behavior inferred froma terrain-corrected
Bouguer gravity profile surveyed across the Mddle Moun-
tain syncline (see Chapter V). The cross sections of
Jacobeen and Kanes (1975) represent only the gross out-
line of subsurface Canbrian-Odovician structure, but
general ly agree with equival ent segments of sections M
and SS'. Perry's sections disagree further with sections
NN' and SS' and Jacobeen's and Kanes' sections through th-e
area in that Perry has an additional fault slice between
t he El khomor Long Ridge anticiine and the Castle Moun-

tain or Cave Muntain anticline. In Jacobeen's and Xanes'
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sections and sections MN' and sS'(Plate 1) the Canbri an-

Ordovi cian carbonates are faulted beneath the Wills Moun-
tain anticline and the El khom or Long Ridpe anticline with
no indication of a fourth fault beneath the Middle Moun-
tain syncline. Sites' (1978) section CC agrees in nany
respects with Perry's sections. Sites' cross section is
based in part on unpublished seismc sections (Sites, 1978,
p. 123). Sone of the features in his sections may only be
apparent and related to thickening of the low velocity
Martinsburg Formation. For exanple, in Sites' section

CC (see Figure 14) the Martinsburg Formation (1,700 feet

t hi ck) reaches a thickness of roughly 7,030 feet in the
core of the Elkhom Muntain anticline. |In addition, there
IS a syncline in the Canbrian-O dovician seauence beneath
a surface anticline in Silurian and Devonian fornations.
The Martinsburg shale beneath the Cave Mountain anticline
is thickened to approximately 5,000 feet and the Canbrian-
Ordovi ci an sequence beneath is folded into a syncline.

Consi derabl e faulting mapped at the surface in Silurian

and Devonian formations (Sites, 1971, 1975, and 1978) is
related to detachment in the underlying Martinsburg For-
mation so that thickening of the Martinsburg is expected.
|f the added travel timethrough the thickened shale is

not corrected for, the shale will appear anomalouslv thick

and reflections fromthe top of the Canbrian-CO dovician
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dolomites and |inmestones will be delayed in tine produc-

ing apparent synclines in that sequence. This problemis
particularly evident beneath the Cave Mountain anticline
where a syncline is portrayed in the hanging wall of the

faulted Canbrian-Odovician sequence.

Information presented in Perry (1963, 1971, 1978),
Jacobeen and Kanes (1974 and 1975), Sites (1978) and
Bagnal I, Beardsley and Drabish (1979) are consistent in
their interpretation that the WIls Muntain anticline is
either wholly, or in part, due to thrusting of the Cambrian-
Ordovi ci an sequence over a ranp beneath the Broadtop anti-
cline (Figure 12), Bagnall, Beardsley and Drabish (1979)
present seism c evidence show ng that the | ower sheet of
Cambrian-Ordovi cian rocks is cut and displaced slightly
al ong ranps between the Canbrian Waynesboro Formation and
the Ordovician Martinsburg Fornation.

The |ongitudinal section LL' extends along the axis
of the Mddle Muntain syncline across the Parsons and
Petersburg structural discontinuities and futher to the
northeast along the axis of the Clearville syncline. Base-
ment depths calculated fromseismc profiles at Cosner
gap and further north at Keyser along the line of Jacobeen
and Kanes were reported by R Beardsley (1980, oral comu-
nication). The basenent is represented bv a straight |ine

drawn through those depths. A double thickness of the
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Canbri an- Ordovi ci an sequence can be included across the
l'ine of Jacobeen and Kanes south beneath the Clearville
syncline to the northern edge of the Petersburg CSD.  South
across the Petersburg CSD and Parsons CSD, it is not pos-
sible to include a double thickness of the Cambrian-0rdo-
vi ci an sequence because basenent depths reported for this
area (W. Beardsley, 1980 oral communication), are too
shallow.  Similar subsurface structural interpretations
have been proposed for |ongitudinal sections along the
Canadi an Rockies (Bally, Gordy, and Stewart, 1966).

One point not discussed earlier in this section
should be mentioned here. The representation of subsurface
structure becomes increasingly difficult and nore specu-
lative with increasing depth. The devel opment of dis-
harmony in folding, particularly between the Silurian-
Lower Devoni an sequence and the Canbrian- O dovician se-
quence, certainly nay be possible, conplicating an inter-
pretation of subsurface structure based on surface struc-
tures. As an aid to inferring deep detached structure,
information on characteristic wavel engths and anplitudes
of folds in the Canbrian-Odovician sequence or Silurian-
Lower Devoni an sequence is available from surface napping,
wel | data, and geophysical data. Relatively small 1/2 to
2 mle wavel ength folds mapped on the Elkhorn Mountain

anticline (see Chapter Il) or mapped within the Cave
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Mountain conplex (Sites, 1971 and 1975) have been rel ated
to detachment above the Martinsburg Formation. The wave-
length of the WIls Muntain anticline at the Cambrian-
Ordovician level on the other hand, is from4 to 6 mles

i n wavel ength. I n section NN' for instance, across the
El khom Mountain anticline there is also a rather broad

4 to 5 mle wavel ength structure with roughly a l-mle
anplitude. This fold has an anplitude and wavel ength im
pl yi ng Canbrian- O dovician involvenent. This sort of
reasoni ng al one woul d not be considered a strong evidence
or irrefutable proof of folding and ranping of the subsur-
face Canbrian-Ordovician sequence; however, since seismc
evidence presented in Perry (1971 and 1978) and Jacobeen
and Kanes (1975) supports this line of reasoning for the
subsurface of the WIls Muntain anticline, the Cave Moun-
tain anticline and the Elkhorn Miuntain Long-R dge anti-
cline, simlar inplications regarding subsurface structure
shoul d not be overlooked in areas where subsurface infor-

mation is not avail abl e.

3. The Bergton-Crab Run and Adans Run Anticlines.

Bet ween the Elkhorn Myuntain-Long Ridge anticline
and the Little North Muntain Fault lie the Bergton-Crab
Run and Adanms Run anticlines (see section Ny' of Plate 1).

Sout h across the Parsons CSD these two anticlines plunge
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out. No geophysical or well data was found for this area.
However, along section NN the anplitudes and wavel engt hs
of the surface folds are suggestive of Canbrian-O dovician
i nvol venent in these anticlines which is represented in
section NN'. In section SS (Plate 1) the entire section--
Lower Canbrian through Devonian-- is shown as al nost unde-
formed, although | ong wavel ength, |ow anplitude anticlines

may be present.

4, Structures Between the Little North Mountain Fault and
the Blue Ridge Front.

Di spl acement of the Canbrian-Odovician sequence
along the Little North Muntain fault increases to the
south across the Parsons CSD. Also, the Staunton-Pul ask
fault is not present in section NN', but has considerable
di spl acenent in section SS (see Plate 1). In NN', ranping
within a second underlying sheet of Canbrian-Ordovician
dolomtes and linestones is related to the Mayland anti-
cline, which plunges only slightly to the south from NV
to SS across the discontinuity. Two synclines in the
Massanutten synclinoriumformed in the Silurian Massanutten
Sandst one plunge out southwest across the Parsons discon-
tinuity leaving only the 5-mle wavel ength synclinorium
devel oped in the Canbrian- O dovician sequences.

The crystalline rocks of the Blue Ridge have been
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represented as detached above a decollenent in the Canbrian
Rome Formation as suggested by the recent COCORP seismc

interpretation (Cook and others, 1979; Harris and Bayer,
1979).

5. Pl at eau Structure.

Subsurface structures in the Plateau have been dis-
cussed in detail by GuMnn (1964). Plateau structures pre-
sented in cross sections NN' and SS are generalizations
of descriptions presented by GMnn (1964). Some additiona
structure has been added to the Lower Devonian formations
detached above the Silurian Salina Fornmation in the Plateau
synclines. The Bl ackwater anticline plunges out southwest
across the Parsons structural discontinuity into (or be-
neath) the Job syncline. Sinilarly, the Glady anticline
pl unges out northeast across the discontinuity beneath the
Georges Creek syncline. As inferred for the Mddle Muntain
syncline, these anticlines can be expected to continue for
sone distance beneath the syncline. Thus, small doubly
faulted anticlines in the Devonian Oiskany sandstone,
characteristic of detachment in the Salina, have been in-

cluded beneath the synclines.
C. Structural Interpretation

1. Structure in the Canbrian-Ordovician Stiff Structura
Lithic Unit.
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Maj or anticlines of the Valley and Ridge and Hi gh
Pl at eau provinces are |ocated on the geologic map of West
Virginia (Figure 11). The cross sections discussed in the
previous section (section B.e) indicate that several of
the Plateau and Valley and Ridge anticlines are related
to detachment above a decollenment in the Canbrian Rone
Formation. Gainn (1964) presents cross sections based on
wel | and seismic reflection data that show faulted Cam
brian-Ordovician beneath the Elkins Valley anticline and
Browns Muntain anticline. In the core of the Deer Park
anticline, GMnn (1964) indicates that the Juniata is
thi ckened to approxinately 4,000 feet along with consid-
erable faulting of the Oiskany Sandstone and thickening
of the Silurian formations. However, sone faulting of
Canmbri an- Ordovi ci an formations cannot be ruled out because
of the long wavel ength of the anticline, and by anal ogy
wth the Elkins Valley anticline, so that mnor displace-
ment along the Rome has been suggested (see section NN').
Cardwell and ot hers (1968) have indicated faulting of the
Canbri an-Ordovician formati ons beneath the Briery Muntain
anticline, and GuMnn (1964) notes that sone faults may be
present in the Canbrian- O dovician sequence beneath the
northern segnent of the Deer Park anticline. The extent
of Rone detachment northwest into the Plateau inferred
from the above observations and reports is represented in

Figure 15. The northwest extent of Rone detachment can be
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seen to vary abruptly along strike as, for exanple, between
the northeastern plunge out of the Browns Muntain anti-
cline and the southwestern plunge out of the Elkins Valley
anticline. Simlarly, there is an abrupt decrease in the
nort hwest extent of Rome detachnent by 4 to 5 mles between
the northeastern plunge out of the Elkins Valley anticline
and the southwestern plunge out of the Deer Park anticline.
Wieel er and others (1976) indicate that in the plunging
nose of the Deer Park anticline intermediate scale folds
have nore northeasterly trends than those further north-
east wthin the Deer Park conplex. This can be expl ained
by a slight right-lateral tear between the noses of the two
anticlines. Tearing between the two structures could easily
have occurred if slip along the Rome beneath the Elkins
Val l ey anticline continued over a |onger period of tinme,
or at a greater rate than slip beneath the Deer Park anti-
cline. Dahlstrom (1969, p. 751) notes that:

I n adj acent cross sections the amunt of

"shortening" at a specific horizon between

conparabl e reference lines nust be nearly

the same unless there is a tear fault be-

tween them
If a segnment along section SS is taken across the Elkins
Valley anticline (Plate 1) and a conparable segnent is
taken al ong section NN' extending about 4 or 5 mles north-
west fromthe northwest |inb of the Deer Park anticline,

shortening to the south at the Canbrian- O dovician |evel
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is approximately 1 nile, while to the north it is inferred
to be zero. A simlar discontinuity in shortening occurs
between the Elkins Valley and Browns Mountain anticlines.

For these reasons, tear faults including zones of
distributed faulting and rotation have been indicated be-
tween offset thrust faults or ranps through the Cambrian-
Ordovician sequence (Figure 15).

The line of reasoning favoring Jacobeen's and Xanes'
(1974) section (JJ', Plate 2) and the equival ent segnents
along strike to the southwest in sections NN' and SS
(Plate 1) was presented in the preceding section. Between
the northwest linmb of the WIIs Fountain anticline and the
sout heast linmb of the Broadtop anticline along section JJ'--
a horizontal distance of 20.5 mles-- there is a 32-mle
| ength of the Cambrian-Ordovician sequence. Across equi-
valent 20.5 mile segnents of uN'and SS' to the south (see
Plate 1), there are 24 and 25 mle lengths respectively of
the Canbrian-Ordovician sequence.

As suggested above, Dahlstrom (1969) indicates that
rather significant differences in shortening between adja-
cent cross sections could inply or be accounted for by the
presence of a tear fault between the two sections. Dahl strom
(1969, p. 751 and 752) offers another possible nechanismto
account for substantial differences in shortening between

adj acent cross sections:



UGR File #498
W.Va.Univ. Dept. of Ceol ogy & Geography
Decenber 198 70

The Lewis Thrust for instance (Dahlstrom

et al, 1962), has a mnimum of 23 niles

(37 km) of thrust displacenent at the United
States border and 135 airline mles 217.2
km} to the north, the fault displacement is
zero. Over the sane distance the overal
shortenlng_ln the nmountain belt as a whole
nay have di m ni shed but certainly not by 23
mles (37 km.. .there must be sone conpen-
satory mechani sm at work whereby displ ace-
ment 1s "transferred" fromone structure to

anot her. .

The compensatory mechanism for thrusts is

a kind of lap joint wherein the fault whose

di spl acement is dimnishing is replaced by

an echelon fault whose displacement is in-

creasing. Cearly such a "transfer zone"

could not exist unless all of the faults

involved in the transfer zone are rooted

in a conmmon sole fault.
Total shortening of the Canbrian-O dovician sequence across
the basin is 6 mles greater in section NN'than in sec-
tion SS. Mst of this shortening difference is related
to the presence of the Bergton-Crab Run and Adans Run
anticlines in section uN' (Plate 1). Since these two
structures plunge out southward rather abruptly, a left-
| ateral tear fault or zone of wenching is hypothesized
to be present across the plunging noses of these struc-
tures. A distinct left lateral shift in surface fold
traces across the inferred tear fault supports this hypo-
thesis (see geologic map of Rocki ngham County, Virginia,
Brent, 1960). Total shortening of the Canbrian-O dovi-
ci an sequence across the basin along JJ' is not known, but

the additional 8 mles of shortening across JJ' requires
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that one or nore tear faults or transfer zones be present
between NN and JJ'. The longitudinal section LL' is

drawn to suggest that this transfer or tear nust occur
across the Petersburg structural discontinuity. Terrain-
corrected Bouguer gravity over the area taken from Kul ander
and Dean (1978) is shown in Figure 16. Gavity val ues
increase from6 to 11 milligals northeastward within a 12-
mle long interval across the Petersburg CSD in G ant
County. A conparable increase in the terrain-corrected
Bouguer gravity occurs across the WIlls Muntain anticline.
Cal cul ated gravity for structural cross sections presented
in Chapter |V indicates that such an increase in gravity
wi |l be produced by a duplication of the Canbrian-O dovi-
cian sequence. Thus, the gravity high across the Peters-
burg area (Figure 16) supports the inferred presence of the
duplicated Canbrian-Ordovician sequence into the Petersburg
area as illustrated in Figure 18. Al available subsurface

information points to the presence of a duplicated Cambrian

Ordovi ci an sequence north of the Petersburg area, yet sur-
face fold traces in the Silurian and Devoni an sequence do
not show left lateral shifts in trend (see Cardwell and
others, 1968) and although left-lateral strike-slip faults
are present in the plunge out of the Bedford syncline south-
westward into the Petersburg CSD, displacements along them

are significant (Sites, 1978). On the basis of the gravity
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data and the structural cross sections, sone mechani sm
accommodating the transition in shortening across the
Petersburg area nust be present. Since surface struc-
tural features do not support the presence of tear fault
or tear fault zone through the shallow and exposed sequence,
a nore gradual transfer zone acconpanied by wenching and
tearing is proposed. Figure 17, taken from Dahl strom
(1969) illustrates the three dinensional nature of the
transfer zone with its roots in a sole thrust. Figure 18
illustrates the three dinmensional nodel for the transfer
zone through the Petersburg area along with the other sub-
surface structures proposed above for the Canbrian-O do-

vi ci an sequence.

2. Structure in the Silurian-Devonian Stiff Structura

Lithic Unit.

In Chapter |1, section A the surface and subsur-
face structure of the Mddle Muntain syncline was dis-
cussed. Several features were noted regarding the struc-
ture of this area. It is felt that three of these features
are of fundanmental inportance to the structural interpreta-
tion of the Parsons and Petersburg CSD's. First, to the
sout hwest and within the Parsons CSD, the anplitude of the
El khorn-Muntain M ddle Muntain fold pair is 3,000 and

2,800 feet respectively. Northeast of the structural dis-
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continuity structural relief is significantly greater at
4,400 feet. Second, total shortening southwest and within
the discontinuity across the El khorn-Mddl e Mountain Struc-
ture is approximately 2,000 feet or 500 feet (33%) greater
than the shortening outside the discontinuity to the north-
east. Third, northeast along the axis of the Mddle Mun-
tain syncline the Devonian Oiskany Sandstone drops 2,800
feet in structural |evel across the discontinuity.

In section NN' of Plate 1, it is apparent that
structural relief across the Elkhorn Mouuntain anticline and
M ddl e Mountain syncline is related primarily to the relief
across subsurface Canbrian-Ordovician structure. Sinmilarly,
but to a |esser extent, surface structural relief across
t he Elkhorn Mountain-M ddle Muntain fold pair south of
the discontinuity, is related to the Canbrian-O dovician
structure (see SS' of Plate 1). The increased shortening
within and south of the Parsons CSD is related to detach-
ment in either, or all three, of the Nartinsburg, Juniata,
and Wlls Creek Formations--all of which are known detach-
ment horizons producing structure in Lower Devonian forma-
tions (GmMnn, 1964; Bagnall, Beardsley, and Drabish, 1979).
If the shortening of Canbrian-Odovician structures could
be subtracted fromthe overlying structures, Silurian and
Devoni an rocks northeast of the discontinuity would be

roughly flat lying while faults and folds in these rocks
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within and south of the discontinuity would produce an
anticline in Silurian-Devonian formations plunging north-
east across the discontinuity a total of 2,800 feet.

Al t hough shortening southwest and within the dis-
continuity across the Elkhorn Mountain-M ddl e Mountain fold
pair is only 500 feet greater than shortening to the north-
east across this structure, Dahlstronis (1969) requirenent
for tear faults or transfer zones is recalled. Mpping of
surface structures in the area (Chapter |I, section A) re-
veal ed no cross faults or tear faults. A considerable
nunber of thrust faults with large displacenments have been
mapped by Sites (1971, 1978, and 1980 oral conmuni cation)
in the Cave Mountain area northeast of the Parsons CSD and
adj acent northwest of the Mddle Muntain syncline. Again,
no tear faults have been mapped across this structure as
it plunges out to the southwest across the Parsons CSD
(Sites, 1971). Nor is there any significant amunt of cross
faulting or tear faulting to the northeast along the Cave
Mountain anticline where this structure plunges across the
Petersburg CSD (Sites, 1971 and 1978). However, detailed
mappi ng al ong both the Parsons and Petersburg CSD's has
consistently revealed that the zone of structural discon-
tinuity contains nore nunerous internmediate scale folds,
but there are al so nore nunmerous thrust faults. [t is

suggested that these two cross-strike structural discon-
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tinuities can be viewed as a cross-strike alignnent of

fault transfer zones.

D. Structural Mdel for the Parsons and

Petersburg Cross-Strike Structural Discontinuities

The increasing deformation observed in the Devonian
Ori skany Sandstone sout hwest across the Parsons CSD and
al ong the Elkhorn Mountain-Mddle Muntain fold pair is
the result of detachnent in the Martinsburg Fornmation ranp-
ing into Juniata, WIls Creek and M ddl e Devoni an shal e
detachment intervals southwest of the discontinuity, while
movenent northeast of the discontinuity continued along the
Margi nsburg thrust.  Shortening on either side of the dis-
continuity was equalized to the northwest, where novenent
al ong the Martinsburg sole thrust ranped upward into
Juniata, WIIs Creek and M ddl e Devonian formations pro-
duci ng equival ent shortening of the Silurian-Devonian se-
quence across the Cave Muntain anticline northeast of the
Parsons CSD.  Equival ent shortening occurs in the discon-
tinuity through greater nunbers of faults. A generalized
model illustrating the geometry of the inferred transfer
zone is presented in Figure 19. The nodel is further sim
plified by considering only two detachnent intervals--the
Martinsburg and M ddl e Devonian soft structural lithic
units. The nodel can be nodified appropriately to coincide

with structures along the Petersburg CSD to the north, or
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the Pl ateau segment of the Parsons CSD. dote, however,
that the Parsons and Petersburg csb's are marked by trans-
fer zones not only in the Silurian-Lower Devonian sequence,
but within the Cambrian-Ordovician sequence as well. In
addition, the nunerous internediate scale 200-1,000 foot
anplitude folds in the Chemung Croup al ong the plunging
nose of the Deer Park anticline of the Plateau are pro-
bably related to shortening above shallow detachnents in
either the Mddle Devonian shales or in shale intervals

of the Devonian Brallier Fornation. Hence, the available
evidence indicates that fault transfer occurring across
structural discontinuities involves all detachnent inter-
vals fromthe Canbrian Waynesboro (Rone) Formation through
the M ddl e Devonian fornmations and possibly higher [|evel
detachment intervals, although deep and shall ow structura
| evel s may transfer slip independently of each other.

Al ong sone segments of the discontinuity transfer may be
limted to only a few brittle units. Bet ween the south-
east linbs of the WIls Muntain and Elkhorn Muntain anti-
clines along the Parsons CSD, the lack of transfer within
the Cambrian- Ordovici an sequence accounts for the |ess pro-
nounced surface expression of the discontinuity. |nstead
of the Mddle Muntain syncline and Elkhorn Mountain anti-
cline plunging out conpletely across the discontinuity,

those structures primarily related to structure in the
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Canbri an-Ordovi cian sequence, only show a change in anpli -
tude and a drop in structural |evel across the discontin-
uity. Simlar thickening of the Odovician Martinsburg
Formation and fol ding of the overlying Silurian-Lower
Devoni an sequence is encountered northeast along the axis
of the Massanutten synclinorium across the Parsons CSD.

Nort hwest along the discontinuity in the Plateau, the
Horton, Bl ackwater and G ady anticlines plunge out com
pletely across the discontinuity. The Canbrian-Ordovician
sequence is flat lying beneath these structures. Myvenent
along a Martinsburg sole thrust is transferred to higher

| evel detachnment intervals formng the Horton anticline
sout hwest of the Parsons CSD while northeast of the dis-
continuity, contained displacenent along the Mrtinsburg

is transferred to higher |evel detachnent intervals further
nort hwest benearth the Bl ackwater anticline and so on back
and forth formng next the Gady anticline, the Deer Park
and Elkins Valley anticlines. The northeast swing of fold
axes along the Deer Park indicates that the tear or fault
zone in the underlying Canbrian-Odovician sequence is younger
than detachment in the Martinsburg. This sequence of detach-
ment devel opi ng progressively deeper is accepted for the
central Appal achians in general (Perry, 1978; Sites, 1978)
al though there are | ocal exceptions (Sites, 1978).

The Petersburg CSD simlarly represents a zone
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across which shortening above a Martinsburg sole thrust

is transferred via nunerous faults and snall folds to fewer
faults with larger displacenments and fewer folds with

larger anplitudes on either side of the zone. Sites' (1978)
Figure 10 (p. 3) is an excellent representation of struc-
tural shortening northeast and sout hwest of the discontin-
uity, however, very little shortening is illustrated in

the discontinuity and the increased intensity of faulting
and folding in the discontinuity are not shown. |n addi-
tion, a broad transfer zone, 10 to 15 nmiles in width,

(see section LL') occurs in the Canbrian-Odovician sequence

across the Petersburg CSD.
E.  Balancing Structural Cross Sections

Tables 2 and 3 |ist shortening nmeasurenments across
the. Valley and Ri dge segnent, the Plateau segnent, and
the total width of the sedinmentary basin for sections M¥N'
and SS'.  Theoretically, total shortening across the basin
shoul d be constant, or nearly so, for each unit in the
sequence. Simlarly, shortening across adjacent sections
must be nearly the same unless separated by a tear fault.
However, along section NN', the Xartinsburg shale is short-
ened 30.3 mles, alnbst twice as much as that for the
Canmbri an- Ordovi ci an sequence (16.2 mles) and nore than
seven times that of the Oswego Sandstone (4.1 mles) (see

Table 2). Simlar disagreements are present in section SS
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SHORTENI NG MEASUREMENTS
FROM THE STRUCTURAL INTERPRETATION
NORTH OF THE PARSONS STRUCTURAL DISCONTINUITY

Canbri an o
and Ordovician  Ordovician Ordovi ci an
Dol omi tes Marti nsburg Oswego
and Li mest ones Format i on Sandst one
VALLEY AND
Rl DGE*
H(mles 33.1 33.1 33.1
L (mles 48. 7 53.4 36.1
D (mles 15.6 20. 3 3.0
%S 32 38 8.3
EASTER. ! ?
PLATEAU* *
tH (mles 33 33 33

L (mles 33.5 43 34.1
D(mles 0.5 10 1.1
%S 1.5 23.3 3.2
TOTAL
H(mles) 66. 1 66. 1 66. 1
L (mles 82.2 96. 4 70.2
D (nmiles 16. 2 30.3 4.1
%S 19.7 31. 4 5.8
TABLE 2

*Valley and Ridge refers to structure between the Little
North Mountain Fault and the northwest linb of the WII
Mountai n anticline.

**Eastern Plateau refers to structures between the northwest
limb of the WIIls Muntain anticline and the northwest
[inb of the Etam anticline

+H is the horizontal distance along the section Iine.

L is the total length of the unit contained in the
interval H along the section line. For the soft Martin-
sburg Fm L is the total area of the formation divided
by its thickness

L - H
(D'L) x 100

S

»wo
T
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SHORTENI NG MEASUREMENTS
FROM THE STRUCTURAL IMTERPRETATION
SOQUTH OF THE PARSONS STRUCTURAL DISCONTINUITY

Carbr | an. . o
and Ordovician  Ordovician Ordovi ci an
Dol omi t es Martinsburg Oswego
and Limestones Formation Sandst one
VALLEY AND
RI DGE*
H(mles 31 31 31
L (mles 40 42.2 36
D (mles 9 11.2 5
70S 22.5 26.5 13.9
EASTERN
PLATEAU**
+H Enjles 32 32 32
L (mles 33 39.2 33.5
D (mles 1 7.2 1.5
%S 3 18. 4 4.5
TOTAL
H Enjlesg 63 63 63
L (mles 73 8l.4 69.5
D (mles) 10 18.4 6.5
%S 13.7 22.6 9.4
TABLE 3:

*Vall ey and Ridge refers to structures between the Little
North Muntain Fault and the northwest linb of the WIls
Mountai n anticline.

**Eastern Plateau refers to structures between the northwest
linmb of the WIlls Muntain anticline and the northwest
linmb of the Elkins Valley anticline.

tH is the horizontal distance along the section |ine.

L is the total Iength of the unit contained in the inter-
val H al on?1 the section |ine. For the soft Martinsburg
e

Fm List total area of the formation divided by its
t hi ckness.

D=1L-H

S = (DL) x 100
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(Table 3). In addition, there is disagreenent in the
anounts of shortening along the sane units in adjacent
cross sections (see Tables 2. and 3).

There are several possible explanations for this
di sagreenent.  Regional sections constructed at a scale
of 1 inch to the mle, cannot detail intermediate scale
surface structure. Detailed mapping of surface structures
consi stently shows considerably greater anmounts of shorten-
i ng than docunented in previous regional studies (Sites,
1978 and 1980 oral communication; see al so Henderson, 1973,
Mul | ennex, 1974, and Trunbo, 1976). In addition, it is
difficult to estimate structural shortening related to
thi ckened units from1 or possibly 2 wells into the core
of a structure. Thus, the anomal ously | ow shortening
reported for the Odovician Oswego Sandstone and thus for
the overlying Juniata Formation, and Silurian and Devoni an
formations is certainly nuch greater. The excessive short-
ening reported for the Ordovician Mrtinsburg Fornmation
may be attributed to too little thinning of linbs, too
much thickening of hinges, and far too nuch thickening in
front of Canbrian-Odovician faults. However, it may be
that the shortening in the Martinsburg is not excessive,
but actually a close approximation of the total shortening.
The outline of the Canbrian-Odovician sequence is inferred

from sone seismc data, and sone gravity data, but generally



UGR File #498
W.va.Univ. Dept. of Geol ogy & Geography
Decenber 198 86

is inferred fromrelief in surface structure. Reports on
the thickness of this sequence vary from approxi mately
6,500 feet (Zurgani, 1975) to 9,500 feet (see Sites'

1978, section CC ). Measured sections through exposed
portions of the sequence (Brent, 1960) in Rockingham
County, Virginia, indicate a total thickness of 8,500

feet. Perry (1964) simlarly indicates an 8,500-foot

t hi ckness from the Ray-Sponaugle well in Pendleton County,
West Virginia. Each of these reports conmes from struc-
turally conplex areas so that the 8,500-foot thickness

may be greater than the undeforned thickness of that
sequence. However, the 8,500-foot thickness for the
Canbri an- Ordovi ci an sequence used in the sections of Jaco-
been and Kanes (1974 and 1975) and Perry (1971 and 1978)
has been used for the Valley and Ridge portions of sec-
tions NN' and SS (Plate 1). The shortening of the sequence
measured fromthe general outline of Canbrian-Odovician
structure is certainly an underestimte. Because all

unit thicknesses used in the construction of these cross
sections were acquired by averagi ng neasured sections which
may have been structurally thickened to varying degrees,
the unit thicknesses will contain an average or represen-
tative amount of excess thickness related to structura
short eni ng. The uncertainties in these shortening esti-
mates indicate that the calcul ated val ues of shortening

fromNN' and SS are of little neaning. Future detail ed
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mappi ng along the total length of any avail able cross
sections across the basin could provide a better estimte
of total shortening across the basin. However, the large
amount of work required to find that nunmber, in itself,
woul d not be worthwhile. An accurate estinmate of total
shortening in the Silurian-Devonian sequence of the Plat-
eau could be acquired sinply by an accurate assessment of
that sequence's undeforned thickness.

In spite of the balancing flaws, the generalized
portrayal of regional structures has been very useful in
finding solutions to basic problens in central Appal achian
structure and their construction is recomended for future
regional structural studies. Specifically, they have been
useful in devel oping a three-dinmensional nodel of regional

subsurface structure.

F. Balancing Cross Sections and Pressure Sol ution

Assessing total shortening across the basin is
further conplicated by |ayer parallel shortening via solu-
tion cleavange. The press-solved material my fill inter-
granul ar void space, opening along joints and various types
of fracture porosity associated with faults and the dis-
continuities nobile behavior of shales.

Three nodes of shortening are illustrated by Mrshak

and Cei ser (1980) (see Figure 20). In the fold thrust,



UGR File #498

W.Va,Univ. Dept. of Geology & Geography
Decenber 1980 38

FOLD THRUST

BREAK THRUST

SOLUT I ON
5 CLEAVAGE
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METHODS OF THRUST PROPAGATION
(FROM MARSHAK AND GE ISER, 1980 )

Fi gure 20
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shortening within a sequence overlying a detachment inter-
val is acconplished by folding of that sequence. In the
break thrust, shortening above a detachment interval is pro-
duced by noving the overlying fornmations over a ranp through
the sequence. Shortening of formations overlying a detach-
ment interval by a shortening thrust occurs by solution
cl eavage.  These nmethods of thrust propogation are conbined
to illustrate possible inter-relationships between the
various mechani sns shortening a multilayer (Figure 21).

At the Allegheny Structural Front across sections
SS' and N3' (Plate 1), the Canbrian-Ordovician sequence be-
neath the WIlls Muntain anticline transfers approxi mtely
2mle net slip (Ss) into the Martinsburg detachnent inter-
val. Total shortening in the Plateau folds above the
Martinsburg detachment interval is 1 to 1-1/2 mles. and,
as discussed above, considerably nore shortening can be
inferred for the section above the Martinsburg detachment.
This slight excess of shortening can be accounted for by
movenent along the Martinsburg detachment interval prior
to the devel opnent of the WIls Muntain anticline (Sites,
1978).  This novenent could be related to transfer slip into
the Martinsburg along ranps cutting the Canbrian- O dovician
sequence further southeast. However, to the north across
Jacobeen's and Kanes' (1974) section (see JJ' Plate 2) 12

mles of slip have been transferred fromthe Canmbrian Rone
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Formation into the Ordovician Martinsburg Formation beneath
the Plateau. Shortening neasured from unpublished regional
cross sections (Anonynmous) along this line across the

Pl ateau is approximately to mles--far short of the 12
mles required, even when considering the general nature

of the section.

The role of layer-parallel shortening via solution
cl eavage may be an inportant factor to consider in account-
ing for total shortening beyond this thrust sheet. Engel der
and Engel der (1977) have interpreted observed fossil dis-
tortion and solution cleavage in Upper Devoni an shal es of
the New York Plateau to inply 5 km of shortening across
50 km of the Plateau. An earlier study by Nickelsen (1966)
in the Plateau of northern Pennsylvania indicated an aver-
age 10% shortening normal to fold axis, fromdistorted
brachi opods found in the Phillipsburg quadrangle. A com
parison of observed anounts of pressure solution and fossi
distortion northwest of this thrust sheet should be com
pared with amounts observed to the southwest on the Plateau
where net slip transferred to the Martinsburg is consider-
ably |ess.

It should be noted that directly northwest of
Petershurg, along a line extending across strike through
t he Canbrian-Ordovician transfer zone, high anplitude anti-
clines of the H gh Plateau (see GmMnn, 1964, his Plate I)

extend an additional 20 mles northwest along one of
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Gunn's (1964) lineanments (see Figure22) to include the
entire length of the Chestnut R dge anticline. The folds
of the H gh Plateau retreat southeast again, 100 mles to
the northeast along strike near the Birm ngham Wndow. The
Bi r m ngham W ndow occurs in the Canbrian- O dovician sequence,
I's doubly plunging, exposing a second Canbrian-Crdovician
slice beneath, and inplying the presence of a ranmp through
an underlying third slice of Canbrian-Ordovician. R
Shumaker (1980, oral communitaion) indicates that the Salina
of the Plateau pinches out to negligible thickness north-
west of the Birm ngham Wndow so that detachnent in this
interval is unlikely to be very extensive. R Shunaker
(1980, oral communication) also suggests that faulting of
the Canbrian- Ordovician beneath the Birm ngham W ndow does
not transfer much slip into the Martinsburg Formation and
that nost of the shortening is taken up by imbrication of
the Canbrian- Ordovician agai nst an al nost inmmovabl e wal |

at the structural front. Thisretreat of the H gh Plateau
fol ds southeast across strike to the southwest-plunging
nose of the Sinking Valley anticline coincides with the
Tyrone- Mount Union |ineanent of Gold (1973) and Kowalik
(1975) (see Figure 22 ).
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| V. CENTRAL APPALACHI AN GRAVITY MODELS

A | nt roducti on

Previ ous use of observed gravity as an aid in
unravel ling details of Appalachian structure in West Virginia
Is limted. Kulander and Dean (1979) occupi ed 1,458 sta-
tions in central and eastern West Virginia, western Maryland,‘
and Virginia. Their study is primarily regional in nature,
with detailed coverage linmted to a profile across the Warm
Springs anticline in Bath County, Virginia. Byerly (1973)
surveyed a detailed profile across the Massanutten Syncli-
noriumin northern Berkeley County, West Virginia.

Cal cul ated gravity for several generalized cross
sections of the Appal achian Valley and Ridge and Pl ateau
structures is discussed here and conpared to contours of
terrain-corrected residual Bouguer anomalies and, in some
cases, to the terrain corrected Bouguer gravity from
Kul ander and Dean (1978). A new gravity profile surveyed
across the Mddle Muntain syncline i S presented al ong
with a subsurface nodel based on the terrain-corrected
Bouguer gravity. Two interpretations of the section line
of Jacobeen and Kanes (1974) through M neral and Hanpshire
Counties, West Virginia, are also presented along with

calculated gravity for both profiles.

Gavity profiles were calculated using a program
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devel oped by Smith, Higgins, and Robertson (1970) of the
Princeton University Departnent of G vil and Ceol ogical

Engi neering. The nethod of calculation was derived by
Hubbert (1948) and eval uated by Talwani, et al (1959), and
involves a line of integral which evaluates the vertica
conponent of the gravitational field associated with unit

t hi ckness n-sided polygonal cylinders that are infinitely
long in the horizontal direction perpendicular to the pro-
file. A given polygonal cylinder represents a stratigraphic
interval within the Pal eozoic sedimentary cover. Average
densities for stratigraphic intervals were calcul ated using
i ndi vidual formation densities taken from Kul ander and Dean

(1978, their Figure 5a) and weighted by thickness.

B. Causes of Disagreenent

Bet ween Observed and Cal cul ated Gavity

Lack of agreenent between observed and cal cul ated
gravity may result from (1) the uncertainty in the observed
gravity; (2) the renoval of the regional gravity field; and
(3) errors in the proposed structural nodel

Terrain-corrected Bouquer gravity values are con-
sidered to have cunul ative errors of no greater than 0.1
milligal (Byerly, 1973; Kul ander and Dean, 1978). However,
standard deviation in values of residual gravity projected

onto the residual gravity profile along the Warm Springs
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section line (Kulander and Dean, 1978, their Figure 6)
Is calculated by this author to be 1 mlligal, and 1.3
mlligals when conpared to the calculated gravity for their
model. Simlarly, standard deviation in value about a
curve visually fit to the Mddle Muntain data of this
report is calculated to be 0.65 mlligals, and dispersion
about the calculated gravity is 1 mlligal (see Figure 20).
Some uncertainty is introduced in projecting val ues al ong
strike onto the profile [ine where the assunption of struc-
tural invariance perpendicular to the profile is incorrect.
This uncertainty will be greatest for a regional survey such
as Kul ander and Dean's (1978) survey (see station |ocations,
Figures 23 and 26), where few stations actually lie along
the profile. In addition, near-surface density distribu-
tions are nmuch nore conplex than represented by the gener-
alized regional gravity nodels presented here. Such uncer-
tainty may be related to near-surface lateral density
contrasts produced by unrecogni zed structure, or ground
wat er solutioning of near-surface |inmestones (Byerly, 1978).
Byerly (1973) also related 1.5 to 1.8-milligal variations
above the regional background to a subsurface zone of high-
density dolomte. Thus, it appears that, in general, the
uncertainty between observed and cal culated gravity is of
the order of one mlligal

Renoval of the regional gravity fromthe observed

Bouquer anonaly requires assunptions about deep seated
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(basement) structure and lithology which may not be wel |
supported.  The regional gravity map (Kulander and Dean,

(1978, their Figure 1) was constructed graphically froma
series of orthogonal profiles of the terrain-corrected Bou-
guer gravity. Regional gradients were visually chosen for
each profile . The regional gravity map was then conpiled
fromthe profile data. It would be inpossible to anticipate

the presence of smaller-scale features in the regional gravity
wi t hout other sources of in-formation on basenent conposition
or structure. Wth gravity calculated for reasonable struc-
tural nodels of the Plateau and Valley and Ridge Pal eozoic
sedinentary cover, it may be possible to construct hypotheses
about conpositional variations in the basenent that could be
responsi ble for the disagreement between the observed and
calculated gravity.

As nentioned in section B, the disagreenent between
cal cul ated and observed gravity over the Bl ackwater anticline
cannot be conpensated for by Canbrian-O dovician structure.
Simlarly, interpretations of the Ray-Sponaugle well in Pen-
dleton County, West Virginia (Perry, 1964) of the Ray-Spon-
augl e and Greenland Lodge (G ant County, West Virginia) wells
(Sites, 1978), and published seismc interpretation across
the WIlls Muntain anticline near Xeyser, West Virginia
(Bagnal I, Beardsley, and Drabish, 1979), support duplica-
tion by faulting of the Canbrian-O dovician carbonate se-
quence along the length of the WIls Mountain anticline.

Yet, as we shall see, observed gravity differs by
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more than a mlligal (section C. this chapter) from cal cu-
| ated gravity for documented subsurface structure.

Where differences between observation and theory
cannot be explained as errors of observation or measure-
ment in the survey, and cannot be reconciled by adjustnents
of the nmodel consistent with the assumed style of defor-
mation, then the assuned structural style nust be incorrect.
It is possible that much of the disagreenent between Kul ander
and Dean's (1978) residual Bouguer gravity and the cal cu-
| ated gravity lies in higher-order regional features
(Wheel er, oral comunication). Higher-order regional fea-
tures in the earth's gravitational field could be produced

by lateral density contrasts in the basenent Genvillian

structural conpl ex.
C  Regional Gavity Profiles

Regi onal structural interpretations SS' and NN
were presented earlier in Chapter 111 (see Plate 1) for the
Valley and Ridge and Pl ateau provinces of the central Appa-
| achians of West Virginia and Virginia. Ceneralized seg-
ments of these cross sections covered by gravity observa-
tions are |ocated on the residual Bouguer anomaly nap
(Figure 23 ) taken from Xulander and Dean (1978). Cal cu-
lated gravity for those segments of sections SS' and ¥Y'is
conpared to contours of residual Bouguer anonulies (Figures
24 and 25) and the terrain-corrected Bouguer gravity (Figure 26,

27 and 28) along these profiles. Profile intersections
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Taken from Kul ander and Dean, 1978.
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with the contours were used. Density values used in the
nodel s are presented in Table 2.

C osest agreement between cal cul ated and observed
gravity occurs for section SS (Figure 24). A two-milli-
gal anplitude anomaly in observed gravity rises to a peak
nort hwest of the Elkins Valley anticline. The calculated
effect of the thrust faulted and fol ded high-density Cam
brian and Ordovician carbonates is roughly a three-mlliga
anomaly rising to a peak just southeast of the crest of
Elkins Valley anticline. There is rough correlation be-
tween the positions of the six-mlligal high in observed
gravity for structures between the WIlls Muntain and
Elkins Valley anticlines is unifornmly l[ess than the ob-
served gravity.

Subst antial disagreenent is also found between ob-
served and cal culated gravity along section Nu' (Figure 25 ).
Much of this disagreement is less than 2 mlligals. As
noted earlier (section B), the error in the data is between
1 and 1-1/2 mlligals so that this disagreenent may not have
structural significance. However, the [ow in observed
gravity over the Deer Park anticline mght inply that the
Canbri an and Ordovician Sequence is not thrust into the
core of the anticline as shown in the cross section. In
addition, GmMnn (1964) reports a 4,000-foot thickness of

the Juniata Formation in the core of the Deer Park anti-
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TABLE ¢4

Sections WN' and SS
(average calculated using densities

taken from Kul ander

ned to

Stratigraphic Interval

Pennsyl vani a through
Devoni an Oi skany Ss

Devoni an Oi skany Ss
t hrough
Ordovici an Gswego Ss

Ordovi ci an
Martinsburg Fm

Ordovician Trenton G
t hrough
Canmbrian El brook Fm

Canbrian Waynesboro Fm
into
Precanbri an

and Dean, 1978)
Density
Sout h North
-3 -3
2.61 gmcm 2.62 gm cm
2.64 gm cm >
-3 -3
2.55 gmcm 2.55 gm cm
-3 -3
2.71 gmcm 2.71 gm cm
-3 -3
2.69 gmcm 2.69 gm cm
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cline. However, the wavel ength of the Deer Park fold is
anomal ously large for folds devel oped above a Martinshburg
and/or higher level detachnent. Martinsburg detachment
produces folds of wavelengths simlar to that for the d ady
and Horton anticlines (Figure 24). The nunerous inter-
medi ate-scal e folds observed at the surface in the Chenung
Formati on (Henderson, 1973; Wheeler, 1974; 1fullenex, 1976;
Trumbo, 1976) are probably devel oped above a Marginsburg,
Juni ata, and/or higher-level detachment. It seems |iKkely,
therefore, that considerably nore shale is present than
indicated in Figure 25, but that the Cambrian and O do-
vician dolomtes and |linmestones are faulted in the Deer
Park core. Thus, the regional interpretation north of

the Parsons structural discontinuity (see Plate 1) pre-
sented earlier (Chapter I11) shows the presence of thick-
ened Martinsburg shale in the core of the Deer Park anti-
cline.

An uplift of 4,000 feet at the Trenton |evel
woul d be required to produce the 1.5-milligal hi gh over
the Blacwater anticline. However, within the core of the
Bl ackwater anticline, there is very little space available
for the Canbrian and Ordovician carbonate sequence, so that
I f this sequence is thrust into the core of the Bl ackwater

anticline, displacement along that thrust will have to be
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small, and it certainly cannot be responsible for the
observed anonaly.

As mentioned earlier, disagreenent between the
observed and calcul ated gravity may result fromthe renoval
of the regional gravity field. Contours of the terrain-
corrected Bouguer gravity taken from Kul ander and Dean
(1978) are shown in Figure 26. Calculated gravity al ong
segments of SS' and NN are conpared to the terrain-correc-
ted Bouguer gravity in Figures 27 and 28. The terrain-
corrected gravity increases steadily to the northwest of
the WIls Mountain anticline along both sections SS and
NN. If this alnost linear rise to the northwest is chosen
as the regional gravity field, then a somewhat different
residual gravity field appears. Al ong section SS (Figure
27 ) a positive one-to-two mlligal anomaly occurs directly
over the Elkins Valley anticline instead of further to the
northwest as in Figure 24for the residual Bouguer anonaly.
In section NN (Figure 28) the |ow over the Deer Park anti-
cline woul d not be quite as low and the high over the Black-
wat er anticline woul d di sappear al nbst conpletely. The
sinple choice of a linear regional gradient in the Plateau
woul d provide better agreenent between cal cul ated and ob-
served or residual gravity. Likewise, in the Valley and

Ri dge sout heast of the WIls Muntain anticline, better

agreement can be produced by flattening the regional
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gradient out to a constant value

D. Valley and R dge Mdels

1. Perry's (1971) Section DD .

Perry's (1971) section DD (Figure 29) lies approx-
imately two mles north of regional structural interpreta-
tions SS' (Figure 24). The nodel for DD was extended
several mles beyond the ends of the calculated profile to
reduce edge effects. An average density assignment of 2.64

gn1cnf3

(Table 3) to Silurian and Devoni an rocks, when
carried beyond the northwestern edge of the profile, has
reduced the gravity high over the WIlls Muntain anticline
by 4 milligals fromits value in section SS (Figure 29
and Figure 24).

As discussed in the previous chapter (Chapter II1I,
section e), Perry's (1971) section DD (Figure 29) is differ-
ent fromthe Valley and Ridge structrue of SS' (Figure 24)
in two respects: (1) there are four thrust slices in
Perry's (1971) section, but only three in the southern
section; and (2) the Martinsburg shale in 'Perry's (1971)
section has not been thickened in front of the folded and
thrust faulted Canbrian and Ordovician dolomtes and |ine-
stones east of the WIls Muntain anticline, as is the case
for section SS. This ductile behavior of a shale at the
| eading edge of a brittle thrust sheet was documented for

the M ddl e Devoni an shales on the faulted southeast |inb
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TABLE 5

Average Densities Assigned to
Stratigraphic Intervals for
Perry's (1971) Section DD, Sites' (1978)

Section CC', and the Corresponding
Val l ey and Ridge Segnent from SS
(averages cal cul ated using densities

t aken from Kul ander and Dean, 1978)

Stratigraphic Interval Density

Devoni an Ori skany Ss

t hrough 3
Ordovici an Oswego Ss 2.64 gm cm
Ordovi ci an 3
Martinsburg Fm 2.55 gm cm
Ordovician Trenton G

t hrough 3
Canmbrian El brook Fm 2.71 gm cm

Canbrian Waynesboro Fm
into -
Precanbri an 2.69 gmcm 3
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of the Mddle Muntain syncline (see Chapter 11) and on

the faulted northwest linb of the WIls Muntain anticline
near Keyser, West Virginia (Bagnall, Beardsley, and Drabi sh,
1979).  This thickened wedge of shale would produce a 2-

to 3-milligal |ow in the observed gravity east of the WIls
Mountain anticline, as shown in Figures 27 and 28.  Kul ander
and Dean (1978) occupied very few stations in this area
(Figure 23), so the existence of the | ow cannot be ruled

out fromthe residual Bouquer anomalies profiled in Figures
and

2. The Mddle Muntain Syncline.

A new gravity profile was surveyed across the Mddle
Mount ai n syncline to place constraints on the deep O do-
vician and Canbrian structure. Twenty-eight stations were
occupi ed at approxi mately four to five stations per mle.
Where bench marks were not available, elevations were es-
tablished with a precision baronetric altimeter. Differ-
ences in elevation produced by fluctuations in barometric
pressure were corrected for by using a continuous record
of pressure changes recorded on a baragraph |ocated in
the field area. Errors in elevation were checked by per-

i odically reoccupying a bench mark of known el evati on.
The error is fromone to three feet, equivalent to 0.1
to 0.3 milligals. As nentioned above (section B of this

chapter), standard deviation in value about a curve vis-
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ually fit to the data is 0.65 mlligals, and standard de-
viation about the calculated gravity for the proposed
model is 1 mlligal (Figure 30). Extension of the nodel

| ayers horizontally to considerable distances from either
end of the calculated profile has produced values of cal-
culated gravity that are greater than the observed gravity
near the edges of the profile. Average densities cal cu-

| ated for stratigraphic intervals used in the Mddle Mun-
tain nodel are listed in Table 4.

The structural nodel proposed for subsurface struc-
ture in Odovician and Canbrian formations beneath the
M ddl e Mountain syneline is shown in Figure 30. The ob-
served gravity is consistent with the existence of a thick-
ened wedge of the Ordovician Martinsburg Formation to the
northwest of a thrust slice of Canbrian and O dovician
carbonates. In fact, the presence of observed gravity val ues
| ower than those cal cul ated above the wedge suggests that
the area of thickened shale may be nore extensive'than rep-
resented in the nodel.

(bserved gravity values higher than those cal cul ated
for the nodel along the northwest flank of the syncline may
imply that the Martinsburg Formation is abnornally thinned
by flexural flow along the northwest |linb of folded Cam
brian and Ordovician carbonates beneath the southeast linb

of the Cave Mountain anticline (see Figure 30). Simlarly,
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Average Densities Assigned to
Stratigraphic Intervals-in the
M ddl e Mountain Syncline
(averages cal cul ated using densities
t aken from Kul ander and Dean, 1978)
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Stratigraphic Interval Density
Devoni an Brallier Fm .60 gm em™3
M ddl e Devoni an shal es .63 gn]cnf3
Lower Devoni an
Oriskany Ss and
Hel derberg Gp .69 gm em™3
Silurian units .65 gm cri3
Juniata Fm
and Oswego Ss .63 gnlcm'3
Martinsburg Fm .55 gm cm3

Ordovician Trenton
and beneath

.71 gm cm
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the | ow observed values at the edges of the profile may
result from decollenent-related thickening in the cores of
the Cave Mountain anticline to the northwest and El khom
Mountain anticline to the southeast.

A list of pertinent gravity data'is listed in Appen-
dix IV for each station. A station location map is included
as Plate 4.

3. Sites' (1978) Section CC.

A theoretical gravity |ow over the WIIs Muntain
anticline (Figure 31) is produced by the thickening Martins-
burg shale. Simlar lows occur in the calculated gravity
over the Cave Muntain and El khom Muntain anticlines.

The Cave Muntain and El khom Mountain anticlines in par-
ticular result entirely from Martinsburg detachnent (Sites
1978). \Wet her the Canbrian and Ordovician involvenent in
these structures observed in the Mddle Muntain gravity
profile (Figure 30) dies out to the northeast as indicated
by Sites (1978) is an interesting question that will require
nore detail ed observation (see Chapter 111, section ej.

Average densities used in the nodel are listed in Table 4.

4,  Jacobeen and Kanes' (1974) Secti on.

The Jacobeen and Kanes (1974) section |located in
M neral and Hanpshire Counties, West Virginia (Figure 23
and 32), shows a conplete duplication of the O dovician
Edi nburg through Cambrian El brook Formations. Net slip

of the upper sheet of carbonates to the northwest over the
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TABLE 7

Average Densities Assigned to
Stratigraphic Intervals for the
Jacobeen and Kanes (1974) Section Line
(averages cal cul ated using densities
taken from Kul ander and Dean, 1978)

Stratigraphic Interval Density

Devoni an Hanpshire Fm

t hrough 3
Ordovi ci an Oswego Ss 2.62 gm cm
Ordovi ci an -3
Martinsburg Fm 2.55 gm cm
Ordovician Trenton Gp

t hrough -3
Cambrian El brook Fm 2.71 gmcm
Canbrian Waynesboro Fm

Into -3

Precanbri an 2.69 gmcm




UGR File #4498
W.va.univ. Dept. of Ceol ogy & Geography
Decenmber 1980 119

| ower sheet is approximtely 12 niles. A doubl e thick-
ness interpretation is supported by seismc profiles across
t he Broadtop anticline (Jacobeen and Kanes, 1974, 1975:
Zurgani, 1975) and on the northwest linb of the WIls
Mountain anticline (Bagnall, Beardsley, and Drabi sh. 1979).
Some question renmains concerning the intervening Canbrian
and Ordovician structure between the Broadtop anticline and
the WIls Muntain anticline.

As nentioned previously (sections D.I and D.2 of
this chapter), thickening of ductile Mddle Devonian shal es
I's observed in the field and in the subsurface in front of
splay-thrusted nore brittle Lower Devonian and Silurian
rocks. The gravity profile across the Mddle Muntain syn-
cline discussed in section D.2 supports the existence of a
t hi ckened wedge of Martinsburg shale in front of splay-
thrusted Canbrian and Ordovician formations. If there are
intervening thrust slices between the Broadtop and WIIs
Muntain anticlines, the shale wedges in front of these
faults could be detected by observed gravity as done for
the Mddle Muntain syncline.

The deep Bedford syncline presents the greatest
difficulty to drawing a conplete duplication of the Cam
brian and Ordovician formations. |t is possible that the
Bedf ord syncline is devel oped between two thrust slices

(Figure 33 ). Gavity profiles are calculated for both
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interpretations (Figures 34 and 35, respectively). Pre-
limnary results of gravity profile surveyed across the
WIlls Muntain anticline and Bedford syncline al ong the
Jacobeen and Kanes (1974) section line indicate that no

t hi ckened wedge of shale is present beneath the Bedford
syncline (R Perkey, oral conmunication, 1980). Thus,

i f Cambrian and Ordovician formations are faulted beneath
the Bedford syncline, only mnor anmounts of displacenent
occur along the faults, and there is probably a conplete
duplication of these formations fromthe Broadtop anti-

cline to the WIIls Muntain syncline.
E.  Concl usions

A useful subsurface structural nodel of the
Canbrian-Ordovician structural 1ithic unit beneath the
Elkhorn Mountain anticline and M ddl e Muntain syncline was
obtained. The conplexity of proposed subsurface structure
required a station spacing of roughly 4 to 5 stations per
mle and a constant regional gravity field was assuned.

The presence of observed gravity val ues | ower
than those cal cul ated above an inferred wedge of thickened
Martinsburg shal e suggests that thickening of the shale in
response to thrust faults in the Canbrian-Ordovician se-
quence may be nore extensive than represented in the nodel.

Cbserved gravity val ues higher than those cal culated for
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the nodel along the northwest flank of the syncline may
inply that the Martinsburg Fornmation is abnormally thinned
by flexural flow along the northwest |inb of fol ded Cam
brian and Ordovician carbonates beneath the southeast |inb
of the Cave Muntain anticline. Similarly, the |low observed
val ues at the edges of the profile may result from decolle-
ment-related thickening in the cores of the Cave Muntain
anticline to the northwest and Elkhorn Mountain anticline

to the southeast.

The use of observed gravity has the potential to
be very useful in defining the characteristics of subsur-
face structure in the central Appal achians. The uncertain-
ties in the observed gravity values in the Mddle Muntain
gravity profile are of the order of one milligal, so that
useful data for subsurface modelling requires that appropri-
ately detailed observations be nade, particularly in struc-
turally conplex areas. The renoval of the regional gravity
field also presents problens in the interpretation of ob-
served gravity. This problemis particularly apparent in
the conparison of calculated gravity to the terrain-corrected
residual Bouguer gravity of Kulander and Dean (1978). In
this study, better results were obtained by making conpari -
sons directly to the terrain-corrected Bouguer gravity and avoids
maki ng the regional gravity field unnecessarily conpl ex.

Thi s al so avoi ds maki ng unnecessary assunpti ons about deep
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basement structure -- structures which, for the nost part,
one knows even | ess about than the near surface structures
being nodell ed. Thus, if attention is given to notential
sources of disagreenent between the observed and cal cul a-
ted gravity, one can be reasonably certain that differences
between the observed and cal culated gravity will be related

to errors in the structural nodel
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V. SUGGEESTIONS TO FUTURE WORKERS

Addi tional detailed mapping and small scale structura
studies of snmall structures along the Parsons disconti -
nuity would be very useful in providing a nore conplete
description of the structural characteristics of the
discontinuity. Quickly acquired and useful results
coul d be obtained by extending the area of detailed
mappi ng conpl eted by Henderson (1978), Mullenex (1974)
and Trumbo (1976) in western Tucker County, West Virginia
further south along the Elkins Valley anticline in
western Randol ph County. Results of such a study

mght lead to further inplications concerning the nature
of the tear fault suggested for the deep Canbrian- O do-
vi ci an sequence between the plunging noses of the Deer
Park and Elkins Valley anticlines. A study of the re-

| ationship or lack of relationship between systematic
joint intensity and local structures would also be use-
ful.

Surveyed gravity profiles with station spacings on the
order of 0.5 mles across the Deer Park and Elkins Val |l ey
anticlines would hel p define subsurface structure across
t hese fol ds.

The Shenandoah syncline is apparently unde-

formed across the Parsons structural discontinuity.
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There are excellent exposures of Mddle Devonian shal es
in the syncline providing an opportunity to |ook for
smal | structural effects of the discontinuity in this
area.

The Bergton-Crab Run and Adams Run anticlines represent
ot her structures where detailed structural studies would
be quite informative. It may be possible to verify the
presence of the inferred subsurface tear fault in the
Canbri an- Ordovi ci an sequence across the plunging noses
of these structures.

Detailed gravity profiles surveyed across these
structures would al so provide a rapid nmeans of eval u-
ating the extent of subsurface Canbrian-O dovician
i nvol vement in these two anticlines.

One area across which detailed gravity profiles mnust

be surveyed is the Petersburg area, particularly to

the north across the inferred transfer zone in Cam
brian-Ordovician rocks. Such a study should be quite
detailed and cover the area between the Allegheny struc-
tural front and the synclines southeast of the Elkhorn
Mount ai n and Broadtop anticlines, extending north to
the Grant-Mneral County border. This would include
the area of two northerly (or left lateral) shifts in
the trend of the Wills Mountain anticline. The south-

ern trend change is at North Fork gap, and another is
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further north at Geenland gap. These bends may in
sone way be related to the transfer zone across the
Petersburg structural discontinuity.

Surface structural studies should be undertaken
northeast of Sites' (1978) map area and McCullochs'
(1977) map area in Gant, Hanpshire and Mneral Counties,
Vest Virginia. However, such studies should not proceed
until detailed gravity studies have been conpl et ed.

An understanding of the regional and | ocal expre-
ssion of surface structures and their relationship to
the underlying Canbrian-Ordovician structure will pro-
vide valuable information regarding the mechani snms of
t hi n- ski nned tectonics.

Several structural discontinuities have been noted in

the central and southern Appal achians. The | ocations of
several of these discontinuities along which field studies
have been conducted are located in Figure 36 taken from
Wieel er (1980). Restraint has been exercised to refrain
fromrelating the nechanical origins of all or nost
structural discontinuities to vertically stacked trans-
fer zones and/or tear faults. This chapter seens to

be a fairly safe place to make that suggesti on.

In Chapter IIl, section F, it was mentioned that
the folds of the H gh Plateau plunge out along a cross-

strike line that coincides with the Tyrone-Munt Union
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TAKEN FROM WHEELER[1980||

Figure 36 Location Map of Appal achian cSD's ' Taken from Vheeler, 1960
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| i neanent . In addition to the alignment of noses in

H gh Plateau folds, the Sinking Valley anticline and
WIls Muntain anticlines termnate (Figure 22) along
with termnations of faulting along the Little North
Mountain thrust and other thrusts in the Canbrian-O do-
vician of the Geat Valley. Kowalik (1975) indicates
that there is no evidence of tear faulting along the
length of this lineament, but suggests that this and
other "Gmnn-type" |ineanents defined by:

abruptlglplunging ends are due to for-

mation within thrust bl ocks bounded by "step-

ped tear faults or laterally restricted

thrusts.  (Kowalik, 1975, p. 13)

Al though his nodel (Kowalik, 1975, his Figure 6) does not
provi de a conpensating mechani smfor shortening wthin
and on either side of the "lineanent", his descriptions
of the Tyrone-Munt Union, the Bedford-Everett, and ot her
"Om nn-type" |ineaments in Pennsylvania are very simlar
to those for the Parsons and Petersburg cross-strike
structural discontinuities of West Virginia.

\Wheel er (1978 and 1980) reports that traits nost
commonl y shared anong Appal achian cross-strike structura
discontinuities are the alignnent of bends, noses, and
styl e changes of detached map-scale folds.

Re-eval uation of available surface structural in-

formation for individual discontinuities can test the hypo-
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thesis that commonly observed traits are related to

the presence of transfer zones in detached fold belts.
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VI, CONCLUSIONS

Surface structural studies along: the Mddle
Mount ai n syncline and Elkhorn Mountain anticline indicate
that the Parsons structural discontinuity crossing these
structures is a zone across which displacement along a
Martinsburg detachnent is transferred to Juniata, WIIs
Creek and M ddl e Devoni an detachment horizons sout hwest
of the discontinuity, but is confined to the Martinsbure
northeast of the discontinuity. The structural relation-
ships across the discontinuity can be explained by repre-
senting the discontinuity as a transfer zone (Dahl strom
1969) within which shortening is taken up by small dis-
pl acements al ong nmore numerous faults and by increased
nunbers of small folds.  Shortening across the Mddle
Mount ai n syncline and Elkhorn Mountain anticline is dis-
continuous northeast along strike across the discontin-
-uity, however, displacenent along the Martinsburg detach-
ment northeast of the discontinuity ranps up to higher
structural levels producing an equival ent anount of short-
ening northwest across the resultant Cave Muntain anti-
cline. |Instead of tear faults across the structure, con-
stant shortening is accommodat ed nechanically by a trans-
fer zone.

In the Silurian-Devonian formations of the Pl ateau,

the transfer is seen to oscillate northeast to southwest,
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back and forth to the northwest across the Plateau producing
the Horton, Blackwater, and Gady anticlines and, in part,
the Deer Park and Elkins Val l ey anticlines.
The expression of the Parsons discontinuity, however,
Is not confined to detachment in the 9Ordovician Martins-
burg Formation and hi gher |evel detachnent intervals.
Det ached structures in the Canbrian-Odovician dolomte
and |inmestones sequence are also related to the expression
and devel opnent of the structural discontinuity. The Deer
Park and Elkins Valley anticlines are related in part to
ranpi ng through the Canmbrian-Ordovician sequence. A north-
easterly swing in fold trends al ong the plunging nose of
the Deer Park anticline (Wheeler, 1976) is related to a
tear fault in the Canbrian-Odovician sequence beneath the
pl ungi ng noses of the Elkins Valley and Deer Park anticlines.
The required right-lateral tear could be produced if slip
al ong the Rone beneath the Elkins Val |l ey anticline con-
tinued over a longer period of time or at a greater rate
than clip beneath the Deer Park anticline.
Cambri an- Ordovi ci an involverent is not confined to
the Pl ateau segment of the Parsons discontinuity. The
Bergton-Crab Run and Adanms Run anticlines of the Valley
and Ridge in Rockingham County, Virginia, are related to
ranpi ng of the Canbrian-Odovician sequence and both anti-

clines plunge out southwest across the Parsons discontinuity.
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A tear fault in the Canmbrian-Odovician seauence has been
proposed across the plunging noses of these two folds on
the basis of an abrupt change in shortening in that sequence
across the discontinuity and a substantial left |ateral
swing in surface fold traces across the discontinuity.

The transfer zone nechani sm al so explains the sur-
face expression of the Petersburg discontinuity. In addi -
tion, subsurface information indicates that a broad trans-
fer zone occurs in the Canbrian-O dovician sequence across
the Petersburg discontinuity.

Reported characteristics (Weeler, 1978) suggests
that nmost central and sout hern Appal achian cross-strike
structural discontinuities may actually be transfer zones.

A study of systematic joint intensity in the Parsons
di scontinuity across the Mddle Muntain syncline indicates
that increased folding and faulting in the transfer zone

produces intensely jointed rock.
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A Joint Strike and Dip I n Rotated and Unrotated Beddi ng.
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STATI ON NUMBER: 1
Bedding Strike and Dip: N25E/18SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N34W/89SW N36W/80SW
N49W /87NE N48W/89SW
N4OW/89SW N41W/81SW
N40W/88NE N41W/84SW
N40OW/90NE N42W/83SW
NO6W/62SW N14W/47SW
NO6W/69SW N11W/54swW
NO4W /80SW NO7W/63SW
N1OE/78NW NO7E/50NW
NO9E /6 8NW NOSE /4 3NW
N1OE/78NW NOSE/60NW
N17E/86NW N17E/66NW
N16E/85NW N16E/65NW
N48E /84NW NSOQOE/67NW
N41E/84SE N43E/76NW
N41E/78SE N42E/83NW
N42E /78SE N43E/83NW
N36E/86NW N38E/67NW
N76E/84NW N8OE/72NW
N72E/84NW N77E/71NW
N74E /84NW N78E/71NW
N70E/90NW N72E/77NW

STATI ON NUMBER: 2
Bedding Strike and Dip: N39E/25SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N33W/90SW N35W/82SW
N42W /90NE N43W/86SW
N46W/89SW N47W/86SW
N38W/88NE N38W/86SW
N40W /88NE N41W/87SW
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Rot at ed Unr ot at ed
N5 4E /85NW NS6E /6 3NW
N58E/88SE NS9E /6 9NW
NS59E /88SE N60OE /6 9NW
N5S4E /83NW N57E/60NW
N48E/80SE N47E/77NW
N54E /85NW NS6E/63NW
N30W/88NE N31W/83SW

STATI ON  NUMBER: 3
Bedding Strike and Dip: N35E/34SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N87W/86SW N85W /7 7NE
N85W /78NW N86W /86NE
N78W/74SW N82W/88SW
N73W/70SW N8OW/83SW
N85W /86SW N83W/78NE
N11lw/88SW N17W/65SW
N15W/88SW N22W/67SW
N30W/87NE N31W/79SW
N45E /75SE N45E /7 3NW
N49E /74SE N50E /7 2NwW
N47E/76SE N46E/71NW
N52E/82SE N53E/65NW
N43E/77SE N43E/70NW

STATI ON NUMBER: 4
Bedding Strike and Dip: N15E/25SE
Joint Strike and D p

Rot at ed Unr ot at ed
N67W /85NE N66W/89NE
N87E/84SE N57W /89SW
N18W/76SW N25W/56SW
N19W/88SW N22W/68SW
N13W/80SW N18W/60SW
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Rot at ed Unr ot at ed
N28E /87SE N28E/68NW
N36E/B86SE N17E/70NW
N11lE/77NW N11E/70NW
N14E/82SE N14E /7 4NW
N29E/74SE N29E/81NW
N32E/87NW N34E /64NW
N17E/84SE N38E/70NW
N68E /80NW N75E/66NW
N63E/76NW N72E/60NW
N72E/89NW N75E/75NW
N74E /89NW N77E/76NW
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STATI ON NUMBER: 5
Bedding Strike and Dip: N38E/20SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N76W/82NE N78W/90NE
N61W/87NE N63W /90NE
N6 9W /84NE N70W/90NE
N46W /88NE N45W/90NE
N53W/90NE N53W/90NE
N25E /6 2NW N20E/43NW
N29E/88NW N28E/67NW
N25E/88NW N24E/68NW
N24E /88NW N23E/68NW
N50E/86SE N25E/76NW
NZ24E /84NW N23E/65NW

STATI ON NUMBER: 6
Bedding Strike and D p: N1OE/30SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N44W/72NE N40W /90NE
N43W/71NE N39W/90NE
N49W /7 9NE N47W/85SW
N53W/76NE N50W/90NE
N5 3W/76NE NS5OW/90NE
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Rot at ed Unr ot at ed
N19E /88NW N20E/59NW
N19E/87NW N20E/58NW
N18E/84NW N20E /55NW
N28E /88NW N31E/60NW
N24E/84SE N25E/64NW
N24E /80SE N25E/71NW
N24E/80SE N25E/71NW
N31E/84SE N33E/68NW
N32E/79SE N33E/74NW
N23E/80SE N24E /70NW
N14w/72NE N12W/81SwW
NOOE/24SE NO2E/76NW
NO7E/70SE NOSE /80NW
NOQE /88SE NOOE/62NW
N31E/74SE N1OW/78SW
N10OW/80NE N1OW/72SW
N60OE /87NW NG65E /6 8NW
NS51E/84SE N53E /7 4NW
N61E/90NW N65E/71NW
N54E /90NW N5 8E /6 8NW
N1OW/75NE NSQE/66NW
N85SE/67SE N76E/78SE
N87E/82SE NS85E/90NW
N86E/87SE N86E /86NW
N72E/89SE N75E/78NW
N68E /89NW N72E/73NW
N62E/57SE N52E/78SE

STATI ON NUMBER: 7
Bedding Strike and Dip: N20E/21SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N11E/89SE N10E/70NW
N11l1E/89SE N1Q0E/70NW
NO9E/89SE NOS8E /70NW
N12E/87SE N12E/72NW
N83E/76SE N8OE/86SE
N83E/74SE NS8QE/84SE
N78E/76SE N75E/86SE
N79E/78SE N77E/89SE
N78E/74SE N75E/85SE
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STATI ON NUMBER: 8
Bedding Strike and Dip: N25E/21SE

Joint Strike and Dip

Rot at ed Unr ot at ed
N66W/84SW N68W/85SW
N79E/88SE N8OE /80NW
N8OW/82SW NB82W /89SW
N8OW/80SW N82W/86SW
N41w /82NE N87E/90NW
N69W /88SW N70W/90NE
N72W/87NE N70W/85NE
N83W/80sSwW N85W/88SW
N69W /90SW N68W/89NE
N13E/85SE N12E/75NW
NO7E/82SE NO6E /7 8NW
N28E/87SE N18E/72NW
N11lE/84SE N1OE/76NW
N26E/83SE N26E/77NW
N57W/78NE N5 3W/82NE
N52W/88NE N52W/89SW
STATI ON NUMBER: 9
Bedding Strike and Dip: N36W/08NE

Joint Strike and Dip

Rot at ed Unr ot at ed
N79W /86NE N79W /89SW
N78W/89SW N79W /84SW
N74W/82SW N85W/77SW
N44W /80NE N43W/88NE
N47W/86NE N47W/87SW
N40W /86NE N40W/87SW
N39W /88NE N40OW/86SW
N42W/83NE N44W /B9SW
N44W /76NE N43W/85NE
N49W /82NE N49W /89NE
N48W/80NE N48W/88NE
N48W/80NE N48W/84NE
N47W/76NE N47W/84NE
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Rot at ed Unr ot at ed
N12W/82SW N11W/758W
N49W/88NE NO9W /85SW
NOSW/81sSW NO4W/73SW
NO4W /82SW NO3W/75SW
NO9W /87SW NOBW/80SW
N43E/90SE N43E/89NW
N41E/90SE N41E /89NW
N34E/90SE N33E/88NW
N35E/89SE N35E/29SE
N40E/88SE N39E/90NW
N67E/74SE N65E/73SE
N75E/77SE N73E/73SE
N71E/68SE N68E/66SE
N70E/67SE N68E /76SE
N65E/82SE N64E/81SE

STATI ON NUMBER: 10
Bedding Strike and Dip: N38E/28SE
NO7W/66NE

Joint Strike and Dip

Rot at ed Unr ot at ed
N73E/59NW N70W/70NE
N86E/76NW N82W/88NE
N79E/76NW N85W /82NE
NB86E/56NW N63W/81NE
N83E/78NW N85W/86NE
NO4E /88NW NOOE/S56NW
NO3E/83NW NOOE/60NW
NO6W /88SW N1OW/66SW
N11lE/80NW NOBE/55NW
N22E/90NW N21E/64NW
N34E/83NW N34E/55NW
N47E/90NW N48E/62NW
NS6E/96NW NS59E /60NW
N67E /7 9NW N74E /55NW
N45E/76NW N47E/48NW
N62E /81NW N66E /S6NW
NS4E /7 2NW N60OE /5 3NW
N5SS5E /85NW N59E/65NW
N61E/82NW N66E /6 3NW
NO4W/86NE N53E/74NW
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STATI ON NUMBER: 11
Bedding Strike and D p: N25E/15SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N86W /85NE N84W/80NE
N76W/88NE N75W/85NE
N78W/90NE N78W/87NE
N51W/86NE N50W/90NE
N48W/89NE N48W/87SW
N59W/85NE N58W /87NE
N62W/86NE N61W/88NE
N49W /87NE N49W/90NE
N63E/89NW N64E /7 8NW
N5S7E/90NW N58E/78NW
N60OE/83NW N62E/71NW
NS55E/86NW NS56E/74NW
N56E/88SE N57E/81NW
N71E/88SE N72E/81NW
N70E/85NW N72E/75NW
N67E/84NW N69E /7 2NW
N61E/86NW N63E/74NW

STATI ON NUMBER: 13
Bedding Strike and Dip: NO3E/15SE
Joint Strike and D p

Rot at ed Unr ot at ed
N19E/86NW N20E/72NW
N18E/90NW N18E/76NW
N22E/88SE N22E /78NW
N20E/86SE N20E/81NW
NO3E/89SE NO3E/76NW
N70E/71SE N66E /78SE
N61E/78SE N59E /87SE
N64E/76SE N62E/83SE
N64E /68SE N60E/77SE
N55E/84SE N65SE/88NW
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STATI ON NUMBER: 14
Bedding Strike and Dip: N23W/15NE

Joint Strike and Dip

Rot at ed Unr ot at ed
N48E/63NW N56E /60NW
N45E /85NW N47E/80NW
N52E /7 9NW NS6E/76NW
N59E /7 8NW N63E/77NW
N60E/81NW N63E/80NW

STATI ON NUMBER: 16
Bedding Strike and Dip: N22E/12SE

Joint Strike and D p

Rot at ed Unr ot at ed
N81E/78SE N80E/B4SE
N82E/79SE N81lE/85SE
N85E/86SE N83E/88NW
NB85E/86SE N83E/88NW
N84E /85SE N83E/90NW
N85W /85SW N85W/89SW
N84E/80SE N85E/88NW
N82W/90NE N80W/88NE
N51W /88NE N50W/89SW
N48W/88NE N47W/89SW
N5 3W/89NE N53W/89swW
N49W/86SW N50W/84SW
N49W /90NE NSOW/86SW
N30E/88NW N29E/75NW
N27E/86NW N27E/73NW
N28E/82NW N27E/68NW
N25E/84NW N26E/72NW
N30E/82NW N30E/69NW
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STATI ON NUMBER: 17
Bedding Strike and Dip: NO4W/04NE

Joint Strike and Dip

Rot at ed Unr ot at ed
NO6W /86NE NO6W/90NE
N20W/86NE N20W /90NE
N26W /86NE N25W/90NE
N18W/86NE N17W/90NE
N27W /86NE N26W/71NE
N32E/89NW N33E/86NW
N37E/84NW N37E/81NW
N32E/84NW N33E/82NW
N32E /89NW N34E/86NW
N32E /84NW N33E/81NW
N74E/88NW N74E/86NW
N74E/90SE N73E/90NW
N70E/89SE N70E/90NW
N70E/89SE N70E/90NW
N67E /88SE N67E/90NW

STATI ON NUMBER: 18
Bedding Strike and Dip: N75E/09NW

Joint Strike and Dip

Rot at ed Unr ot at ed
NO3E/88SE NO2E/85SE
NO4wW /825w NO4W /855W
NO7E/83NW NO7E/87NW
N1OW/84SW NO9W /855w
NO1lw/88SW NOOE/90NW
NO2E/82NW NO2E/86NW
NOOW/82SW NOlE/86NW
NO6W /855W NOSW/87SW
N1lOW/80SwW NOSW/82SW
NOOW /86SW NOOE /90NW
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Bedding Strike and Dip:
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N13W/10NE

Joint Strike and Dip

Rot at ed

N30E/82SE
N36E/83SE
N30E/82SE
N25E/82SE
N17E/81SE

N84E /88NW
N82E/90NW
N86E/88NW
N84E /81NW
N82E/90NW

STATI ON NUMBER: 20
Bedding Strike and Dip:

Joi nt
Rot at ed

N45E/83SE
N8OW/82NE
N87W/82NE
N77W/83NE
N85W/85NE

N38W/87NE
N40W/83NE
N37W/83NE
N39W/86NE
N41W/83NE

N29E/80NW
N28E/80NW
N44E/81NW
N38E/82NW
N26E/83NW

Unr ot at ed

N30E/90NW
N35E/90NW
N30E/90NW
N25E/90NW
N17E/90NW

N84E /90NW
N82E/90NW
N87E/90NW
N86E/82NW
N82E/90NW

N12W/14NE

Strike and D p

Unr ot at ed

N68W/88SW
N78W/88NE
N85W/85NE
N76W/89NE
N84W /89NE

N39W/81SW
N40W /858w
N37W/84SW
N40OW/82SW
N41W/84SW

N32E/69NW
N31E/68NW
N47E/72NW
N41E/72NW
N28E/71NW
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STATI ON NUMBER: 23
Bedding Strike and Dip: N75W/12NE
Joint Strike and Dip

Rot at ed Unr ot at ed
NO3E/90NW NO3E/90NW
NOOW /89SwW NOOE /87NW
N12W/89SW N11w/84SW
NOG6E /88NW NO6E /§6NW
NOZ2E /89NW NO2W/86SW
N74E/76NW N75E /86NW
N75E/76SE N73E/66SE
N86E/82SE N85E /70SE
N8OE /86NW NS8OE /84SE
N69E /86SE N68E/78SE

STATI ON NUMBER: 24
Bedding Strike and Dip: N20E/90NW
Joint Strike and Dip

Rotated Unr ot at ed
N74W/80SW N79W/87NE
N74W/74SW N86W/87NE
N70W/90SW N90E/88SE
N75W/74SW N83W/87NE
N76W/80SW N79W/86NE
N76W/87SW N72W/84NE
N76W/79NE N58W/85NE
N75W/75NE N54W/86NE
N71W/67NE N46W/90NE
N71W/65NE N44W/90NE
N57W/68NE N37W/74SW



UGR File #4938
W.Va.Univ. Dept. of Ceology & Geography
Decenber 1980

160

STATI ON NUMBER: 25
Bedding Strike and Dip: N30E/87SE
Joint Strike and Dip

Rot at ed Unr ot at ed
N36W/728W N78W/66SW
N45W/83SW N66W/74SW
N42W/84SW N65W/71SW
N61W/76SW N75W/90NE
N61W/87SW N58W/90NE
N73W/82NE N52W/77NE
N73W/82NE N52W/77NE
N70W/89NE N58W/81NE
N70W/78NE N47W/81NE
N62W/92NE N51W/89NE
N70E/52NW N1OW/S52NE
N77E/58NW N21W/54NE
N6OE/64NW N18W/38NE
N59E/68NW N23W/35NE
N66E/66NW N25W/40NE

STATI ON NUMBER: 26
Bedding Strike and Dip: N30E/90NW

Joint Strike and Dip

Rot at ed Unr ot at ed
N69W/79NE N47W/82NE
N65W/87NE N56W/86NE
N65W/88NE N58W/86NE
N64W/89NE N57W/86NE
N73W/84NE N53W/78NE
N54W/79SW N71W/83SW
N55W/82SW N67W/84SW
N54W/828W N68W/83SW
N50W/79SW N71W/79SW
N51W/82SwW N68W/80SW
N21E/71NW N53E/21SE
N23E/60NW N40E/31SE
N19E/69NW NS55E/23SE
N21E/83NW N55E/20SE
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STATI ON  NUMBER: 27

Bedding Strike and Dip: N20E/78NW
N33E/68NW
N26E/58SE
N35E/70NW

Joint Strike and Dip

Rot at ed Unr ot at ed
N72W/88SW N68W/88SW
N60OW/E8SW N67W/82NE
N60W/86SW N65W/82NE
N68W/84SW N66W/90NE
N69W/88SW N68W/90NE
N82W/86NE N78W/79SW
N74W/83NE N79W/88SW
N55W/84SW N64W/79SW
N45W/89NE NS53W/79NE
N52W/89NE N56W/86NE
NS55W/86SW N56W/86SW
N48W/87SW N50W/83NE
N49W/89SW N52W/83NE
N45W/82NE N47W/78SW
N61W/76NE N50W/85NE
N61W/74NE N49W/85NE
NS55W/77NE N48W/90NE
NS55E/86NW N75E/30SE
N52E/67NW N58E/47SE
NS55E/75NW N65E/40SE
N55E/64NW N54E/50SE
N86E/82NW N87E/43SE

STATI ON NUMBER: 28
Bedding Strike and Dip: N63E/24NW

Joint Strike and Dip

Rot at ed Unr ot at ed
N52W/80SW N52W/88NE
N46W/84SW N46W/88NE
N47W/82S8SW N48W/88NE
N49W/82SW N50W/88NE
N50W/82SW N50W/86NE
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Rot at ed Unr ot at ed
N29E/82NW N27E/79SE
N31E/80NW N24E/81SE
N30E/78NW N25E/83SE
N25E/77NW N30E/84SE
N27E/72NW N27E/90NW

STATI ON NUMBER: 29
Bedding Strike and Dip: N19E/48NW
Joint Strike and Dip

Rot at ed Unr ot at ed
N72W/80SW N65W/82SW
N68W/78SW N61W/84SW
N71W/85SW N68W/87SW
N75W/90NE N75W/87SW
N74W/89NE N75W/88SW
N87W/86SW NBOW/76SW
N87W/86SW N8OW/75SW
N50W/74SW N45W/86NE
N49W/T77SW N46W/83NE
N55W/78SW N51W/88NE
STATI ON NUMBER: 32
Bedding Strike and Dip: N63E/24NW

Joint Strike and Dip

Rot at ed Unr ot at ed
N40W/88NE N41W/90NE
N34W/90NE N34W/90NE
N33W/90NE N33W/90NE
N38W/89NE N40W/90NE
N38W/89NE N4OW/90NE
N11E/86NW N1llE/85SE
NO9W/80SW NO7W/86SW
NO2W/B84SW NOOW/87NE
N1OE /7 4NW N11E/85NW
NOSW/76SW NO7W/86SW
NO4E/86NE NO2E/76SE
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Rot at ed Unr ot at ed
N29E/76NW N30E/90NW
N32E/76NW N33E/90NW
N34E/76NW N35E/90NW
N29E/76NW N30E/90NW
N37E/76NW N3I7E/90NW
N29E/90NW N8QE/78SE
N79E/89NW N8OE/78SE
N8OE /86NW N8OE/84SE
N86E/79NW N86E/90NW
N81E/90NW N82E/79I9NW
STATI ON NUMBER: 33
Bedding Strike and Dip: N41E/11NW

Joint Strike and Dip

Rot at ed Unr ot at ed
N85E/80NW N84E/87TNW
N87E/70NW N88E/78NW
N89E /83NW NS89E/88NW
N77W/82NE N8OW/87NE
N81W/86NE N82W/88SW
N30W/87SW N30W/90NE
N30W/87SW N30W/90NE
N33W/89SW N33W/90NE
N31w/88SW N31W/90NE
N32W/87SW N32W/90NE
N14E/8ONW N15E/90NW
N16E/80NW N17E/90NW
N18SE/SONW N18E/90NW
N20OE/80NW N20E/90NW
N22E/80NW N21E/90NW
N47E/80NW N47E /90NW
N52E/80NW NS52E/90NW
NS50E /8ONW N50E/90NW
N60OE/80NW NG6OE /90NW
N45E/SONW N46E/90NW




WJVaUan Ddept of Geology & Geography
December 1980
164

STATI ON NUMBER: 34
Bedding Strike and D p: N19W/04NE

Joint Strike and Dip

Rot at ed Unr ot at ed
N25W/86NE N25W/90NE
N23W/86NE N23W/90NE
N24W/86NE N24W/90NE
N39W/86NE N38W/90NE
N35W/86NE N35W/90NE
N36E/88NW N36E/86NW
N48E /82NW N49E/80NW
N55E/88SE NS5E /90NW
N42E /84NW N42E/82NW
N65E/90NW N65E/90NW
N69E /90NW N69E/90NW
N70E/90NW N70E/90NW
N8OE/90NW N8OE /90NW
N75E/90NW N75E/90NW
N64E /80SE N63E/81SE
NS9E/74SE N58E/75SE
N64E/80SE N63E/83SE
N62E/82SE N62E/83SE
N68E/81SE N68E/82SE

STATI ON NUMBER: 35
Bedding Strike and Dip: N39E/20NW

Joint Strike and Dip

Rot at ed Unr ot at ed
N40W/858W N39W/90NE
N39W/82SW N38W/87NE
N35W/90NE N36W/86NE
N38W/85NE N40W/80NE
NO9W/78NE N14W/65NE
N10W/83NE N15W/70NE
N15W/80NE N20W/68NE
N12W/82NE N17W/70NE
NO6W/86NE NO9W/71NE
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Rot at ed Unr ot at ed
N25E/82SE N23E/62SE
N21E/84SE N20E/65SE
N27E/86SE N26E/67SE
NS2E/82NW N52E/79SE
N57E/82NW N57E/79SE
N55E/79NW N55E/82SE
N88W/72NE N88E/85NW
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STATI ON NUMBER: 36
Bedding Strike and Dip: N47E/19NW
Joint Strike and Dip

Rot at ed Unr ot at ed
N11lWw/80SW NOSW/90NE
NO2W/90NE NO3W/79NE
N1l6W/84SW N15W/89NE
N21W/68SW N16W/76SW
N21wW/83sSW N20W/90NE
N46E/86NW N46E/75SE
N42E/84NW N42E/77SE
NS7E/89NW NS58E/72SE
N51E/87SE N52E/68SE

STATI ON NUMBER: 37
Bedding Strike and Dip: N43E/17NW
Joint Strike and Dip

Rot at ed Unr ot at ed
N34W/83sw N33wW/87SW
N31w/84sSw N30W/89SW
N34W/86SW N33W/90NE
N46W/86SW N45W/86SW
N33W/81SW N32W/85SW
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Rotated Unrotated
N12E/78NW N13E/88SE
NO2W /84NW NO2W/85NE
NO6W/80SW NO5W/89NE
NOOE/80NW NO1lE/88SE
NO3wW/88sw NO2W/90NE
N12E/84NW N11lE/81SE
NO4wW/88SW NO3W/90NE

STATION NUMBER: 38
Bedding Strike and Dip: N60E/13NW

Joint Strike and Dip

Rot at ed Unr ot at ed
N81W/88NE N82W/82SW
N82W/87NE N83W/83SW
N83W/85NE N83W/83SW
N72W/88NE N73W/83SW
N70W/86SW N6SW/78SW
N81W/81NE N82W/90NE
N76W/76SW N7 8W/84SW
N70W/80NE N71w/88NE
N84W/90SW N83W/80SW
N86E/74NW N86E/86NW
N69E /82SE N45W/88NE
N69E/80SE N45W/89SW
N26E/84SE N25E/75SE
N39E/82NW N40OE/86SE
N35E/86SE N34E/74SE
NO6W /7 8SW NO7W/81SW
NO6W/76SW NO7W/80SW
NOG6E/ 89NW NOGE /90NW
NO6W/83SW NO7W/87SW



UGR File #498
W.Va.Uniy, pept. of Geology & Geography
December 1980

167

STATI ON NUMBER 39
Bedding Strike and Dip: N27E/25NW

Joint Strike and bip

Rot at ed Unr ot at ed
N34E/86NW N34E/70SE
N57E/68NW N55E/90SE
N34E/83NW N34E/72SE
N30E/86NW N30E/67SE
N48E/78NW N47E/89SE
NS3E/70NW N52E/88SE
NS55E /6 9NW N52E/89SE
N53E/82NW N52E/86SE
N58E/79NW N57E/80SE
NS53E/70NW N52E/89SE
STATI ON  NUMBER: 40
Bedding Strike and Dip: N37E/52NW

Joint Strike and Dip

Rotated Unr ot at ed
N8OE /7 8NW N85E/66SE
N78E /80NW N86E/62SE
NS81E/78NW N86E/66SE
N86W/75NE N86W/758W
N84E/74SE N68W/47SW
N53W/84SW N47W/90NE
N53W/86SW N49W/90NE
N50W/83SW N48W/86NE
N52W/83SW N50W/87NE
N50W/80SW N45W/87NE
N19E/86SE NO6E/35SE
N20E/82SE NOSE/33SE
N20E/88SE NO7E/38SE
N19E/86SE NOGE/37SE
N26E/82SE N15E/32SE
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STATI ON NUMBER: 41
Bedding Strike and Dip: N40E/21NW

Joint Strike and D p

Rot at ed Unr ot at ed
N81W/90NE N8OW/80SW
NSOW/86NE N8OW/84sSwW
N88W/88NE N87W/80SW
N73W/88NE N73W/84SW
N38W/89NE N39W/85NE
N42W/84NE N45W/81NE
N42W/84NE N45W/81NE
N49W/90NE N50W/88NE
N44W/90NE N45W/88NE
N1OE/90NW N1OE /7 3SE
N14E/72NW N16E/90NW
N16E/85NW N15E/76SE
NOSE /89NW NOSE/S57SE
N72E/88NW N1OE/75SE
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B. Equal area projections of rotated and unrotated
joints.

Tables 8 through 16 list the trend and plunge of
cluster poles, the standard deviation of poles in each
cluster and the number n of poles in each cluster for
the rotated and unrotated systematic joints of group 1.
Stations included in each group are |isted bel ow each
table, and the stations within each group and the group

boundaries are |located on Figure 10 of Chapter Il
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G oup 1*
Rot at ed Unr ot at ed
St andar d Standard
Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n_
N51E/07SW 2 5 N12E/02S8W 9 5
NO7E/10SW 6 4 N57W/23SE 12 5
N58W/06SE 10 5 N50E/O5NE 3 5

Table 8

*The systematic joints of group 1 were neasured in

t he upper part of the Devonian Harrell formation at
station 20. Station 20 is located in the plunging
nose of the Mddle Muntain syncline. The stations
conprising groups 1-9 are |located on Figure 10.
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G oup 2*
Rot at ed Unr ot at ed

St andar d St andar d

Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n_
N1lw/00NW 11 14 N12w/00NW 12 15
N6OW/06SE 12 13 N65W/00SE 10 15
N88E /0 6NE 12 20 N87E/0ONE 12 19
N42E/07NE 14 5 N42E/04SW 3 5

Table 9

*Goup 2 systematic joints were neasured in the
Devonian Brallier formation at stations |ocated in
the plunging nose of the Mddle Muntain syncline.
The follow ng stations conprise group 2: 13,

17, 18, 19, 23, and 28.
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G oup 3*
Rot at ed Unr ot at ed
St andard St andard
Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n_
N72W/08SE 10 13 N75W/04NW 13 13
N88W/09SE 11 22 N84E /04SW 12 20
N24wW/0 4NW 8 11 N33W/04NW 9 22
N46W/06SE 11 22 N5 6W /00NW 8 9
N12E/04SW 10 12 N10OE/O4NE 8 11
NO8W/08SE 9 11 NO6W/06SE 10 13
N57E/00ONE 9 26 NS6E/0ONE 8 29

Table 10

*Systematic joints included in group 3 were neasured
at stations 32, 33, 34, 35, 36, 37, and 38. These
stations are |located on the southeast Iinb of the
M ddl e Mountain syncline in the Devonian Brallier
formation. These stations are also northwest of
tﬂeladjacent nore faulted and fol ded M ddl e Devoni an
shal es.
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G oup 4*
Rot at ed Unr ot at ed
St andard St andard
Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n
N14E/O0ONE 9 3 NO9E /0 4NE 8 3
N20W/15NW 8 5 N23W/14NW 8 5
N48W/00NW 6 4 N51W/00SE 6 4
N82E/06NE 5 4 N82E/13NE 8 5
N4SE/108W I 11 N45E /0 4SW 6 10

Table 11

*Goup 4 is conprised of station 9. Station 9 is

in the upper part of the Devonian Brallier formation.
A lowangle thrust fault with 80 to 100 feet of dis-
pl acement is exposed at this station along the axis
of the Mddle Muntain syncline.
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Gr oup 5*

Rot at ed Unr ot at ed

St andar d St andar d

Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n_
N29W/00NW 17 39 N26W/14SE 18 41
N70W/00NW 16 40 N68W/20SE 12 39
N75E/0OONE 16 6 N76E/20NE 13 6
N31lE/O0ONE 16 27 N31E/OONE 16 24

Table 12

*Stations of this group are located in the Brallier
formati on exposed on the northwest linb of the Mddle
Mount ai n syncline opposite the intensely deforned area
on the syncline's southeast |inb. stations included
in this group are 4, 5, 6, 7, 8 and 11
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G oup 6*
Rot at ed Unr ot at ed

St andar d St andar d

Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n_
N64W/16SE 14 7 N27W/57NW 15 9
N73E/47SW 11 5
N37W/04NW 5 7
N35W/24SE 11 16 NS6EW/20NW 7 3
N18E/OONE 14 35 N22E/03NE 13 29
N38E/02NE 12 23 N39E/06SW 9 28

Table 13

*Systematic joints neasured at stations within the
intensely folded and faulted M ddl e Devoni an shal es
exposed on the southeast linb of the Mddle Muntain
syncline conprise this group. G oup 6 contains
stations 24, 25, 26, 27, 29, 30, 31, and 39.
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G oup 7%
Rot at ed Unr ot at ed
Standard St andar d
Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n_
NO6W/10SE 19 12 NO2E/QONE 11 10
N32Ww/08SE 10 7 N28W/32SE 11 9
N62W/05SE 9 7 N63W/21SE 8 7
N89W /04SE 10 5 N88E/32NE 9 4
N40OE/OONE 5 5 N33E/03sW 17 5

Tabl e 14

*Stations contained in group 7 have the sanme structural
position as those of group 5, including the Mddle
Devoni an shal es exposed on the northwest linb of the
M ddl e Mountain syncline across strike fromthe fol ded
and faulted shales on the southeast |inb. Stations 10,
12, 15, 16, 21, and 22 are included in this group.
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G oup 8*
Rot at ed Unr ot at ed

St andar d St andar d

Cl uster Devi ati on Cl uster Devi ati on
Pol e (degrees) n_ Pol e (degrees) n_
NO7E/1ONE 11 5 NO7E/08SW 11 5
N18W/06SE 5 5 N12W/18SE 6 5
N43W/06NW 11 17 N44W/18SE 11 15
N86W/13SE 15 10 N88E/34NE 16 10
N51E/OONE 8 11 NSOE/06NE 9 13

Tabl e 15

*The systematic joints of group 8 include those
stations on the northwest |linmb of the Mddle Muntain
syncline in the exposed Brallier formation north of
the region covered by group 5 and across strike from
the area covered by group 9. This group includes
stations 1, 2, and 3.
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G oup 9*
Rot at ed Unr ot at ed
St andar d St andar d
Cl uster Devi ati on Cl uster Devi ati on

Pol e (degrees) n_ Pol e (degrees) n_
NO2W/10SE 16 10 NO4E/12NE 18 9
NB8OW/55NW 5 5

N72W/00NW 12 9
N76W/13NW 14 5
N41E/O0ONE 9 10 N43E/03s8W 6 10

Tabl e 16

*Stations in the Mddl e Devonian shales on the

sout heast linb of the Mddle Muntain syncline just
north of the deformed area covered by group 6 were
exam ned separately in group 9. Stations included
in this group were 40, 41, and 42.
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APPENDI X | |

Joi nt Spacings and Intensities



UR File #a98 "
WVa. Univ. Dept. of Geology & Geogra
Decenber 1980p o 183 Py

A [ ntroduction

Spacing is the distance between adjacent joints
within the same set, neasured along a line that is nornal
(or near nornal) to both joint surfades. Formula 1 (bel ow),
used to calculate intensity, was devel oped by Vialon and
ot hers (1970) and applied to joints by \Weeler (1979);

Di xon (1979) and \Weel er and Dixon (1980) and is used in

this study.
N
IE = I - (l)
|E = intensity of jointing in esposure E
n = total nunber of sets present in
exposure E
S. = average spacing of joints in the

Y the ith set in exposure E

Joint intensity is an estimate of total joint sur-
face area per unit volune of rock at a given exposure.
Because cal culation of intensity uses all joint spacings
neasured at an exposure, only one value of intensity is
obtained for an exposure. Additional estimates of intensity
require reneasurenent of the exposure. This would not only be
ti me-consum ng but woul d introduce a bias through the
observer's prior recollection of the exposure.

A nmethod to place confidence limts on a value of

intensity is suggested by \Weeler (oral communication,
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(1979). The method involves the cal culation of pseudo-
values in a procedure called jack knifing (Msteller and

Tukey, 1977, pp. 133 ff.). A pseudoval ue I*jm IS calcula-

ted using Formula (2).

ijm = KIE - (K-1) Ijm (2)

I'Jmis cal cul ated the sane as |E of equation (1)

except that the inverse nean spacing fromset j is omtted
and replaced by the inverse nean spacing fromset j mnus
spacing value mof set j. In this way, only Nj-l spaci ng

val ues are used as indicated in equation (3).

m-N.

. .ik N, - |
I¥ = KIp - [(K-1) x (lij— LI : 1 (3)
Jm i,j,m=15; N,§- - s

i#j m

Ig= intensity of jointing in exposure E

intensity calculated by equation (1) but
omtting spacing m of setj

K = total number of spacings fromall measured
sets at an exposure

k = total nunber of sets present in an exposure
S. = average spacing of joints in the ith set

NJ = nunber of spacings nmeasured fromthe [th set

)
]

mth spacing in the jth set

j takes on values 1 through k. and indentifies
the sets
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m takes on values 1 through N_. and identifies
the spacing values in the jth set

If we calculate a pseudoval ue for each spacing,
we wi |l have a sanple of K pseudoval ues whose nean, I*jn:
is an estinmate of intensity for which we can cal cul ate con-

fidence limts. The standard error of the mean pseudoval ue,
1.960

e * provides us with 95 percent confidence limts on
K

the estimate of the nean pseudoval ue, that is, on

the estimte of IE‘ s 1S the standard devi ation.

B. Joint Spacing and Pseudoval ue

The follow ng tables provide a conplete listing of
spaci ngs neasured for each station in the Mddle Muntain
study area. The stratigraphic unit is also identified,
and brief conments are nmade concerning |ithol ogy, bed thick-
ness, and other characteristics of the site. FEach set is
identified by the average strike and standard devi ation
of strike of the measured joints. In a fewinstances, a
rapi d check of joint spacings was made, but joint orien-
tations were not neasured. The number (X) of spacing
measurenents made for the joints within a set is also in-
dicated. Pseudoval ues are listed for correspondi ng val ues
of spacing. The dimension of spacing is centineters. The
pseudoval ue is representative of area per unit volune, and
its dinmension is inverse centimeters. Best estimtes of

station intensities (means of pseudoval ues) and 95 percent
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confidence limts are plotted at station |ocations in
Figure 9 of Chapter 11.

Joints present in interbedded siltstones and shal es
were measured in both the siltstones and the shales, although
measurable joints were often nore nunerous in the silt-
stones. No study has been nade of differences in orien-
tations, nunbers of sets, or spacings, between joints in

the shales and joints in the siltstones.
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B. Joint spacing and pseudoval ues
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STATION NUMBER: 1
Stratigraphic Unit: Brallier Formation (lower)

Coment s: Dark, thickly lamnated shale with
occasional siltstones 5 cmto 10 cmthick

Set N Spacing (cm Pseudoval ue (cm l)
N42W+4 8 11 434
18 . 365
22 . 323
12 .424
29 .246
50 -.035
40 . 108
8 .461
NO3E+12 1 9 7 .283
3 . 495
1 .596
11 .057
16 -.249
13 -.062
3 .495
9 .172
3 . 495
1 .596
3 . 495
1 .596
4 .443
4 , 443
9 172
10 .115
4 . 4432
5 .391
19 -.447
N43Et4 8 32 ~.516
4 .600
4 . 600
21 .010
6 .541
8 . 480
4 .60
27 -.259
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Set N Spacing (cm Pseudoval ue (cm 1)

N77E+3 9 53 107

14 . 395

18 .370

55 .089

15 . 389

17 .377

20 .357

18 .370

40 .215
STATI ON NUMBER: 2
Stratigraphic Unit: Brallier Formation

Comments: Thinly lamnated to chippy shal es
interbedded wWith siltstones, each 5 cm
to 20 cm thick

Set N Spacing (cm Pseudoval ue (cmr l)

N39W+6 14 55 -.014
43 .037

27 .099

23 .114

8 . 165

25 .106

25 . 106

20 . 124

13 .148

35 .069

3 .181

14 .145

19 .128

15 .141

NS6E+5 12 13 . 128
10 .160

16 .094

5 .210

49 -.379

16 . 094

32 -.107

8 .180

12 .138

2 . 240

4 , 220

5 .210
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STATION NUMBER: 3
Stratigraphic Unit: Harrell Formation

Comments: Thickly lamnated shale, platy weathering

Set_ N_ Spaci ng (cm) Pseudoval ue (cm™ 1)

N83Wz+2 6 21 -.277
9 .308

20 -.217

3 .519

13 , 141

2 .550

NO2W+7 8 20 .196
26 .122

45 -.168

37 -.034

4 .363

2 .381

8 . 325

5 .353

N47E+4 14 32 -.007
2 .336

40 -.121

23 .109

27 .059

3 .326

3 .326

6 .296

10 .255

8 .276

6 .296

20 .144

7 .286

6 .296
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STATI ON NUMBER: 4
Stratigraphic Unit: Brallier Formation
Comments: Shal es weathering to chi ps, occasiona

siltstones 5 cmto 20 cmthick, cleavage
present in shales, cleavage pl anes

ori ented N4OE/61SE
Set N Spacing (cm Pseudoval ue (cnfl)

N62Wt6 2 73 .18
73 .18

N22W+4 2 30 177
30 177

N24E£10 7 5 .262
12 .224

15 .206

29 .110

37 .043

18 .187

17 .194

N75E%2 4 13 .157

1 .449

18 -.031

17 .011

STATION NUMBER: 5
Stratigraphic Unit: Brallier Formation

Comment s: I nt erbedded siltstones and shal es,
siltstones 7 cmto 27 cmthick, N24E set
has quartz glaze on joint surfaces,
very large crystals found (10 cm C axi s),
beddi ng slightly fol ded

Set N Spacing (cm Pseudoval ue (cnfl)

N62W:l3 5 9 .156

13 .1l46

15 . 140

35 .073

45 .026
N24E+3 3 5 .24

18 .02

18 .02
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STATI ON NUMBER 6
Stratigraphic Unit: Brallier Formmation

Comments:  Predom nantly shal es, sone siltstones
up to 21 cmthick

Set N_ Spacing (cm Pseudoval ue (cm l)

N45Wt5 4 23 .27

35 .144

18 .313

36 . 132

N26E%15 10 15 . 143

3 .374

10 .246

3 .374

7 .303

8 .284

8 .284

15 . 143

9 .265

37 -.466

NO4wW:8 3 80 .009

29 .298

41 .255

N66E+13 8 12 . 133

8 .208

8 .208

9 .189

20 -.038

14 .093

19 -.015

21 -.062
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STATI ON NUMBER: 7
Stratigraphic Unit: Brallier Formation

Comments:  Predom nantly shale; some siltstones
(3 cmto 5 cm have very closely spaced
(.5cmto 2 cm fractures, possibly
cl eavage N6QE; these fractures were not
included as a joint set

Set N Spacing (cm Pseudoval ue (cm l)

N77E+3 5 8 .169
6 .1968

I .183

15 .056

20 -.053

N1OE+2 4 18 L1523
86 -.296

6 LA77

13 .163

STATI ON NUMBER 8

Stratigraphic Unit: Brallier Formation
Comment s; | nt er bedded shal es and siltstones,
siltstones 2 cmto 47 cmthick
Set N_ Spacing (cm Pseudoval ue (cn %)
N52Wt1l 2 360 .06
600 .044
N8OWt12 9 13 .084
23 .07
2 .098
28 .062
33 .055
87 -.05
25 , 067
54 .02
37 .049
N14E+8 4 64 .006
40 .066
22 .099

56 .029
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STATION NUMBER 9
Stratigraphic Unit: Brallier Formation

Comments: Siltstones (1 cm 27 cn) interbedded
with shales, faulted, fault displacenent
approximately 30 m fault orientation
N30W/22NE, discon fol ds (\Weeler, 1978)
and cl eavage present in shales, cleavage
orientation N32E/28SE

Set N Spacing (cm Pseudoval ue (em” ")
N81Wt4 2 5 1.55
11 -1.21
N45Wt3 10 35 .683
27 .689
118 .609
30 .687
46 .674
44 . 678
50 .671
44 .676
97 .63
100 .627
NO7Wt3 5 11 .519
7 .824
4 1.014
9 .68
15 . 136
N32E+14 5 3 .264
3 .264
2 1.21
2 1.21
3 .264
N68E+4 5 78 . 314
40 .633
24 .718
8 787
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STATI ON NUMBER: 10
Stratigraphic Unit: Mahantango Fornmation
Comments: Shale, folds and faults present, yellow sh

white residue and bl ack residue present in
some areas, fold wavelength approximtely 10 m

Set_ N_ Spacing (cm Pseudoval ue (cnr l)

N57E+11 1 8 8 .202
5 .311

11 .088

2 .414

7 .239

5 .311

5 .311

4 .346

3 . 380

12 .049

9 .165

6 . 275

16 -.115

12 .049

3 , 380

10 .127

2 .414

13 .009

NO4E+12 1 1 7 .356
13 .235

25 -.044

21 .055

15 .193

18 .1248

18 .126

12 . 2568

4 .413

4 .413

3 .431

N77Wx10 6 7 .409
13 . 360

9 . 393

33 .164

10 . 385

83 -.804
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STATI ON NUMBER: 11
Stratigraphic Unit: Brallier Formmation

Comments: 2 mto 3 mthick sequence of fine
grained sandstones, individual beds
from12 cmto 50 cminterbedded with
shale, N64E set has fine coating of
quartz crystals mm sj ze

Set N Spacing (cm Pseudoval ue (cn”t)

N53Wt6 5 21 .034
12 .249

12 .249

14 . 207

14 .207

N64E+6 15 22 ~.146
18 -. 039

4 .275

17 -.014

9 .172

11 .128

4 .275

2 .314

3 .295

N64Ex6 15 9 .172
5 .255
5 .255
4 .275
2 .314
5

.255
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STATI ON  NUMBER: 12
Stratigraphic Unit: Mahantango Fornmation

Comments: Shale, one joint set present N25E/56NW,
spaci ngs in upper beds l|larger than those

bel ow
-1
Set N_ Spacing (cm - Pseudoval ue (cm 7)
N25E 7 54 -.073
35 .004
6 .079
12 .067
10 .071
15 .06
7 .077
STATI ON NUMBER: 13
Stratigraphic Unit: Brallier Fornmation

Comment s: 9 cmto 22 cmthick siltstones
i nterbedded with shale, N17E set has
coatings of fine quartz crystals

-1
Set N_ Spacing (cm Pseudoval ue (cm. ™)
N17E+8 4 11 .19
22 .076
20 101
12 .182
N62E+3 5 9 .184
20 .026
6 .217
14 .121

13 .135
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STATI ON NUMBER: 14

Stratigraphic Unit: Brallier Fornmation

Comment s: I nt er bedded shal es and siltstones, only
one set neasured, there are many joints
present with diverse orientations,
possi bly four sets in all, so estinmate of
intensity is |ower than actual

Set N Spaci ng (cm Pseudoval ue (cr %)
N67E+7 10 2 . 478
1 .625
3 .318
2 . 478
1 .625
1 . 625
4 .143
4 .143
4 . 143
3 . 318
STATI ON NUMBER: 15
Stratigraphic Unit: Mhantango Formation
Comments:  Shales, no jointing apparent
STATI ON NUMBER: 16
Stratigraphic Unit: Needmore Fornmation
Comments:  Shale
Set N Spacing (cm Pseudoval ue (cn’l)
N86E+7 11 17 .224
26 .147
16 , 233
12 . 265
40 .009
10 .28
10 .28
19 .208
14 .249
11 .272

33 .081
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Set N_ Spacing (cm Pseudoval ue (cmr l)
N28Et2 11 I .229
10 .075
I .229
8 .179
10 .075
3 .416
2 .460
4 .371
6 277
8 .178
20 -.541
N50wW+2 9 70 .15
70 .15
6 .273
8 .27
20 .25
170 -.186
20 .25
8 .27
20 .25
STATI ON NUMBER: 17
Stratigraphic Unit: Brallier Formation
Comment s: I nt erbedded shal es and siltstones,
siltstones 10 cmto 20 cmthick
Set_ N_ Spacing (cm Pseudoval ue (cmr l)
N19wW+8 10 100 -.097
10 .200
80 -.013
29 .152
32 . 144
4 .214
24 .165
4 214
22 171

30 .149
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Set N_ Spacing (cm Pseudoval ue (crmr l)
N34E+2 10 26 .043
11 .201
8 .23
5 .257
27 .031
11 .201
23 .077
27 .031
10 .211
25 .054
N71E+3 9 10 .225
14 .192
49 -.178
6 .256
11 .217
23 .113
34 .003
20 L2141
11 .217
STATI ON NUMBER. 18
Stratigraphic Unit: Bral lier Formation
Coment s: I nt er bedded shal es and siltstones,
siltstones 10 cmto 25 cm thick
Set N_ Spacing (cm Pseudoval ue (crmr l)
NO2W+5 21 17 .058
14 .068
10 .081
28 .021
6 .093
18 .055
9 .084
18 .055
25 .031
19 .052
22 .042
6 .093
34 -.001
11 .078
17 , 058

9 , 084
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Set N Spacing (cm Pseudoval ue (cnfl)
5 .096
25 .031
17 .058
39 -.019
17 .058

STATI ON  NUMBER: 19

Stratigraphic Unit:

Coment s: | nt erbedded shales and siltstones,
siltstones approximately 10 cmto 20 cmthick
Set. N Spacing (cm Pseudoval ue (crmr L

N27E+7 6 28 .084
22 .092

34 .075
62 .029
100 -.059

22 .092

N84E*2 11 2 .108
5 .103

2 .108

4 , 104

11 .092
13 .088

9 .095

9 , 095

12 .09

60 -.02

175 ~.618

Brallier Formati on
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STATI ON NUMBER: 20
Stratigraphic Unit: Brallier Formation

Conment s: Predom nantly siltstones; 15 cm
to 20 cmthick: fracture zone present;
zone contains several closely spaced
fractures and cuts through the outcrop
extent unknown; yellow sh white residue
present in this zone

Set N Spacing (cm Pseudoval ue (cn11)
N78Wt7 15 84 .078
52 .121
40 .138
151 -.027
117 .03
77 .088
39 .137
48 .126
48 .126
8 L1732
3 .178
3 .178
5 .176
3 .178
6 .175
N39E+2 12 29 . 137
35 111
36 .106
20 174
24 .158
25 .154
32 .124
8 .220
34 118
8 .220
34 L1158
47 .056
N36E+8 10 12 . 167
16 .084
30 -.254
20 -.004
12 .167
10 .207
12 . 167
6 .282
5 .301

16 .084
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STATION NUMBER 21
Stratigraphic Unit: Marcellus Formation

Comment s: Shal e, no systematic jointing observed

STATION NUMBER: 22
Stratigraphic Unit: Needmore Formation
Comment s: Shale, sonme jointing in southeastern
part of exposure occupies snmall percentage

of total exposure surface area, exposure
ot herwi se unj oi nted

STATI ON NUMBER: 23

Stratigraphic Unit: Brallier Fornation
Coment s: | nt erbedded shal es and siltstones,
siltstones 9 cmto 15 cmthick
Set. N Spacing (cm Pseudoval ue (crmr l)
NO1wz7 10 26 .062
10 L1168
13 .106
9 .119
20 .083
24 .069
18 .01
49 -.034
17 .093
32 .039
N76Et7 6 26 .095
12 .129
42 .05
61 -.018
44 .044

12 129
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STATI ON NUMBER: 24
Stratigraphic Unit: Marcellus Fornation

Comment s: Shale, several small faults present,
the shale is also folded, discon folds
(Wheel er, 1978) are present, slip line
and slip plane consistent with either
flexural fl ow on the northwest |inb of
Elkhorn Mountain anticline or backthrusting

Set N_ Spacing (cm Pseudoval ue (ch‘)

NB82Wt6 6 10 .070
.47

.415
.415
.522
. 292

~N o U101

N48W+8 5 1 -.059
. 446
. 446
.379

. 307

ool s~ O

STATI ON NUMBER: 25
Stratigraphic Unit: Marcellus Formation

Comments:  Shale, cleavage present in the Purcell

[ i nest one
Set N Spacing (cm Pseudoval ue (cm'll

N53Wt4 6 42 ~.004
11 .174

28 .089

10 .179

38 .026

9 .183

N71Wz7 4 7 .251
32 L172

48 .097

48 .097
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Set N Spacing (cm Pseudoval ue (cn'l)
N19wWt6 5 6 L .292
14 .036
12 .11
10 .176
10 . 176
STATI ON NUMBER: 26
Stratigraphic Unit: Mahantango Formation
Comment s: Shal e, bedding is folded
Set N Spacing (cm Pseudoval ue (cmr l)
N6 9W+2 10 6 .354
11 .283
48 ~-.474
37 -.193
5 .367
8 .326
10 .298
8 .326
5 . 367
4 . 381
N54wWt4 10 8 .296
7 . 326
18 -.038
18 -.038
22 -.195
3 .438
3 .438
5 .383
6 , 355
10 .235
NSQ0Ex7 9 15 .234
23 . 107
11 .291
14 .249
12 .277
6 .358
22 124

6 358
29 10
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STATI ON NUMBER: 27
Stratigraphic Unit: Marcellus Formation
Comments:  Shale, bedding planes form outcrop face,

no apparent folding or faulting, bedding
is steeply dipping

Set N Spacing (cm Pseudoval ue (cnt)
N70Wt6 20 2 .447
3 . 412
5 .339
8 .227
13 .031
16 -.093
16 -.093
17 -.136
14 -.01
1 .482
8 .227
10 .150
5 . 339
9 .189
6 . 303
4 .376
4 .376
5 . 339
8 L2277
12 . 071
N51w+3 21 6 . 332
3 .377
2 . 392
5 .347
2 . 392
4 . 362
5 . 347
3 .377
3 . 377
3 .377
4 .362
10 .27
24 .036
11 .254
24 .038
20 .106
29 ~-.054
30 -.073
25 -.018
28 -.036

21 .088
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STATI ON  NUMBER: 28

Stratigraphic Unit: Brallier Formation
Comments: Interbedded shales and siltstones,
siltstones are approximately 14 cmthick
Set. N_ Spaci ng_(cm) Pseudovalue (cm l)
N49wWt2 10 24 .139
27 .129
32 .111
14 .171
24 .139
38 .089
15 .168
36 .097
25 .138
16 .165
N27Et2 10 14 .064
16 .021
12 .105
4 .254
11 .125
15 .043
5 .237
11 .125
10 . 145
6 .219

STATI ON NUMBER:. 29
Stratigraphic Unit: Mahantango Formation
Comments: Shale, bedding planes form outcrop surface,

beddi ng is steeply dipping, no apparent
folding or faulting PPN bparen

Set. N Spaci ng (cm) Pseudoval ue (cn_l)

N72W7 10 7 .272
24 .026

12 .207

8 .259

10 .234

1 .343

50 -.554

5 .297

5 . 297

8 .259
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1

Set. N_ Spacing (cm Pseudoval ue (cm *)

N47W+3 12 .182
.258
, 258
.233
. 308
-.079
.208
.329
-.144
.155
.258
.258

[EEN

)
o OO WOO A~~~

STATI ON NUMBER 30
Stratigraphic Unit: Marcellus Formation
Comment s: Shal e
Set N_ Spacing (cm Pseudoval ue (cmr_

5

.343
. 760
.12

.343
. 343

SR wS
’_J

.47
. 60
. 819
.711
.92
.92
.203

WY WU O]

-.636
.979
.679
. 979
.884
.189
.979
. 884

wWwhRhowwbhhoI D™
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STATI ON  NUMBER: 31
Stratigraphic Unit: Marcellus Formation
Comments: Shale; nearby, the Purcell |imestone

is tightly folded; axial plane cleavage
present; faulted

Set N Spacing (cm Pseudoval ue (cn )

6

.76
.67
.73
.53
.67
.67

S~ B0 MNBS P

STATI ON  NUMBER: 32

Stratigraphic Unit: Brallier Formation
Conment s: I nt erbedded siltstones and shal es,
siltstones approximately 40 cmthick
Set N_ Spacing (cm Pseudovalue (cm L
N38Wt4 11 5 .204
8 .196
14 .179
22 . 157
30 .133
81 -.047
67 .008
90 -.086
30 .132
20 162
26 .145
NO2E+8 10 31 .148
27 .153
85 .064
41 .134
32 .146
83 .067
62 .102
49 .122
60 .105

70 .089
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Set N_ Spaci ng (cm) Pseudoval ue (cmr L
N33E+3 10 17 174
26 .153
110 -.113
33 L1358
49 .092
13 . 184
23 .16
23 .16
50 .089
64 .049
N82E13 10 51 -.156
21 .133
40 ~-.04
27 .082
35 . 009
I .241
4 .262
10 .219
12 .204
23 . 116
STATI ON NUMBER: 33
Stratigraphic Unit: Brallier Formation
Comments: Siltstones interbedded with shales,
siltstones approximately 17 cmthick
Set. N Spacing (cm Pseudoval ue (cm l)
N88Wt7 6 10 .331
13 .188
7 .461
8 .419
20 -.208
15 .085
N31wzxl 10 69 , 181
68 .183
18 .279
13 .287
52 .216
55 .21
72 174
32 .254
59 .202

17 .280
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Set N_ Spacing (cm Pseudoval ue (cn11)
N18E#2 11 30 .236
46 .18
45 .182
44 .187
26 .249
20 , 268
33 .226
18 , 275
32 .229
32 .229
32 .229
NS51E+t6 10 12 .163
9 .276
8 .313
11 .202
12 . 163
10 .24
12 .163
9 .276
6 .383
14 .083

STATI ON NUMBER: 34
Stratigraphic Unit: Brallier Formation

Comment s: Shal es and siltstones, siltstones are
5cmto 32 cmin thickness

Set N_ Spacing (cm Pseudoval ue (cn11)

N25W+2 10 25 .258
27 .253

27 .253

140 -.113

30 .246

32 .242

18 273

28 .251

40 .222

38 .227
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Set N Spacing (cm Pseudoval ue (crIr l)
N45E+8 9 10 -. 492
2 .706
9 -.317
2 .706
2 .706
3 .579
2 . 706
7 .01
13 -1.07
N67Et7 18 108 . 194
126 .183
189 . 140
147 .169
220 C117
165 .157
97 .201
10 .248
4 .251
1 .253
6 .250
2 .252
12 .247
6 .250
1 .253
3 .252
8 . 249
6 .250
STATI ON NUMBER: 35
Stratigraphic Unit: Brallier Formation
Coment s: I nt er bedded shal es and siltstones, siltstones

approximately 15 cm thick, N63E set coated
Wi th nmsized quartz crystals

Set N Spaci ng (cm Pseudoval ue (cnfl)
N38W+2 4 17 .051
16 .080
7 .28
10 .226
N15Wt4 3 45 .119
35 171

25 .211
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Set N_ Spacing (cm Pseudoval ue (cn’l)
N23Et3 2 67 171
67 .171
N63E17 3 13 .255
12 , 263
38 -.106
STATI ON NUMBER: 36
Stratigraphic Unit: Brallier Formation
Comment s: I nterbedded shales and siltstones,
siltstones approximately 15 cmthick
Set N Spacing (cm Pseudoval ue (cnfl)
N13wWt7 5 22 .054
7 .108
27 -.011
10 .167
5 .202
N50E+7 3 11 .192
31 -.253
6 .237
STATI ON NUMBER: 37
Stratigraphic Unit: Brallier Formation
Comments: Primarily shale, sone siltstones
Set N_ Spaci ng (cm Pseudoval ue (cn )
N35Wt6 2 24 .091
24 .091
NO2E+7 7 15 . 107
10 .122
18 .098
10 .122
40 .016
11 .119

39 .021
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STATI ON NUMBER: 38
Stratigraphic Unit: Brallier Formation
Comrents: Predominantly siltstones, 2 mto 3 m

sequence of siltstones W th individua
beds ranging from9 cmto 53 cmin

t hi ckness
Set N Spacing (cm Pseudoval ue (cnfl)

N8OW 8 15 .192
26 .179
10 .199

9 .2

72 109
55 .138
74 .105
60 w13

N45W+0 2 17 .165
17 . 165

NO4wz7 4 3 .37
23 .002
24 -.026
15 .104

N33Ez8 3 40 . 175
38 .183
53 117

STATI ON NUMBER: 39

Stratigraphic Unit: Needmore Formation

Comments: Shale; several joints present with diverse
orientation, two sets were nmeasured, a third
set may be present: estimate of intensity
may be | ow

Set N_ Spacing (cm Pseudoval ue {(cm l)
N33Et2 11 24 ~-.03
12 .181
4 .298
10 .211
14 .149

14 . 149
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Set N Spacing (cm Pseudoval ue (cmr l)
13 . 165
13 .165
6 .27
9 .226
6 .27
N52E+3 10 9 .206
11 .158
12 .133
10 .182
9 .206
5 .295
3 . 3348
12 .133
14 .082
12 . 133

STATI ON NUMBER: 40
Stratigraphic Unit: Mahantango Formation
Comments:  Shales, bedding steeply dipping, bedding

surface forns outcrop face, no folding or
faul ting apparent

Set N Spacing (cm Pseudoval ue (cmr l)

NO8E+4 9 49 -.435
14 .178

11 .216

10 .228

11 .21

18 .125

11 .216

14 .178

8 .252

N88Et4 8 43 , 068
10 .231

44 .062

58 -.028

14 .214

35 .112

5 .252

17 .201
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Set N_ Spacing (cm Pseudoval ue (cm L
N48W+2 12 7 .23
5 .243
9 .217
6 .236
4 .249
56 -.18
47 -.088
41 -.031
7 .23
9 .217
17 .162
17 .162
STATI ON NUMBER: 41
Stratigraphic Unit: Mhantango Formation
Comments:  Shal e
Set N_ Spacing (cm Pseudoval ue (cm1)
N8OWt6 6 2 .756
9 .312
19 -.624
7 . 452
4 . 642
14 -.099
N45Wt4 17 20 .147
8 .323
2 .403
37 -.147
26 .05
17 .193
26 .05
7 .336
5 .363
16 .208
9 - 309
2 .403
12 .267
6 35
2 .403
1 415
2 .403
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Set N_ Spacing (cm Pseudoval ue (cm—l)
N12E+3 9 35 -.641
5 .447
7 , 396
5 .447
11 .286
17 .102
6 422
8 , 369
10 . 314
STATI ON NUMBER:. 42
Stratigraphic Unit: Marcellus Formation
Comments:  Shal e
Set N_ Spaci ng (cm Pseudoval ue (cr )
=N 4 23 .086
57 .016
21 , 089
78 -.050
10 24 .066
78 -.011
27 .063
22 .068
27 .063
25 .065
23 .067
19 071
90 -.019

25 .065
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C. | NTENSI TY, MEAN PSEUDOVALUE,
AND CONFI DENCE LIM TS ON THE MEAN

Mean Conf1 dence
Intensity  Pseudoval ue Limts
Station K (em™h) (em~ 1) (cm 1)
1 44 .3 ..31 +.08
2 26 11 .11 +.05
3 28 .22 .19 £.08
: 15 18 17 £ 06
° 8 -12 .10 £.06
b 25 .22 .16 £.07
! 8 -12 .08 +.11
8 15 .05 .05 £.02
9 21 .66 .61 £.18
10 35 .25 .21 £.08
1 20 .19 .19 +.06
12 ! .05 .04 +.04
13 ) .14 .14 +.04
12 10 . 40 .39 £.13
15 0 ; 2 .
16 31 -21 .19 +.06
17 29 .14 .13 £.04
18 21 .06 .06 £.01
19 17 .06 .03 +.08
20 37 13 .13 £.03
21 0 = =0 -0
22 0 = -0 -0
23 16 .08 .07 +.03
22 11 -35 - 34 +.11
25 15 .17 .14 +. 06
28 29 .24 .22 +.08
21 21 .24 .20 £.05
28 20 .14 .13 £.03
29 22 .19 .18 +.09
30 20 -68 . 63 +.18
31 6 .26 .23 +.05
32 41 .12 .11 £.03
33 37 .23 .22 Y 04
34 37 .22 .20 £.10
39 12 .17 J18 £.06
36 8 .13 .09 £.11
3.7 9 .09 .09 £.03
38 17 .17 .15 £.04
39 21 .19 .19 £.04
40 29 .15 .14 £.06
3 32 -28 .25 £.10
42 14 .05 .05 £.02
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D. Average Goup Intensities and p-Val ues

Average intensity of jointing fromeach group of
stations are listed. p-values have been cal cul ated using
the non-parametric Mann-Wiitney U-test for conparison of

group intensity.
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G oup*
i, 2 3 4 5 6 71 8 09
fMeEA9Pty .14 .15 .61 .13 .27 .07 .20 .11
N* 8 7 1 6 8 6 3 3
Table 17

*Stations conprising each group are listed bel ow

Goup 1. 20

Goup 2: 13, 14, 17, 18, 19, 23, 28
Goup 3 32, 33 34, 35 36, 37, 38

G oup 4 9

Goup 5 4 5 6, 7, 8 11

Goup 6: 24, 25 26, 27, 29, 30, 31, 39
Goup 7. 10, 12, 15, 16, 21, 22

Goup 8 1, 2, 3

Goup 9 40, 41, 42

Ref erence to structural and lithol ogic relationships
of each group can be nade on Figure
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p-Values* for Goup Conparisons

Group 1,2 3 4 5 6 7 8 9
1,2 L1780 .11 0330 002G .14M 0 19N .32Y
3 .17X 13w > 50 026G .09L .19 26N
4 1IN L13N 14N > 5N 17N U258 25N
5 .33N >.5N 14N .00l .20N .08G .27W
6 .002L .02L >.5N .0OlL - .01l .27 . 14N
7 149 .09G . 17N .20 L 01G .10G .16
8 J19N 19N .25N .08L .27N .10L - .20N
9 .32N 26N .25M  .27M  .14N .16N . 20N

Tabl e 18

*The p-val ues were cal cul ated using_ the nonparanetric
Mann- Whitney U-test. The n-value is the probability
that two popul ations of joint intensity have the sane
di stribution. (I-p) is the probability that on popu-
lation is stochastically larger or smaller than the
other. The relationship of the colum to the rowis
indicated by the letters G L, or N. Ginplies that
the intensity of the colum group is greater than that
of the row group to which it has been compared; L,
| ess than; N, no difference. p-values of 0.1 or less
are considered small enough to indicate the relation-
ship of Gor L. However, the relationship of Gor L

S n8t considered statistically different unless
ps .05.
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APPENDIX |11

Stratigraphy
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A Thi cknesses of Stratigraphic Units
Aver age thicknesses of stratigraphic units were
cal cul ated fromthicknesses reported for neasured sections

of the county reports.
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THI CKNESSES OF STRATI GRAPHI C UNI TS
FOR DODDRI DGE AND HARRI SON COUNTI ES,
WEST VI RA NI A
(Hennen and Wite, 1912)

Aver age
Thi ckness

system Series (feet)

Pennsyl vani a Monongahel a Seri es 420
Conenmaugh Seri es 565

Al | egheny Series 243

Pottsville Series 350

M ssi ssi ppi an Mauch Chunk Series 203
G eenbrier LS 71

Pocono Series 441

Devoni an Catskill Series 686
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THI CKNESSES OF STRATIGRAPHIC UNITS
FOR GRANT AND M NERAL COUNTI ES,
WEST VIRG NI A
(Reger and Tucker, 1924)

Aver age
Thi ckness
system Series (feet)
Pennsyl vani an Conemaugh Series 797
Al | egheny Series 175
Pottsville Series 421
M ssi ssi ppi an Mauch Chunk Series 827
G eenbrier Series 273
Pocono Series 596
Devoni an (Upper) Catskill Series 1925
Chemung Seri es 4047
Portage Series 1780
Genesee Series 313
(M ddl e) Ham [ ton Series 400
Marcel lus Series 637
(Lower) Oriskany SS 205
Hel derberg LS 600
Silurian Salina FM
Bossardville LS 302
Rondout SH and LS 528
Bl oonsburg SS and SH 61
Ni agara LS 184
Cinton Series 532
Tuscarora SS 276
Juni ata Series 1015

Oswego SS 254
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(Tilton, Prouty, Tucker, and Price, 1927)
Aver age
Thi ckness
system Series (feet)
Devoni an Catskill Series 4755
Chenung Seri es 2200
Portage Series 1200
Genesee Seri es 400
Ham | ton Series 500
Marcel | us Seri es 550
Oriskany Series 336
Hel derberg Series 375
Silurian Salina Series
Bossardville LS 334
Rondout SH and LS 455
Bl oonsburg SS and SH 36
N agara LS 265
Keefer SS 25
Cinton Series 487
Tuscarora SS 328
Juni ata Series 550
Oswego SS 400




UGR File #498

W.Va.Univ. Dept., of Ceol ogy & Geography
Decenber 1980 253

THI CKNESSES OF STRATI GRAPHIC UNI TS
FOR MARI ON, MONONGALIA, AND TAYLOR COUNTI ES,
VWEST VIRG NI A
(Hennen and Reger, 1913)

Aver age
Thi ckness

System Series (feet)

Pennsyl vani an Monongahel a Seri es 348
Conenmaugh Seri es 582

Al | egheny Series 231

Pottsville Series 297

M ssi ssi ppi an Mauch Chunk Series 205
Geenbrier LS 91

Pocono Series 414

Devoni an Catskill Series 834
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THI CKNESSES OF STRATI GRAPHI C UNI TS
FOR MARSHALL, TYLER, AND WETZEL COUNTI ES,
WEST VIRG NI A
(Hennen and Wite, 1909)

Aver age
Thi ckness

system Series (feet)

Pennsyl vani an Mbnongahel a Seri es 320
Conenmaugh Seri es 541

All egheny Series 270

Pottsville Series 270

M ssi ssi ppi an Mauch Chunk Series 101
Geenbrier Ls* 57

Pocono Series 527

*Additional information on the top of the Geenbrier taken
from Cardwell (1978).
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System

Series

Aver age
Thi ckness
(feet)

M ssi ssi ppi an

Devoni an  (Upper)

(M ddl )

(Lower)

Silurian

Or dovi ci an

Mauch Chunk Series
Greenbrier Series
Pocono Seri es

Catskill Series
Chemung Seri es
Portage Series
Genesee Series

Ham | ton Series
Marcel lus Seri es

Oriskany Series
Hel derberg Series

Salina Series
Bossardville LS
Rondout SH and LS
Bl oonsburg SS and SH

Ni agara Series

Cinton series

Tuscarora SS

Juni ata Series

Oswego SS

Martinsburg SH
Chanbersburg LS

1722
399
345

2800
4000
2674

196

566
447

339
633

30
320
374
231
378
188
445
101

2033
350
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System

Seri es

Aver age
Thi ckness
(feet)

Pennsyl vani an

M ssi ssi ppi an

Devoni an

Pottsville Series

Mauch Chunk Series
Greenbrier Series
Pocono Seri es

Catskill Series
Chemung Seri es

687

958
248
102

685
2946
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THI CKNESSES OF STRATI GRAPHI C UNI TS
FOR TUCKER COUNTY, WEST VIRG NI A
(Reger, Price, and Tucker, 1923)

Aver age
Thi ckness
system Series (feet)
Pennsyl vani an Conemaugh Seri es' a39
Al | egheny Series 132
Pottsville Series 544
M ssi ssi ppi an Mauch Chunk Series 672
Greenbrier Series 274
Pocono Series 152
Devoni an  (Upper) Catskill Series 761
Chemung Series 2890
Portage Series 1460
Genegee Series 170
(M ddl e) Ham | ton Series 1000
Marcel lus Series 695
Corni ferous Series 155

(Lower) Oriskany Series 270
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THI CKNESSES OF STRATIGRAPHIC UNITS
FOR UPSHUR AND BARBOUR COUNTI ES
AND THE WESTERN PORTI ON OF RANDOLPH COUNTY,
WEST VIRG NI A
(Reger and Teets, 1918)

Aver age
Thi ckness
System Series (feet)
Pennsyl vani an Monongahel a Seri es 391
Conemaugh Series 598
Al l egheny Series 298
Pottsville Series 302
M ssi ssi ppi an Mauch Chunk Series 391
G eenbrier LS 103
Pocono Series 330

Devoni an Catskill Series 586
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THI CKNESSES OF STRATI GRAPHI C UNI TS
. FOR ROCKI NGHAM COUNTY, VIRGA NI A
(see Table 1 of Brent, 1960)

of Geology & Geography

Aver age
Thi ckness
System Series (feet)
M ssi ssi ppi an Pocono Fm 300+
Devoni an (Upper) Hanpshire Fm 2000
Chemung Fm 2000
Brallier Sh 1200
(M ddl e) M 11 boro and Onondaga Sh 400- 500
(Lower) Ri dgely Ss 50- 150
Hel derberg Ls 100- 400
Silurian Cayuga G oup 220-600
Clinton Fm
Massanutten Ss 500- 700
Cinch Ss 50- 200
Ordovi ci an (Upper) Juni ata Fm 250
Oswego Ss 300- 600
Martinsburg Sm 1500- 3000
(M ddl e) Edi nburg Fin 1500
Li ncol nshire Ls 50- 150
Newnar ket Ls 50- 200
(Lower) Beekmant own Fm 2000
Chepul tepec Ls 500
Canbri an (Upper) Conococheague Ls 2500
(M ddl e) El brook Dolonite 2000
(Lower) Rone (Waynesboro) Fm 1700
Shady (Tomstown) Dol onite 1000
Chi | howee Group
Erwi n (Antietam) Quartzite 400
Hanpt on (Harpers) 7m 900
Weverton Fm BOO 1600
Loudoun Fm 0O 200
Precanbri an Catoctin G eenstone 0-1000

Swift Run Fm

0 100
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THI CKNESSES OF STRATI GRAPHI C UNI TS
FOR PAGE COUNTY, VIRA N A
(see Table 1 of Allen, 1967)

Aver age
Thi ckness
system Series (feet)
Devoni an Devoni an (undi vi ded) 30- 200
Silurian Cayuga G oup 200- 600
Massanutten Ss 400- 650
Ordovi ci an Martinsburg Fm 1000- 3000
Edi nburg Fm 500- 1500
Li ncol nshire Fm
and New Market Ls 50-200
Beekmant own Fm 2000- 3000
Chepul t epec Fm 300-500
Canbri an Conococheague Fm 2000- 2500
El brook Fm 2000- 2500
Rone Fm 2000
Shady Fm 1000- 1500
Erwi n (Antietam) Fm 800
Hanpt on Fm 900
Waverton Fm 1000- 1500
Loudoun Fm O 200
Precanbri an Catoctin ®m 02000
Swift Run Fm O 100

Pedlar Fm ?
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B. Deep Wl |l Locations
Locations of deep wells that were projected onto
the regional sections. Depths and |ocations are taken

from Cardwell (1976).
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C  Fence Diagrans
Fence diagrans are conpiled from data presented
I n Cardwell (1976, 1976), Chen (1977) and Perry (1964).

See section IVB, la for discussion.
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APPENDIX |V

List of Pertinent Gavity Data for
the Mddle Muntain Gavity Profile
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