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Horses in Fensters of the Pulaski Thrust Sheet,
Southwestern Virginia: Structure, Kinematics, and
Implications for Hydrocarbon Potential of the Eastern

Overthrust Belt

By Arthur P. Schultz

Abstract

Highly deformed rocks of Cambrian through Devo-
nian age are exposed in fensters of the Pulaski thrust sheet
near the northern terminus of the southern Appalachian
Valley and Ridge province. Detailed mapping of these
outcrops shows a consistency of structural style—namely,
faulted antiformal synclines having duplex geometry.
Examination of strain data and cross sections suggests that
the fensters expose rootless tectonic slices, or horses.
Structural analysis of the rocks shows that cataclasis was
the dominant deformation mechanism in thickly bedded
carbonate rocks and sandstones. By contrast, isoclinal
folding, cleavage, and boudinage were the dominant
mechanisms in thinly bedded shales, sandstones, and
limestones. Both the amount of tectonic thinning and the
intensity of strain in the horses are dependent on litho-
tectonic units and the distance of transport from the root
zone, which is perhaps a frontal tectonic ramp in the
trailing part of the subjacent Saltville thrust sheet. Seismic
studies indicate that this ramp is east of and below thrust
sheets of the Valley and Ridge and western Blue Ridge
provinces, an interpretation supported by structural stud-
ies of rocks in the fensters. Thermal maturation and
geochemical data suggest that coal-bed methane in rocks
of Mississippian age may exist below thermally overma-
ture thrust sheets of the eastern Valley and Ridge and
western Blue Ridge provinces. Rocks of Ordovician and
Devonian ages in this area may have been source rocks
but do not contain hydrocarbons.

INTRODUCTION

Regional-scale seismic studies of the Eastern Over-
thrust Belt have resulted in speculation about this frontier
hydrocarbon province (Cook and others, 1979; Harris and
Bayer, 1979; Milici and others, 1979; Harris and others,
1981, 1982). Hydrocarbon-bearing Paleozoic sedimentary

Manuscript approved for publication, 5/16/88

rocks probably extend from surface exposures in the Valley
and Ridge province of the Appalachian foreland eastward
below thrust sheets of metamorphic rocks of the Blue Ridge
and Piedmont provinces, but the hydrocarbon potential of
these sedimentary rocks is very poorly known because
drilling is nonexistent in the area and fensters are few.
This report describes certain complex structures asso-
ciated with the Pulaski thrust sheet in southwestern Virginia
(figs. 1, 2). These structures are tectonic slices or horses,
many of which are exposed in fensters, and they have been
termed “windows of dislodged slices” or schurflingsfensters
(Tollman, 1968; Boyer and Elliot, 1982; Schultz and
Anders, 1985). The tectonic rootless slices of sedimentary
rocks of Cambrian through Devonian age are interpreted to
have been derived from below the easternmost exposed
rocks of the Valley and Ridge province and perhaps from
below rocks of the Blue Ridge province.
Acknowledgments.—The author thanks Donald E.
Anders of the U.S. Geological Survey (USGS) for geochem-
ical analyses, Anita G. Harris and Randall Orndorff

T | West Virginia /

37°007
Tennessee
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L 1
Figure 1. Major thrust faults of southern Appalachian

Valley and Ridge province, Kentucky, Tennessee, West
Virginia, Virginia, and North Carolina. Location of study
area (fig. 2) also shown.
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(USGS) for unpublished conodont data, and C. Scott
Southworth (USGS), Robert C. McDowell (USGS), and
Judith W. Stoeser (MESU Associates) for manuscript
reviews.

GEOLOGIC SETTING

The Pulaski thrust fault (fig. 1) is one of several
major, southeast-dipping thrust faults of the central and
southern Valley and Ridge province and has been traced
along strike for approximately 500 km (Cooper, 1970;
Rodgers, 1970) from a terminus in central Virginia south-
westward into Tennessee, where it is overridden by rocks of
the Blue Ridge thrust sheet. Estimates of the displacement
of the Pulaski thrust near the study area range from 15
(Cooper, 1970) to 50 km (Bartholomew, 1979). Near
Pulaski, Va., the preserved thickness of the Pulaski thrust
sheet is about 1,500 m, and the decollement of the Pulaski
thrust is within shales and dolomites of the LLower Cambrian
Rome Formation (fig. 3) and the Middle and Upper Cam-
brian Elbrook Formation. Rocks of Mississippian age are in
the footwall of the Pulaski thrust sheet along its leading
edge, in the Price Mountain fenster, and in the core of the
Salem synclinorium (fig. 3).

Unique to the Pulaski thrust are thick, broken forma-
tions near the base of the thrust sheet (Cooper, 1970;
Bartholomew and Lowry, 1979; Schultz, 1983), the
unusual and widespread Max Meadows tectonic breccia
(Cooper, 1970), and, in an area from near Pulaski to
Roanoke, Va., a series of fensters and horses (fig. 2) (Butts,
1933, 1940; Cooper, 1939; Marshall, 1959; Bartholomew
and Lowry, 1979; Schultz, 1979a, b; Bartholomew, 1981;
Henika, 1981; Decker and others, 1985). Except for the
Price Mountain fenster, the fensters expose thin, rootless
tectonic slices or horses. Horses are also exposed along the
leading edge of the Pulaski fault. Detailed structural and
strain analysis (Schultz, 1979a,b, 1981) shows that defor-
mation style and intensity in these horses are in striking
contrast to those in footwall rocks below the Pulaski thrust
sheet. Rocks of the horses are some of the most highly
strained in the Appalachian Valley and Ridge province
(Schultz, 1979a, b, 1981).

HORSES AND FENSTERS

The Price Mountain fenster (fig. 3) exposes a doubly
plunging, fault-modified anticline of Mississippian rocks
below Cambrian rocks of the Pulaski thrust sheet. Drilling
of this structure (Bartholomew and Lowry, 1979; Staniey
and Schultz, 1983) (fig. 3) shows a continuous, 3,000-m-
thick section of rocks ranging from Middle Ordovician to
Lower Mississippian in age. Stratigraphic thickening in the
Ordovician and Devonian shales has been attributed to
minor faulting within these stratigraphic sections (Harris

and Milici, 1977). Structural interpretations based on seis-
mic data (Gresko, 1985) collected across the Price Moun-
tain anticline place basement rocks at a depth of 7,000 m, a
depth consistent with projected thicknesses of rocks of Late
Cambrian through Middle Ordovician age below available
drill-hole data (Bartholomew and Lowry, 1979). The Price
Mountain sequence is part of the Saltville thrust sheet
(Bartholomew and Lowry, 1979; Gresko, 1985) (figs. 2, 3).

Complexly deformed horses ranging in age from Late
Ordovician to Middle Devonian are located along the
Pulaski fault between Cambrian rocks of the hanging wall
and Mississippian rocks of the footwall. Many of these
horses are exposed along the leading edge of the thrust and
in fensters in the Pulaski and Roanoke areas (fig. 2). Horses
along the southwestern edge of the Price Mountain fenster
are discontinuous, faulted lensoid rock masses having
duplex geometry (Schultz, 1979a, b) in which folded
Cambrian rocks of the Pulaski thrust sheet form the roof
thrust (figs. 4, 5). Irregular fault contacts separate individ-
ual horses in the duplexes, and much of the original
stratigraphic sequence is missing. Inverted stratigraphic
sequences predominate (Schultz, 1979a, b). Mesoscopic
deformation in the horses increases in intensity with trans-
port distance (Schultz, 1981). The smaller horses consist of
Ordovician dolomite and Silurian sandstone clasts sup-
ported in a matrix of Ordovician and Devonian shales and
siltstones (fig. 6). The more competent sandstone clasts of
the fault zone have been internally deformed by a pervasive
mesoscopic and microscopic brittle fracture or cataclasis,
such that the original sedimentary fabric of the rock is
obliterated (fig. 7). Cataclasis of transported sandstone
clasts resulted in an extremely poorly sorted fabric of
angular grains that have little to no preferred long-axis
orientation and reduced mean grain size (Schultz, 1979a, b)
(fig. 8). Cataclasis in Ordovician dolomite clasts (fig. 9)
disrupted the original crystalline fabric and produced micro-
breccias. Intracrystalline deformation of the cataclastic
rocks is minor and is similar to that of rocks away from the
fault zone (fig. 10).

Penetrative, tectonically induced, mesoscopic
melangelike deformation fabrics are in horses consisting of
thinly bedded, alternating sequences of Ordovician and
Devonian shales, sandstones, and limestones. These defor-
mation fabrics consist of isolated, fractured, and flattened
inclusions of more competent rock in a cleaved matrix of
less competent shale. The melangelike inclusions are len-
soid double boudinage and are 1 ¢cm to 3 m long. In all
cases, the boudin and matrix are of the same stratigraphic
formation. Variably oriented extension fractures in the
boudin suggest that the bedding from which the boudin
were derived was extended in several directions. This
conclusion is consistent with strain data (fig. 11), which
show that tectonic flattening was the dominant deformation
mechanism during formation of the melangelike fabric in
the horses. The sequence in fabric development consists of

Horses in Fensters of Pulaski Thrust Sheet, Southwestern Virginia A3
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Figure 4. Western edge of Price Mountain fenster, including distribution of rooted Mississippian
rocks and complexly deformed horses that lie below Cambrian rocks of Pulaski thrust sheet and
above Mississippian rocks. Line of section Z-Z’ (fig. 5) and location of outcrop section Y=Y’ (solid

circle) (fig. 6) also shown.

rotation (fig. 12), followed by transposition of early iso-
clinally folded rocks and formation of penetrative cleavage
(Schultz, 1981). The southeasternmost fensters of the
Pulaski thrust sheet in the Price Mountain area (fig. 3)
expose rocks of similar structural complexity characterized
by rootless and fault-bounded, stratigraphically attenuated
slices (figs. 13, 14). In this area, lithologic variations are
minimal, and the individual slices that compose the horses
are more internally coherent; that is, mesoscopic deforma-
tion is limited to mesoscopic brittle faults (fig. 15).

Cross sections (figs. 3, 5, 14) drawn on the basis of
existing drill-hole data and thickness constraints and avail-
able seismic interpretations (Stanley and Schultz, 1983;
Gresko, 1985) suggest that rocks of Middle Cambrian

A4 Evolution of Sedimentary Basins—Appalachian Basin

through Devonian age in fensters in the study area lie
structurally above a footwall of rocks of Mississippian age.
This footwall may be continuous in the subsurface with
southeast-dipping rocks on the southeastern limb of the
Price Mountain anticline (figs. 3, 5). Interpretations of all
other fensters of the Pulaski thrust sheet (Cooper, 1939;
Marshall, 1959; Bartholomew, 1981; Henika, 1981; Decker
and others, 1985) (fig. 2) are similar to those described near
Pulaski (Schultz, 1979a, b). In all cases, highly deformed,
rootless slices of stratigraphically older rocks are thought to
lie above relatively less deformed younger footwalls.

A simple kinematic model for the origin and emplace-
ment of horses (fig. 16) involves the interaction of an
overriding thrust sheet with a subthrust syncline on or near a
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Figure 11. Flinn diagram of lensoid double boudinage
showing distribution of strain in thinly bedded Ordovician
rocks that are horses of Pulaski thrust sheet in area of
study. Seventy-three percent of boudin fall within flat-
tened ellipsoid field of diagram. e,, e,, and e;, axes of
principal extensions; a, ratio of elongations in e, and e,
directions; b, ratio of elongations in e, and e, directions;
k, slope of line defining strain types. Method from Cowan
(1978).

potential (Stanley and Schultz, 1983). If rootless horses in
the fensters southeast of the Price Mountain fenster overlie
Mississippian rocks in the footwall. as the model presented
herein suggests, then the area of coal-bed methane potential
can be increased and may extend below the metamorphic
rocks of the Blue Ridge province (fig. 3).

Results of Rock-Eval pyrolysis (fig. 17, table 1) of
samples from Ordovician and Devonian horses of the
Pulaski thrust sheet suggest that these rocks may have been
potential source rocks of hydrocarbons. For a rock to be
considered a potential source rock, the total organic carbon
value must exceed 0.5 to 1.0 percent carbon (Tissot and
Welte, 1984); 10 of the samples tested contain enough
carbon to qualify. Hydrocarbon-generating capacity (or
genetic potential) is expressed as the total hydrocarbon
content (HC = S1 + S2) (table 1), and rocks containing
more than 6 mg HC per gram of rock are considered to have
good resource potential (Tissot and Welte, 1984). None of
the samples analyzed, however, had a total hydrocarbon
content above this value. Thermal maturation of the rocks,
as measured by conodont color alteration index (CAI), is
slightly higher (CAI 4) (fig. 18) than that of Mississippian
coals in the Price Mountain fenster (CAI 3.5) (fig. 18) but
is well within the upper limits of the dry gas window (Tissot
and Welte, 1984). If coal-bearing Mississippian rocks
extend to the east below thermally overmature thrust shéets
(fig. 3), a viable coal-bed methane potential may exist
below these rocks.

PLUNGE OF FOLD HINGE, IN DEGREES

B

Figure 12. Structural plots for folds in thinly bedded
Ordovician rocks in horses of Pulaski thrust sheet. A,
Schmidt equal-area stereographic plot of pole to axial
surface (solid circles) and fold axes (solid squares) in thinly
bedded Ordovician rocks in horses of Pulaski thrust sheet.
Variability of orientation reflects rotation of folds during
formation of melangelike deformation fabric. Number of
observations n=34. B, Fleuty diagram for folds in A shows
that a wide range of fold styles is characteristic of
melangelike deformation in horses. Method after Fleuty
(1964).

CONCLUSIONS

Fensters of the Pulaski thrust sheet in southwestern
Virginia expose both rooted and rootless rocks. A simple
kinematic model for the formation of horses in these
fensters involves detachment and transport of thrust slices
from footwall subthrust synclines. These subthrust syn-
clines developed in a footwall composed of rocks of

Horses in Fensters of Pulaski Thrust Sheet, Southwestern Virginia A7
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within fensters. Location of map shown in figure 2; lines of section X-X' (fig. 14) and W-W’ (fig.
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Figure 14. Cross section X-X' showing structural relationships
between Devonian and Mississippian rocks of rooted footwall, horse
duplexes, and Cambrian rocks of Pulaski thrust sheet. Line of section
shown on figure 13.
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Cambrian through Mississippian age on the frontal tectonic
ramp of the Pulaski thrust. This frontal ramp may extend
eastward below the Blue Ridge province. This interpreta-
tion agrees well with regional-scale models for the evolu-
tion of the Eastern Overthrust Belt derived from seismic
studies. Studies of the thermal maturity of horses in fensters
in the Pulaski thrust sheet seem to indicate that rocks of
similar age below thrust sheets of the Valley and Ridge and
Blue Ridge provinces probably are in the upper part of the
dry gas window. In addition, methane in Mississippian
coals extending into this frontier hydrocarbon province may
have an economic potential. Hydrocarbons probably are not
in Ordovician and Devonian source rocks but may be
elsewhere in this structurally complex area and may have
been derived from the Ordovician and Devonian black
shales.
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Disturbed Zones:

Indicators of Subsurface Faults and

Possible Hydrocarbon Traps in the Valley and Ridge and
Appalachian Plateau Provinces of Pennsylvania, Maryland,

Virginia, and West Virginia
By Howard A. Pohn and Terri L. Purdy

Abstract

Disturbed zones are sequences of severely thrust
faulted and folded rocks either in the hanging walls or
footwalls adjacent to thrust faults or between closely
spaced pairs of thrust faults. They are common in the
central Appalachian Valley and Ridge province and are
surface manifestations of imbricate thrust faults that are
rooted to detachments at depth. The zones are tens to
hundreds of meters thick and a few kilometers to tens of
kilometers long. Although they commonly form in units
composed of alternating siltstone and shale, some are in
more competent units. The intense folding and faulting in
disturbed zones may localize domains of high fracture
porosity in the subsurface, which, when sealed from the
surface, may produce potential hydrocarbon traps.

INTRODUCTION

The gross aspects of the structural geology of folded
and faulted Paleozoic rocks of the central Appalachian
Mountains have been fairly well described by using seismic
analyses and geologic mapping (Rodgers, 1963; Gwinn,
1964, 1970; Harris and Milici, 1977; Perry, 1978). One
type of structural feature, herein referred to as a “disturbed
zone,” has been frequently described (Rickard, 1952, p.
517), but the relationship between these zones and the
regional tectonic framework has been given little attention.
This report discusses the occurrence, morphology, and
sequential development of these zones.

The disturbed zones described in this paper are in the
Valley and Ridge and Appalachian Plateau provinces of the
Appalachian Mountains from central Pennsylvania to north-
ern West Virginia (fig. 1). In this area, a series of folded
and thrust-faulted Paleozoic rocks trend east-northeast to
northeast. The sedimentary sequence comprises predomi-
nantly carbonate rocks of Cambrian through Ordovician age

Manuscript approved for publication, 5/16/88 Disturbed Zones:

and clastic rocks of Ordovician through Pennsylvanian age
and is 7,800 to 10,200 m thick.

Seismic profiles and drilling data indicate that both
the Valley and Ridge province and a large part of the
Appalachian Plateau province are underlain by large thrust
sheets that have been translated westward along a thrust
system consisting of extensive bed-parallel flats (decolle-
ments), ramps, and imbricate splay faults (fig. 2). This type
of structural architecture is indicative of thin-skinned tec-
tonic systems in which the deformation is concentrated
above the basal detachment and the basement is virtually
undeformed (Rodgers, 1963; Gwinn, 1964; Dahlstrom,
1970; Boyer and Elliott, 1982; Butler, 1982). Disturbed
zones are common throughout the study area, and we
believe that such structures are characteristic of thrust belts
worldwide.

Acknowledgments.—The authors are grateful to
Robert C. Milici (Virginia Division of Mineral Resources)
and William M. Dunn (Department of Geology, West
Virginia University) for their insightful reviews and helpful
comments during the writing of this paper. Field data
collected by. C. Scott Southworth of the U.S. Geological
Survey aided the study.

CHARACTERISTICS AND MORPHOLOGY

The term “disturbed zone” was first used by Rickard
(1952, p. 517) to describe precisely the structures discussed
below. Disturbed zones consist of intensely folded and
thrust-faulted beds either in the hanging wall or footwall
adjacent to a thrust fault or in a zone between a closely
spaced pair or within a series of approximately parallel
thrust faults (fig. 3). Beds within a disturbed zone are
intensely deformed, whereas beds adjacent to the zone are
relatively undeformed. Disturbed zones are tens to hundreds

Indicators of Subsurface Faults and Possible Hydrocarbon Traps  C1
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of meters thick and commonly can be traced for a few
kilometers to tens of kilometers along strike. They can be
distinguished from horse blocks or duplexes (fig. 2) because
horse blocks and duplexes are not necessarily intensely
folded or faulted in the fault-bounded block.

The thrust faults that bound disturbed zones can be
either bed parallel or bed oblique. Although bed-parallel
disturbed zones are similar in appearance to drag folds, they
are different from drag folds in that disturbed zones are not
restricted to the limbs of a host fold, generally contain more
intensely deformed rocks, and may show opposite senses of
rotation of axial planes of folds within the fault blocks.

C2  Evolution of Sedimentary Basins—Appalachian Basin

Field mapping in the study area demonstrates an
abundance of disturbed zones. At several locations, the
entire width of a zone is exposed, and the morphology of
the zone can be described in detail. An excellent example of
a well-exposed disturbed zone occurs at Towanda, Pa., 80
km north of the study area (fig. 4). This bed-oblique
disturbed zone is bounded by a pair of thrust faults, and the
total displacement to the south along the faults is greater
than 15 m. The antithetic or back-thrusted disturbed zone,
in the siltstone and shale of the Devonian Lock Haven
(Chemung) Formation, evolved from a series of horse
blocks that imbricated successively in a piggyback fashion
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