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Abstract—This paper focuses on the behavior of a roof sequence in the Appalachian Plateau of West Virginia,
U.S.A., and emplacement of the Wills Mountain duplex with 17.5 km of displacement. Unlike the Plateau along
strike in Pennsylvania and New York where forethrusting was previously documented, this roof sequence lacks an
underlying salt-dominated roof décollement. Kinematic analyses reveal that the roof sequence in the West
Virginian Plateau accommodated about two-thirds of the 17.5 km of shortening by the adjacent Wills Mountain
duplex, as a forethrusting kinematic response. The remaining shortening imbalance of about 5 km between the
duplexes and younger roof sequence rocks is accommodated by additional forethrusting further into the foreland
and local compensation. This kinematic response matches that along strike in the central Appalachians despite the
loss of the salt décollement. We interpret that an Ordovician shale-dominated formation was sufficiently weak to
substitute for the salt horizon. Thus, a weak mechanical unit rather than specifically a salt décollement is a necessary
prerequisite for forethrusting. A contributing factor to forethrusting may be the subvertical front of the Wills
Mountain duplex, which inhibited other responses by the roof sequence. Mesoscale and smaller processes,
including grain-to-grain pressure solution, twinning and cleavage formation account for over 75% of the
shortening in the roof sequence, and, if ignored, would result in an erroneous interpretation of backthrusting or
local compensation. This result suggests that failure to consider all deformation scales could lead to incorrect

kinematic conclusions in other tectonic systems. © 1997 Elsevier Science Ltd.

INTRODUCTION

Blind foreland thrust systems are a common component
of orogenic belts throughout the world (e.g. the Appa-
lachians, Canadian Rockies, Taiwan, Norway, Pakistan,
Bolivia and Alaska). A major unresolved problem with
the development of duplexes is the interplay of the
kinematic responses in the rocks above and in front of
the duplexes. These rocks accommodate duplex forma-
tion, but are not part of the fault system because they are
decoupled across the roof thrust of the duplex (Geiser,
1988a,b). Three end-member kinematic responses (Fig. 1)
are possible (Banks and Warburton, 1986; Dunne and
Ferrill, 1988; Geiser, 1988a,b; Ferrill and Dunne, 1989;
Groshong and Epard, 1992): (1) forethrusting where
rocks in the roof sequence deform in advance of the
duplex and are transported into the foreland, compensat-
ing for duplex emplacement; (2) backthrusting where the
roof sequence passively rides over and into the hinterland
relative to the advancing duplex; and (3) local compensa-
tion where deformation in the roof sequence is concen-
trated above horses without a dominant transport
direction towards the hinterland or foreland.

* Author to whom correspondence should be addressed at: School of
Geology and Geophysics, 810 Sarkeys Energy Center, University of
Oklahoma, Norman, OK 73019-0628, U.S.A.

Forethrusting (Fig. 1a) occurs when the roof sequence
remains coupled to the underlying duplex and is carried
forward during deformation. Forethrusting has been
proposed for blind thrust systems in the central Appa-
lachians (Perry, 1978; Geiser and Engelder, 1983; Mitra,
1986; Geiser, 1988a,b; Ferrill and Dunne, 1989), Norway
(Morley, 1986, 1987) and the eastern MacKenzie
Mountains, Canada (Vann et al., 1986). Forethrusting
has been found to cause deformation at all scales in the
roof sequence (Geiser and Engelder, 1983; Mitra and
Yonkee, 1985; Geiser, 1988a,b; Ferrill and Dunne, 1989;
Protzman and Mitra, 1990; Mitra, 1994; Dunne, 1996;
McNaught and Mitra, 1996). The predicted effects of this
response are: (1) foreland-verging structures including
folds, thrusts and foliation that precede formation of
blind macrostructures; and (2) a progressive decrease in
deformation in the roof sequence toward the foreland
beyond blind thrusts (Dunne and Ferrill, 1988; Geiser,
1988a,b; Gray and Mitra, 1993).

Backthrusting (Fig. 1b) occurs where the roof sequence
is pinned in advance of the duplex but is able to decouple
above the structure (Banks and Warburton, 1986; Dunne
and Ferrill, 1988; Geiser, 1988a,b). Many cross-sections
for blind foreland thrust systems incorporate backthrust-
ing of the roof sequence explicitly or implicitly (Thomp-
son, 1979, 1982; Price, 1981; Jones, 1982; Suppe, 1983;
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Fig. 1. End-member kinematic responses to emplacement of a blind thrust system. (a) Forethrusting, (b) backthrusting and
(c) local compensation. Ellipses show location and intensity of micro- and mesoscale strain.

McMechan, 1985; Banks and Warburton, 1986; Vann e¢
al., 1986; Humayon et al., 1991; Baby et al., 1992; Jadoon
et al., 1994a,b). Backthrusting is treated by virtually all
workers as a dominantly macroscale behavior where the
roof sequence remains relatively stationary as the duplex
is emplaced underneath. The predicted effects are: (1)
hinterland-verging structures in the roof sequence; (2)
little deformation in the roof sequence in front of the
duplex; and (3) relative hinterland displacement of the
roof, perhaps coupled with erosion, compensating for the
apparent shortening discrepancy between the roof
sequence and duplex (Banks and Warburton, 1986).

Local compensation (Fig. 1c) occurs where the roof
sequence is decoupled above the duplex and deforms
locally rather than being regionally transported. Local
compensation has been proposed as a partial or complete
response for several foreland thrust belts (Ferrill and
Dunne, 1989; Wallace and Hanks, 1990; Groshong and
Epard, 1992, 1994, Wu, 1993). The predicted effect is
deformation in the roof sequence, which is concentrated
directly above duplexes and is a direct function of the
shortening in that particular duplex (Dunne and Ferrill,
1988; Groshong and Epard, 1992; Wu, 1993).

We document a case where a forethrusting response
dominated the deformation of the roof sequence.
Although this example comes from the central Appala-
chians where previous workers identified forethrusting
behavior (Perry, 1978; Geiser and Engelder, 1983; Mitra,
1986; Geiser, 1988a,b; Ferrill and Dunne, 1989), this case
is different because the roof flat is not in a salt
décollement (Fig. 2). A central question, then, is whether
along strike in the same foreland thrust belt we should
expect the same kinematic response to blind thrusting if a
very weak décollement horizon such as salt disappears?
And if so, why?

We also evaluate the importance of the various scales
of deformation to the total roof sequence shortening. The
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Fig. 2. Map showing distribution of Silurian Salina salt in the central

Appalachians (Clifford, 1973). Heavy dashed lines are isostrain

contours (1+¢;) modified from Geiser (1988a, fig. 2). EVA is Elkins
Valley anticline and WMA is Wills Mountain anticline.

scales of observation are macroscale, mesoscale and
microscale. Our size division between macroscale and
mesoscale is 100 m because structures of this size can be
clearly represented on our 1:24000 base maps, and
because most exposures with mesoscale (outcrop-scale)
structures do not exceed this size. Microscale data were
gathered from thin sections and individual crinoid
columnals.

Macroscale deformation is typically assumed to be the
largest component of deformation as geological cross-
sections by their nature portray only map-scale struc-
tures. Recently, however, studies have demonstrated that
a large percentage of roof sequence shortening is by
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structures at a scale of tens of centimeters or less
(Engelder and Engelder, 1977; Geiser and Engelder,
1983; Herman, 1984; Mitra and Yonkee, 1985; Geiser,
1988a,b; Ferrill and Dunne, 1989; Protzman and Mitra,
1990; Mitra, 1994; Dunne, 1996; McNaught and Mitra,
1996). This has profound implications for evaluation of
kinematic responses. For example, the lack of macroscale
structures in the foreland beyond a duplex is insufficient
evidence for concluding that forethrusting is absent, and
that only a combination of backthrusting and local
compensation occurred. Even though measuring smaller
scales of deformation is time consuming (Ramsay, 1967;
Dunnet, 1969; Groshong, 1972, 1974; Groshong et al.,
1984a; Fry, 1979; Erslev, 1988; Schultz-Ela, 1990; Evans
and Groshong, 1994), this contribution will again
demonstrate the necessity of doing it and show the
implications of the failure to consider smaller scale
deformation.

GEOLOGICAL SETTING

The study area in central-east West Virginia (Fig. 3) is
pact of the classic central Appalachian blind foreland
thrust belt that developed during the late Paleozoic
Alleghanian orogeny (Rodgers, 1963, 1970; Gwinn,
1964; Perry, 1978; Geiser and Engelder, 1983). Thrust
geometry consists of duplexes containing Carbro-Ordo-
vician carbonates with a floor thrust in the Lower
Cambrian Waynesboro-Rome Formation and a roof
thrust in the Middle-Upper Ordovician Martinsburg
Formation (Rodgers, 1963, 1970; Gwinn, 1964; Perry,
1978; Kulander and Dean, 1986; Mitra, 1986; Wilson and
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Shumaker, 1992). The study area extends northwestward
from the northwestern limb of the Wills Mountain
anticline to the northwestern limb of the Elkins Valley
anticline (Figs 2 & 3). The deformed stratigraphy in the
surface and subsurface ranges from the Waynesboro
Formation to the Pennsylvanian Pottsville Group (Fig.
3). This area was chosen because: (1) the surface geology
is well mapped (Tilton et al., 1927; Price, 1929; Price and
Heck, 1939; Cardwell et al., 1968); (2) unpublished
proprietary seismic reflection profiles and well data
(Gwinn, 1964; Patchen et al., 1977; Cardwell, 1982) are
available to help constrain subsurface interpretations; (3)
several stratigraphic units can be used to measure micro-
to macroscale strain; and (4) a roof sequence is present
above and adjacent to duplexes.

MACROSCALE SHORTENING IMBALANCE

The most distal major duplex in the central Appala-
chians, the Wills Mountain duplex (WMD, Fig. 4),
accommodated 17 km of displacement in a flat-on-flat
offset of Cambro-Ordovician carbonates (Wilson and
Shumaker, 1992). This structure bounds the southeastern
side of the study area with the surface expression of its
hangingwall ramp cutoff, the Wills Mountain anticline
(Figs 3 & 4). Beyond Wills Mountain to the northwest,
the only other imbrication of the Cambro-Ordovician
carbonates in the Appalachian Plateau is a single horse
under the Elkins Valley anticline (Fig. 4) with approxi-
mately 0.5 km of displacement (Kulander and Dean,
1986; Wilson and Shumaker, 1988). Thus, any shortening
greater than 0.5 km in roof sequence of the study area

KEY

EVA - Elkins Valley anticline

NPS - North Potomac syncline
GFA - Glady Fork anticline

Brallier outcrop

Fig. 3. Geological map of central-east West Virginia showing outcrop belts of Mississippian Greenbrier and Devonian
Chemung Groups in the Appalachian Plateau. Sample locations (solid squares) are identified with sample numbers and
representative bedding orientations are given.
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Fig. 4. (a) Illustration of constraints used in construction of a geological cross-section. (b) Geological cross-section across the
study area. Tick marks with numbers indicate apparent dip in the plane of section.

would not represent an accommodation of duplex
formation in the Plateau. Instead, the shortening must
represent an accommodation of duplex(es) displacement
from the hinterland and by definition is a forethrusting
response by the roof sequence. The immediately adjacent
duplex in the hinterland is the Wills Mountain duplex
with its 17 km of displacement. The next duplex into the
hinterland is the North Mountain duplex (NMD), which
is about 50 km further to the southeast and has about
60 km of displacement (Wilson and Shumaker, 1988,
Evans, 1989; Evans and Dunne, 1991; Dunne, 1996).
Evans (1989,1990, 1997) has convincingly demonstrated
that the majority of the displacement for the NMD is
transferred through the surface trace of the North
Mountain thrust and not into the foreland of the
Appalachian Valley and Ridge, and Plateau. Conse-
quently, if significant deformation was found in the roof
sequence of the study area, it would represent an
accommodation of the Wills Mountain duplex. This
accommodation would be forethrusting because the
roof sequence rocks are forelandward of the duplex.

A geological cross-section (Fig. 4) for the study area
was constructed to estimate macroscale shortening. The
cross-section is constrained (Fig. 4a) by the surface
geological contacts and structural geometries (Tilton ez
al., 1927; Price, 1929; Price and Heck, 1939; Cardwell et
al., 1968; unpublished mapping), published stratigraphic
thickness (Tilton et al., 1927; Price, 1929; Price and Heck,
1939; Reger, 1931; Woodward, 1941,1943,1949, 1951;
Dennison and Naegele, 1963; Arkle, 1974; Smosna and
Patchen, 1978; Smosna et al., 1978; Arkle et al., 1979; de

Witt and McGrew, 1979; Cardwell, 1982; Carney, 1987;
Adamson, 1992), depth-to-basement estimates (Kulan-
der and Dean, 1986; Wilson and Shumaker, 1988, 1992;
Adamson, 1992), proprietary seismic reflection data for
the top of the Cambro-Ordovician carbonates and base-
ment, and wells (Gwinn, 1964; Patchen et al., 1977,
Cardwell, 1982).

The macroscale structural style above the Devonian
shales consists of a series of open anticline—syncline pairs
with wavelengths of 14-16 km and amplitudes of less
than 4 km (Figs 3 & 4). Macroscale shortening for the
Middle Devonian—Pennsylvanian interval was measured
as line-length changes (Dahlstrom, 1969; De Paor, 1988;
Woodward et al., 1989) because field observations
demonstrate that bedding thickness is preserved. Across
the study area macrofolding accounts for 2.4 km of roof
sequence shortening in the Devonian and younger rocks
(Table 1). The Cambro-Ordovician carbonates are also
presumed to maintain bedding thickness based on
proprietary seismic data for the study area (Fig. 4a) and
observations outside the study area (Perry, 1978; Evans,
1989). As such, a line-length shortening value of 0.5 km
was determined for the study area in addition to the
17 km present within the Wills Mountain duplex (Table 1
and Fig. 4).

The macroscale geometry of the interval from the
Martinsburg Formation through to the Devonian shales
is the least constrained portion of the deformed roof
sequence because: (1) it is not exposed at the surface
except in the steep forelimb of the Wills Mountain
anticline; (2) it is not penetrated by many wells; and (3)



Roof sequence response to duplexing

1447

Table 1. Summary of shortening estimates within study area

Individual shortening estimates

Microscale Mesoscale Macroscale Total shortening Missing shortening
Stratigraphic level (km) (km) (km) (km) (km)
Greenbrier 6.2 33 2.4 11.9 5.6
Chemung 6.3 1.2 2.4 9.9 7.6
Ordovician—Devonian —153— 15.3 2.2
Cambro-Ordovician n.a. n.a. 17.5 17.51% n.a.

*Shortening value consists of 17 km in the Wills Mountain duplex and 0.5 km under the Elkins Valley

anticline.
n.a., not applicable.

it is only partially imaged in the proprietary seismic
reflection data (Fig. 4a). Northwest of Elkins Valley
anticline, the proprietary seismic reflection profile reveals
well-organized continuous horizontal reflectors for the
Juaniata Formation through to the Oriskany Sandstone,
with a thickness of approximately 830 m (Fig. 4a). In
contrast, this interval from the southeast limb of Elkins
Velley anticline to the northwest limb of the Wills
Mountain anticline has a thickened package of short,
discontinuous, horizontal and inclined reflectors. This
appearance indicates that the geometry is not character-
ized by macroscale thrusts or folds that deform the entire
stratigraphic interval because such geometries would
show panels of uniformly dipping reflectors. Rather,
deformation is accommodated by structures less than
1 km long. This interpretation is consistent with recent
work by Dunne (1996) that demonstrated the rarity of
macroscale thrusts in the Ordovician and younger roof
sequence in the Valley and Ridge province. The absence
of easily resolvable large-scale structures in this strati-
graphic interval means that the most honest way to treat
shortening is to identify the area the rocks occupy (Fig.
4b) and determine shortening by area balance. An
undeformed thickness of 1730 m was estimated for the
Martinsburg-Millboro interval (Tilton et al., 1927, Price,
1629; Reger, 1931; Smosna and Patchen, 1978; Smosna et
al., 1978; Cardwell, 1982; Adamson, 1992). An area of
113 km? was measured for this interval from the cross-
section. Assuming plane strain and no volume loss, the
initial thickness of 1730 m when divided into the
deformed area (Chamberlain, 1910; De Paor, 1988;
Woodward et al., 1989; Mitra and Namson, 1990;
Groshong and Epard, 1994) yields an undeformed
section length of 65.3 km, or 15.3 km of shortening
across the 50-km wide study area (Table 1). Unfortu-
nately, the use of a macroscale area balance with no
additional information from smaller scales means that
the estimate of deformation for this interval cannot be
partitioned as a function of scale.

Middle Devonian and younger rocks shortened by
only 2.4 km at the macroscale compared to the duplexes
in the Cambro-Ordovician carbonates, which shortened
by 17.5 km. This imbalance may indicate that the roof
sequence accommodated duplex formation by deforma-

tion at less than macroscale in the Middle Devonian and
younger rocks or that kinematic responses outside the
area accommodated duplex formation. A meso- to
microscale analysis of the Devonian Chemung and
Mississippian Greenbrier Groups was undertaken to
assess the role of sub-macroscale deformation.

MESOSCALE STRAIN ASSESSMENT
Outcrop-scale deformation in Devonian rocks

Mesoscale folds and faults in Devonian rocks are
restricted to a zone in the Brallier Formation in the core
of the Elkins Valley anticline (Figs 3, 4b, 5a & 6). This
zone is approximately 3 km wide (Fig. 4b), centered on
the anticlinal hinge and present along the length of the
anticline in the Devonian rocks. The transition between
the folded and faulted Brallier Formation in the core of
Elkins Valley anticline (Fig. 5a) and the uniformly
dipping Brallier Formation and Chemung Group (Fig.
5b) occurs over a distance of a few tens of meters and is
marked by the last occurrence of folded Brallier Forma-
tion. Mesoscale deformation is absent elsewhere in the
Brallier Formation or Chemung Group of the study area,
including the limbs of the Elkins Valley anticline.

Based on five profiles (Fig. 3), and a dozen other
outcrops across the zone, mesoscale shortening by folds
and faults is typically 40-50% (Figs 5a & 6). For
example, a 200-m long outcrop (Figs 3 & 6) shows a
shortening of 41%. Assuming a minimum of 40%
shortening across the entire 3-km wide zone, mesoscale
folding and faulting accommodates at least 1.2 km of
shortening in the Devonian Brallier Formation in the
core of Elkins Valley anticline. By lithological similarity,
stratigraphic proximity and analogy, the eroded Che-
mung Group stratigraphically above the Brallier Forma-
tion is assumed to contain the same magnitude of
shortening.

Greenbrier cleavage shortening

Limestones of the Mississippian Greenbrier Group are
well exposed in the syncline limbs and cores throughout
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Fig. 5. (a) Intense folding of Devonian Brallier Formation in the core of Elkins Valley anticline. See line drawing in Fig. 6. (b)
Uniformly SE-dipping Brallier Formation in the southeast limb of the Elkins Valley anticline. (c) Cleavage traces on a bedding
surface of the Mississippian Greenbrier Group. (d) Bedding-perpendicular thin section showing Greenbrier grainstone with
evidence of vertical compaction (field of view is 1.25 mm across). (¢) Bedding-perpendicular thin section showing Greenbrier
grainstone without evidence of vertical compaction (field of view is 5.0 mm across). (f) Bedding-parallel thin section of
Greenbrier grainstone showing strike-parallel grain-to-grain solution (field of view is 1.25 mm across).

the study area (Figs 3 & 4). Examination of the many
exposures reveals smooth changes in bedding dip that
reflect the gentle open nature of the macroscale fold
geometry (Fig. 4). Mesoscale folds and faults are almost
completely absent in the Greenbrier Group. Thus, the
dominant mesoscale structure in the Greenbrier Group
(Fig. 5c and Appendix A) is a bedding-normal spaced,
smooth-to-stylolitic disjunctive cleavage (Powell, 1979).

Calculated bedding—cleavage dihedral angles are near 90°
(Appendix A), which implies that cleavage was near-
vertical if formed while bedding was horizontal.
Shortening estimates for the cleavage only in grain-
stones were obtained from scan lines perpendicular to
cleavage traces on bedding. For each scan line, spacing
between cleavage traces and average stylolite amplitude
for each trace were recorded (Fig. 7). This technique



Roof sequence response to duplexing

NW / SE

Fig. 6. Linesketch of a Brallier exposure in the core of the Elkins Valley

anticline. Outcrop location is indicated on Fig. 3. ; and /; are the initial

(undeformed) and final (deformed) line lengths, respectively. The
location of Fig. 5(a) is also indicated.

Lok
li= lf+ll+12+l3+l4+ls

Fig. 7. Schematic representation of shortening measurement with a

scan line from stylolitic cleavage traces on a bedding surface. /¢ is the

scan-line length and /,—/s are the stylolite amplitudes for each cleavage
trace. The scan line starts and ends in the middle of microlithons.

assumes that the amplitude of the stylolite teeth is
approximately equal to the width of dissolved material,
and as such this measurement represents a minimum
shortening estimate because material may have been
removed without increasing stylolite amplitude. This
assumption of minimum shortening is a premise of the
original solution explanation for stylolite formation
(Stockdale, 1922, p. 59), is an explicit result of stylolite
formation as anticracks (Fletcher and Pollard, 1981) and
is consistent with an independent measure of strain vs size
of stylolitic teeth (Alvarez et al., 1978). Shortening was
calculated as an elongation (Means, 1976, p. 133), where

1449

8000 79°45' 79°30"
T . Ty s
,’Elklns c|Ksod :;,/
0 6%

/ R“ , KS05
Q. 1o 29 GRoe Ros’
.2%, Vs
0 hltmer /
7/

G R04

38°30'
Cleavage
72 strike & dip

Fig. 8. Greenbrier Group cleavage map. The orientation of cleavage in

grainstones and percent shortening values (where measured) are shown

for solid squares. Open squares indicate sample locations without
cleavage in grainstones.

the final length is the length of the scan line and the initial
length is the final length plus the sum of the amplitudes of
the stylolitic teeth (Fig. 7).

Cleavage-related layer-parallel shortening (Fig. 8 and
Appendix A) is greatest in the eastern part of the area at
6-11%, decreases to near zero in the southeast limb of the
North Potomac syncline and then increases across the
Elkins Valley anticline to 4-5%. Intensity at three
localities, GR0O1, GR02 and GRO03 (Fig. 8 and Appendix
A), was more difficult to estimate because the cleavage
traces were smoothly undulating rather than the more
typical stylolitic. Alvarez et al. (1978) noted that
increased shortening is characterized by a transition
from stylolitic to smooth surfaces because the wavelength
of the teeth increases faster than the tooth amplitude.
Consequently, the values at these localities should
definitely be considered as minima.

The study area was divided into three zones (Fig. 8),
based on the average cleavage intensity, so that the
regional contribution to shortening by cleavage forma-
tion could be estimated. Zone A is 19.1 km wide, has a
Greenbrier Group bed length of 19.7km, average
cleavage intensity of 4.4% and records 0.9 km of short-
ening. Zone B is 7.3 km wide, considered to lack cleavage
and consequently records no shortening. Zone C is
22.9 km long, has a bed length of 25.4 km, an average
intensity of 9.5% and records 2.4 km of shortening. Total
shortening due to cleavage development is 3.3 km across
the study area.

The change from a NW-decreasing shortening by
cleavage to a greater cleavage-related shortening in the
Elkins Valley anticline is interpreted to reflect two
macroscale causes for the cleavage. To the north in
Pennsylvania and New York (Engelder, 1979a,b;
Engelder and Geiser, 1979; Geiser and Engelder, 1983)
cleavage intensity typically decreases northwest away
from the Wills Mountain anticline (Nittany anticlinor-
ium) into the Plateau. This change is interpreted to result
from decreased shortening by forethrusting in front of
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the horses of the Cambro-Ordovician carbonates under
the Wills Mountain anticline. The northwest decrease in
intensity in the study area is consistent with this
interpretation and is similarly interpreted, but the
cleavage intensifies in the Elkins Valley anticline over
the only horse of Cambro-Ordovician carbonates under
the study area (Fig. 4b). This coincidence of geometry is
interpreted to mean that cleavage intensification repre-
sents a local compensation response by the roof
sequence.

Two different cleavage orientations, trending 020-030°
and 050-060°, are present in the Greenbrier Group
grainstones (Appendix A). Both orientations are only
seen together at Station GRO4 in a series of rock
pavements to the south of Whitmer, West Virginia
(GR0O4 in Fig. 8). The 020-030° surfaces terminate at
the 050-060° surfaces. The 050-060°-trending surfaces
possess oblique stylolitic teeth indicating a shortening
direction of 110-120° rather than 140-150°. The 020~
030°-trending surfaces have perpendicular stylolitic teeth
yielding a shortening direction of 110-120°. A few minor
contraction faults mutually offset, or are offset by,
cleavage surfaces of both orientations, and have slick-
enlines trending 115°. The common shortening direction
of the three sets of structures, their coeval deformation
and the fact that 115° is the regional shortening direction
(Rodgers, 1963, 1970; Gwinn, 1964, Perry, 1978; Geiser
and Engelder, 1983) are used as evidence to interpret that
all the structures were formed during one shortening
event. A possible explanation is that a pre-existing
anisotropy, such as a bedding-normal joint set (Geiser
and Sansone, 1983), trending 050-060° was reactivated as
solution surfaces while new structures, the 020-030°-
trending cleavage and the contraction faults, formed.
Extrapolating this interpretation to the entire study area,
the two cleavage orientations do not represent two
shortening directions but rather old and new structures
accommodating a single shortening event.

Other workers in the central Appalachians (Dean et
al., 1988; Markley and Wojtal, 1996) have identified non-
coaxial deformation where two or more cleavages
formed. Our morphological observations and interpreta-
tion of a single deformation are consistent with their
results. Dean et al. (1988) also examined stylolitic
cleavage in the Greenbrier Group in an adjacent area to
the south. Where they found evidence for non-coaxial
deformation, stylolites in different orientations did not
have parallel teeth and some older stylolites had teeth
recording more than one shortening direction. These
features were not found at GR04. In contrast, Dean et al.
(1988) found multiple sets of stylolites with different
surface orientations but parallel teeth. They interpreted
the stylolites with the non-normal tecth to be joints
reactivated as stylolites, as we have done. Markley and
Woijtal (1996) found that each shortening event formed
morphologically different cleavage, which is not the case
at GRO4 where all of the cleavage in the grainstones is
stylolitic.

K. J. SMART, W. M. DUNNE and R. D. KRIEG

Of the 17.5km of Cambro-Ordovician shortening,
meso- and macroscale mechanisms (Table 1) accommo-
dated 5.7 km at the Greenbrier level and 3.6 km at the
Chemung level. This still leaves 11.8 km unaccounted for
at the Greenbrier level and 13.9 km at the Chemung level.

MICROSCALE STRAIN ASSESSMENT
Deformed crinoids in the Chemung Group

Crinoid-bearing sandstones of the Devonian Chemung
Group are exposed in the limbs and cores of the anticlines
in the study area (Fig. 3). The total number of samples
was limited because of the need to collect in situ oriented
specimens, to have a sufficient number of crinoid
columnals to calculate a representative shortening value
and to have crinoid columnals parallel to bedding so
layer-parallel shortening could be determined. A total of
eight usable samples were collected (Fig. 3).

The axial ratio (Rp) of maximum and minimum
columnal diameters and the orientation (¢) with respect
to bedding strike of the maximum diameter were
measured for at least 17 columnals in each sample. The
harmonic mean of the Ryvalues (Lisle, 1977; Ramsay and
Huber, 1983) was calculated as the best representation of
the finite-strain ratio (R;). A shortening estimate calcu-
lated from this strain value assumes that the crinoid
columnal was initially circular, the harmonic mean of the
Ry values represents the true finite-strain ellipse and the
maximum columnal diameter remained undeformed (i.e.
only the short axis changes length due to a net volume
loss). Detailed observations of the crinoid columnals
indicate that transgranular pressure solution played the
major role in the observed shape change suggesting that
most deformation was by volume loss. This interpreta-
tion is in agreement with studies of deformed crinoids in
the Appalachian Plateau of New York and Pennsylvania
(Engelder and Engelder, 1977; Engelder, 1979a; Engelder
and Geiser, 1979; Oertel et al., 1989).

Percent shortening was calculated for a case of volume
loss (Onasch, 1984, p. 164). The eight crinoid-bearing
samples of the Chemung Group yield layer-parallel
shortening magnitudes of 9.1-16.7% with an average of
12.24+2.5% (Appendix B). In contrast, Nair (1992)
reported a shortening estimate of 17.242.6% from one
oriented and 45 unoriented Chemung Group samples in
the Plateau of eastern West Virginia. The results differ
between the two studies because Nair (1992) used the
geometric mean of the Ry values as the strain ratio, which
overestimates the strain ratio more than the harmonic
mean (Lisle, 1977, Ramsay and Huber, 1983). The
average strain ratio in Nair (1992) is 1.21+0.04. The
average strain ratio for our study recalculated with the
geometric rather than harmonic mean 1s 1.1940.04, so
consequently the results of the two studies are similar.

Shortening direction ranges from 090° to 147°, with an
average of 118 +17° (Appendix B). Because the short-
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ening values are fairly uniform across the study area, the
average shortening value of 12.2% for the 51.7 km bed
length of the Chemung Group (Fig. 4b) indicates 6.3 km
of shortening at this level by solution-related microscale
deformation.

Cualcite twin strains in the Greenbrier Group

Twenty-two oriented samples of ooid and crinoid
grainstones were collected because they contain abun-
dant markers for strain measurement techniques such as
twin strain gauge, normalized Fry, and Ry/¢ (Ramsay,
1967; Dunnet, 1969; Groshong, 1972, 1974; Groshong et
al.,, 1984a; Fry, 1979; Erslev, 1988; Schultz-Ela, 1990;
Evans and Groshong, 1994). The calcite strain-gauge
technique was used to calculate twinning strains in about
25 grains from each of two mutually perpendicular
sections for 17 samples. Calculations used the inner twin
width for thick twins and a twinned material ratio of 0.5
for thin twins (Groshong, 1974; Groshong et al., 1984a;
Evans and Groshong, 1994). Measurement precision and
accuracy were improved by discarding 20% of the twin
sets with the largest deviation from the calculated strain
tensor, minimizing measurement errors and the effects
of inhomogeneous deformation (Groshong, 1974;
Groshong et al., 1984a,b; Ferrill, 1991; Ferrill and
Groshong, 1993a,b).

The total distortion for twinned samples varies from
0.1 to 4.2% and averages 1.3 +1.0% with no systematic
regional variation in magnitude (Fig. 9 and Appendix C).
Maximum shortening (e3) axes (Figs 9 & 10) mostly
plunge gently east-southeast (~110°) or west-northwest
(~290°). The maximum (¢;) and intermediate (¢;) axes
form an 020°-trending, near-vertical girdle in which the
maximum axes are more often steeply plunging. The
average twin-related distortion of 1.3% for a Greenbrier
bed length of 51.7 km (Fig. 4b) accommodates 0.7 km of
shortening by twinning across the study area.
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The increase in twin intensity with total distortion is
significantly greater than the increase in twin width (Fig.
10d). Thus, greater strain was accommodated by growth
of new thin twins rather than by widening of existing
twins during progressive deformation (Ferrill, 1991).
This deformation behavior is consistent with conodont
color alteration indices of 2.0-3.0 (Epstein et al., 1977;
Harris et al., 1978, 1994) and a burial depth of less than
3 km for the Greenbrier Group, indicating temperatures
of less than 200°C during deformation. Ferrill (1991)
showed that increasing twin abundance rather than twin
widening accommodates strain when the temperature is
less than 170°C.

Finite-strain analyses in the Greenbrier

For the normalized Fry and Rg/¢ methods (Ramsay,
1967; Dunnet, 1969; Fry, 1979, Erslev, 1988; Schultz-Ela,
1990) three mutually perpendicular thin sections were
prepared from each of the 18 oriented samples. Grain
boundaries in enlarged photomicrographs of each thin
section were digitized as lines consisting of hundreds of
points. Digitizing and strain calculations were performed
using software developed by W. A. Yonkee (written
communication, 1989). Finite-strain ellipses were deter-
mined for each section, and three-dimensional finite-
strain ellipsoids were calculated from the three ellipses for
each sample (Owens, 1984). As bedding dips are low,
principal ellipsoidal axes are shown with bedding rotated
to the horizontal to provide a common reference frame.

Bedding-perpendicular thin sections from 11 out of 18
samples from Greenbrier Group grainstones exhibit
subhorizontal transgranular pressure-solution seams
and sutured grain boundaries indicative of pre-tectonic
vertical compaction. Consequently, the Greenbrier
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Group samples were divided into two groups: (1) Group
A, evidence for vertical compaction (Fig. 5d); (2) Group
B, no evidence of vertical compaction (Fig. 5e). Strain
ratios from the normalized Fry method are similar for
both groups and generally greater than Ry/¢ strain ratios
(Fig. 1ta), whereas Ry/¢ strain ratios for Group B
samples are generally less than for Group A. Also,
principal shortening (Z) axes determined by both
techniques are more nearly vertical in the Group A
samples (Fig. 11 and Appendices D and E). We interpret
diagenetic compaction to produce the steeply plunging
(subnormal to bedding) Z axes for both measurement
techniques and the more elliptical, bedding-parallel
grains that yield the increased strain ratios for the Ry/¢
technique (Figs 5d & 11).

Assuming that pre-tectonic compaction was the typical
uniaxial flattening with the short axis of the strain
ellipsoid normal to bedding, bedding-parallel strain
ellipses will remain circular after this early compactional
event. As such, thin sections oriented parallel to bedding
were analyzed for features indicative of deformation
following the compaction event. Strike-parallel grain-to-
grain sutures (Fig. 5f) and transgranular stylolites in the
bedding-parallel sections of the Greenbrier Group grain-
stones indicate that pressure solution was the dominant
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deformation mechanism after compaction. Conse-
quently, bedding-strain ellipses from the normalized Fry
technique for vertically compacted samples were used to
estimate the layer-parallel shortening in the Greenbrier
Group (Appendix D). Strain ellipse axial ratios range
from 1.03 to 1.22, and long axis trends range from 014 to
073°. Assuming volume loss, layer-parallel shortening
ranges from 2.9 to 18.0% with an average of 10.7 +4.9%,
while the shortening direction ranges from 104° to 163°
with an average of 135+ 17°. The 10.7% average short-
ening over the bed length of 51.7 km is equivalent to
5.5 km of microscale shortening across the study area at
the Greenbrier Group level.

DISCUSSION

Strain analyses at microscale through to macroscale
demonstrate that only about two-thirds of the 17.5 km of
blind thrust displacement of Cambro-Ordovician carbo-
nates is accommodated in the Ordovician and younger
roof sequence rocks of the study area (Table 1). The
Ordovician and younger roof sequence rocks record
about 10-12 km of shortening in the study area, however,
indicating that forethrusting did play a fundamental role.
Because the 17.5 km of displacement is not completely
accommodated in the roof sequence in the study area,
three explanations are possible: (1) backthrusting into the
hinterland; (2) local compensation above the Wills
Mountain duplex; or (3) more forethrusting beyond the
study area. Of these alternatives backthrusting is least
likely because the roof sequence above the Wills
Mountain duplex lacks indicator features such as hinter-
land-vergent faults, asymmetric folds or cleavage
(Thompson, 1979; Banks and Warburton, 1986; Dunne
and Ferrill, 1988). The possibility of local compensation
cannot be as easily discounted. Local compensation
would require that the missing 5.6-7.6 km of shortening
(15-22% shortening over the duplex) be accommodated
in the roof sequence above the Wills Mountain duplex.
This amount of shortening is typical of Silurian and
Devonian rocks in the region (Ferrill and Dunne, 1989;
Meyer and Dunne, 1990; Nair, 1992) and could be
present above the duplex (Perry, 1975, 1978), however
data are insufficient at present to reach a reliable
conclusion. Nevertheless, the presence of shortening
would not necessitate local compensation as it could be
accommodating forethrusting by duplexes formed
further into the hinterland.

Alternatively, forethrusting could be the dominant
kinematic response if the missing displacement was
transferred further into the Appalachian Plateau. Several
lines of evidence suggest that additional forethrusting
further into the Plateau has taken place. First, approxi-
mately 1.5 km of shortening at the Oriskany Sandstone
level is present in a duplex under the Burning Springs
anticline in northwestern West Virginia (Woodward,
1959; Calvert, 1983). Second, calcite twin strain measure-
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ments in the Appalachian Plateau record 0.5-2% short-
ening as far as 400 km out in the Plateau (Craddock and
Van der Pluijm, 1989; Craddock et al., 1993; Van der
Pluijm and Craddock, 1996). Assuming a conservative
average of 1% over this distance yields 4 km of short-
ening in the Plateau. Finally, the Salina salt (Silurian), a
well-documented décollement horizon in the Appala-
chian Plateau of western Pennsylvania and New York
(Engelder, 1979a,b; Engelder and Engelder, 1977; Geiser
and Engelder, 1983), is present in West Virginia from just
northwest of the Elkins Valley anticline west to the
Burning Springs anticline (Fig. 2). The Salina, because of
its very low strength (Davis and Engelder, 1985),
provides an ideal décoliement horizon on which displace-
ment can be transferred further into the foreland as
forethrusting. Taken together, this evidence of additional
shortening and active detachments further into the
foreland is interpreted to mean that forethrusting
dominated during emplacement of the Wills Mountain
duplex.

As noted carlier, a large body of cvidence has
accumulated to document the role of forethrusting in
accommodating Alleghanian blind thrusting in the
Appalachian Plateau of Pennsylvania and New York
where a salt décollement is present (Fig. 2) (Engelder and
Engelder, 1977; Engelder, 1979a,b; Geiser and Engelder,
1683). Now that we have demonstrated a similar response
along strike in West Virginia, where a salt décollement is
absent, the question arises as to why the roof sequences
behave the same way even though they do not share a
common roof décollement. The different roof décolle-
ment horizons are the Silurian Salina salt in Pennsylvania
and New York (Fig. 2) vs the Ordovician Martinsburg
Formation in West Virginia (Fig. 4). One explanation for
the similar behavior is that while a ‘weak’ décollement
horizon in the foreland is a requirement for forethrusting
(Smart et al., 1997), a horizon containing salt may not be
necessary. The fine-grained mudstones with some carbon
content in the Martinsburg Formation (Wallace and
Roen, 1989) may represent a sufficiently weak horizon for
decoupling the Cambro-Ordovician carbonates from the
overlying roof sequence (Wiltschko and Chapple, 1977,
Byerlee, 1978; Jordan and Niiesch, 1989). Previous work
also supports this possibility as: (1) the Martinsburg
Formation is regionally extensive as a roof thrust
(Kulander and Dean, 1986; Mitra, 1986; Wilson and
Shumaker, 1988, 1992; Evans, 1989; Gray and Mitra,
1993; Onasch and Dunne, 1993; Dunne, 1996) from
eastern Pennsylvania to southwestern Virginia, an area of
over 15000 km?; and (2) forethrusting behavior has been
documented elsewhere above this detachment (Ferrill
and Dunne, 1989; Gray and Mitra, 1993).

A second explanation for the similarity in kinematic
response may lie in the frontal geometry of the hanging-
wall ramp for the Wills Mountain duplex. The bedding
above the ramp maintains a near-vertical orientation
with an almost 90° cutoff against the roof detachment
(Socolow, 1980; Herman, 1984; Kulander and Dean,
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1986; Mitra, 1986; Wilson and Shumaker, 1988, 1992)
that suggests that the duplex acted much like a bulldozer.
The bedding in the roof sequence is also subvertical
adjacent to the ramp (Fig. 4). This bedding geometry near
the leading hangingwall ramp contrasts to a tapered-
wedge shape (Fig. 12) for the frontal horses found in the
Canadian Rockies (Thompson, 1979, 1982; Price, 1981;
Jones, 1982; McMechan, 1985), the Sulaiman Range of
Pakistan (Banks and Warburton, 1986; Humayon et al.,
1991; Jadoon et al., 1994a,b) or the Subandean zone of
Bolivia (Baby ef al., 1992), where dominant backthrust-
ing behavior is inferred. For a 90°-dipping frontal
bedding geometry the roof sequence rocks would have
to translate directly up, against gravity, before they can
displace towards the hinterland to achieve backthrusting
or local compensation. Under these conditions it could be
energetically less work to transfer duplex shortening into
the foreland by forethrusting rather than towards the
hinterland. Thus, the presence of this hangingwall
geometry from Pennsylvania to Virginia in the Wills
Mountain duplex could help to generate forethrusting
through the roof sequence of the region.

Lastly, the similarity in behavior could simply reflect a
maintenance of strain compatibility between the foreland
in Pennsylvania and New York and the foreland along
strike in West Virginia. We do not favor this possibility
because this strain compatibility requirement would be
only a kinematic restriction with no clear underlying
mechanical reason for existence. Mechanically, kine-
matic compatibility could be satisfied by different suites
of structures, such as blind vs emergent thrusts, and
would not require similar deformation styles as is
actually found between the two regions.

In summary, we believe that the similar forethrusting
behavior between the study area and previous work in the
central Appalachians is the result of two different but
similarly weak décollement horizons with a possible
contribution from the geometry of the leading hanging-
wall ramp in the adjacent duplex.

This study demonstrates that approximately 75% of
the roof sequence shortening occurred via mesoscale and
smaller processes (Table 1). Of the 11.9 km of shortening
recorded in the Greenbrier Group in the study area,
microscale processes of grain-to-grain solution and
twinning and mesoscale cleavage formation accounts
for 80%. Only 2.4 km is taken up as macroscale folding.
The Chemung ‘Group accommodated 9.9 km of short-
ening of which 7.5 km (76%) is by microscale pressure
solution and mesoscale folding and faulting. As with the
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Greenbrier Group, macroscale folding in the Chemung
Group accounts for only 2.4 km. Area calculations for
the interval from the Martinsburg through to the Mill-
boro Formations interval indicate that 15.3 km of short-
ening is accommodated by this interval of the roof
sequence. Proprietary seismic reflection data demon-
strate that much of this deformation occurs at less than
macroscale. It is worth considering how a different
conclusion might be reached if the micro- and mesoscale
deformation was unmeasured in the Devonian and
younger roof sequence. In this case, a large shortening
imbalance (12.9 km or 84%) would occur between the
Ordovician—-Devonian and the Devonian—Mississippian
parts of the roof sequence. Also, the upper roof sequence
would show less shortening, requiring a detachment in
the Devonian shales. Given the presence of significant
deformation in the roof sequence above the Wills
Mountain duplex (Perry, 1978), it would be reasonable
to infer that the dominant kinematic response was local
compensation or backthrusting. This interpretation
would be incorrect and clearly demonstrates that all
deformation scales need to be considered.

CONCLUSIONS

Kinematic analyses demonstrate that the roof
sequence between Wills Mountain and the Elkins Valley
anticline accommodates two-thirds of the 17.5km of
displacement from the Elkins Valley and Wills Mountain
duplexes. Mesoscale and smaller processes including
grain-to-grain pressure solution, twinning and cleavage
formation account for over 75% of the shortening, with
the remainder accommodated by macroscale folding and
faulting.

The shortening magnitude suggests that forethrusting
was the dominant kinematic response during duplex
emplacement. The shortening imbalance between the
Cambro-Ordovician section and the younger roof
sequence rocks is accommodated by a combination of
additional forethrusting further out in the foreland and
local compensation above the duplexes.

This dominance by forethrusting is consistent with
observations of forethrusting along strike in Pennsylva-
nia and New York, despite a shift in the position of the
roof detachment from shales in the Martinsburg Forma-
tion in the present study area to Silurian salt further
north. We suggest that the similarity in response is due to
the availability of a weak, albeit not salt, décollement
and, possibly, the geometry of the leading hangingwall
ramp for the Wills Mountain duplex with its near-vertical
bedding and 90° cutoff angle.

The realization that micro- and mesoscale structures
account for the majority (about 75%) of the deformation
has important implications for workers in other tectonic
systems. The absence of macroscale structures in the roof
sequence forelandward of a blind thrust system is
insufficient evidence for concluding that forethrusting is
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not the dominant kinematic response. As a consequence,
accurate determination of the roof sequence response
requires that deformation at all scales be evaluated.
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APPENDIX A

The Greenbrier grainstone cleavage data are given in Table 2.

Table 2
Cleavage orientation Bedding—cleavage
dihedral angle
Sample No.  Bedding orientation  Unrotated*  Rotated’ ©) Percent shortening?
GRO1 063°/06°N 056°/85°S  056°/89°N 89 9.2
GRO2 116°/04°S 053°/87°S 053°/89°S 85 10.4
GRO3 014°/27°S 011°/80°N  011°/73°S 83 9.6
GRO04 019°/12°N 064°/82°S 063°/90° 89 9.5
GRO7 016°/12°N 040°/79°S 039°/90° 90 3.8
GRO8 017°/07°S 040°/84°N 040°/90° 89 10.2
GR09 028°/05°N 061°/89°N  061°/85°N 87 11.2
GR11 004°/15°N 007°/85°S  007°/80°N 80 43
GR13 037°/07°S 030°/87°N  030°/86°S 86 nal
GR14 018°/19°N 015°/70°S 015°/89°S 90 47
KS02 074°/19°N 024°/77°S 026°/89°S 90 10.5
KS03 017°/18°S 032°/72°N 031°/90° 90 5.6
KS04 083°/05°S 058°/82°N  058°/87°N 85 nal
KS08 041°/13°S 057°/88°S 058°/75°S 76 4.7

*Present cleavage orientation.

fCleavage orientation with bedding rotated to horizontal.
*Minimum estimate (see text for details).

$Insufficient traces for shortening measurement.

n.a., not applicable.

APPENDIX B

The Chemung Group shortening data from deformed crinoids are given in Table 3.

Table 3

Sample No.  Bedding orientation Harmonic mean of Ry Mean ¢ trend*  Shortening direction”  Percent shortening

CH1 035°/18°N 1.10+0.10 033°+19° 123° 9.1
CH2 075°/13°N 1.16+0.14 057°+17° 147° 13.8
CH3 032°/16°S 1.12+0.09 012°+13° 102° 10.7
CHS 029°/22°S 1.2040.11 032°+16° 122° 16.7
CHé6 012°/19°S 1.1240.09 000°+13° 090° 10.7
CH7 008°/14°N 1.124+0.05 026°+7° 116° 10.7
CHB8 025°/20°S 1.12+0.12 043°+38° 133° 10.7
CH9 020°/20°N 1.18+0.11 020° +20° 110° 15.3
Average 118°+17° 12.24+2.5

*Orientation of the long axis of crinoid columnal after bedding rotated to horizontal.
fCalculated as perpendicular to the mean ¢ trend.
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APPENDIX C
The Greenbrier Group twin strain data are given in Table 4.
Table 4
Principal axis

Principal strains orientations with Average  Average

(% elongation) bedding horizontal Nominal twin twin Total
Sample Cleaning  No. of error in width intensity  distortion
(bedding) procedure* twin sets € € € € € [ strain % NEV  (um)  (twins/mm) (% strain)
GRO1 n.a. 49 373 —047 —3.33 309/84 076/04 166/05 0.59 55.1 0.51 94 3.52
063/06N LDR 40 4.14 044 —370 346/79 251/01 161/11 0.50 30.0 0.44 77 3.94
GRO2 n.a. 48 1.31 0.04 —1.36 032/57 186/30 283/12  0.22 12.5 0.31 56 1.33
331/06N LDR 39 1.03  —0.04 —0.99 038/59 182/26 280/16  0.15 20.5 0.26 52 1.02
GRO03 n.a. 50 219 —0.63 —1.56 188/68 028/21 295/07 0.42 20.0 0.33 63 1.95
024/328 LDR 40 1.02  —025 —0.77 172/63 022/24 287/12  0.14 20.0 0.22 56 0.92
GRO04 n.a. 49 1.74 0.84 —2.58 330/86 210/02 120/03 0.34 14.3 0.42 67 2.28
019/12N LDR 40 1.23 091 —2.14 355/80 209/08 118/05 0.29 10.0 0.33 64 1.86
GRO5 n.a. 48 0.19 0.07 —0.26 197/80 338/09 069/07 0.04 6.3 0.19 22 0.23
017/108 LDR 39 0.11 0.05 —0.16 246/82 339/00 069/08 0.03 5.1 0.12 19 0.14
GRO06 n.a. 49 2.90 246 —5.37 020/34 203/56 111.01 1.61 12.2 0.68 74 4.65
030/18N LDR 40 2.14 0.86 —3.00 228/85 016/04 107/02 0.62 15.0 0.44 71 2.68
GRO7 n.a. 50 0.38 0.15 —0.53 075/70 221/18 315/10  0.13 18.4 0.24 29 0.47
025/19N LDR 40 0.22 0.09 —0.31 043/57 221/32 311/01 0.06 7.5 0.16 25 0.27
GR10 n.a. 46 466 —1.06 —3.60 303/71 169/13 076/13 0.94 15.2 0.49 91 4.23
043/16N LDR 37 2.37 0.00 —2.37 323/73 160/16 069/05  0.54 10.8 0.36 75 2.37
GR11 n.a. 48 1.46 0.37 —1.83 008/05 172/84 278/01 0.25 16.7 0.25 85 1.67
004/15N LDR 39 0.97 0.19 ~1.15 009/13 198/78 11/02 0.15 15.4 0.16 77 1.07
GR12 n.a. 49 1.78 0.88 —2.66 048/59 195/27 293/15 0.31 22.4 0.39 76 2.35
027/118 LDR 40 1.10 0.80 —1.90 024/04 124/69 292/20  0.20 15.0 0.30 75 1.65
GRI13 n.a. 50 0.38 0.10 —0.48 202/73 083/09 351/15 0.11 34.0 0.15 46 0.44
037/07S LDR 40 0.15 0.09 —0.24 226/65 097/65 002/19 0.05 27.5 0.08 43 0.21
GR14 n.a. 50 0.97 0.02 —0.99 333/66 198/18 102/16  0.16 12.0 0.20 51 0.94
018/19N LDR 40 069 —0.01 -—0.69 329/71 200/14 107/14  0.11 7.5 0.11 49 0.69
KS01 n.a. 49 242 —0.30 —2.12 217/72 028/18 119/03 0.39 225 0.44 59 2.28
007/17N LDR 40 1.62 —0.04 —1.58 215/57 024/33 117/05 0.23 30.0 0.30 51 1.60
KS03 n.a. 50 1.67 —0.15 —1.53 191/73 043/15 311/09 0.22 8.0 0.31 67 1.61
017/18N LDR 40 0.96 0.01 —0.97 214/64 050/28 316/07 0.13 17.5 0.20 58 0.97
KS05 n.a. 45 1.61 020 —1.82 243/89 030/01 120/01 0.48 289 0.42 60 1.73
045/09S LDR 36 1.28 044 —1.72 205/25 040/64 298/06  0.35 194 0.30 61 1.55
KS07 n.a. 44 0.31 0.03 —0.34 184/67 024/24 290/28 0.07 18.2 0.18 26 0.33
036/20N LDR 36 0.19 —0.02 —0.16 179/61 028/26 292/12  0.04 13.9 0.09 23 0.18
KS08 n.a. 50 1.40 0.99 —2.31 343/81 204/06 113/05 0.25 22.0 0.38 84 2.08
041/13S LDR 40 0.88 0.83 —1.72 229/81 021/07 112/04  0.20 17.5 0.28 73 1.49

*LDR, 20% of largest deviations removed; n.a., not applicable.
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APPENDIX D

The Greenbrier Group finite-strain data from the normalized Fry technique are given in Table 5.
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Table 5
Principal axes’ Axial ratios Bedding-parallel strain data
Sarnple Bedding
No. Group*  orientation X Y V4 Ryy Ry Rg Percent shortening  Shortening direction
KS02 A 074°/19°N  180°/23°  084°/15°  323°/61° 127 110 1.20 16.7 133°
KS03 A 017°/18°S 009°/18°  276°/13°  152°/67° 112 117 1.08 7.4 104°
KS04 A 083°/05°S 068°/12°  335°/16°  194°/70° 1.19 115 1.18 15.3 163°
KS06 A 019°/20°N  338°/03°  069°/08°  224°/81° 1.13 1.13  1.11 99 154°
KS08 A 041°/13°S 209°/08°  117°/19°  321°/70°  1.06 142 1.12 10.7 133°
GRO2 A 331°/06°N  214°/31°  120°/05°  022°/59° 1.16 131 1.03 29 151°
GRO4 A 019°/12°N  207°/03°  298°/19°  111°/71° 1.07 137 1.12 10.7 114°
GRO5 A 017°/10°S 350°/36°  250°/13°  114°/76° 1.12 116 1.03 2.9 137°
GR06 A 030°/19°N  183°/21°  080°/30°  301°/52° 106 123 1.22 18.0 120°
GRO7 A 025°/19°N  272°/14°  004°/04°  111°/76° 1.27 1.14 1.10 9.1 150°
GR12 A 027°/11°8 210°/01°  300°/25°  117°/65° 113 111 117 14.5 125°
KS05 B 045°/09°S 348°/49°  229°/23°  124°/33° 1.28 1.05
GRO1 B 063°/06°N  007°/07°  104°/44°  270°/46° 1.25 1.09
GRO3 B 014°/27°8 351°/12°  093°/46°  250°/42° 117 118
GR10 B 043°/16°N  175°/41°  026°/44°  280°/16 1.04 118
GR11 B 004°/15°N  242°/53°  342°/07°  077°/36° 123  1.11
GR13 B 037°/07°S 063°/12°  332°/03°  224°/78 113 1.32
GR14 B 018°/19°N  183°/60°  032°/27°  295°/12° 1.16 1.11
*Group A, vertical compaction; Group B, no vertical compaction.
*Principal-strain axis orientations with bedding rotated to the horizontal.
APPENDIX E
The Greenbrier Group finite-strain data from the Rg/¢p technique are given in Table 6.
Table 6
Principal axes' Axial ratios
Sample Bedding
No. Group* orientation X Y VA Ryy Ry,
KS02 A 074°/19°N 209°/25° 308°/18° 070°/59° 1.15 1.02
KS03 A 017°/18°S 298°/23° 204°/08° 098°/66° 1.01 1.15
KS04 A 083°/05°S 185°/29° 090°/08° 345°/59° 1.05 1.15
KS06 A 019°/20°N 164°/06° 255°/06° 030°/82° 1.08 1.08
KS08 A 041°/13°S 217°17° 309°/08° 063°/72° 1.20 1.18
GRO2 A 331°/06°N 223°/28° 121°/23° 358°/53° 1.04 1.13
GRO4 A 019°/12°N 014°/02° 103°/02° 226°/87° 1.06 1.18
GRO5 A 017°/10°S 090°/03° 182°/20° 350°/70° 1.05 1.03
GRO6 A 030°/19°N 204°/17° 109°/18° 338°/65° 1.07 1.05
GRO7 A 025°/19°N 255°/33° 156°/14° 047°/54° 1.14 1.15
GR12 A 027°/11°S 076°/03° 347°/01° 243°/87° 1.03 1.05
KS05 B 045°/09°S 034°/16° 254°/70° 128°/12° 1.01 1.04
GROI B 063°/06°N 034°/15° 302°/10° 179°/71° 1.14 1.03
GRO3 B 014°/27°S 012°/10° 103°/03° 214°/79° 1.03 1.07
GR10 B 043°/16°N 082°/06° 188°/68° 350°/21° 1.04 1.05
GR11 B 004°/15°N 245°/54° 005°/20° 106°/29° 1.08 1.06
GRI13 B 037°/07°S 179°/06° 269°/02° 021°/85° 1.07 1.03
GR14 B 018°/19°N 001°/07° 267°/26° 105°/63° 1.06 1.07

*Group A, vertical compaction; Group B, no vertical compaction.

tPrincipal strain axis orientations with bedding rotated to the horizontal.



