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Abstract--Microstructural abundances and histories in quartz arenite of the Lower Silurian Tuscarora Sandstone 
were used to determine the nature and role of microscale deformation in a cover sequence and underlying thrust 
system, and to assess the degree to which the cover sequence accommodated emplacement of the thrust system. 
Sandstone samples are located across the transition from the central to southern Appalachian foreland thrust 
system where the thrusts change from blind to emergent southwards and where southern deformation of early 
AIleghanian age has been previously shown to be overprinted by central deformation of Alleghanian age. 
Microstructures observed with transmitted light and cathodoluminescence microscopy indicate that grain-scale 
deformation occurred by dislocation flow, pressure solution, and microfracturing, with the last being generally 
the most important. The sequence of deformation mechanisms is the same for the cover sequence and the thrust 
system: pressure solution during sedimentary compaction; dislocation flow during layer-parallel shortening; and 
localized microfracturing with limited pressure solution near major thrust ramps and in steep fold limbs. A 
greater abundance of dislocation flow microstructures in the cover sequence from layer-parallel shortening 
indicates grain-scale accommodation in the Tuscarora Sandstone of some shortening associated with emplace- 
ment of the thrust system. The transition zone between the central and southern Appalachians contains the 
greatest occurrence of every microstructure which is consistent with the area having been affected by diachronous 
central and southern Alleghanian deformations. 

INTRODUCTION 

BLIND thrust systems are a major component of 
foreland-style deformation in many orogenic belts of the 
world (Dunne & Ferrill 1988). Although geometrically 
similar to emergent systems with imbricate fans and 
duplexes, blind systems differ in that the active faults 
remain in the subsurface beneath a pretectonic cover, or 
roof sequence, of sedimentary rocks (Thompson 1979, 
Boyer & Elliott 1982). A major problem in understand- 
ing the evolution of blind foreland thrust systems is 
determining the means by which the roof sequence 
accommodates emplacement of the underlying thrust 
system. The roof sequence must accommodate the 
shortening in the thrust system without becoming incor- 
porated into the macroscale fault network. 

Previous investigations (Mitra 1987, Geiser 1988a, 
Ferrill & Dunne 1989, Meyer & Dunne 1990) have 
shown that roof sequences accommodate at least some 
of the shortening by deformation at the microscale. 
Layer-parallel shortening in advance of blind thrusting, 
passive macrofolding above growing thrust-related folds 
and active parasitic buckling, and locally intense defor- 
mation where fold limbs overturn or thrust faults de- 
velop all can result in significant internal strains. 
Although the thrust system can be thought of as a series 

of rigid blocks, other studies (Elliott 1976, Sanderson 
1982, Marshak & Engelder 1985, Woodward et al. 1986, 
Evans & Dunne 1991, Wu & Groshong 1991) have 
shown that foreland thrust sheets deform at the micro- 
scale as well, accommodating layer-parallel shortening 
in advance of and during sheet formation, ramp forma- 
tion possibly with fault-propagation folding, distributed 
shear during displacement, and horizontal flattening 
during the formation of younger sheets. 

Microstructures are a primary means for identifying 
the operative mechanisms, rock rheology, kinematics 
and dynamics during deformation (Knipe 1989). 
Although the use of microstructures has become com- 
monplace in structural analysis, there still is a lack of 
quantitative data on the occurrence of microstructures 
and their variation in different structural settings. In the 
absence of recrystallization, the relative abundance of 
different microstructures at a single location is a 
measure of the relative importance of competing defor- 
mation mechanisms at that location, whereas the vari- 
ation in abundance between locations is an indication of 
how the importance of the mechanisms varies spatially. 
The different strain histories of the roof sequence and 
thrust system and the degree to which these strains occur 
by'microscale deformation may be reflected as differ- 
ences in the microstructural histories and abundances. 
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Furthermore, any microscale accommodation in the 
roof sequence of faulting in the blind thrust system 
should also be evident in microstructural abundances. 

The purpose of this paper is to determine the nature 
and role of microscale deformation in both the cover and 
underlying thrust system and to assess the degree to 
which the roof sequence accommodates emplacement of 
the thrust system. The approach in this study is to 
examine a single lithology in a single stratigraphic unit 
that passes laterally from thrust system to roof sequence. 
This approach minimizes lithologic effects and isolates 
the structural effects related to differing deformational 
conditions (P, T, b, etc.) and histories associated with 
different locations in the roof sequence or thrust system. 

Geologic setting 

The Appalachian foreland fold and thrust belt, which 
extends some 1400 km along strike from New York to 
Alabama, is divided into central and southern segments 
by a major reentrant located in Virginia. This tectonic 
juncture is marked by a change from macrofolds trend- 
ing about 030 ° in the central Appalachians to major 
thrust faults trending about 060 ° in the southern Appala- 
chians (Rodgers 1970, Dean et al. 1988) (Fig. 1). The 
juncture is a transition zone (between bold dotted lines, 
Fig. la) where macrofolds and thrusts have an inter- 
mediate trend of 045-050 °. The presence of a roof 
sequence (Fig. 1) is a function of the existence of a roof 
thrust above the thrust sheets, which are composed of 
Cambro-Ordovician carbonates (Perry 1978, Wood- 
ward 1985, Kulander & Dean 1986, 1988). The roof 
thrust is located in the shale-dominated Middle Ordovi- 
cian Martinsburg Formation, but disappears southward 
(Fig. 1) as this or equivalent units thin laterally into a 
more competent, limestone and sandstone-dominated 
sequence (Colton 1970, Diecchio 1985, Kreisa & 
Springer 1987). 

The Lower Silurian Tuscarora Sandstone occurs in the 
roof sequence of the central Appalachians (Section A, 
Fig. lb) and in the thrust system in the southern Appala- 
chians (Section H, Fig. lb). In the transition zone, it is in 
both the roof and the thrust system (Section C, Fig. lb). 
The lithotectonic transition of the Tuscarora Sandstone 
from roof to duplex does not exactly correspond with the 
tectonic juncture between the central and southern 
Appalachians (Fig. la). 

The tectonic juncture also represents a difference in 
deformation age between the southern and central 
Appalachians. Both areas were deformed during the 
Alleghanian orogeny, but deformation in the southern 
Appalachians is older (Geiser & Engelder 1983, Dean et 
al. 1988). Overprinting relationships between stylolites, 
cleavage and fault slickenlines in the Appalachian Pla- 
teau adjacent to the transition zone show this sequence 
of deformation (Dean et al. 1988). 

The Tuscarora Sandstone is a medium-grained, 
framework-supported quartz arenite with beds 30-200 
cm thick and a total thickness of 30-100 m. In the central 
Appalachians, the sandstone was buried to 6 km by 

Pennsylvanian times, whereas in the southern Appala- 
chians, burial was to only 4 km (Reger & Price 1926, 
Tilton et al. 1927, Colton 1970, Bartholomew 1987). 
Burial depth and conodont color-alteration indices 
(Epstein et al. 1977, Harris 1979) in adjacent limestones 
indicate that the Tuscarora Sandstone was deformed 
during the Alleghanian orogeny at about 150-250°C. In 
the southern Appalachian foreland, burial depth, con- 
odont color-alteration indices, and vitrinite reflectance 
in Mississippian coals (Lewis & Hower 1990) indicate 
that the temperature during deformation for the Tuscar- 
ora Sandstone was somewhat lower, and increased 
towards the hinterland from 120 to 200°C. 

Methods  

Seventy-five samples were collected along seven 
strike-normal traverses (Fig. 1). Care was taken to avoid 
effects of local deformation by sampling only outcrops 
lacking minor folds or faults. Thin sections from the 
samples, cut normal to bedding and parallel to dip, were 
examined in both transmitted light and cathodolumines- 
cence. The latter has proven useful in identifying certain 
microfractures and pressure solution features, relative 
age relations between microstructures and diagenetic 
cements, and the origin of certain microfabrics (Sprunt 
& Nur 1979, Blenkinsop & Rutter 1986, Narahara & 
Wiltschko 1986, Onasch 1990). 

Microstructural abundances, % matrix (clay), % 
cement and grain size were determined by point- 
counting 250 grains per section. Assuming random 
occurrence of the features being counted, the errors at a 
95% confidence level associated with 10, 20 and 50 
volume % are 4, 5 and 6%, respectively (Van Der Plas & 
Tobi 1965). If a binomial distribution of features is 
assumed, the errors are 2.5, 3 and 3.7%, respectively 
(Koch & Link 1970). Microstructural histories were 
integrated from the relative age relationships between 
microstructures in a number of thin sections. 

MICROSTRUCTURES 

Grain-scale deformation in the Tuscarora was accom- 
modated by three mechanisms: (1) dislocation flow; 
(2) pressure solution; and (3) microfracturing. Micro- 
structures related to dislocation flow include undulatory 
and patchy extinction (Fig. 2a), deformation lamellae 
and deformation bands (Fig. 2b). Undulatory extinction 
was differentiated from patchy extinction on the basis of 
the sweeping extinction in the former and sharply 
domainal extinction in the latter. Patchy extinction can 
be a manifestation of polygonization and subgrain for- 
mation (Nicolas & Poirier 1976), but can also result from 
microfracturing (Tullis & Yund 1987). Deformation 
lamellae, also known as Fairbairn lamellae (Groshong 
t988, after Fairbairn 1941), are defined by parallel zones 
of differing birefringence which are sometimes decor- 
ated with minute brownish inclusions. Lamellae orien- 
tations were not measured in this study, but in the same 
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Fig. 1. (a) Map of distribution of major faults, major folds, and the Tuscarora Sandstone at the juncture of the southern and 
central Appalachian foreland, showing where sandstone is in the roof sequence above the blind duplex and where it is in the 
duplex. Single capital letters designate sample lines (bold straight lines with nearby sample dots). (b) Cross-sections along 
sections A, C and H illustrate change of lithotectonic position for the Tuscarora Sandstone (bold dashed line) from roof 
sequence (light stipple) to incorporation into thrust sheets containing the Cambro-Ordovician carbonates (black and 
adjacent units). LRA--Long Ridge anticline; NMT--North Mountain thrust; NT--Narrows thrust; PT~Pulaski thrust; 
RPAIRidge Patch anticline; SaT--Saltville thrust; SCT--St Clairs thrust; WMA--Wills Mountain anticline; and WSA I 
Warm Spring anticline. Numbers refer to structural locations described in text. Modified from Reger & Price (1926), Tilton 
et al. (1927), Reger (1931), Butts (1940), Cooper (1944), Bick (1960, 1962), Calver (1960), Spencer (1964), Kozak (1965, 
1970), Rader (1967, 1969), McGuire (1970, 1976), Amato (1974), Bartholomew & Lowery (1979), Bartholomew (198l, 

1987) and Schultz et al. (1986). 

unit 100 km to the north  lamellae have a sub-basal 
or ientat ion (Onasch  1984). Defo rma t ion  bands are 10-  
100 m m  wide tabular ,  high strain zones where  the crystal 
lattice has been  ro ta ted  up to 30 ° . The  bands commonly  
are subnormal  to deformat ion  lamellae where  they 
occur  in the same grain (Fig. 2b). 

Pressure solution microst ructures  include sutured and 
in te rpenet ra ted  grain boundar ies  (Fig. 2c) and,  less 
commonly ,  t ransgranular  solution surfaces or  stylolites 
(Fig. 2d). All were coun ted  as a single microstructure.  
Transgranular  solution surfaces are evident  only where 
the clay matrix exceeds 10%. 

Textures  diagnostic of  microfractur ing include fluid 
inclusion planes (FIPs) (Fig. 2e), microveins (Figs. 2f & 
g) and cataclastic bands (Fig. 3a). FIPs are healed 
microfractures  decora ted  by fluid inclusions 0.5--4 m m  in 
diameter .  They  are mos t  commonly  t ransgranular  and 
occur  in single or  multiple o r thogona l  sets. Microveins 
are t ransgranular  microfractures  up to 200 m m  in width 
filled with quar tz  in optical continui ty with wall rock 
grains. They  are difficult or  impossible to detect  with 
t ransmit ted light microscopy,  but  are clearly visible in 
ca thodoluminescence  (compare  Figs. 2f & g). No  evi- 
dence  for  shear displacement  was observed parallel to 
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either FIPs or microveins; therefore, both are Mode I 
cracks. Cataclastic bands are discordant, tabular, sub- 
planar zones of fine-grained quartz. They are also 
known as microfaults (Jamison & Stearns 1982), 
microbreccia-cataclastic zones (Lloyd & Knipe 1992) 
and deformation bands (Aydin & Johnson 1978), in all 
cases interpreted to be shear zones variably filled with 
cataclasite. In some Tuscarora samples, displacement 
parallel to the band could be proven. In others, offset of 
pre-existing features showed only extension with no 
shear, demonstrating that some apparent cataclastic 
bands are actually dilational microveins with a fine- 
grained fill. 

Several samples, when viewed in transmitted light, 
contained linear bands in which the grains had textures 
ranging from serrated boundaries to a mortar texture 
(Fig. 3b). Based on grain morphology, these textures are 
similar to those commonly ascribed to recrystallization 
by grain boundary migration or subgrain rotation (Tullis 
& Yund 1985, Hirth & Tullis 1992). However, when the 
Tuscarora samples are examined in cathodolumines- 
cence, the linear bands are dully luminescent microveins 
(Fig. 3c) in which the grains defining the texture were 
precipitated. Therefore, the textures formed by brittle 
failure and not dynamic rotational or migrational recrys- 
tallization. Sandstones or meta-sandstones containing 
serrated or mortar textures, especially where confined to 
linear bands, should be examined in cathodolumines- 
cence before ascribing the textures to recrystallization. 

Microstructures were assumed to have formed in situ, 
not inherited from source rocks. This assumption is valid 
for transgranuanular features such as FIPs, microveins, 
cataclastic bands, transgranular solution surfaces; and 
for features that were found to transect detrital grain- 
overgrowth cement contacts such as deformation lamel- 
lae, deformation bands and sutured grain boundaries. In 
addition, consistent orientations of shortening direc- 
tions from deformation lamellae and bands in equivalent 
units elsewhere in the central Appalachian foreland 
(Perry 1968, Onasch & Canich 1976, Onasch 1984) 
argue that these microstructures are not inherited. Only 
undulatory and patchy extinction could not be shown 
unequivocally to have developed in situ. Neither of 
these, however, was used in assessing the amount of 
dislocation flow. 

Relative ages of microstructures 

The progression of microstructures, as determined by 
relative age relations, reflects the changes in rock rheo- 
logy caused by changing deformational conditions (P, T, 
k, etc.) (Knipe 1989, 1990). In the Tuscarora Sandstone, 
relative age relationships between microstructures indi- 
cate that these changes were similar for all samples, 
regardless of their structural location. Samples showing 
the complete microstructural history are rare; more 
commonly, the history was determined by integrating 
relations seen in a number of samples. Although most 
samples contained only fragments of the complete his- 
tory, they formed an excellent consensus. 

The oldest microstructures in all sandstone samples 
(Table 1) are sutured grain contacts and bedding- 
parallel, transgranular stylolites. These are followed by 
deformation lameilae and bands, and undulatory and 
patchy extinction. Deformation lamellae and bands 
often occur together, but the lamellae must be slightly 
older because they are rotated within bands (Fig. 2b). 
Next youngest structures are microfractures which cut 
deformation lameUae (Fig. 3d), cross deformation 
bands without deflection (Fig. 3e), truncate 
compaction-related transgranular solution surfaces, and 
offset grains containing deformation lamellae and bands 
(Fig. 3a). The parallelism between FIPs and microveins 
indicates that they are coeval, but some microveins are a 
little younger because they lack the inclusions that 
decorate FIPs (Fig. 3f). Cataclastic bands span the 
formation of FIPs and microveins. The youngest micro- 
structures are transgranular, bedding-parallel solution 
surfaces which were found only in steeply-dipping limbs 
of macro-anticlines. Although these surfaces are parallel 
to the compaction-related solution surfaces, they are 
younger because they cut microfractures and locally 
cause rotation of microfractured rock (Fig. 3g). Previous 
studies (Sibley & Blatt 1976, Houseknecht 1988) of the 
diagenetic evolution of the Tuscarora Sandstone argued 
that the pressure solution fabric records only lithifica- 
tion and not tectonism. The clear age relations described 
above demonstrate that some solution in the Tuscarora 
Sandstone is of tectonic origin and not entirely diagen- 
etic. 

The microstructural history just described can be 
correlated to regional structural events using the orien- 
tation of microstructures and their preferential develop- 
ment in different structural settings. The first generation 
of solution surfaces formed by pressure solution during 
diagenetic compaction of the Tuscarora Sandstone 
(Table 1) (Sibley & Blatt 1976, Houseknecht 1988). 
These structures are subparallel to bedding, reflecting 
the vertically-dominated load during compaction. De- 
formation lamellae and bands formed during layer- 
parallel shortening, based on their correlation with simi- 
lar features analyzed elsewhere in the central Appala- 
chians which record layer-parallel shortening (Perry 
1968, Onasch & Canich 1976, Onasch 1984). Such an 
interpretation here is consistent with layer-parallel 
shortening being the oldest penetrative tectonic defor- 
mation in both roof sequences and blind thrust systems 
throughout the Appalachian foreland (Table 1) (Geiser 
1988a,b, Ferrill & Dunne 1989, Evans & Dunne 1991, 
Gray & Mitra 1991, Stamatakos & Kodama 1991). 
Unlike the compaction-related solution structures and 
dislocation flow structures, which served similar pur- 
poses in all structural settings, microfractures locally 
accommodated different structural events in the roof 
sequence and duplex (Table 1). In the duplex, micro- 
fractures in samples from within 200 m of hanging wall 
and footwall ramps (1 in Fig. lb) have a variety of 
geometries, indicating that locally multiple failure 
modes were used to accommodate ramp formation. In 
the roof sequence, microfractures are well developed in 
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Fig. 2. Microstructures and microstructural relations in the Tuscarora Sandstone. (a) Undulatory (U) and patchy (P) 
extinction; (b) deformation lamellae (DL) that are rotated in a deformation band (DB); (c) sutured grain contact; 
(d) transgranular stylolite; (e) fluid inclusion planes (FIPs); (f) microvein in polarized light; and (g) the same microvein in 

cathodoluminescence. Scale bar in each photomicrograph is 0.1 mm. 
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Fig. 3. Microstructures and microstructural relations in the Tuscarora Sandstone. (a) Cataclastic band; (b) mortar texture 
in linear band with crossed polars; (c) same texture in cathodoluminescence; (d) FIPs (F) cutting deformation lamellae 
(DL); (e) FIPs (F) passing through deformation band (DB) undeflected; (f) inclusion-free microvein (M) parallel to FIPs 
(F) in plane light; and (g) stylolite (S) cutting FIPs. Note that thc block on the right has been rotated along bounding solution 
surfaces so that the FIPs (parallel to dashed lines) arc discordant to those in thc rest of sample. Scale bar in each 

photomicrograph is 0. I ram. 
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Table 1. Relative age relationships between microstructures and association with regional events 
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Event Microstructures 

Roof  Sequence Duplex 

Compaction 
Layer-parallel shortening 

Folding during emplacement of blind thrusts 
Overturning of NW fold limbs 

Compaction 
Layer-parallel shortening 
Ramp formation 

Sutured grains, stylolites 
Deformation lamellae and bands, undulatory and patchy extinction 
FIPs, microveins, cataclastic bands 
Deformation lamellae and bands, FIPs, and microveins 
FIPs, microveins, cataclastic bands, sutured grains, stylolites 

northwestern macro-anticlinal fold limbs (4 in Fig. lb) 
and in steeply-dipping southeastern fold limbs. Their 
strike-parallel, bedding-normal geometry indicates that 
they accommodated dip-parallel extension. These sites 
also contain the second generation of solution surfaces, 
which accommodated bedding-normal (subhorizontal) 
shortening. Locally, this solution outlived fracturing as 
described above. 

The progression of tectonic microstructures present in 
the Tuscarora is common in a wide variety of structural 
settings including other thrust belts (Knipe 1989). In the 
high level sheets of the Moine thrust, dislocation flow 
was followed by microfracturing then pressure solution 
(Knipe 1990). Dislocation flow at low temperatures,  
where climb is difficult, causes work-hardening which 
can lead to brittle failure (Knipe 1989). Microfracturing 
and pressure solution can alternate as the strain rate 
fluctuates, which appears to be the case in the Tuscarora 
where FIPs and microveins are cut by stylolites and vice 
versa. As tectonism wanes, pressure solution may re- 
cord the last increments of deformation (Knipe 1990). 

Microstructural abundances 

Microstructural abundances showed considerable 
variation in the samples studied. This variation could be 
due to deformation being partit ioned heterogeneously 
on a bed or outcrop scale (local effects) or to variations 
in differential stress magnitude, strain rate, pressure, 
temperature and deformational history related to differ- 
ent structural locations (regional effects). Because the 
Tuscarora Sandstone is compositionally uniform and has 
a simple regional geometry that is generally uncompli- 
cated by mesoscopic folds and faults (Fig. lb) ,  micro- 
scale deformation should be homogeneous at the 
outcrop scale. This appears to be the case in a detailed 
study of a single outcrop from the transition zone where 
the variation in microstructural abundances was found 
to be much less than that for all samples in this study. 
Standard deviations for most microstructure abun- 
dances are 30-50% of the regional values (J. Bell 1992, 
personal communication). Therefore,  we believe that 
the variations observed in this study are dominated by 
regional, not local effects. 

Microstructures from dislocation flow are the most 
common (Fig. 4). However,  if undulatory and patchy 
extinction are excluded because they could be inherited, 
the most common Alleghanian microstructures in the 
Tuscarora Sandstone are microfractures, indicating sig- 
nificant brittle behavior in the quartz arenite during 

$6 15:3/5-0 

deformation. Deformation bands and lamellae from 
dislocation flow are the second-most common and press- 
ure solution is the least represented mechanism in the 
microstructural suite. Slightly more than 25% of the 
grains lack microstructures, indicating some grain-scale 
heterogeneity in deformation behavior. 

The occurrence of certain microstructures was found 
to be correlated to that of other microstructures (Table 
2). Using a t-test on correlations determined by linear 
regression, significant positive correlations were found 
between dislocation flow microstructures (undulatory 
extinction, deformation lamellae and bands) and be- 
tween brittle microstructures (FIPs, microveins and 
cataclastic bands). This further strengthens the argu- 
ment that these microstructures formed in situ and are 
not inherited. Significant correlations were also found 
between microstructural abundances and certain com- 
positional or textural parameters (Table 2). The strong 
positive correlation between pressure solution micro- 
structures and the amount of clay matrix is consistent 
with the well known effect of clay on pressure solution 
(e.g. Weyl 1959, Rutter  1983). Grain size showed a 
positive correlation to both patchy extinction and FIPs 
indicating that larger grains are more likely to have these 
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Table 2. Correlation matrix for microstructures,  composit ion and textural parameters .  Bold face indicates correlation coefficient is signifieant at 
the 95% confidence level 

Undulatory Deformation Deformation Patchy Pressure Cataclastic % Grain % 
extinction lamellae band extinction solution FIP Microvein band None Matrix size Cement 

Undulatory 
extinction 1 

Deformation 
lamellae 0.524 1 

Deformation 
band 0.546 0.506 1 

Patchy 
extinction -0.113 -0.205 -0.183 

Pressure 
solution 0.197 0.034 -0.050 

FIP 0.369 -0.078 0.210 
Microvein 0.336 -0.153 0.174 
Cataclastic 

band 0.314 -0.051 -0.026 
None -0.858 -0.574 -0.426 
% Matrix 0.111 -0.034 -0.043 
Grain size 0.180 0.079 0.098 
% Cement 0.053 -0.044 0.104 

1 

-0.037 1 
0.183 -0.115 1 

-0.003 -0.119 0.670 

0.012 -0.042 0.311 
-0.028 -0.253 --0.550 
-0.070 0.869 -0.150 

0.450 0.084 0.501 
0.01l 0.117 -0.181 

1 

0.534 1 
--0.431 -0.343 l 
-0.073 -0.136 -0.252 1 

0.242 0.146 --0.350 0.205 
-0.186 -0.246 0.084 0.095 

1 
-0.087 1 

a) b) 
60 ~1____ D u p l e x . r e l a t e d ~ R o o f _ r e l a t e d _ _ _ _ ~  60 | 
50 - 50 

.~ 311 • 311 

0 0 
Footwall Hanging wall Hanging wall NW limb SE limb Hinge Central Transition Southern 

ramp ramp fiat 18 15 12 26 26 23 
n=10 5 15 

I Dislocation f low [ ~  Pressure solution ~ Microfracturing [ - - q  None 

Fig. 5. Deformat ion mechanism occurrences for samples grouped by: (a) structural location; (b) regional location relative 
to the central and southern Appalachians.  

features. No correlation was found between the amount 
of cement and any microstructure. 

To determine if microstructural development was 
controlled by structural setting, samples were classified 
into one of six locations: (1) thrust footwall ramp; 
(2) thrust hanging-wall ramp; (3) SE-dipping hanging- 
wall fiat; (4) northwestern fold limb; (5) southeastern 
fold limb; and (6) fold hinge. The first three locations are 
duplex-related and the last three are roof-related. This 
classification allows comparisons to be made between 
thrust system and roof, as well as between the six 
locations individually. 

The variation between locations of the three defor- 
mation mechanisms was assessed by grouping micro- 
structures according to their respective deformation 
mechanism (Fig. 5). Again, undulatory and patchy ex- 
tinction were not included in dislocation flow due to the 
uncertainty as to their origin. The occurrence of each 
mechanism in a given location is expressed as a percent- 
age of the maximum abundance of that mechanism for 
all locations. This allows comparison of the importance 
of a mechanism between locations, but not between 
different mechanisms at a single location. Although the 

Table 3. Probability of equivalency of deformation mechanisms 
between groups from one-way A N O V A  (Analysis of  Variance). 
Groups are significantly different at the 95% confidence level if 

P -< 0.05 

Grouped by: 

Structural R o o f v s  duplex Regional 
position location 

Dislocation flow 0.04 0.007 0.30 
Pressure solution 0.96 0.57 0.20 
Microfracturing 0.01 0.77 0.28 
None 0.32 0.24 0.006 

relative occurrence of different mechanisms is an indi- 
cation of the relative importance of each mechanism at a 
given location, it should not be used as a quantitative 
measure of how the strain is partitioned into different 
mechanisms. 

Using one-way ANOVA (Analysis of Variance), the 
probability of equivalency between groups was calcu- 
lated for each mechanism (Table 3). The six structural 
locations were significantly different at the 95% confi- 
dence level (P -< .05) with respect to dislocation flow and 
microfracturing. The groups were somewhat different 
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for the none category and nearly identical for pressure 
solution. When grouped by roof vs duplex, only dislo- 
cation flow differed significantly between groups at the 
95% confidence level. 

The occurrence of dislocation flow is clearly different 
in the six structural locations as well as in the roof vs the 
duplex (Table 3), with roof-related locations having 
experienced more dislocation flow (Fig. 5a). Because 
the paleotemperatures discussed earlier do not vary 
significantly over the region, the increased occurrence of 
dislocation flow can be attributed to greater differential 
stresses in the roof during layer-parallel shortening. 
Competent units in the roof sequence such as the Tus- 
carora Sandstone are likely to be load-bearing during 
layer-parallel shortening. Once the unit is segmented, as 
in the duplex, it would no longer support high loads and 
hence, dislocation flow would cease to be important. If 
these microstructures are related to layer-parallel short- 
ening as argued above, then the roof sequence accom- 
modated greater layer-parallel shortening than the blind 
thrust system as is commonly the case in blind thrust 
systems (Dunne & Ferrill 1988). 

The equivalency of pressure solution between the six 
structural locations and roof vs duplex shows that the 
entire region experienced a similar amount of pressure 
solution (Table 3, Fig. 5a). With the exception of some 
late pressure solution in steep fold limbs, all pressure 
solution is compaction-related. Couzens et al. (1993) 
found that finite strains in the same samples used in this 
study are dominated by compaction and that the most 
successful strain factorization models were those with a 
uniform compaction of 30-35% volume loss across the 
area. 

The difference in microfracturing is significant be- 
tween the six locations, but not between the roof vs the 
duplex (Table 3). Microfracturing is less common in 
hanging-wall flats, southeastern fold limbs, and fold 
hinges and about twice as common on average in the 
steeply-dipping beds adjacent to footwall and hanging 
wall ramps, and in northwestern fold limbs, where it 
accommodated dip-parallel extension. 

Samples were also classified by regional location in the 
central, southern, or transition zone of the Appala- 
chians (Fig. 5b). One-way ANOVA results show that 
the three locations differ significantly at the 95% confi- 
dence level with respect only to the none category of 
mechanisms (Table 3). From this, it can be said that 
samples from the transition zone have the smallest 
occurrence of grains with no microstructures (i.e. they 
are the most deformed). Although not significant at the 
95% confidence level (Table 3), it also appears that the 
central Appalachians have more dislocation flow and 
less pressure solution and microfracturing than the 
southern Appalachians (Fig. 5b). If the deformational 
history proposed in Table 1 is correct, the overlap of 
central and southern Appalachian deformations would 
result in two phases of brittle deformation in the tran- 
sition zone. This could explain the increased diversity of 
microfractures in the transition zone as illustrated by the 
southeastern limb of the Rich Patch anticline (RPA, Fig. 

la). Samples from this fold limb (C3 and D6a, Fig. 6) 
contain a microfracture population that is more diverse 
in style and orientation than those from similar struc- 
tural positions in either the Central (A8, Fig. 6) or 
southern (H5, Fig. 6) Appalachians. The additional 
microfractures may result from a second brittle defor- 
mation, where central Appalachian deformation devel- 
oped in quartz arenites that were strain-hardened by the 
older southern Appalachian deformation. Further 
evaluation of the overlap of deformation awaits an 
analysis of microstructure orientations in the three re- 
gions. 

CONCLUSIONS 

(1) The quartz arenite of the Tuscarora Sandstone 
developed the same sequence of deformation mechan- 
isms for similar pressure-temperature conditions in both 
the blind thrust system and roof sequence: pressure 
solution during sedimentary compaction; dislocation 
flow during layer-parallel shortening; and localized 
microfracturing with limited solution near major thrust 
ramps and in steeply-dipping fold limbs. 

(2) The greater abundance of dislocation flow micro- 
structures in the roof, and their correlation to layer- 
parallel shortening, indicates that the Tuscarora Sand- 
stone underwent greater layer-parallel shortening in the 
roof than in the duplex. Therefore, the roof absorbed 
some of the macroscale shortening from the emplace- 
ment of the underlying blind thrust system by microscale 
shortening. 

(3) The greatest regional accumulation of microstruc- 

A8 C3 

D6a H5 

Fig. 6. Schematic illustration of microstructural type and geometries 
observed in four samples that dip southeast  at about 23 ° (small strike/ 
dip symbols show geometry).  A8 is in the roof sequence of the central 
Appalachians;  C3 and D6a are from the transition zone; and H5 is 
from a duplex horse in the southern  Appalachians.  Each block 
represents a sample and three white rectangles represent  mutually- 
perpendicular thin sections. Solid lines--F1Ps; closely spaced, parallel 
solid l ines---abundant FIPs; shaded bands---cataclastic bands; wavy 
l ines--solut ion surfaces. Features do not connect between some faces 
in a given block because some microstructures were not extensive 

enough to transect more than one thin section. 
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tures in the roof sequence occurred at the transition zone 
between the southern and central Appalachian fore- 
land, which is consistent with older southern Appala- 
chian deformation being overprinted by younger central 
Appalachian deformation. The overprint was mani- 
fested in some structural locations by greater diversity 
and abundance of microfractures, possibly indicating 
the quartz arenite was strain-hardened by the first defor- 
mation. 
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