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ABSTRACT

The purpose of this study is to test models for the origin of fault-related

folds against a field example in order to determine which, if any, are viable.

Although a variation of a model successfully fit the field example, a primary

purpose of this work is not to propose a new model, but rather to show the need

for multiple verifiable model tests in order to see which ones approximate reality.

The Barclay anticline is a detached first-order parasitic fold to the Browns

Mountain anticlinorium in the central Appalachians of West Virginia. It deforms

the resistant Tuscarora Sandstone, which is exposed in two profiles, permitting

comparison to models for fault-propagation folds, fault-bend folds, break thrusts,

and folding that occurs after fault propagation. Geometry alone is an insufficient

discriminator, because it eliminates only the fault-propagation fold model.

Microscale deformation is also an insufficient discriminator, since it only records

pervasive deformation resulting from diagenetic compaction and tectonic layer-

parallel shortening, instead of the folding event. The distributions of layer-

parallel slip surfaces, faults, and veins in the forelimb and hinge successfully

differentiate between the fold models. The anticline exhibits preferential

bedding-parallel slip in the forelimb with some hinge contraction, but no transport

of material from forelimb to backlimb. Because folding occurred without material

transport through the hinge, the anticline developed by break-thrusting with

flexural slip and minor inner-arc contraction. Fold amplification occurred through

hinge migration, perhaps because of kinking with only one rotating limb.

Following thrust propagation, the anticline was translated through one footwall

bend to its present position. The anticline did not develop self-similarly, which is

consistent with a breakthrust origin.
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INTRODUCTION

Several different ideas have been proposed to explain the formation of an

anticline with an imbricate thrust during deformation (Figure 1). For a fault-bend

fold, the anticline is an artifact of the change in thrust trajectory (Rich 1934,

Suppe 1983). With fault-propagation folds, the anticline amplifies in advance of,

and as a product of, thrust propagation (Mitra 1990, Suppe & Medwedeff 1990,

Fisher & Anastasio 1994). A break thrust forms when an anticline amplifies first

and is offset later by the thrust (Willis 1893, Fischer et al. 1992, Morley 1994).

Another model of fold-thrust development predicts the opposite in that the

anticline amplifies after thrust propagation ceases, but while the thrust is still

displacing (Armstrong & Bartley 1993). The treatise for each concept includes

analyses of field examples that strongly support each case (Rich 1934, Mitra

1990, Fischer etal. 1992, Armstrong & Bartley 1993, Fisher & Anastasio 1994,

Morley 1994). Hence, the interaction of anticlines and thrusts depends on the

timing of thrust propagation and displacement with respect to fold amplification

(Suppe & Medwedeff 1990, Fischer etal. 1992, Armstrong & Bartley 1993).

Closely tied to these ideas about thrust-related folding is the concept of

self-similar growth, which occurs when the geometry of younger portions of a

structure is identical to the earlier geometry in older parts of the structure (Suppe

& Medwedeff 1990, Wilkerson et al. 1991, Fischer & Woodward 1992). A fold

that exhibits self-similar growth, such as a fault-propagation fold, always has the

same shape and position relative to the propagating thrust tip when viewed in

sequential profiles along strike (Suppe & Medwedeff 1990, Fischer & Woodward

1992), and may be scale-dependent. This concept is in contrast to self-similar

geometry, where geometric characteristics of a structure are scale-independent
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Figure 1. Models for thrust-related folds, (a) Fault-bend fold (after Suppe
1983). (b) Fault-propagation fold (after Suppe &Medwedeff 1990). (c) Break-
thrust fold (after Willis 1893). (d) Thrust-related fold of Armstrong & Bartley
(1993).
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(Mandelbrot 1983, Wu 1993). This thesis only considers the first type of self-

similarity.

Fault-bend and fault-propagation folds are commonly perceived to be self-

similar (e.g., Wilkerson et al. 1991). Fault-bend folds form where thrusts

step up in the direction of transport to a higher decollement and the thrust sheet

rides over the bends in the fault (Faill 1973, Suppe 1983). According to Suppe,

two kink bands form at the instant of initiation of slip. These bands increase in

width and amplitude as the slip continues. When the kink bands stop growing,

rock will continue to roll through the stationary axial surfaces with further

displacement (Suppe 1983). Thus, fold geometry changes above a ramp

through time at a given position and also changes above a thrust along fault

strike as a function of thrust displacement.

With fault-propagation folds, anticlines grow up dip from the tips of

propagating thrusts (Suppe & Medwedeff 1990). The amplitude of the anticlines

accommodates profile shortening as displacement decreases to zero along the

imbricate thrust. These folds exhibit self-similar growth by kink-band migration.

The fold always has the same shape and position relative to the propagating

fault tip but grows in size by beds rolling through the kink-band boundaries as the

fault propagates. A fault-propagation fold will cease to grow self-similarly when

the imbricate thrust breaks through the structure, usually along a decollement,

within the steep limb or the anticlinal core (Suppe & Medwedeff 1990). A field

study supports the applicability of self-similar growth to fault-propagation folding

(Fisher & Anastasio 1994), demonstrating that geometry, finite strain, and

incremental strain paths are self-similar between two profiles of the same

structure.



Whereas fault-propagation and fault-bend folds may form self-similarly,

the two other classes of fault-related folds in which folding and faulting are

diachronous may not. Field study of break thrusts indicates that the fold

geometry at a thrust termination could not evolve into the fold geometry at the

site of greatest thrust displacement. Fold development results from variation in

stratigraphy and resulting variation in structural competency (Fischer &

Woodward 1992). Consequently, cutoff angles vary between successive cross

sections along the structural trend, and the mode of thrust propagation varies, as

well. Self-similarity dictates uniformity of geometric characteristics (Suppe &

Medwedeff 1990, Fischer & Woodward 1992). Features such as fold shape,

interlimb angle, and cutoff angle are preserved during growth of the structure.

When these characteristics are not preserved, as with break-thrusting, then fold

formation is not self-similar (Fischer & Woodward 1992).

For the case in which folding occurs mostly after fault propagation

(Armstrong & Bartley 1993), the geometry of the folds at the thrust termination

could not evolve into the geometry at the site of greatest thrust displacement.

Fault propagation ceases when the lateral tip of the thrust locks, probably due to

along-strike thickness changes in the competent unit. Also, Armstrong and

Bartley (1992) noted that the kinematic behavior changes northwest of the lateral

tip from thrust-related simple shear to transpression. These interpretations are

incompatible with self-similarity. Another problem for a self-similar interpretation

is that twinned calcite strain data indicate homogeneous strain throughout the

structure. If the anticline were a break thrust or a fault-propagation structure,

strain should vary as a function of position in the fold. Armstrong & Bartley

(1993) interpret the homogeneous distribution of strain to indicate that the fold



intstead formed by a different mechanism: folding to absorb displacement after

fault propagation.

The objectives of this thesis are: (1) to use the exposed geometry of a

thrust-related anticline to determine the interaction between fold growth and

thrust propagation: (2) to test the applicability of current kinematic ideas for

thrust-related folds to the structure; and (3) to determine if the structure

developed in a self-similar manner. Data were collected at a variety of scales for

these objectives. A large-scale (1:2400) geologic map and two cross sections

were constructed to define the geometry of the fold-thrust system.

Microstructures and mesostructures were identified and their orientations and

relative abundances measured to provide information on deformation intensity,

geometry, and the possible location of pin lines. Finally, finite and incremental

strains were calculated from the normalized Fry and pressure solution methods

(Erslev 1988, Onasch 1993) to provide kinematic data for this study.



GEOLOGIC SETTING

Regional geology

The study area is in southeastern West Virginia in the Plateau of the

central Appalachians (Figure 2). The thrust-related fold under scrutiny, the

Barclay anticline, is located in the Browns Mountain anticlinorium. This

anticlinorium formed in the roof sequence above a blind duplex containing

Cambro-Ordovician carbonates (Kulander 1968, Cecil 1972, Kulander etal.

1986). The anticlinorium is an unusual structure in the Appalachian Plateau

because blind duplexes are rare in the Cambro-Ordovician carbonates of this

region. The Tuscarora Sandstone was buried about 4.5 km by a Silurian to

possibly Permian sequence (Colton 1970, Chen 1981), at temperatures of 150-

200° C from color-alteration indices of conodonts in overlying Silurian limestones

(Harris 1979).

The anticlinorium contains a total of three first-order parasitic structures,

but they change type eastward with position: an anticline, a thrust-anticline

combination, and a thrust fault. Exposures of the thrust-anticline combination,

the Barclay anticline and thrust, are the target for this investigation (Figure 2).

These structures contain many smaller second-order parasitic folds in sandstone

units. Additional smaller folds are best developed in ductile shales and thin-

bedded siltstone and limestone units (Cecil 1972, Kulander ef a/. 1986).

Target stratigraphic unit

The target stratigraphic unit is the Tuscarora Sandstone of Lower Silurian

(Figures 2, A.I), which consists of planar to cross-bedded, locally



Figure 2. Stratigraphic column and geologic map of study area in Pocahontas
County, West Virginia. A-A' and B-B' are section lines in Figure 3.
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burrowed, well-sorted quartz arenite (Cecil 1972, Kulander etal. 1986) and has a

thickness of 47 m in the study area. The Tuscarora Sandstone is characterized

by a massive pebble conglomerate at the contact with the Juniata Formation

(Bambach 1987, Dorsch etal. 1994), and can be subdivided into a lower

massive unit and an upper massive unit (Figure A.I). The lower unit consists of

light gray, thin- to medium-bedded quartz arenite with thin siltstone interbeds.

The upper unit consists of medium to thick-bedded, clean, white, coarse- to

medium-grained quartz arenite (Bambach 1987, Dorsch etal. 1994). This unit is

essentially monomineralic and is highly resistant to weathering, yielding outcrops

in most structural domains. The framework-supported texture of quartz arenites

(Hayes 1974) is well suited for strain analysis using spatial techniques, such as

the normalized Fry method (Erslev 1988).

In the study area, the resistant sandstone units of the Tuscarora

Sandstone are exposed as three geomorphological "ribs" in the hanging wall.

These exposures run across strike, revealing the forelimb, hinge, and adjacent

backlimb, but are only meters to tens of meters thick vertically. The lowermost

exposure is the thickest at 25 m, and is locally divisible into two sections in some

places. The upper Tuscarora Sandstone is characterized by two

geomorphological "racetracks" of shale and siltstone sandwiched between the

quartz arenite layers. Although these lithologically distinct units are covered in

the study area, they average about 4.5 m in thickness in nearby exposures.

Because of these weak units the Tuscarora Sandstone contains three

mechanically important sandstone layers.

In addition to the Tuscarora Sandstone, the study area includes four other

stratigraphic units (Cecil 1972, Kulander etal. 1986)(Figure 2). Underlying the

Tuscarora Sandstone is the Upper Ordovician (Ashgillian) Juniata Formation,

10



which consists of terrigenous red sandstone and shale. Immediately overlying

the Tuscarora Sandstone in the field area is the Middle Silurian Rose Hill

Formation (Clinton Group). The lower part of the Rose Hill Formation contains

mostly hematite-cemented quartz sandstone. The upper part of the Rose Hill

Formation consists of olive-green to brown shale and thin siltstone units (Cecil

1972). Overlying the Rose Hill Formation is the Keefer Sandstone, a gray to

white, fine-grained, hematitic sandstone. The gray, fissile Rochester Shale is the

uppermost unit of the Clinton Group.

11



MAP-SCALE STRUCTURAL GEOMETRY

The Barclay anticline, so named due to its proximity to the gully Barclay

Run, is well exposed in the two slopes on either side of Highway 39 and Knapp

Creek, between the villages of Minnehaha Springs and Huntersville. Two cross

sections were constructed to represent the geometry of the two exposures of the

anticline (Figure 3). The constraints for cross-section construction are: (1) the

surface geology includes abundant exposures of Tuscarora Sandstone that

provide bedding orientation data and locations of some stratigraphic contacts,

and which clearly define fold geometry (Appendix A); (2) the stratigraphic

thickness of 47 m for the Tuscarora Sandstone was measured from an

undeformed section within one kilometer east of the field area; (3) the crest of

the anticline in the Tuscarora Sandstone of the hanging wall of the Barclay thrust

is topographically higher to the southwest, whereas the top of the Tuscarora

Sandstone in the footwall of both profiles is at about the same elevation; (4)

stratigraphic omission of hanging wall rocks of the northern profile indicates the

presence of an additional thrust fault in that profile.

Several assumptions were made in constructing the cross sections:

(1) bedding thickness is preserved and a parallel fold geometry is assumed,

which is consistent with field observations; (2) the thrusts were assumed to

predate smaller folds in the footwall, and hence is folded by them; (3) the

thickness of the Juniata Formation in the hanging wall between the Tuscarora

Sandstone of the footwall and hanging wall is used to define the depth to the

floor thrust, and this depth increases to the southwest; (4) the dip of the thrust is

assumed to mimic the dip of bedding in the hanging wall, except beneath

12



Figure 3. (a) Cross section along line A-A' (Figure 2). (b) Cross section along
line B-B' (Figure 2). Tick marks denote location of bedding orientation
measurements.
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the hanging wall ramp; (5) because the last-exposed footwall rocks closest to the

footwall ramp contain flat-lying rocks, the unexposed portion of the footwall ramp

is inferred to be flat.

The anticline has a subvertical forelimb in both cross sections, along with

a narrow rounded hinge, and a backlimb that steepens from flat over the roof

thrust to a 20° SE dip parallel to the footwall ramp. The thrust consists of a roof

flat at a small angle to bedding, a footwall ramp with a stratigraphic relief of

about 85 m, and a floor thrust parallel to bedding. The thrust and anticline

geometry change over the 244 m between the two profiles (Table 1). In the

direction of plungeout to the northeast, displacement decreases along the fault

by 36 m, the footwall ramp angle shallows by 3.5°, fold wavelength shortens by

46 m, fold amplitude decreases by 31 m, and an imbricate thrust appears in the

backlimb. In addition, the depth to detachment in the Juniata Formation

decreases by 18 m, indicating that the thrust here lies along an oblique ramp.

The imbricate thrust in the hinge zone of the northern profile is interpreted

to have formed during folding. Had the fault formed prior to development of the

Barclay anticline and thrust (Figure 4a), much less Juniata Formation would be

present in the imbricate footwall than is indicated by field stratigraphic

relationships (Figure 3). If the fault postdated the Barclay thrust, it would have

displaced the Barclay thrust and its footwall rocks (Figure 4b). Such

displacement is not evident in the field area. Hence, the imbricate fault is most

likely a synfaulting structure.

An alternative interpretation of the overall map-scale geometry is possible.

The presence of smaller folds in the footwall to the northwest of the Barclay

anticline and thrust could reasonably indicate by analogy that such folds

15



Table 1. Fold geometry data.

Parameter

North Profile

A-A'

South Profile

B-B'

Displacement (m) 110 146

Ramp angle (deg.) 20 22

Wavelength (m) 113 159

Amplitude (m) 70 101

Interlimb angle (deg.) 97 94

16



Figure 4. Alternative explanations for development of imbricate thrust in northern
fold profile, (a) Fault formation prior to development of Barclay anticline and
thrust, (b) Fault formation postdating development of Barclay anticline and
thrust.

17
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would be present in the footwall in the area where lack of exposure precludes

data collection. These smaller folds, if present, would therefore deform the

thrust surface and contacts in the hanging wall. The author prefers the first

interpretation based on data from the continuously exposed Tuscarora

Sandstone in the southeastern limb of the Barclay anticline adjacent to the

northern profile (A-A'). When dip data from these rocks are projected into A-A',

the apparent dips range from 0° to 15° SE with a systematic increase in dip

magnitude from northwest to southeast. Nowhere in the exposed southeast limb

do rocks dip to the northwest. The lack of northwest dips and the systematic

increase in dips to the southeast are not consistent with the shapes of the small

folds in the footwall to the northwest, although small folds could die out upward

into the Juniata Formation. Thus, this interpretation was not applied to the study

area.

Another suggested interpretation is that northwest-southeast trending

cross-folds exist in the middle of the study area. Such cross-folds require rocks

to be dipping either northeast or southwest. The field area contains several

locations in the footwall and hinge of the Barclay anticline where rocks dip to the

northeast. Nowhere in the study area, however, are rocks exposed that dip to

the southwest. Additionally, these northeast dips are consistent with the regional

northeast plunge of the Barclay anticline and the northeast plunge of the host

Browns Mountain anticlinorium (Cardwell etal. 1968, Kulander 1968, Kulander et

al. 1986). Therefore, the author does not believe that sufficient data exist to

support an interpretation of cross-folding. The occurrences of the northeast dip

of bedding may be more simply explained as being a result of axial plunge of

both the Barclay and Browns Mountain anticlines.

19



Model predictions vs. fold geometry

The present position of the Barclay anticline involved passage through

one or more fault bends (Figures 1 and 3), but this fault-bend folding

need not be the initial cause for growth of the anticline. The anticline could have

formed as any of the kinematic types and then have been translated through the

fault bend(s) (Mitra 1990, Suppe & Medwedeff 1990, Fischer ef a/1992).

Possible deformation patterns from four models of fold-thrust development were

calculated for the fold geometry in profile B-B' (Figure 5). These predicted

patterns will be compared to microstructural distributions, mesostructural

distributions, and measured strains in the fold to test the applicability of each

model to fold development.

Combinations of five end-member deformations were calculated for each

model (Table 2, Figure 4). For these equations, S is layer-parallel slip, t is

mechanical layer thickness, 0 is the dip of the layer in radians, and 0o is the

maximum ramp dip. Gamma is the shear strain, R is the aspect ratio of the finite

strain ellipse, and 0" is the angle between the long axis of the finite strain ellipse

and bedding. The parameter L-| is the length of neutral surface in fold profile,

and L2 is the length of the outer arc in fold profile. For P = ti/ Sq , the variable Sq

is equal to one-half of the arc length of the fault-bend fold at the top of the

bending layer.

Many variations for fault-propagation folding exist (e.g., Mitra 1990, Suppe

& Medwedeff 1990, Morley 1994, McConnell 1994), but the only

applicable one that is consistent with the outcrops of the Tuscarora Sandstone

has constant bed thickness. This model fails to yield the geometry of the natural

fold (Figure 5a). It requires an overturned forelimb dipping 76° SE and an

20



Figure 5. Predicted deformation patterns: (a) fault-propagation fold (Suppe &
Medwedeff 1990), (b) fault-bend fold (Suppe 1983), (c) folding-after-fault
propagation (Armstrong & Bartley 1993), and (d) break-thrust fold (Fischer etal.
1992). Deformation patterns are superimposed on the fold shape of profile B-B'
(Figure 3). Light gray ellipses represent bending strains, black ellipses represent
flexural flow, and numbers with shear arrows represent the magnitude of layer-
parallel slip across the 47.2-m thickness of Tuscarora Sandstone. The break-
thrust fold (d) is the only model that could contain a pinline in the hinge.
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Deformation Eouation Source

layer-parallel slip s = te eq. #7-38, Ramsay (1967)

simple shear r=e p. 3, Ramsay & Huber (1983)
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bending strain

2+f+y(f+4y'^
R =

2

y+(tan"''(2/ y))
&'=

2
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interlimb angle of 54°. Neither of the natural fold profiles exhibits this geometry,

because both have forelimbs that dip 75-85° NW and have interlimb angles of

94-99°. Additionally, the fault-propagation fold model requires the presence of a

second fold hinge and an axial surface above the roof flat (Figure 5a) to

accommodate the combination of fault-bend and fault-propagation folding.

Neither natural fold profiles contains such a feature. Figure 5(a) illustrates

possible internal deformations for fault-propagation folding, but they will not be

described because the model fails geometrically.

The other three models successfully yield the interpreted geometry of the

Barclay anticline, showing that fold geometry is an insufficient discriminator

between them. Hence, they need to be compared kinematically for differences.

All three models satisfy the exposed fold geometry in the backlimb similarly. The

change in backlimb dip is interpreted to be the result of a footwall ramp (Figure

3). The steeper portion of the backlimb is above the ramp and this part of the

hanging wall has only passed through one fault bend. Thus, for all four models,

the deformation derives from emplacement of the backlimb on the ramp (Figure

5). If deformation was through layer-parallel slip, the 47 m of the Tuscarora

Sandstone with a ramp angle of 22° (Table 1) requires 16.5 m of slip between

top and bottom. Layer-parallel simple shear instead produces a distortion with

an ellipse of R = 1.42 and 0" = 40°. Alternately, if emplacement was achieved by

bending, the layer would shorten up to 20% in the inner arc, producing a strain

with an ellipse ratio R of 1.56 and 0" of 90°. This bending strain was calculated

for a mechanical strut with a 25-m maximum thickness. The Tuscarora

Sandstone would not act as a single bending member of 47 m because it

includes an 11-m sequence of quartz-rich siltstone and shale about 25 m above
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its base. In the study area and at other excellent exposures of Tuscarora

Sandstone within a 2.5 km radius of the area, these less competent sequences

allow different intervals of the strong unit to slip independently.

The frontal part of the backlimb, where bedding dip is nearly horizontal, is

interpreted as being above a roof flat (Figure 3). Here, the sandstone in the

hanging wall passed through two fault bends. Consequently, the rocks would

have folded and then unfolded (Sanderson 1982). Such reciprocal deformation

should be expected to yield near-zero finite strains with strain ratios of 1.0

(Figure 5). Although the rocks would appear to have no finite strain, structural

suites could reflect this sequential reciprocal deformation. Gontractional micro-

and mesostructures would form during passage through the lower fault bend and

would be overprinted by extensional features formed as a result of passage

through the upper fault bend. The presence of such suites will be discussed in

subsequent sections on small-scale structures.

The magnitudes of end-member behavior calculated for the backlimb

reflect the maximum values possible for each component of deformation. These

kinematic behaviors may have occurred concurrently, necessitating smaller

values for each component. The structural suites and measured strains to be

described in the next four sections of this thesis will be used to interpret whether

deformation consisted of one or more behaviors. The following description of

deformation magnitudes for other portions of the folds also utilize end members

to highlight differences in behavior.

The models predict deformation differences in the hinge and forelimb. If

fault-bend folding occurred, the hangingwall cutoff angle changed during

displacement from 22" to 85° (Figures 5b and 6). For a forelimb dip of 85° and a
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unit thickness of 47 m, this change could be achieved through 70 m of layer-

parallel slip, or through flexural flow with shear strain of 1.5 for a strain ratio of

4.0 and 6" of 28°. These deformations cause a relative displacement of the top

of the Tuscarora Sandstone through the main fold hinge with respect to base

(Figure 6). Thus, folding in this model could not be pinned in the main hinge.

For the third case, in which folding follows fault propagation, deformation would

initially resemble that of fault-bend folding, because the fold developed after

passage of the fault tip, and the cutoff angle is modified during folding (Figures

5b and 5c). The similarity of fold shape and formation after fault propagation

implies that deformation magnitudes should be the same as those for fault-bend

folding, and the main hinge would also lack a pinline. The fold forms prior to

passage through the upper fault bend of the footwall ramp, so the fold should

record an additional deformation during passage through the bend. Overprinting

in a folded sedimentary sequence could be complex and lithologically

dependent. In a simple case, it could be bending with up to 20% extension,

which produces a strain ratio R of 1.6 and 0" of 90°.

If break-thrust folding occurred, the footwall should contain a syncline

(Figure 5d). Although much of the footwall is exposed and is flat-lying, the 20 m

closest to the footwall ramp is unexposed. Cross sections were constructed

using the simplest geometry, which includes an unfolded footwall, although a

footwall syncline cannot be excluded as a possible geometry.

If the hanging-wall cutoff angle was preserved during displacement of the

forelimb by break-thrusting (Fischer et al. 1992), the initial forelimb dip was 63°

NW. For this dip, if the forelimb sheared during initial buckle folding, forelimb

deformation could consist of 54 m of layer-parallel slip, or perhaps simple shear
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Figure 6. Change in hanging-wall cutoff angle during passage of rock from the
footwall ramp onto the roof thrust in a fault-bend fold, (a) Position of Tuscarora
Sandstone before thrusting, (b) Position of Tuscarora Sandstone after thrusting.
Shaded area represents the volume of rock that must displace backwards to
accommodate the change in cutoff angle.
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of 1.1 for flexural flow with a strain ratio of 3.0 and 0" of 32°. These values are

smaller than those for fault-bend folding and folding-after-fault propagation

because less limb rotation would occur during folding. If buckling occurred

through tangential longitudinal strain instead, the main anticlinal hinge sustains a

bending strain in which outer-arc extension is 66% and inner-arc contraction is

40% (Figure 5d). These types of deformation allow the main hinge to be pinned

during folding prior to break-thrusting (Mitchell & Woodward 1988, Fischer et al.

1992), unlike fault-bend folding or folding-after-fault propagation. In addition, the

fold would record an overprint during passage through the upper fault bend

similar to the overprint recorded when fault propagation precedes folding. This

strain could consist of 20 percent shortening, which produces a strain ratio of

1.6. For example, the strain could be recognized as extensional structures that

record a bulk deformation and deformed earlier synfolding structures.
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MESOSTRUCTURES

Mesoscale structures in the Tuscarora Sandstone in the study area

include bedding-parallel slip surfaces, contraction faults, and extensional

cataclastic bands and veins (Figure 7; Tables B.1, B.2). The mesostructures are

heterogeneously distributed throughout the southern and northern profiles

(Figures 8 and 9). The forelimb and main hinge contain most of the mesoscale

deformation, whereas the backlimb exhibits few mesostructures and the footwall

exhibits none.

The forelimb and hinge in the southern profile are well exposed. One

location in the outer arc of the forelimb at station 81 (Figures Ba, A.2) contains

one set of quartz veins subparallel to bedding strike and subperpendicular to

bedding dip, with widths of less than 1 mm. Sixteen of these veins in 50 cm of

outcrop provide a total extension of 0.5-1.0%. Oriented as they are relative to

bedding, these veins may reflect outer-arc extension from flexural folding. An

adjacent location (station S2) contains two sets of systematically oriented veins,

all of which have at least a vuggy quartz fill. One vein set exploits cross-bedding.

The second set of veins, oriented normal to bedding strike and at a high angle to

bedding dip, consists of fifteen veins in 50 cm of exposure. Their orientation

normal to the first set suggests a second extensional event, in addition to that

from flexural folding. These vein sets do not occur together, however, so no age

relationship could be determined. Additionally, restricted occurrence of these

structures indicates only localized extension.

Pervasive cataclastic bands (Lloyd & Knipe 1992, Onasch & Dunne 1993)

occur in the basal pebble conglomerate of the inner-arc forelimb and hinge
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Figure 7. Representative mesostructures in study area, (a) Cataclastic bands in
basal pebble conglomerate of southern hinge at station S9. (b) Fracturing in
northern hinge at station N17. Approximate bedding orientation is indicated by
yellow lines. Length of photo represents approximately 5 meters, (c) Veins in
northern backlimb at station N3.
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Figure 8. Mesostructural distributions for the south profile (B-B'). Locations of:
a) veins, (b) faults (associated \with cataclastic bands in the basal pebble
conglomerate of the inner-arc forelimb and hinge), and (c) bedding-parallel slip.
Dots indicate locations of sample stations.
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Figure 9. Mesostructural distributions for the north profile (A-A'). Locations of:
(a) bedding-parallel slip, (b) veins, and (c) faults. Dots indicate locations of
sample stations.
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(Figure 7a). They contractionally offset pebbles across surfaces ornamented

with slickenlines (Figure 8b). Forty-seven such bands occur in the 6 m of the

Tuscarora Sandstone at stations S9-S11. Although average band spacing is 3.4

cm, their frequency decreases to zero at 6 m above the base, so that no

cataclastic bands occur in the overlying massive quartz arenite. Most bands

have displacements of 0.5 mm or less, and widths of 1 mm or less.

Displacement does not correlate to band width, because the bands wider than 1

mm also displaced less than 0.5 mm.

The southern forelimb and hinge contain other slip surfaces. One

contraction fault, located at station S2 in the outer forelimb near the hinge

(Figure 8b), is oriented normal to bedding strike, has a 5-m trace length across

the outcrop, and displaces four medium-thickness beds by 9 cm. Bedding-

parallel slip surfaces occur in both the forelimb and hinge at stations S1, S3, 89

to 813, 816, and 817 (Figure 8c). In the outer arc of the hinge at station 83, slip

surfaces occur at 1.5-m intervals. In the forelimb at stations 89-813, there are 9

bedding-parallel slip surfaces in 16.2 m of stratigraphic section. The lower 3.6 m

contains 3 slip surfaces, the next 7.4 m contains only one slip surface, and the

upper 5 m contains 5 slip surfaces. These surfaces are interpreted to indicate

abundant layer-parallel slip in the forelimb and hinge during folding.

In contrast to the southern profile, the forelimb and hinge in the northern

profile are poorly exposed. No bedding-parallel slip surfaces are visible in the

north forelimb (Figure 9a). However, at sites within 1 km of the study area,

steeply dipping Tuscarora 8andstone layers always provide abundant evidence

for bedding-parallel slip. Thus, the absence of slip surfaces in the north forelimb

may only be an artifact of poor exposure.
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Fracturing dominates the inner arc of the northern hinge at stations N16

and N17 (Figure 7b). There are at least 4 systematic fracture sets: one set is

subhorizontal, the second is subvertical on a strike of 035, the third is inclined to

the NW at about 13°, and the fourth is subvertical, trending 115 and dipping

steeply to the SW. This pervasive fracturing imparts a blocky texture to the

sandstone, with individual blocks measuring 2-3 cm in length on each side. The

frequency of fracturing is greater in the inner arc of the hinge than anywhere else

in the structure, and the intensity of fracturing decreases greatly in the 10 m

across bedding, from the inner arc (highest) to the outer arc (almost none).

Many fracture surfaces have contractionally faulted and exhibit slickenlines. This

discrete structural suite in the northern hinge does not occur in any other

domain, north or south.

The hinge-localized fractures in the northern exposure of the anticline

contrast with the more uniform distribution of faults and bedding-parallel slip

surfaces in the southern hinge and forelimb. This contrast could result from a

difference in hinge deformation during fold amplification. A major factor in

controlling the development and distribution of hinge-related structures is the role

of hinge migration during folding (Williams 1979, Gray 1981, Mitchell &

Woodward 1988, Suppe 1985, Fischer ef a/. 1992). For example, a rock layer

undergoing tangential longitudinal strain has deformation concentrated in the

hinge zone (Ramsay 1967). If the hinge is fixed during fold amplification,

precluding migration, this deformation produces a suite of structures unique to

the hinge and absent in either fold limb (Mitchell & Woodward 1988, Fischer et

al. 1992). If the hinge migrates during folding, however, a similar suite of

structures would be found in both the hinge and at least one fold limb. Rocks
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deformed in the hinge would pass to a limb during migration and carry the hinge

structures as a older imprint (Williams 1979, Gray 1981, Fischer etal. 1992).

The southern hinge lacks the localized pervasive fracturing of the northern

hinge, but it contains mesostructures, such as cataclastic bands and bedding-

parallel slip, that are present in the adjacent forelimb. This distribution of

mesostructures is interpreted to result from migration of the southern hinge

during fold development (Fischer et al. 1992). Along strike to the north, however,

the mesostructures are heterogeneously concentrated in the hinge. This

distribution is interpreted to result from fixed-hinge folding.

An explanation for this difference in hinge behavior between the northern

and southern locations is the presence of an imbricate thrust adjacent to the

northern hinge (Figure 3). This thrust has 6 m of stratigraphic throw and is

interpreted to have formed coevally with folding (Figure 4). During folding, the

fault was an active surface adjacent to the anticlinal core that prevented

migration of rock through the hinge, thereby fixing it. Conversely, the absence of

this imbricate to the south may have allowed hinge migration in the core.

The flat-and-ramp portions of the southern backlimb exhibit no

mesostructures, possibly as a result of the paucity of exposures there. In

contrast, northern backlimb domains are well exposed. The flat portion of the

northern backlimb lacks mesostructures, except for a set of veins at station N3 in

the lower portion of the Tuscarora Sandstone (Figures 7c, 9b). Seven veins

occupy a one-meter length of outcrop, strike normal to bedding strike, and dip

normal to bedding. They are 3 to 4 mm in width, resulting in a local extension of

only 0.3-0.4%.

The backlimb above the footwall ramp contains a few localized systematic

vein sets at stations N2 and NB (Figure 9b) that may be related to faulting. A few
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contractional faults at stations N1 and N2 occur at low angles to bedding, and

other faults exploit cross bedding (Figure 9c). The faults strike either parallel or

perpendicular to bedding strike. Most displacements are less than 1 cm, with

one exception of 57 cm. All of the faults have 1 to 4 mm zones of solid to

anastomosing quartz fill. If the Barclay thrust acted as a neutral surface for the

fault bends (Figure 3) (Wiltschko 1979, Wiltschko etal. 1985), rock passage

through the lower fault bend would cause layer-parallel contraction, and the

minor contraction faults may have formed then. Alternatively, these faults may

have formed during layer-parallel shortening. The latter scenario is less likely,

because regional layer-parallel shortening should produce faults at this

stratigraphic level throughout the study area, which is not the case.
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MICROSTRUCTURES

Types of microstructures

The bedding-perpendicular, strike-perpendicular thin section of each

sample was point-counted for 250 microstructures (Appendix C). These

microstructures included those resulting from dislocation glide, microfracturing,

and pressure solution. Dislocation flow produces such intragranular features as

undulatory extinction, deformation lamellae, and deformation bands (Groshong

1988). Undulatory extinction is identified in this study by sweeping extinction

patterns in quartz grains. Deformation lamellae consist of parallel sets of narrow

lines possessing different refractive indices from the host grain (Figure 10a)

(Groshong 1988). Deformation bands are distinct bands with different

crystallographic orientations than the host grain (Figure 10b) (Groshong 1988).

They range from 0.01 to 0.1 mm in width (Onasch & Dunne 1993).

Microfracturing produces structures that include fluid inclusion planes,

microveins, and cataclastic bands. Fluid inclusion planes, or FIPs, are healed

microfractures containing fluid inclusions characteristically 1 to 10 pm in diameter

(Figure 10a) (Onasch & Dunne 1993). In the Tuscarora Sandstone samples

examined for this study, FIPs are both intragranular and transgranular features.

Where they are transgranular, FIPs commonly occur in sets. These sets are

only locally abundant at the microscale but have a fracture spacing of 0.01 to

0.03 mm. Microveins are transgranular features filled with quartz and have

widths of 0.01 to 0.20 mm (Figure 10c,d). They exist in optical continuity with

adjacent grains in transmitted light, but in cathodoluminescence they produce a

dull luminescence and contrast with the blue and pink luminescence
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Figure 10. Photomicrographs of microstructures: (a) deformation lamellae (DL)
and fluid inclusion planes (FIR) viewed under crossed polarizers:
(b) deformation bands (DB) viewed under crossed polarizers; (c) microvein (MV)
viewed under cathodoluminescence ; (d) same view as in (c), but viewed under
crossed-polarizers.
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of the detrital quartz grains (Houseknecht 1988, Onasch 1990). Cataclastic

bands, another transgranular feature, consist of subplanar zones of fine-grained,

poorly sorted angular quartz that offset adjacent quartz grains.

Microstructures related to pressure solution include transgranular stylolites

and interpenetrated grain boundaries resulting from grain-to-grain solution. The

interpenetrated grains were not point-counted because they are only visible in

cathodoluminescence, and the point-counting device could not be used with the

cathodoluminescent stage. Cathodoluminescence causes detrital quartz grains

to luminesce pink and blue, which distinguishes them from brown-luminescing

quartz overgrowths and reveals any grain interpenetration. Consequently,

grain-to-grain solution was measured separately using the pressure-solution

strain (PSS) method (Onasch 1994), which will be discussed later.

Microstructural abundances

Microstructures were point-counted in the bedding- and strike-

perpendicular ("v") sections of all samples (Appendixes A, C). These

abundances were tabulated for the five structural domains of each profile and for

each entire profile (Figure 11). Undulatory extinction is the most common

feature in all domains and is equally abundant in all domains. Undulatory

extinction in quartz grains of the Tuscarora Sandstone could be inherited by

deposition from metamorphic source rocks, rather than being related to the

formation of the Barclay anticline and thrust (Dorsch 1993, Onasch & Dunne

1993). However, other dislocation-related structures, such as deformation bands

and deformation lamellae, are evenly distributed through all domains
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Figure 11. Microstructural abundance charts: (a) forelimb, (b) hinge, (c)
backlimb (above the roof flat), (d) backlimb (above the thrust ramp), (e) footwall,
and (f) all five structural domains of the cross sections A-A' (north) and B-B'
(south) of Figure 3. Dark gray bars represent values for the north profile and
light gray bars represent values for the south profile.
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(Figure 11). These structures have been shown to deform both detrital grains

and cement in the Tuscarora Sandstone, implying that they are not inherited

(Onasch & Dunne 1993). The uniform abundances of all dislocation-related

microstructures is interpreted to indicate that dislocation-related deformation was

not inherited and represents a uniform deformation across the study area. In this

region, the most likely cause for such uniform deformation is layer-parallel

shortening prior to folding (Geiser 1974, Dean etal. 1988, Ferrill & Dunne 1989).

Fluid inclusion planes represent 1 to 13% of the grains in most domains,

and are less common in the footwall than in the hanging wall. Microveins and

cataclastic bands are restricted to less than 2% of the grains in any domain.

Cataclastic bands, including those at outcrop scale, form only in the

conglomerate at the base of the Tuscarora Sandstone, which indicates that

cataclasis is a deformation behavior restricted to the coarser-grained quartz-rich

lithologies. Stylolites are rare, implying that development of solution-related

discontinuities across bedding is uncommon.

Extensional strains from microveins (Table 3) (Onasch 1990) were

determined for the ten samples that contained the most microveins (Tables C.I,

0.2). Microvein widths were measured across thin sections normal to fracture

orientation. Extensions range from 0.2 to 4.1% for each microvein set, with all

but one set containing less than 2.7% extension. Microvein formation is a

dilational event (Onasch 1990), so that extensional strains are equivalent to

volume increases. Summing the strains for each sample, extensions are greater

in the hinge and forelimb than in the backlimb (2.7 to 9.4% vs. 1 to 3.2%). A

possible cause for this difference is that some forelimb and hinge samples (N13,

82, S3, SI 6, and SI 7) are located in the outer-arc of the anticline, and would

have experienced outer-

49



O
l
o

T
a
b
l
e
 3
.

Mi
cr

ov
ei

n 
ex
te
ns
io
na
l 
st

ra
in

s (
ex

pr
es

se
d 
a
s
pe

rc
en

ta
ge

s)
.

Be
dd
in
g-
pa
ra
ll
el
 s
ec
ti
on

Be
dd
in
g-
 a
n
d
 d
ip

-p
er

pe
nd

ic
ul

ar
 s
ec

ti
on

Be
dd
in
g-
pe
rp
en
di
cu
la
r,
 d
ip

-p
ar

al
le

l 
se
ct
io
n

S
a
m
p
l
e

D
o
m
a
i
n

St
ri

ke
-p

ar
al

le
l

St
ri
ke
-p
er
p.

St
ri

ke
-o

bl
iq

ue
Be

d-
pa

ra
ll

el
 

Be
d-

pe
rp

. |
 

Be
d-

ob
li

qu
e

Be
d-

pa
ra

ll
el

 
Be

d-
pe

rp
. 

1 
Be
d-
ob
li
qu
e 

1
b
-
N
5

B
a
c
k
l
i
m
b
:

0
.
4

P
-
N
5

fl
at

2
.
4

V
-
N
5

0.
4 

.
1 

1
b
-
N
1
3

1
 1 

2.
6

P
-
N
1
3

F
o
r
e
l
i
m
b

0
.
5
 

1
.
2

V
-
N
1
3

1
 0.
6 

2.
2

b
-
N
1
7

0
.
4

2
.
2

P
-
N
1
7

Hi
ng
e

0
.
7
 

1
.
7

V
-
N
1
7

0.
2 

1 
3.

5 
0.
7 

1
b
-
S
2

1
 1.
6

P
-
S
2

F
o
r
e
l
i
m
b

0
.
5
 

0
.
5
 

2
.
0

V
-
S
2

0.
6 

1
b
-
S
3

1
.
8

1
.
1

0
.
6

P
-
S
3

F
o
r
e
l
i
m
b

0
.
4
 

3
.
1

V
-
S
3

1
 2.
4 

1
b
-
S
7

B
a
c
k
l
i
m
b
:

1
 1 

0.
2

P
-
S
7

fl
at

0
.
2

V
-
S
7

1
 0.
6 

1
b
-
S
1
0

1
 1 

0.
8

P
-
S
1
0

F
o
r
e
l
i
m
b

1
.
4

V
-
S
1
0

1
 1 

1.
4 

1
b
-
S
1
2

1
 1 

1.
2

P
-
S
1
2

F
o
r
e
l
i
m
b

2
.
2

V
-
S
1
2

0
.
3
 

4
.
1
 

0
.
4

b
-
S
1
6

1
 2.
6

P
-
S
1
6

Hi
ng

e
0
.
3

V
-
S
1
6

1
 1 

2.
6 

1
b
-
S
1
7

1
 0.
8

P-
S1
7

Hi
ng
e

1
.
0

V
-
S
1
7

0
.
9



arc extension. The significant extensional strain in the two southern forelimb

samples (S10 and S12) is consistent with the other deformation of the pebble

conglomerate in the forelimb and hinge, such as cataclastic bands and FIPs.

Because other samples from Tuscarora Sandstone contain fewer microveins

than the measured samples, the bulk dilation in the Tuscarora Sandstone from

microveins is quite small.

Microstructural occurrences

Microstructural occurrences were statistically correlated. A f-testwas

performed on correlations determined by linear regression (Table 4). Some pairs

of microstructures were shown to have a non-random association. The most

significant correlation is that between microveins and cataclastic bands, which

reflects the fact that cataclastic bands are always observed with microveins.

Among the dislocation-related mechanisms, the correlation is statistically

significant and positive between deformation lamellae and deformation bands, as

well as between undulatory extinction and deformation bands. Such a

correlation is consistent with their abundance in all fold domains. Certain

microstructures that result from different mechanisms also positively correlate.

For example, subgrains are commonly found adjacent to fracture-related

microstructures, but not dislocation-related structures. This correlation may

reflect discrete lattice reorientation within grains by fracturing, as opposed to

dislocation accumulation.

Microstructural occurrences vary little between the north and south

profiles within the same domain (Figure 11). This consistency suggests that

similar deformation mechanisms were active in a given domain along structural
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trend. Fluid inclusion planes and microveins exist in greatest concentrations in

the forelimb and hinge. Cataclastic bands are present only in the conglomeratic

base of the Tuscarora Sandstone in the inner arc of the main fold and forelimb.

They are a microscale effect of the abundant contraction faults in this interval.

Relative ages of microstructures

Fluid inclusion planes are only locally abundant. Where present they are

so sparse as to provide little information about age relationships. A few samples

from the forelimb of the south profile contain microveins with parallel FIPs, which

suggests that the two structures formed at the same time (Onasch 1990).

The south and north forelimbs and hinges contain abundant

microfractures in the form of microveins and cataclastic bands. The microveins

and cataclastic bands consistently crosscut interpenetrated grains, indicating that

grain-to-grain pressure solution occurred before fracturing.

Many samples contain only one set of microveins that share the same

orientation. Some samples contain more than one microvein set, with sets

oriented obliquely to each other in most cases. None of these samples exhibit

offset of one type of microvein by another, suggesting that most veins formed at

the same time.

The grains comprising microvein fill generally contain undulatory

extinction, and in a few veins they contain deformation lamellae and deformation

bands. These dislocation-related structures may have been inherited as the

grains grew from the wallrock into the fracture. Alternatively, these structures

may have overprinted earlier extension structures.
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GRAIN-TO-GRAIN SOLUTION

Methodology

Volume loss due to grain-to-grain solution was determined for a

representative sample set using a new pressure-solution strain (PSS) method

(Onasch 1993, Onasch 1994). The method involves reconstructing the original

grain boundaries of interpenetrated quartz grains (Figure 12) from

cathodoluminescent photomicrographs and estimating the amount of "overlap

quartz" (Houseknecht 1988, Onasch 1993). Strain is then determined from the

amounts of interpenetration and orientations of the straight-line compromise

boundaries.

Only 20 samples were analyzed (Table 5, Appendix D) because the PSS

method is quite time consuming. Measurement areas in photomicrographs were

chosen that lack transgranular heterogeneous structures, such as microveins, to

preserve homogeneity during analysis. Measured pressure-solution strains are

conservative estimates because: (1) they were made only where grains clearly

indent other grains, so straight boundaries that might contribute significant

solution were ignored; (2) indenters were treated as rigid bodies, but their

amplitudes may have been reduced during solution; (3) only interpenetrations

between original grains are measured, so any solution of diagenetic cements is

ignored (Dunne & Caldanaro in review).

Strain magnitudes

Strain ellipses for the PSS data were measured in three mutually

perpendicular planes (Table 5) and ellipsoids were calculated from the ellipses

(Table D.I) (Owens 1984). The Rxy and Ry^ strain ratios are small, with
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Figure 12. Photomicrographs of grain-to-grain solution, (a) CL photomicrograph
of grain-to-grain interpenetrations with original grain boundaries noted in red. (b)
Same view as in (a), but under crossed polarizers. Interpenetrated grain pairs
are identified by numbers.
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most less than 1.05 (Table D.l; Figure 13). Although the resulting ellipsoids are

nearly spherical, the elongations remain significant, with most ranging from 10-

20%. Consequently, average area loss is 27% per thin section and average

volume loss per sample is 28±3% by solution (Table 5). The average volume

loss of 28% from PSS is greater than the combined rock porosity (<1%), average

amount of preserved diagenetic cement (6%) (Table 6), and volume increases

related to dilation from microvein formation (<3% in any direction). Therefore,

the Tuscarora Sandstone undenwent net volume loss during both lithification and

tectonism.

Strain orientations

PSS ellipsoid axis orientations are depicted in equal-area stereonets in

which bedding was rotated to the horizontal (Figure 14). Restoring bedding to

the horizontal provides a common reference plane for the samples in the

stereonets. The restoration was selected because quartz-rich sandstones

commonly record a bedding-normal syndiagenetic compaction (Pettijohn et al.

1987, Houseknecht 1988), and therefore bedding would be a useful reference

state as the equatorial plane for the stereonets. The PSS ellipsoid axes for the

Tuscarora Sandstone display no polar or girdle distributions (Figure 14). The

lack of preferred orientation for the strain axes reflects the nearly spherical

ellipsoid shapes, but is unexpected.

Interpretation of PSS data

Quartz-cemented sandstones are known to undergo significant diagenetic

compaction (Pettijohn etal. 1987, Houseknecht 1988, Couzens etal. 1993,
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Figure 13. Flinn plot of pressure solution strain data (20 samples).
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Table 6. Percentage of silica cement in quartz arenite samples-

Sample % of 200 grains
N1 4

N2 9.5

N3 3.5

N4 2

N5 2

N6 3

N7 4.5

N8 6

N9 1.5

N12 7.5

N13 6

N14 4

N15 5

N16 3

N17 3

FN1 9.5

FN2 12

SI 7.5

82 6

S3 8

S4 3.5

S5 4.5

S6 4

S7 4.5

S8 13

S9 2

S10 7

S11 3.5

S12 5

S13 5

S14 6

S15 5

S16 8.5

S17 3.5

S18 4.5

S19 4.5

S20 8.5

S22 7.5

FS1 5

FS2 7.5

FS3 10
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Figure 14. Equal-area lower hemisphere projections depicting PSS incremental
strain ellipsoid axial orientations. Bedding is restored to horizontal to provide a
common plane of reference.
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Onasch & Dunne 1993). It is also known that grain-to-grain solution is a

significant contributor to compaction-related deformation (Rutter 1983,

Houseknecht 1988, Onasch 1993). Diagenetic bedding-normal compaction

should produce oblate strain ellipsoids with X- and Y-axes parallel to bedding

and Z-axes clustered around the bedding normal (Couzens etal. 1993).

However, the PSS data from the Tuscarora Sandstone of the Barclay anticline

do not simply record such compaction-dominated deformation.

There are two possible explanations for this lack of pressure solution

evidence for compaction. The first explanation considers the pre-existing grain

fabric in the sandstone. Onasch (1993) showed that real grain populations

deformed by pressure solution overestimate shortening magnitudes. Yet,

examination of Figures 6a, 8a, and 8c in Onasch (1993) reveals a second source

of overestimation for real grain fabrics parallel to the long axis of the strain

ellipse. For compaction, elongation should be zero when measured parallel to

bedding in a bed-normal measurement plane. Yet, pre-existing grain fabric

creates an apparent volume loss of 5 to 15% and produces near-circular ellipses

for 0 to 20% shortening. As a result, the near-spherical ellipsoids measured in

the Barclay anticline may be an artifact of this second source of overestimation

from measuring elongation for a simple uniaxial compaction.

A second possible explanation for near-spherical, rather than oblate,

ellipsoids from the PSS data is that compactional shortening magnitudes may

approximately equal layer-parallel shortening (LPS) magnitudes. If this is the

case, apparent shortening effects of these two events parallel to strike (Onasch

1993) would need to have a magnitude equivalent to the real shortenings. Such

a correspondence requires strong coincidence, particularly since apparent

shortening exceeds real shortening for small strains (Onasch 1993). Thus, the
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first explanation for the strain geometry is more likely, because it is consistent

with the observed grain fabrics and strain magnitudes. Thus, although the

calculated strain ratios are small, there is a measurable amount of tectonic strain

in the samples. An important implication of this interpretation is that grain-to-

grain solution preceded tectonic deformation.
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FINITE STRAIN ANALYSIS

Methodology

For each of the three mutually perpendicular thin sections from all 41

samples, boundaries of 200 quartz grains were digitized to determine finite strain

with the normalized Fry method (Fry 1979, Erslev 1988). Original detrital quartz

grain boundaries were identified from optically continuous cement overgrowths in

cathodoluminescence photomicrographs, as recommended by Houseknecht

(1988). Detrital grains preserve their original grain centers, permitting the use of

quartz grains as strain markers in the Tuscarora Sandstone (Dunne et al. 1990).

Strain ellipsoids were then calculated from the three mutually perpendicular

strain ellipses derived for each sample (Appendix E) (Owens 1984). Sample

sites were chosen to eliminate transgranular heterogeneous structures, such as

microveins and stylolites, so as to measure homogeneous strain at the scale of

200-grain domains. Possible contributors to pervasive deformation at this scale

are dislocation-related structures, fluid-inclusion planes, and pressure solution at

the grain scale (Figures 10, 11). Such dislocation-related microstructures as

undulatory extinction, deformation bands, and deformation lamellae are

uniformly abundant throughout the Barclay anticline (Tables C.I, 0.2;Figure

10a,b) and could be a potentially large source of finite strain. Pressure solution,

in the form of grain-to-grain interpenetrations (Figure 12), is common throughout

the Tuscarora Sandstone and is also possibly a major contributor to finite strain.

Fluid inclusion planes (Figure 10a), however, are scarce, so their contribution to

finite strain is small.
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strain magnitudes

Flinn plots for strain ratios (Figure 15a-e) reveal no apparent relationship

between structural domain and strain magnitude. Strain ratios are small for all

domains (Figure 15; Tables E.1, E.2) with ratios of less than 1.25. This result is

consistent with measurements in previous studies of finite strain in quartz

arenites of the central Appalachians (Couzens etal. 1993, Dunne & Caldanaro in

review).

These small values may result from the cancelling effect of the two

deformations that are thought to be prevalent in sandstones of the Central

Appalachians: sedimentary compaction and layer-parallel shortening (Geiser

1974, Engelder 1979a, Engelder 1979b, Nickelsen 1979, Ferrill & Dunne 1989,

Couzens et al. 1993, Dunne & Caldanaro in review). Pretectonic diagenetic

compaction produces a bedding-normal flattening strain (Figure 15f), with Ry^

much larger than the Rxy of about 1.00 (Ramsay & Wood 1973). Such

compaction causes 10-30% shortening, with resulting strain ratios of 1.11-1.43.

Regional LPS shortens normal to the compaction as approximately a plane strain

or an axial-symmetric flattening. This deformation would reduce Ry^ ratios while

increasing R^y (Couzens et al. 1993), which would keep strain ratios small,

resulting in a pattern of data points for progressive deformation like that in Figure

15(f). If diagenetic compaction followed by LPS is the dominant source of finite

strain in the Tuscarora Sandstone, the Flinn plots should resemble Figure 15(f).

Although the measured strain ratios fall within the aforementioned range of

values and some plots have data points distributed along a line of negative

slope, the Flinn plots for the hanging wall domains do not compare simply to the

ideal deformation sequence. This deviation from ideal in the plots may reflect

additional deformations at the scale of 200-grain domains, or may result
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Figure 15. Flinn plots of finite strain data. Data are divided into structural
domains (a-e) and labels for data points correspond to sample numbers. Figure
15(f) illustrates the effect on finite strain values of layer-parallel shortening (LPS)
overprinting pretectonic diagenetic compaction.
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from deforming grains that already possess a pre-compaction fabric.

Orientation data

Finite-strain ellipsoid axis orientations are depicted for both present-day

bedding orientations and also for bedding rotated to the horizontal (Figure 16).

Rotated bedding better reveals whether deformation, as represented by finite

strain data, was geometrically related to layering or the present-day horizontal. If

deformation at the scale of the 200-grain domains is dominated by layer-normal

compaction and LPS, axes for strain ellipsoids would have more clearly defined

polar and girdle distributions for the rotated data (Couzens et al. 1993). Rotated

data do show clearer distributions than present-day data, which are interpreted

as showing the relative importance of compaction and LPS to finite strain.

Most of the X- and Y-axes of the strain ellipsoids for the four hanging wall

domains show bedding girdles, and all hanging wall Z-axes cluster around the

bedding normal (Figure 16). These orientations are consistent with those

predicted for deformation dominated by layer-normal shortening, such as

pretectonic diagenetic compaction (Couzens et al. 1993). Because these

orientations appear in most of the hanging wall domains, except for the backlimb

region above the footwall ramp, it is interpreted that diagenetic compaction was a

significant contributor to finite strain at the scale of the measured domains for the

Tuscarora Sandstone in the field area and it had a greater magnitude than any

tectonic contribution to finite strain.
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Figure 16. Equal-area lower hemisphere projections depicting finite strain
ellipsoid axial orientations. Data points are provided for the original bedding
orientations ("(u)") and for bedding restored to horizontal ("(r)"), and is further
divided into structural domains. Forelimb and backlimb ramp data were
contoured using the Kamb (1959) method with 3a contour interval.
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Comparison of PSS and finite strain

The pressure solution and finite strain data differ significantly. The finite-

strain ellipsoid Z-axes have a distinct bedding-normal orientation, whereas the

PSS Z-axes exhibit no preferred orientation. This result is unexpected because

PSS records grain-to-grain solution of a mostly compactional origin, whereas

finite strain records the effects of both compaction and the contribution of

dislocation-related mechanisms during tectonic deformation. Therefore, the

finite strain should have its compactional signal obscured by tectonic strain. The

author interprets that the difference between the PSS and finite strain ellipsoid

axial orientations results from finite strain recording both physical and chemical

compaction, whereas the PSS method measures only the chemically driven

grain-to-grain solution. The mechanical compaction is an additional 10-20%

uniaxial volume loss (Onasch 1994), which doubles the solution-related

shortening from PSS, and should produce a more pronounced compactional

effect in the shape of the finite strain ellipsoid as compared to PSS ellipsoids.

Another difference between the two data sets is that the finite strain

ellipsoids are less spherical than the PSS ellipsoids, indicated by the finite strain

ratios that average 1.14 instead of 1.03. The less spherical shapes may result

from two sources: the greater recorded compaction in the finite strain and the

dislocation-related deformation. As mentioned previously, the finite strain

records a greater compaction strain because it includes mechanical effects, but

excludes the overestimation by the PSS method. Thus, finite-strain Ry^ would be

greater. Dislocation-related microstructures are abundant in the Tuscarora

Sandstone and represent a pervasive tectonic deformation, probably LPS. Such

deformation would increase the R^y ratio for a pre-existing compactionally

generated strain ellipsoid.
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DISCUSSION

Comparison of the Barclay anticline to models for fault-related folds

The observed pattern of deformation In the Barclay anticline may be

compared to the models for fault-related folds (Figures 1 and 5) to determine the

cause of folding prior to, or during, transport over a footwall ramp. Fault-

propagation folding with preservation of layer thickness is not a viable geometric

choice (Figure 5a), because it requires an additional fold hinge and an

overturned forelimb. The remaining three models can form the necessary

geometry, yet they differ in their kinematic imprint at the micro- or mesoscale in

the forelimb and main hinge.

The Barclay anticline does not contain deformation distributions at the

microscale that correlate to fold domains. Patterns of microstructural

deformation do not match the predicted pervasive deformations of the fold

models. Instead, the anticline contains ubiquitous dislocation-related structures

and grain-to-grain solution that resulted from diagenetic compaction and layer-

parallel shortening, predating fold-thrust development. As a result, folding was

accommodated through development of mesostructures and discontinuous

microstructures, but not by pervasive, continuous microscale deformation.

The fault-bend fold and folding-after-fault-propagation models (Figures 5b

and 5c) require considerable material transport through the main hinge to

accommodate the change in hanging wall cutoff angle during fault displacement

(Figure 6). Although bedding-parallel slip surfaces are abundant in the forelimb,

at a spacing of one every 2 m, they terminate in the hinge and are absent in the

backlimb. This geometry precludes material transport through the hinge by
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layer-parallel slip. Thus, the fault-bend fold and folding-after-fault-propagation

models fail as explanations for the Barclay anticline.

The distribution of slip surfaces is consistent with flexural slip during break

thrusting, because slip would be expected only in the limbs and not in the hinge.

The absence of slip surfaces in the backlimb may indicate that the anticline

developed as a kink fold with one active limb (Stewart & Alvarez 1991).

Alternatively, it may mean that small magnitudes of slip for the gently dipping

southeastern limb would be absorbed at unit boundaries or within the two weak

"racetrack" layers. The appearance of more frequent bedding-parallel slip

surfaces in locations with greater predicted flexural slip is consistent with

observations from other folded quartz arenites in the Appalachians (Dunne 1986,

Couzens & Dunne 1994, Dunne & Caldanaro in review). Folding by flexural slip

would also explain the paucity of evidence for tangential longitudinal strain in the

main hinge. The only evidence for such strain is the contraction faulting in the

inner arcs of both profiles. The faults in the basal conglomerate of the south

profile record small deformations and are interpreted to indicate a migrating

hinge. The greater deformation in the north profile is consistent with hinge

pinning during fold amplification. Hence, the Barclay anticline is best explained

as a break-thrust fold which formed by flexural slip, with a migrating hinge that

only pinned in the north profile where a secondary imbricate thrust developed.

The deformation history of the Barclay anticline consists first of folding

through flexural slip, with fold amplification occurring through hinge migration.

The fold was then faulted by the Barclay thrust, passing through one footwall

bend in the process. Later minor folding in the footwall folded the Barclay thrust

(Figure 3). The footwall syncline required by the break-thrust fold model may or
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may not be present; in the field, the footwall Is covered where the syncline

should be present.

The Barclay anticline and the concept of self-similarity

The two profiles of the Barclay anticline are similar in that they have the

same microstructural abundances and similar strain magnitudes and

orientations. They share a common fold shape, consisting of straight limbs,

narrow hinge, steep forelimb, and gently dipping backlimb. The profiles cannot

be interpreted as self-similar, however, because the imbricate fault is present

only in the north profile and the thickness of the Juniata Formation above the

Barclay thrust is greater in the south profile than in the north. As a result, the

north profile does not represent an earlier stage of development for the south

profile, which is a requirement for self-similar behavior as defined by Suppe and

Medwedeff (1990) and Fischer and Woodward (1992). This result is also

consistent with fold kinematics because break-thrust folding does not require

self-similar development (Fischer et at. 1992).
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CONCLUSIONS

(1) Break-thrust folding best explains the initiation of the Barclay anticline. The

fold is interpreted to have formed by flexural slip, with a small amount of inner-

arc contraction. Fold amplification occurred through hinge migration, perhaps

due to kinking with only one rotating limb. After thrust propagation, the anticline

was translated through one footwall fault bend to its present position. An

important aspect of this result is that break-thrust folding may occur with hinge

migration, in contrast to previous discussion (Fischer & Woodward 1992, Fischer

et al. 1992). In this case, the characteristic that distinguishes break thrusting

from other models with hinge migration is whether material transport occurred

through the anticlinal hinge.

(2) Although the Barclay anticline displays many similar characteristics in the two

profiles, it is not self-similar. The presence of an imbricate thrust in the north

hinge and the different thicknesses of detached Juniata Formation between the

two fold profiles preclude the possibility that the north profile represents an

earlier stage of development of the south profile.

(3) This study again shows that geometry is an insufficient discriminator when

determining the origin of a fault-related anticline. In the case of the Barclay

anticline, geometric characteristics could eliminate only one likely possibility.

Kinematic analysis is more discriminating, although detecting the difference

between fault-bend folding and folding-after-fault-propagation may be difficult

when the latter lacks a strong imprint from transport over footwall fault bends.

Also, finite states of the deformation can discriminate between possible origins if
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the contribution of both micro- and mesoscale structures are included. While

incremental states are preferred for analysis, they are often not necessary.

(4) The Tuscarora Sandstone of the Barclay anticline folded in a manner

characteristic of sandstone deformation in the central Appalachians; diagenesis

by physical compaction and grain-to-grain solution; early pervasive, but not

intense, tectonic dislocation-related deformation; and then discontinuous

deformation by slip or dilation on bedding, faults, and veins.
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APPENDICES



APPENDIX A: ORIENTATION DATA, SAMPLE PREPARATION,
AND DATA COLLECTION



The first part of Appendix A contains a stratigraphic column of the

Tuscarora Sandstone (Figure A.1) and bedding orientation data (Table A.2)

collected at all the sample and station locales (Figure A.2), using the sample

labels listed below (Table A.1). The second part of this appendix outlines and

illustrates the procedures used in thin-section preparation and strain data

collection.

Table A.1. Sample labeling key.

Sampling Label Field Location

N  North profile

8  South profile

FN Footwall of north profile

FS Footwall of south profile
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Field Sample
Location number Strike/Dip Quad.

N1 014/20 8E

N2 007/16 8E

N3 345/17 8E

N4 312/21 8E

N5 341/17 8E

N6 354/11 8E

N7 013/12 8E

North N8 002/12 8E

Profile Ng 351/11 8E

N12 220/30 NW

N13 027/84 NW

N14 130/10 NW

N15 071/14 NW

N16 033/46 NW

N17 038/77 NW

FN1 315/07 FW

FN2 327/08 FW

81 043/70 NW

82 039/51 NW

83 040/47 NW

84 054/34 NW

85 071/21 NW

86 173/07 8E

87 173/07 8E

88 026/11 NW

89 046/79 NW

810 030/46 NW

South 811 038/73 NW

Profile 812 035/75 NW

814 044/36 NW

815 052/12 NW

816 039/57 NW

817 043/34 NW

818 149/18 SE

819 017/26 8E

820 044/19 8E

822 030/13 8E

F81 033/23 FW

F82 022/19 FW

F83 054/13 FW
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SAMPLE PREPARATION

Thin sections

Samples were cut into three mutually perpendicular billets from

handspecimen blocks (Figure A.3). Orientations used for the thin sections are as

follows:

b-section = bedding-parallel, looking down into bedding:

p-section = bedding- and dip-perpendicular, looking through the updip

surface in the downdip direction;

v-section = bedding-perpendicular and dip-parallel, looking north.

Top view of block

Cut lines

strike

L

Figure A.3. Block of Tuscarora Sandstone.
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Notching convention

A small notch was cut into each billet to record its relative orientation.

Billets were notched and mounted to glass slides as illustrated in Figure A.4.

All "b" and "p" sections were notched on the downdip and southerly end; all "v"

sections were notched on the downdip end.
b  p V

(a)

up

A

(b)

up

A

Figure A.4. Orientation of billets: (a) from NW-
dipping samples; (b) from SE-dipping samples
(rock side of slide facing up).

Thin section labels

An example of a thin section label is shown below in Figure A.5.
Thin Section Orientation

b = bedding section
p = perpendicular section
V = vertical section

I Sample Number |

b-S1
/

Sample Location

N = North profile
S = South profile
FN = Footwali, north profile
FS = Footwall, south profile

Figure A.5. Sample labeling convention.
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DATA COLLECTION

Cathodoluminescence (CL) photomicroscopy

One to two photographs were taken for each thin section, and the field of

view was large enough to ensure a 150-grain minimum for each photo.

Ektachrome 400ASA film was used and exposure times averaged three to four

minutes. For particularly dark sections, the film was exposed 1 stop down and

push-processed 1 stop. All thin sections were arranged in the CitI Cold Cathode

Luminescence Model MK3 vacuum chamber with their notches towards the front

(Figure A.6). Photograph orientation corresponds to thin section orientation.

I  1 Vacuum chamber

(Rock side of slide facing up)

Figure A.6. Set-up for CL photomicroscopy.

Polarized light (PL) photomicroscopy

Polarized light photographs were taken of the same scenes photographed

in CL. Sections were arranged the same as in CL.

Digitizing grain shapes

Only the CL images were digitized. Xerox color prints (8.5" x 11") were

made for each slide photographed. The prints were arranged with the sample

numbers at the top of the photo for strain analysis. Figure A.7 illustrates the



arrangement of photos on the digitizing pad and the relationship of the

photographs to the dip directions of the samples.

(Photo)

Digitizing pad

Operator

Figure A.7. Orientation of photographs on the digitizing pad.
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APPENDIX B: MESOSTRUCTURAL OCCURRENCES



This appendix contains mesostructural occurrence data, including bedding

orientations, for the northern and southern exposures of the Barclay anticline.

Station locations are plotted on Figure A.2.

96



T
a
b
l
e
 B
.
1
.
 
M
e
s
o
s
t
r
u
c
t
u
r
a
oc
cu
rr
en
ce
s:
 n

or
th
 p
ro

fi
le

.
S
t
a
t
i
o
n
 n
o
.

F
a
u
l
t
s

V
e
i
n
s

C
a
t
a
c
l
a
s
t
i
c
 z
o
n
e
s

S
o
l
u
t
i
o
n
 s
u
r
f
a
c
e
s

Be
d-

pa
ra

ll
el

 s
li

p
O
r
i
e
n
t
a
t
i
o
n

Cr
os

s-
be

dd
in

g
D
o
m
a
i
n

N
1

X
X

-
X

-

0
1
4
,
 2
0
E

-

Ba
ck
li
mb
-r
am
p

N
2

X
X

-
-

-
0
0
7
,
 1
6
E

X
B
a
c
k
l
i
m
b
-
r
a
m
p

n
2

-
X

-
X

-

3
3
2
,
 1
7
N
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

N
3

-
X

-
-

-
3
4
5
,
 1
7
N
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

N
4

-
-

-
-

-

3
1
2
,
 2
1
N
E

_

B
a
c
k
l
i
m
b
-
f
l
a
t

n
5

-
-

-
X

-
3
3
9
,
 1
1
N
E

X
B
a
c
k
l
i
m
b
-
f
l
a
t

N
5

-
-

-
X

-
3
4
1
,
 1
7
N
E

-

B
a
c
k
l
i
m
b
-
f
l
a
t

n
6

-
-

-
X

-
3
4
1
,
 1
9
E

X
B
a
c
k
l
i
m
b
-
f
l
a
t

n
7

-
-

-
X

-
3
4
8
,
 1
3
E

X
B
a
c
k
l
i
m
b
-
r
a
m
p

N
6

-
-

-
X

-
3
5
4
,
 1
1
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

n
8

-
-

-
X

-
3
5
4
,
 1
0
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

n
9

-
-

-
X

-

0
1
5
,
 1
8
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

N
7

-
-

-
X

-

0
1
3
,
 1
2
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

N
8

-
X

-
-

-
0
0
2
,
 1
2
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

n
1
2

-
-

-
-

-

0
1
8
,
 2
1
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

N
g

-
-

-
-

-
3
5
1
,
 1
1
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

N
1
2

-
-

-
X

-
2
2
0
,
 3
0
W

-

F
o
r
e
l
i
m
b

N
1
3

-
-

-
X

-

0
2
7
,
 8
4
W

_

F
o
r
e
l
i
m
b

n
1
6

-
-

-
X

-
2
3
0
,
 4
0
W

-

F
o
r
e
l
i
m
b

N
1
4

-
-

-
X

-
1
3
0
,
 l
o
w

X
Hi
ng
e

N
1
5

-
-

-
-

-
0
7
1
,
 1
4
N

X
H
i
n
g
e

N
1
6

X
-

-
-

-

0
3
3
,
 4
6
N
W

-

F
o
r
e
l
i
m
b

N
1
7

X
-

-
-

X
0
3
8
,
 7
7
N
W

-

H
i
n
g
e

F
N
1

-
-

-
-

-
3
1
5
,
 7
E

-

F
o
o
t
w
a
l
l

F
N
2

-
-

-
-

-
3
2
7
,
 8
E

-
F
o
o
t
w
a
l
l

C
D

K
E
Y
:
 n

=s
ta

ti
on

; 
N=
sa
mp
le
 s
it

e;
 F
N=

fo
ot

wa
ll

 s
am
pl
e 

si
te
; 
x=

fe
at

ur
e 
pr

es
en

t;
 (-

)=
fe

at
ur

e 
ab
se
nt
.



Ta
bl
e 
B.
2.
 M

es
os
tr
uc
tu
ra
l 
oc

cu
rr

en
ce

s:
 s
ou
th
 p
ro

fi
le

S
t
a
t
i
o
n
 n
o
.

F
a
u
l
t
s

V
e
i
n
s

Ca
ta
cl
as
ti
c 
z
o
n
e
s

So
lu
ti
on
 s
u
r
f
a
c
e
s

Be
d-
pa
ra
ll
el
 s
li
p

O
r
i
e
n
t
a
t
i
o
n

Cr
os
s-
be
dd
in
g

D
o
m
a
i
n

8
1

-
X

-
X

X
0
4
3
,
 7
0
N
W

X
F
o
r
e
l
i
m
b

8
2

X
X

-
X

X
0
3
9
,
 5
1
N
W

X
F
o
r
e
l
i
m
b

8
3

-
X

-
-

X
0
4
0
,
 4
7
N
W

_

F
o
r
e
l
i
m
b

8
4

-
-

-
-

-
0
5
4
,
 3
4
N
W

-

F
o
r
e
l
i
m
b

8
5

-
-

-
X

-
0
7
1
,
 2
1
N

X
H
i
n
g
e

8
6

-
-

-
-

-
1
7
3
,
 7
E

B
a
c
k
l
i
m
b
-
f
l
a
t

8
7

-
-

-
X

-
1
7
3
,
 7
E

X
B
a
c
k
l
i
m
b
-
f
l
a
t

8
8

-
-

-
-

-
0
2
6
,
 1
1
 N
W

-

H
i
n
g
e

8
9

X
-

X
-

X
0
4
6
,
 7
9
N
W

X
F
o
r
e
l
i
m
b

8
1
0

X
-

X
-

X
0
3
0
,
 4
6
N
W

X
F
o
r
e
l
i
m
b

8
1
1

X
-

X
-

X
0
3
8
,
 7
3
N
W

•

F
o
r
e
l
i
m
b

8
1
2

X
X

-
-

X
0
3
5
,
 7
5
N
W

_

F
o
r
e
l
i
m
b

8
1
3

X
-

-
-

X
0
4
2
,
 8
1
 N
W

-

F
o
r
e
l
i
m
b

8
1
4

-
-

-
-

-
0
4
4
,
 3
6
N
W

-

F
o
r
e
l
i
m
b

8
1
5

-
-

-
-

-
0
5
2
,
 1
2
N
W

-

F
o
r
e
l
i
m
b

8
1
6

X
-

-
X

X
0
3
9
,
 5
7
N
W

-

H
i
n
g
e

8
1
7

-
-

-
-

X
0
4
3
,
 3
4
N
W

X
H
i
n
g
e

8
1
8

-
-

-
X

-
1
4
9
,
 1
8
N
E

.

B
a
c
k
l
i
m
b
-
f
l
a
t

8
1
9

-
-

-
X

-
0
1
7
,
 2
6
8
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

8
2
0

-
-

-
X

-
0
4
4
,
 1
9
8
E

-

Ba
ck
li
mb
-r
am
p

8
2
1

-
-

-
X

-
0
3
5
,
 7
8
E

_

B
a
c
k
l
i
m
b
-
r
a
m
p

8
2
2

-
-

-
-

-
0
3
0
,
 1
3
8
E

-

B
a
c
k
l
i
m
b
-
r
a
m
p

F
8
1

-
-

-
-

-
0
3
3
,
 2
3
N
W

-

F
o
o
t
w
a
l
i

F
8
2

-
-

-
-

-
0
2
2
,
 1
9
N
W

-

F
o
o
t
w
a
l
i

F
8
3

-
-

-
-

-
0
5
4
,
 1
3
N
W

-
F
o
o
t
w
a
l
i

C
D

0
0

KE
Y;
 S
=s

ta
ti

on
; X

=s
am

pl
e 

si
te

; F
S=
fo
ot
wa
ll
 s
am

pl
e 

si
te
; 
x=
fe
at
ur
e 
pr
es
en
t;
 (-

)=
fe

at
ur

e 
ab

se
nt

.



APPENDIX C: MICROSTRUCTURAL DATA



This appendix contains microstructura! data derived from point-counting

250 features in the "v" thin section of each sample. Data is divided into

structural domains for both north and south profiles. Because many grains

contained more than one type of microstructure, a total of 200 grains was used

in calculating the percent occurrence for each feature.
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APPENDIX D: TWO- AND THREE-DIMENSIONAL ROTATED PSS

INCREMENTAL STRAIN DATA



This appendix contains incremental strain data from grain to grain solution

arranged by profile lines. All data are derived from application of the PSS

method (Onasch 1993). Cathodoluminescent photomicrographs were used to

define original grain shapes. These incremental strains were processed with

bedding restored to the horizontal. Figure A.2 in Appendix A shows the sample

locations. As with the finite strain data, the two-dimensional data are listed under

the "Input Data" section. Each plane is represented by a letter: b (bed-parallel),

p (bed-perpendicular, strike-parallel), and v (bed-perpendicular, dip-parallel).

Three-dimensional data are listed under "Owens' Output Data" as axial stretch,

axis trend, axis plunge, and YJY and Y/Z axial ratios. The last column, entitled

"Solution," refers to the solution generated by the Owens' method which is the

most statistically sound (contains the least error) (Owens, 1984).
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Table D.I. Two- and three-dimensional rotated PSS incremental strain data.

Owens' nilethod PSS Ellipsoid Calculations: Bedding Rotated to Horizontal
INPUT DATA OWENS' OUTPUT DATA

Sample Orientation Plane Strike Dip Rake Ratio Axis Stretch Axis Trend Axis Plunge Rxy Ryz Solution

N1 014/00 b 14 0 136 1.08 z 0.96 54.6 22.1 1.05 1.04 Q33

P 14 90 137 1.04 y 1.00 274.6 62.1

V 104 90 0 1.01 X 1.05 151.4 16.2

N2 007/00 b 7 0 139 1.01 z 1.00 246.1 34.4 1.03 1.00 Q33

P 7 90 19 1.04 y 1.00 120.2 40.6

V 97 90 90 1.02 X 1.03 359.9 30.6

N3 345/00 b 345 0 90 1.02 z 0.98 345.0 0.0 1.02 1.02 Q33

P 345 90 90 1.05 y 1.00 184.0 90.0

V 75 90 0 1.05 X 1.02 75.0 0.0

N7 013/00 b 13 0 0 1.00 z 1.00 193.0 0.0 1.01 1.00 Q33

P 13 90 90 1.02 y 1.00 103.0 0.0

V 103 90 90 1.01 X 1.01 288.8 90.0

N9 351/00 b 351 0 0 1.00 z 0.98 261.0 60.5 1.01 1.03 Q33

P 351 90 0 1.02 y 1.00 351.0 0.0

V 81 90 33 1.03 X 1.01 81.0 29.5

N12 040/00 b 40 0 0 1.02 z 0.99 130.0 0.0 1.01 1.01 Q33

P 40 90 0 1.02 y 1.00 330.3 90.0

V 310 90 90 1.02 X 1.01 220.0 0.0

N13 027/00 b 27 0 0 1.02 z 0.99 297.0 0.0 1.01 1.01 Q33

P 27 90 0 1.00 y 1.00 160.0 90.0

V 117 90 0 1.00 X 1.01 27.0 0.0

N14 130/00 b 130 0 0 1.03 z 0.99 207.8 90.0 1.03 1.01 Q33

P 130 90 0 1.03 y 1.00 40.0 0.0

V 40 90 0 1.01 X 1.03 310.0 0.0

N16 033/00 b 33 0 0 1.01 z 0.98 160.8 90.0 1.01 1.02 Q33

P 33 90 0 1.02 y 1.00 303.0 0.0

V 303 90 0 1.02 X 1.01 33.0 0.0

FN1 315/00 b 315 0 0 1.10 z 0.96 45.0 0.0 1.04 1.04 Q33

P 315 90 0 1.02 y 1.00 220.3 90.0

V 45 90 90 1.02 X 1.04 315.0 0.0

S2 039/00 b 39 0 90 1.05 z 0.99 39.4 90.0 1.06 1.01 Q33

P 39 90 0 1.00 y 1.00 219.0 0.0

V 309 90 0 1.07 X 1.06 309.0 0.0

S5 071/00 b 71 0 90 1.01 z 0.99 350.4 90.0 1.00 1.01 Q33

P 71 90 0 1.02 y 1.00 161.0 0.0

V 341 90 0 1.00 X 1.00 251.0 0.0

$7 353/00 b 353 0 90 1.02 z 0.99 83.0 55.0 1.06 1.02 Q33

P 353 90 90 1.02 y 1.00 173.0 0.0

V 83 90 153 1.08 X 1.06 263.0 35.0

S9 046/00 b 46 0 128 1.06 z 0.98 114.3 90.0 1.06 1.02 Q33

P 46 90 0 1.05 y 1.00 267.6 0.0

V 316 90 0 1.05 X 1.06 357.6 0.0

812 035/00 b 35 0 0 1.01 z 0.99 184.1 90.0 1.00 1.01 Q33

P 35 90 0 1.01 y 1.00 305.0 0.0

V 305 90 0 1.02 X 1.00 35.0 0.0

814 044/00 b 44 0 0 1.02 z 0.99 71.0 90.0 1.01 1.01 Q33

P 44 90 90 1.02 y 1.00 224.0 0.0

V 314 90 0 1.05 X 1.01 314.0 0.0

S16 039/00 b 39 0 0 1.01 z 1.00 129.0 0.0 1.04 1.00 Q33

P 39 90 41 1.04 y 1.00 219.0 36.7

V 309 90 90 1.04 X 1.04 39.0 53.3

319 017/00 b 17 0 0 1.00 z 0.99 17.0 65.9 1.00 1.01 Q33

P 17 90 132 1.01 y 1.00 197.0 24.1

V 107 90 0 1.02 X 1.00 287.0 0.0

S22 030/00 b 30 0 0 1.01 z 0.99 300.0 0.0 1.02 1.01 Q33

P 30 90 0 1.03 y 1.00 147.6 90.0

V 300 90 90 1.02 X 1.02 30.0 0.0

FS1 033/00 b 33 0 137 1.10 z 0.99 83.5 0.0 1.09 1.01 Q33

P 33 90 0 1.05 y 1.00 258.3 90.0

V 303 90 0 1.02 X 1.09 353.5 0.0
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APPENDIX E: TWO- AND THREE-DIMENSIONAL ROTATED AND
UNROTATED FINITE STRAIN DATA



This appendix contains processed finite strain data arranged by profile,

using the sample labels listed in Table A.1. All data are from

cathodoluminescent photomicrographs. Strain data with bedding rotated to

horizontal are shown in the first half (Table E.1) and data with true field

orientations are shown in the second half (Table E.2). A map depicting sample

locations is included in Appendix A (Figure A.2). Two-dimensional data are

listed under the "Input Data" section. Each plane is represented by a letter: b

(bed-parallel), p (bed-perpendicular, strike-parallel), and v (bed-perpendicular,

dip-parallel). Three-dimensional data are listed under "Owens' Output Data" as

axial stretch, axis trend, axis plunge, and XY and Y/Z axial ratios. The last

column, entitled "Solution," refers to the solution generated by the Owens'

method which is the most statistically sound (contains the least error) (Owens,

1984).
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Table E.1. Two- and three-dimensional rotated finite strain data.

Owens' RAethod Ellipsoid Calculations: Bedding Rotated to Horizontai

iNPUT DATA OWENS' OUTPUT DATA

Sample Orientation Plane Strike Dip Rake Ratio /\xis stretch /\xis Trend /Vxis Plunge Rxy Ryz Solution

N1 014/00 b 14 0 148 1.26 z 0.92 66.6 84.6 1.25 1.09 Q33

P 14 90 178 1.17 y 1.00 241.2 5.3

V 104 90 178 1.23 X 1.25 331.2 0.5

N2 007/00 b 7 0 153 1.17 z 0.91 216.2 62.1 1.15 1.10 Q33

P 7 90 28 1.18 y 1.00 70.3 23.7

V 97 90 2 1.13 X 1.15 334.1 13.9

N3 345/00 b 345 0 98 1.22 z 0.84 173.1 65.1 1.09 1.20 Q33

P 345 90 16 1.27 y 1.00 17.3 22.9

V 75 90 1 1.13 X 1.09 283.4 9.1

N4 312/00 b 312 0 134 1.17 z 0.88 314.9 74.6 1.18 1.14 Q33

P 312 90 164 1.22 y 1.00 177.1 11.5

V 42 90 4 1.23 X 1.18 85.1 10.1

N5 341/00 b 341 0 92 1.05 z 0.95 1.9 79.3 1.07 1.06 Q33

P 341 90 158 1.04 y 1.00 160.6 10.0

V 71 90 177 1.15 X 1.07 251.2 3.8

N6 354/00 b 354 0 114 1.17 z 0.93 204.2 74.9 1.19 1.08 Q33

P 354 90 6 1.28 y 1.00 49.9 13.7

V 84 90 179 1.03 X 1.19 318.3 6.3

N7 013/00 b 13 0 35 1.11 z 0.94 117.5 4.5 1.18 1.06 Q33

P 13 90 17 1.22 y 1.00 215.4 60.5

V 103 90 88 1.17 X 1.18 25.0 29.1

N8 002/00 b 2 0 20 1.11 z 0.86 123.6 73.1 1.13 1.16 Q33

P 2 90 7 1.33 y 1.00 279.6 15.5

V 92 90 162 1.14 X 1.13 11.4 6.5

N9 351/00 b 351 0 48 1.11 z 0.98 153.7 61.0 1.11 1.03 Q33

P 351 90 22 1.08 y 1.00 300.4 24.8

V 81 90 12 1.07 X 1.11 37.0 14.0

N12 040/00 b 40 0 43 1.21 z 0.89 332.6 41.8 1.18 1.13 Q33

P 40 90 4 1.13 y 1.00 192.7 40.5

V 310 90 133 1.20 X 1.18 83.1 21.4

N13 027/00 b 27 0 4 1.07 z 0.83 145.8 57.0 1.07 1.20 Q33

P 27 90 40 1.13 y 1.00 237.1 0.8

V 117 90 156 1.28 X 1.07 327.6 33.0

N14 130/00 b 130 0 52 1.12 z 0.94 250.4 25.5

P 130 90 14 1.22 y 1.00 25.5 56.1 1.16 1.06 Q33

V 40 90 88 1.12 X 1.16 150.0 20.8

N15 071/00 b 71 0 171 1.16 z 0.97 194.5 41.9 1.27 1.03 Q33

P 71 90 54 1.26 y 1.00 303.4 20.0

V 341 90 49 1.10 X 1.27 52.1 41.5

N16 033/00 b 33 0 108 1.11 z 0.81 224.8 46.6 1.03 1.24 Q33

P 33 90 51 1.23 y 1.00 21.2 40.9

V 303 90 172 1.21 X 1.03 121.8 12.0

N17 038/00 b 38 0 79 1.08 z 0.85 185.5 55.5 1.03 1.18 Q33

P 38 90 25 1.19 y 1.00 75.0 13.6

V 308 90 32 1.14 X 1.03 336.6 31.1

FN1 315/00 b 315 0 4 1.21 z 0.78 244.8 44.9 1.15 1.29 Q33

P 315 90 135 1.21 y 1.00 352.0 16.6

V 45 90 39 1.38 X 1.15 96.7 40.4

FN2 327/00 b 327 0 113 1.24 z 0.77 1.0 37.8 1.09 1.29 Q33

P 327 90 135 1.25 y 1.00 117.9 30.3

V 57 90 137 1.27 X 1.09 234.6 37.5
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Table E.I, (continued)

Owens' Method Ellipsoid Calculations: Bedding Rotated to Horizontal

INPUT DATA OWENS'OUTPUT DATA

Sample Orientation Plane Strike Dip Rake Ratio /\xis Stretch /\xis Trend /\xis Plunge Rxy Ryz Solution

31 042/00 b 42 0 176 1.17 z 0.96 57.2 87.2 1.10 1.05 Q33

P 42 90 165 1.08 y 1.00 303.4 1.1

V 312 90 0 1.09 X 1.10 213.4 2.6

S2 039/00 b 39 0 99 1.13 z 0.90 43.2 44.3 1.09 1.11 Q33

P 39 90 150 1.19 y 1.00 290.2 21.2

V 309 90 100 1.04 X 1.09 182.2 37.7

S3 040/00 b 40 0 92 1.13 z 0.82 185.6 56.4 1.22 1.22 Q33

P 40 90 36 1.24 y 1.00 68.3 17.0

V 310 90 23 1.42 X 1.22 328.9 28.1

S4 054/00 b 54 0 50 1.50 z 0.82 13.2 33.1 1.29 1.22 Q33

P 54 90 146 1.18 y 1.00 194.3 56.9

V 324 90 153 1.20 X 1.29 103.5 0.5

S5 071/00 b 71 0 158 1.14 z 0.94 346.8 60.9 1.14 1.06 Q33

P 71 90 165 1.15 y 1.00 126.0 22.9

V 341 90 152 1.10 X 1.14 223.5 17.0

S6 353/00 b 353 0 42 1.12 z 0.90 226.1 62.1 1.22 1.11 Q33

P 353 90 22 1.26 y 1.00 121.8 7.5

V 83 90 37 1.17 X 1.22 28.0 26.7

S7 353/00 b 353 0 83 1.11 z 0.95 202.1 74.5 1.09 1.06 Q33

P 353 90 11 1.07 y 1.00 339.8 11.6

V 83 90 12 1.13 X 1.09 71.9 10.1

S8 026/00 b 26 0 179 1.13 z 0.83 115.4 58.7 1.04 1.21 Q33

P 26 90 0 1.17 y 1.00 291.7 31.3

V 116 90 153 1.22 X 1.04 22.7 1.7

S9 046/00 b 46 0 43 1.04 z 0.89 185.0 69.0 1.10 1.12 Q33

P 46 90 12 1.26 y 1.00 318.4 14.8

V 316 90 31 1.07 X 1.10 52.3 14.6

S10 030/00 b 30 0 95 1.15 z 0.91 81.4 80.4 1.12 1.10 Q33

P 30 90 176 1.12 y 1.00 215.6 6.7

V 300 90 9 1.21 X 1.12 306.4 6.8

S11 038/00 b 38 0 40 1.31 z 0.96 6.1 29.6 1.39 1.04 Q33

P 38 90 138 1.22 y 1.00 136.2 48.6

V 308 90 29 1.15 X 1.39 260.0 26.1

S12 035/00 b 35 0 89 1.16 z 0.81 88.5 68.1 1.12 1.24 Q33

P 35 90 169 1.28 y 1.00 197.1 7.3

V 305 90 30 1.28 X 1.12 289.8 20.5

S14 044/00 b 44 0 148 1.04 z 0.87 265.0 73.0 1.03 1.15 Q33

P 44 90 12 1.18 y 1.00 116.9 14.5

V 314 90 169 1.14 X 1.03 24.7 8.6

SI 5 052/00 b 52 0 150 1.16 z 0.95 266.3 42.7 1.14 1.06 Q33

P 52 90 59 1.07 y 1.00 109.6 44.9

V 322 90 0 1.11 X 1.14 7.5 11.9

S16 039/00 b 39 0 18 1.22 z 0.93 144.0 48.1 1.21 1.08 Q33

P 39 90 3 1.27 y 1.00 322.5 41.9

V 309 90 51 1.07 X 1.21 53.1 0.7

S17 043/00 b 43 0 176 1.17 z 0.83 288.9 72.5 1.07 1.21 Q33

P 43 90 14 1.19 y 1.00 127.5 16.6

V 313 90 169 1.25 X 1.07 35.9 5.3

S18 329/00 b 329 0 88 1.15 z 0.87 147.7 1.4 1.02 1.16 Q33

P 329 90 89 1.19 y 1.00 318.0 88.6

V 59 90 0 1.06 X 1.02 57.7 0.2
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Table E.1. (continued)

Owens' Method Ellipsoid Calculations: Bedding Rotated to Horizontal

INPUT DATA OWENS' OUTPUT DATA

Sample Orientation Plane Strike Dip Rake Ratio Axis stretch Axis Trend Axis Plunge Ftxy Ryz Solution

819 017/00 b 17 0 6 1.14 z 0.93 111.0 50.9 1.12 1.07 Q33

P 17 90 0 1.17 y 1.00 294.0 39.1

V 107 90 137 1.07 X 1.12 202.8 1.5

820 044/00 b 44 0 143 1.15 z 0.83 93.7 59.5 1.10 1.21 Q33

P 44 90 157 1.17 y 1.00 252.3 28.7

V 314 90 18 1.29 X 1.10 347.5 9.3

822 030/00 b 30 0 145 1.17 z 0.88 284.0 0.5 1.13 1.14 Q33

P 30 90 170 1.18 y 1.00 15.2 67.2

V 300 90 92 1.26 X 1.13 193.8 22.8

F81 033/00 b 33 0 114 1.18 z 0.91 244.6 13.8 1.16 1.09 Q33

P 33 90 91 1.11 y 1.00 348.8 44.9

V 303 90 129 1.18 X 1.16 142.0 41.8

FS2 022/00 b 22 0 92 1.15 z 0.91 25.0 22.5 1.13 1.10 Q33

P 22 90 130 1.18 y 1.00 293.0 4.7

V 292 90 91 1.21 X 1.13 191.9 67.0

F83 054/00 b 54 0 94 1.20 z 0.82 234.9 65.7 1.05 1.22 Q33

P 54 90 15 1.33 y 1.00 105.2 16.1

V 324 90 174 1.06 X 1.05 9.9 17.8
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Table E.2. Two- and three-dimensional unrotated finite strain data.

Owens' Metliod Ellipsoid Calculations; Bedding Unrotated

INPUT DATA OWENS' OUTPUT DATA

Sample Orientation Plane Strike Dip Rake Ratio Axis Stretch /\xls Trend Axis Plunge Rxy Ryz Solution

N1 014/20 b 14 20 148 1.26 z 0.92 298.7 74.9 1.25 1.09 Q33

P 14 110 178 1.17 y 1.00 61.0 8.2

V 104 90 18 1.23 X 1.25 152.8 12.6

N2 007/16 b 7 16 153 1.17 z 0.91 235.1 52.3 1.16 1.10 Q33

P 7 106 28 1.18 y 1.00 65.7 37.2

V 97 90 18 1.13 X 1.16 331.8 5.1

N3 345/17 b 345 17 98 1.22 z 0.84 200.0 59.6 1.10 1.19 Q33

P 345 107 16 1.27 y 1.00 12.0 30.2

V 75 90 18 1.13 X 1.10 104.1 3.5

N4 312/21 b 312 21 134 1.17 z 0.88 260.6 64.8 1.18 1.14 Q33

P 312 111 164 1.22 y 1.00 358.2 3.6

V 42 90 25 1.23 X 1.18 89.8 24.9

N5 341/17 b 341 17 92 1.05 z 0.95 289.4 73.7 1.07 1.06 Q33

P 341 107 158 1.04 y 1.00 163.5 9.7

V 71 90 14 1.15 X 1.07 71.2 12.9

N6 354/11 b 354 11 114 1.17 z 0.93 224.7 71.5 1.19 1.07 Q33

P 354 101 6 1.28 y 1.00 47.9 18.5

V 84 90 10 1.03 X 1.19 317.6 1.0

N7 013/12 b 13 12 35 1.11 z 0.94 120.0 20.8 1.18 1.06 Q33

P 13 102 17 1.22 y 1.00 238.8 51.7

V 103 90 100 1.17 X 1.18 17.0 30.5

N8 002/12 b 2 12 20 1.11 z 0.86 165.1 80.8 1.13 1.16 Q33

P 2 102 7 1.33 y 1.00 279.3 3.8

V 92 90 174 1.14 X 1.13 9.8 8.4

N9 351/11 b 351 11 48 1.11 z 0.98 174.2 62.4 1.11 1.03 Q33

P 351 101 22 1.08 y 1.00 297.8 16.2

V 81 90 23 1.07 X 1.11 34.5 21.8

N12 040/30 b 40 150 43 1.21 z 0.88 286.6 9.8 1.14 1.14 Q33

P 40 60 4 1.13 y 1.00 181.2 57.1

V 310 90 103 1.20 X 1.14 22.6 31.1

N13 027/84 b 27 96 4 1.07 z 0.85 312.0 24.5 1.10 1.17 Q33

P 27 6 40 1.13 y 1.00 204.2 33.9

V 117 90 72 1.28 X 1.10 70.2 46.0

N14 130/10 b 130 10 52 1.12 z 0.95 252.3 30.8 1.17 1.05 Q33

P 130 100 14 1.22 y 1.00 25.0 48.7

V 220 90 98 1.12 X 1.17 146.4 24.7

N15 071/14 b 71 166 171 1.16 z 0.97 300.9 52.5 1.27 1.03 Q33

P 71 76 54 1.26 y 1.00 197.7 9.9

V 161 90 35 1.10 X 1.27 100.5 35.8

N16 033/46 b 33 134 108 1.11 z 0.81 170.9 24.1 1.03 1.24 Q33

P 33 44 51 1.23 y 1.00 68.4 25.8

V 123 90 126 1.21 X 1.03 297.9 53.3

N17 038/77 b 38 103 79 1.08 z 0.85 161.8 29.6 1.03 1.18 Q33

P 38 13 25 1.19 y 1.00 41.9 41.2

V 128 90 135 1.14 X 1.03 274.9 34.6

FN1 315/07 b 315 7 4 1.21 z 0.78 242.9 38.4 1.15 1.28 Q33

P 315 97 135 1.21 y 1.00 350.6 21.0

V 45 90 46 1.38 X 1.15 102.5 44.2

FN2 327/08 b 327 8 113 1.24 z 0.77 355.4 41.9 1.09 1.29 Q33

P 327 98 135 1.25 y 1.00 122.3 33.8

V 57 90 145 1.27 X 1.09 234.7 29.6
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Table E.2. (continued)

Owens' Method Ellipsoid Calculations: Bedding Unrotated

iNPUT DATA OWENS' OUTPUT DATA

Sample Orientation Plane strike Dip Rake Ratio Axis stretch Axis Trend Axis Plunge Rxy Ryz Solution

81 042/54 b 42 138 176 1.17 z 0.92 316.3 36.8 1.08 1.09 Q33

P 42 48 165 1.08 y 1.00 108.2 49.7

V 312 90 126 1.09 X 1.08 215.5 14.1

82 039/51 b 39 129 99 1.13 z 0.87 75.3 34.7 1.04 1.16 Q33

P 39 39 150 1.19 y 1.00 329.0 22.1

V 309 90 49 1.04 X 1.04 213.2 47.0

83 040/47 b 40 140 92 1.13 z 0.81 181.7 53.8 1.18 1.24 Q33

P 40 50 36 1.24 y 1.00 34.6 31.6

V 130 90 156 1.42 X 1.18 294.5 15.8

84 054/34 b 54 146 50 1.03 z 0.85 114.4 27.2 1.06 1.18 Q33

P 54 56 146 1.18 y 1.00 16.2 15.4

V 144 90 119 1.20 X 1.06 260.0 58.1

85 071/21 b 71 159 158 1.14 z 0.94 157.3 39.9 1.14 1.06 Q33

P 71 69 165 1.15 y 1.00 24.0 39.3

V 161 90 131 1.10 X 1.14 270.9 25.6

86 353/07 b 353 7 42 1.12 z 0.90 232.5 56.3 1.22 1.11 Q33

P 353 97 22 1.26 y 1.00 122.5 12.8

V 83 90 44 1.17 X 1.22 24.8 30.6

87 353/07 b 353 7 83 1.11 z 0.95 219.4 70.2 1.09 1.06 Q33

P 353 97 11 1.07 y 1.00 338.5 9.9

V 83 90 19 1.13 X 1.09 71.5 17.0

88 026/11 b 26 11 179 1.13 z 0.82 115.5 51.6 1.01 1.21 Q33

P 26 79 0 1.17 y 1.00 226.8 16.0

V 116 90 142 1.22 X 1.01 327.9 33.8

89 046/79 b 46 101 43 1.04 z 0.90 154.0 26.8 1.11 1.11 Q33

P 46 11 12 1.26 y 1.00 315.2 61.9

V 136 90 132 1.07 X 1.11 60.0 7.8

810 030/46 b 30 134 95 1.15 z 0.91 110.3 51.5 1.12 1.10 Q33

P 30 44 176 1.12 y 1.00 201.3 0.8

V 120 90 143 1.21 X 1.12 291.9 38.5

811 038/73 b 38 107 40 1.31 z 0.80 264.0 31.5 1.11 1.25 Q33

P 38 17 138 1.22 y 1.00 119.1 53.2

V 308 90 136 1.15 X 1.11 4.9 17.1

812 035/75 b 35 105 89 1.16 z 0.81 109.0 34.5 1.11 1.23 Q33

P 35 15 169 1.28 y 1.00 214.7 21.5

V 125 90 135 1.28 X 1.11 330.2 47.6

814 044/36 b 44 144 148 1.04 z 0.93 302.5 62.2 1.11 1.08 Q33

P 44 54 12 1.18 y 1.00 163.8 21.6

V 314 90 133 1.14 X 1.11 66.9 16.7

815 052/12 b 52 168 150 1.16 z 0.98 356.8 35.7 1.18 1.02 Q33

P 52 78 59 1.07 y 1.00 209.9 49.3

V 322 90 168 1.11 X 1.18 99.3 16.8

816 039/57 b 39 123 18 1.22 z 0.93 185.4 77.2 1.21 1.07 Q33

P 39 33 3 1.27 y 1.00 301.8 5.8

V 309 90 174 1.07 X 1.21 32.9 11.4

817 043/34 b 43 146 176 1.17 z 0.86 309.5 53.6 1.13 1.16 Q33

P 43 56 14 1.19 y 1.00 171.8 28.7

V 313 90 135 1.25 X 1.13 69.9 20.5

818 329/18 b 329 18 88 1.15 z 0.87 148.1 1.8 1.02 1.16 Q33

P 329 108 89 1.19 y 1.00 245.4 76.4

V 59 90 18 1.06 X 1.02 57.7 13.5
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Table E.2. (continued)

Owens' Method Ellipsoid Calculations: Bedding Unrotated

iNPUT DATA OWENS' OUTPUT DATA

Sample Orientation Plane Strike Dip Rake Ratio Axis stretch Axis Trend Axis Plunge Rxy Ryz Solution

319 017/26 b 17 26 6 1.14 z 0.93 118.1 76.7 1.12 1.07 Q33

P 17 116 0 1.17 y 1.00 292.6 13.3

V 107 90 163 1.07 X 1.12 22.9 1.2

320 044/19 b 44 19 143 1.15 z 0.78 98.0 54.6 1.03 1.28 Q33

P 44 109 157 1.17 y 1.00 202.2 9.9

V 314 90 37 1.29 X 1.03 298.8 33.6

322 030/13 b 30 13 145 1.17 z 0.86 291.5 23.0 1.17 1.16 Q33

P 30 103 170 1.18 y 1.00 47.1 45.5

V 300 90 105 1.26 X 1.17 183.8 35.6

F31 033/23 b 33 157 114 1.18 z 0.87 358.5 10.5 1.06 1.16 Q33

P 33 67 91 1.11 y 1.00 88.6 0.4

V 303 90 106 1.18 X 1.06 180.8 79.5

FS2 022/19 b 22 161 92 1.15 z 0.91 23.5 23.2 1.13 1.10 Q33

P 22 71 130 1.18 y 1.00 284.5 20.3

V 112 90 72 1.21 X 1.13 157.6 58.4

F33 054/13 b 54 167 94 1.20 z 0.81 208.1 64.7 1.05 1.24 Q33

P 54 77 15 1.33 y 1.00 18.6 25.0

V 324 90 161 1.06 X 1.05 110.3 3.7
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