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Calcite c-axes
cements

and younger

and e-twin plane orientations

were

fracture fills from late Cambrian

measured
to Middle

in both matrix
Ordovician

age

limestone samples taken from the NW and SE limbs of the Massanutten Syncline, located
within the North Mountain thrust sheet.

Paleostress magnitude estimates using the Rowe

and Rutter (1990) twin density technique indicate a differential stress of 240+ 31 MPa for

samples collected from both limbs of the syncline.
Three distinct patterns of paleostress orientations (compression directions) have
been detected in the samples; each pattern is observed on both the NW and SE limbs of
the syncline.

The first pattern, exhibited by calcite grains cementing late fractures, is

characterized by a maximum of compression axes oriented sub-perpendicular to bedding
possibly indicating either thrust sheet loading or stress refraction associated with folding.
Samples in which calcite grains from both fracture fills and earlier matrix cements
were measured are characterized by a bimodal distribution of compression axes - the first
point maximum

being oriented sub-perpendicular to bedding, the second maximum

placing compression directions at low to moderate angles to bedding.

Restoration of

bedding to horizontal results in this second set of compression axes plunging to either the
SE or NW, sub-parallel to the regional thrust transport direction.

The third pattern, originating from early cements, places compression directions
plunging to the NE-SW at angles which are sub-parallel to bedding.

These compression

directions do not seem to correlate with major tectonic movements or thrust sheet loading
and may reflect stresses associated with either movement over lateral ramps or oblique
thrusting.
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INTRODUCTION
The Cambro-Ordovician carbonate rocks within the Great Valley of northern
Virginia have been used extensively for strain analyses.

The purpose of this study was to

determine paleostresses associated with the folding and thrust faulting of the carbonate
rocks exposed in the Great Valley.

Rock deformation experiments indicate that calcite

twinning, the method implemented for this purpose, should reflect the latest stages of
deformation on a particular sample (Turner, 1953; Borradaile and McArthur, 1990). For
the rocks of the Great Valley in northern Virginia this suggests that the stresses
represented by twinning should be associated with late Paleozoic deformation.

The

calcite twinning method used is that of Turner (1953).

Forty-eight thin sections from twenty-four sample locations were analyzed for
both paleostress orientations and magnitudes.

The twin density technique of Rowe and

Rutter (1990) was used to determine paleostress magnitudes.

The diagenetic history of

twelve of the samples was also analyzed in order to determine the relative ages of calcite
cements within the samples.

Observation indicates that the cementation history is

critically important to this paleostress analysis as different episodes of cementation seem
to be associated with different orientations of paleostress.

Analytical Methods
Oriented hand samples for the study were collected in May through July of 1996.
Sample locations are schematically indicated in Figure 1. Detailed sample locations are
given in Appendix I. Two mutually perpendicular oriented thin sections were cut from
each of the samples, both sections being perpendicular to bedding.

For each sample, one

section is oriented parallel to strike of bedding and the other parallel to dip. Sixty-two
locations were sampled.

Of the locations sampled, thirty-eight were situated on the

STUDY

AREA

Oy

Figure 1. Sample location map from northern Virginia.
boundaries.
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Green lines indicate county

western limb of the Massanutten synclinorium and twenty-four were on the eastern limb
of the synclinorium.

In only twenty-one of the samples collected were calcite grains

large enough for optical analysis. Width of the grains ranged from 60 to 1,050 microns.
Calcite grains within the samples were analyzed using a Leitz Orthoplan
microscope equipped with a Leitz four axis universal stage. The e-twin lamellae poles
and c-axis were recorded for each grain using a universal stage. The accuracy of these
measurements was checked using the Allmendinger (1992) program which calculates the
plunge of the c-axis given the orientation of the pole to e-lamellae and the azimuth of the
c-axis. This was performed in universal stage coordinates and tested on different samples
to ensure accuracy.

The data was then transferred from universal stage coordinates to

true sample coordinates using an EXCEL spreadsheet (Appendix II) and entered into a
program written by Evans (1992) for twin analysis. Corrections for input of the data
from true sample coordinates into Evans (1992) program were obtained from W.M.
Dunne at the University of Tennessee.
ensure their accuracy.

These corrections were numerically tested to

Twin analysis consisted of rotating data from the two thin sections

for each sample into one section plane using an orthogonal coordinate transformation.
The relationship between the coordinate systems is defined on the basis of direction
cosines which form input data used by the program (Evans, 1992).
program was also tested to ensure its accuracy.

This portion of the

After a reference coordinate system was

defined for each sample, Turner (1953) Compression and Tension axes were estimated
and plotted using the Evans (1992) program.

Maxima of poles to e lamellae, c-axes, and

g poles were also plotted for the samples, but have not been analyzed in detail since the
purpose of the study was to analyze Compression maxima.

Sixteen of the twenty-four

samples were separated in the Evans (1992) program on the basis of negative and positive

expected values. Negative and positive expected values are calculated by determining the

twin sets which do and do not correspond with calculated strain axes, given the computed
strain tensor (Evans and Groshong, 1992).

This was performed in an attempt to separate

distributions of compression axes which were bimodal or trimodal into discrete
populations.

After the analyses were completed, compression axes were transferred into

Manktelows' (1989) STEREOPLOT program for contouring.
Calcite twins should theoretically be readily reset by later superimposed stress
fields, and therefore twin data should only record the latest superimposed stresses.
However Evans and Dunne (1992) have recorded separate compression directions in
carbonates of the Great Valley, indicating that information from several different stress
phases may be recorded in these rocks.

This probability has been investigated in the

present study by characterizing the different diagenetic and structural phases of calcite
cements within the samples, and correlating these cements wtih the compression
directions indicated by their twins. Through an understanding of the diagenetic history of
calcite and dolomite cements within these samples, one may interpret whether or not
different phases of calcite cement are associated with different paleostress orientations.
In order to interpret diagenetic history, samples were analyzed using a Techsyn
cathode unit and stained with Dickson's (1966) solution. Cathodoluminescence reveals
zoning patterns in cement crystals. This zoning documents the history of burial by
relating cement to porewaters, temperatures, and compaction (Meyers, 1974).

In

cathodoluminescence, Fe?+

acts as an inhibitor and Mn+

elements are also involved.

If Fe2+ is greater than two weight percent, crystals will not

luminesce.

Mn?+

as an activator, but other

needs to be present by more than several tens of ppm in order to

produce luminescence.
Usually drusy calcite spar and echinoderm overgrowths display compositional
zoning.

This zonation typically changes from non-luminescent to bright to dull with

increasing amounts of burial. The early non-luminescent zone is a result of oxidizing

pore water in which Mn+

and Fe2* are absent. The bright zone represents the onset of

reducing conditions because Mn?+

ions are now present. With more reducing conditions,

dull cements form due to Fe2+ becoming abundant in pore fluids. Through studying the
zonation of cements within a sequence, one can arrive at a cement stratigraphy (Grover
and Read, 1988, Nieman and Read, 1988).

This stratigraphy aids in understanding the

relative timing of cement phases within a rock.
Zoning is also evident using staining with Dickson's solution (1966).
mineral stains pink, blue, or purple, then it has a calcite mineralogy.
stained.

If the

Dolomite is not

A pink stain indicates calcite with no Fe, purple stain indicates moderate Fe,

while a blue stain indicates an Fe-rich calcite. Through the separation of early and late
episodes of cementation, paleostress estimates may be compared with dominant calcite
phases within a particular sample, and a chronology of paleostress orientation produced.

Stratigraphic and Structural Setting
Carbonate rocks of the Knox Group sequence are exposed in the North Mountain
thrust sheet of the Great Valley Province in northern Virginia (Figure 1).

The Knox

Group carbonates developed on a carbonate ramp which was several hundred kilometers
wide and 5000 kilometers long (Montanez, 1994). The presence of depocenters,
separated by arches, caused variations in thickness and mineralogy of the cyclic
carbonates.

The Virginia Arch lies to the south of the study area and the Pennsylvania

depocenter is located to the north and east of the study area (Fig 2; Montanez and Read,
1992).

Due to the fact that the Virginia Arch was relatively far away from the study area,

the units are not as dolomitized here as they are to the south.
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Figure 2. Stratigraphic section of units present within the North Mountain
thrust sheet. Samples from this study (*) are principally from the CambroOrdovician carbonaterocks, specifically Stonehenge, Edinburgh, and

Conococheague formations. Adapted from Evans (1989).

The Great Valley, a part of the Valley and Ridge Province, is bounded by the Blue
Ridge Province on the southeast and Appalachian Plateau province to the northwest.
Blue Ridge Province consists of Paleozoic sedimentary rocks (Spears, 1983).

The

The

Paleozoic rocks of the Valley and Ridge Province have been folded and thrust faulted
from the southeast.

The rocks of the Great Valley form the Massanutten synclinorium, a

structure consisting primarily of folded and faulted Knox group sediments.

Some

Silurian and Devonian units are present within this structure between Strasburg and
Luray, Virginia (Figure 3).
It is now generally accepted that the Great Valley is underlain by a detachment
fault. Cloos (1964) was one of the first to propose this idea, the presence of this
detachment was later confirmed by Harris et al.(1982).

Several interpretations exist

regarding the structural and stratigraphic placement of Cambro-Ordovician carbonates
which form part of the Massanutten synclinorium.

The first interpretation is that they are

structurally and stratigraphically continuous with Blue Ridge rocks (Harris, 1979;
Shumaker et al., 1985; and Mitra, 1986).

In an alternate interpretation Evans (1989)

believes that the rocks are not continuous.
The North Mountain thrust extends from southern Pennsylvania to central

Virginia and dips toward the southeast (Figure 4). Displacement on the fault is large, in
fact, this fault has the most displacement of any in the central Appalachians (Omdorff
and Epstein, 1994). Several interpretations exist regarding the North Mountain fault.
Some think the fault is a minor imbricate thrust, while others believe it to be a minor
blind thrust. Both of these interpretations would necessitate large amounts of

displacement in the western Valley and Ridge Province. Estimated magnitudes of
displacement vary significantly. Mitra (1986) recorded approximately 30 km of
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Figure 3. Detailed geologic map of the study area identifying major
stratigraphic units. Corner indicate edges of the study area (See figure 1
inset). Adapted from Evans and Dunne (1992).
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shortening in the Valley and Ridge while Evans (1989) believes that at least 90 km of

shortening is present in the Great Valley alone.
The Cambro-Ordovician carbonates of the Great Valley are believed to be part of
a duplex, but the size and number of horses within the duplex is not known.

Two

structural interpretations of this duplex are illustrated in Figure 4 (Wilson, 1985; Evans,
1989).

The cover rocks which are present in the Great Valley were most likely

transported across the upper North Mountain ramp causing overthrusting and the
duplication of the rocks in the Valley and Ridge Province.
Epstein et al. (1977) have recorded maximum temperatures which affected the
Valley and Ridge Cambro-Ordovician rocks during the latest stages of Paleozoic
deformation using conodont alteration indicies (Figure 5). Conodont indicies indicate
maximum temperatures of 200 and 350° C on the northwest (foreland) and southeast
(hinterland) limbs of the syncline respectively (Epstein et al., 1977). For the present
study estimates of overburden were calculated using data from Reger and Teats (1918),
Grover (unpublished data), and Kulander and Dean (1978), Butts (1940), Brent (1960),

and King (1950).

This data is given in Appendix V. Total overburden thickness of

Middle Ordovician through Pennsylvanian rocks is approximately five km.

A burial

depth of only five km implies an unreasonably steep geothermal gradient for the
Appalachian fold and thrust belt, and may indicate the original presence of an overriding
thrust sheet.

Evans and Dunne (1992) attempted to estimate thickness of the sedimentary

package using geothermal gradients of 25- 50° C. Their estimates indicate thicknesses of
6.5 to 13 km based on the conodont coloration indicies of Epstein et al. (1977).

Using

vitrinite reflectance profiles, Blackmer et al. (1992) calculated Cambro-Ordovician age
rocks in Pennsylvania to have been at a maximum burial depth of approximately eight
km.

It should be noted that the highest temperatures indicated by conodont coloration
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Figure 5. Conodont coloration indices for Early Ordovician rocks of the Great Valley. Sample
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Epstein et al. (1977). Chart shows the range of temperatures for a given conodont alteration

index (CAI).
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indicies are recorded in the Cambro-Ordovician rocks adjacent to the Blue Ridge Front.
This may indicate either maximum burial depths for these rocks and/or conductive
heating from the adjacent Blue Ridge rocks.
Fluid inclusion data provides further information on minimum temperatures to
which the rocks of the study area were subjected.

For the southern Appalachians primary

fluid inclusions within the Shady Dolomite record temperatures of 150-220°C (Barnaby,
1989).

Detrital K-feldspars and three-phase fluid inclusions indicate that temperatures

probably did not exceed 250°C (Barnaby, 1989). Further west of the current study area
Dorobek (1984) suggests burial temperatures of 150°C.

Highest temperatures for Knox

Group carbonate rocks, the focus of this study, range from 140-245°C (Montanez, 1989).
These temperatures were recorded using pressure corrected primary and pseudosecondary
fluid inclusions.

All of these temperatures imply depths of burial to be 5 km or greater,

assuming an average geothermal gradient of approximately 30°C/km, and thermal
equilibration between circulating fluids and their host rocks.
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Description

of Diagenetic

Mineral

Phases

Fine-grained dolomite rhombs (3-74 microns) commonly occur wholly or partly
replacing ooids and intraclasts in grainstones (Figures 6 and 7), and replacing mud in
wackestone/packstone.

The smallest dolomite crystals usually Juminesce dull, but they

may be dully luminescent with non-luminescent cores. They lack brightly luminescent
zones. These crystals are the main dolomite phase. Dolomite with non-luminescent cores
are most prevalent in the southwestern portion of the study area.
Calcite cements occur as intragranular cement in grainstones, as fenestrae in
wackestones/ mudstones, and near stylolites, where voids were created. All calcite cements
stain pink and are dully luminescent and non-zoned.

Early calcite occurs as fine-grained

equant cements, nucleating around ooids and on fine-grained dolomite. Later calcite is
present in voids, postdating coarse dolomite or filling fractures.
Coarse dolomite replaces early calcite (Figure 8). It also is present near stylolites.
These larger dolomite crystals (>100 microns) are anhedral to euhedral and overgrow some
fine-grained dolomite and calcite cements.

In the southwestern portion of the study area

coarse dolomite is dull and zoned, with a non-luminescent core followed by a dull zone, a
brighter dull zone, and another dull zone. The dull zones have slightly brighter subzones.
All other dolomites are completely dull.
Fractures cutting grains, cements, and stylolites are filled by anhedral mosaics of
fine to coarse-grained calcite crystals (Figure 9) or less commonly dolomite. All fracturefills stain pink, are dully luminescent and unzoned.

Interpretation

of Diagenetic

Mineral

Phases

At least four diagenetic mineral phases are recognized. The first diagenetic phase is
microdolomite which is primarily replacive. Calcite cements overgrow these early

13

Figure 6. Sample 19 (Pelloidal wackestone). Microdolomite has overgrown mud and
calcite cement is present in voids between mud. Width of photomicrograph is
approximately 2mm.

14

Figure 7. Dolomitized ooid grainstone. Dolomite is present on ooids and in calcite cement.
Width of photomicrograph is approximately 2mm.

15

Figure 8. Photomicrograph of sample 27A (Dolomitized wackestone).
infilling voids after dolomite. Width of view is approximately 2mm.

16

Calcite is

Figure 9. Photomicrograph of sample 27A. Late Paleozoic fracture fill which is
deformed near stylolites. Width of view is approximately 2 mm.

dolomites and fill the porosity between the dolomite clasts (Montanez and Read, 1992).
These dolomites were originally non-luminescent but have been replaced by dull dolomite
(Montanez, 1989).

This was followed by precipitation of calcite cement. These earliest calcite cements
overgrow fine grained early dolomite, but are also overgrown by a later dolomite.

These

calcite cements are regionally developed within the limestones and are of meteoric origin
(Montanez, 1989). The earliest calcite cements may have developed during subaerial
exposure, but may also relate to aquifer formation during the development of the Knox
Unconformity.

Late pore filling, coarse-grained calcite likely formed after the Ordovician

(Montanez and Read, 1992), and probably during later Paleozoic burial (Devonian through
Pennsylvanian-Permian).

The dominant dull cathodoluminesence reflects the reducing Fe*

reducing pore fluids.
The third diagenetic episode is a dolomite cement, which occurs near stylolites or
replacing larger calcite grains. Coarse, zoned dolomites as well as dull dolomites are the
result of burial (Grover, 1983). Dull dolomite cement formed under reducing conditions
which favored uptake of Fe and Mn in the dolomite. Brighter cement zones probably
formed under short term less reducing conditions, which decreased Fe** in the pore fluid;

bright zones could have formed under highly reducing conditions, when pyrite removed

Fe** from the pore fluids, but the lack of pyrite argues against this. Continued burial,
facilitated by proximity to the Pennsylvania depocenter, maintained reducing conditions and
precipitated the last dull dolomite cement.

|

Fractures within the Middle Ordovician carbonate units are believed to be associated
with late Paleozoic (Alleghenian) deformation (Grover and Read, 1983). Extensional
fractures formed prior to or during the first stages of folding.

Shear fractures which

developed during thrusting may also be present (Orrell and Onasch, 1983).

18

Non-zoned dull calcite cementing fracture fills probably occurred during relatively
deep burial conditions resulting from overthrusting, which produced reducing pore fluids
(Montanez, 1992).

The fractures formed under conditions similar to the latest void filling

calcite cements, which they resemble in terms of luminescence and crystal shape. Burial
calcite formed preferentially in fracture fills after burial dolomite, implying that
temperatures were decreasing during late burial or that late stage fluids were Ca-rich and
Mg-poor.
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TWIN

ANALYSIS

Mechanical

TECHNIQUES

Twinning

Mechanical twinning bends a crystal lattice. The twinned image in calcite is a
mirror reflection of the host and forms by simple shear on a favorable crystallographic
plane, namely the {1012} or e twin plane (Turner, 1953). When this shear occurs, the
carbonate groups within the twinned part of the crystal immediately assume their mirror
image positions with respect to the untwinned part of the crystal. The carbonate groups,
however, are not rotated far enough by the shear to form perfect calcite structure. These
carbonate groups must rotate independently (Hobbs et al., 1976; p. 104) to arrive at a
perfect reflection twin (Figure 10) .
Twinning is associated with very small strains, usually 15% or less (Schmid et al.,
1987). During twinning the c-axis of the twin is rotated, in relation to the c-axis of the
host, towards the maximum compressive stress. This produces a reorientation of the
calcite lattice. Depending on the orientation of the applied stress system relative to crystal
coordinates, twinning may occur on one, two, or three of the e planes (Figure 11) (Evans
and Groshong, 1984). The twin gliding occurs in a direction parallel to g (intersection of e
twin and r slip planes). In order for this twinning to occur, the sense of shear on the active
e plane must be positive. This means that the upper portion of the lattice will be displaced
towards the positive end of [0001], the c-axis, in relation to lower layers (Figure 10)

(Reed-Hill et al., 1963). If the stress is oriented in the opposite direction, no twinning will
occur. This will hold true even if the stress is twenty times that required to produce
twinning in the positive direction. If all three planes are oriented so that their sense of shear
is negative, translation on r {1011} will take place instead. Due to the change in the
orientation of the c-axis during twinning, calcite crystals cannot twin again once they have
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CALCITE TWINNING

Figure 10. Twinned and untwinned portions of a calcite crystal with theoretical Compression (C)
and Tension (T) directions shown. Other abbreviations are as follows: c = c-axis, ct = c-axis of the
twinned crystal, r = r plane, rt = r plane of the twinned crystal, and g = glide direction
21

e twin plane

Host
C-aAxIS

Twin
C-ax!s

direction

Figure 11. Stereonet demonstrating the relationship between the e twin plane and
maximum compressive stress. Relationship from Turner (1953). Diagram after
Twiss and Moores (1992).
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been completely twinned on any twin plane assuming that there is not a change in the stress
system (Reed-Hill et al., 1963).

After a certain maximum temperature is reached for a given strain rate, carbonate
rocks will cease to deform by twinning.

This transition has been experimentally recorded

in Solnhofen limestone at approximately 400° C (Rutter, 1970). Above this temperature,
which may vary for different carbonate rock types, intracrystalline slip on r and f planes
will become the dominant mechanism of deformation.

Methods

for determining

Paleostress

Orientations

Turner's Method
The use of calcite twins to determine applied stress orientations was first proposed
by Turner (1953). To initiate twinning, a certain minimum critical resolved shear stress
(CRSS) must develop on the twin plane in the glide direction. The degree of alignment
between resolved shear stress and the crystallographic glide plane and glide direction is
expressed by the Schmid factor. The optimal alignment between the applied stress field
and a potential crystal glide system is indicated by a Schmid factor of 0.5 (Schmid and
Boas, 1950).

If this optimum orientation is assumed, then the compression and tension

axes can be determined.

These axes are oriented at 45° to the twin plane (Figure 11).

Obviously, the resolved shear stress is not always at a maximum.
with Turner's (1953) method.

This creates problems

Values of CRSS equal to about half of the maximum value

have been recorded (Friedman, 1963). E twinning in calcite continues to develop within a
grain until that grain is completely twinned. After this stage the orientation of the c-axes
makes it almost impossible for more twinning to occur, unless there is a change in

orientation of the applied stress system. If stress magnitudes continue to increase then
intracrystalline glide may take over as the dominant deformation mechanism.
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If twin planes

are unsuitably oriented within the slip system, then deformation may be achieved by slip on
r planes. Due to the locations of the compression and tension axes relative to the c-axis, the
tension axis may be distorted (Shelley, 1992). The compression direction as measured by
the Turner and Weiss method (1963, p. 242) is, however, a good approximation.

Boyne,

Yule, and Sonora marbles were deformed at temperatures less than 300° C in the first
pioneering analysis of Turner (1953). The c-axes directions and the poles to e-lamellae
were found to be directly correlatable to the directions of maximum compressive stress.

Turner (1953) states that twinning is directly related to only the last stages of deformation,
or in this case, the experimental stresses which were placed on the marble.
Spang's Method
Turner's work was modified by Spang (1972). This analysis calculates a bulk
stress tensor (i.e. the externally applied stress field) using the principal stresses indicated
by each twin set. Each twin is assigned an arbitrary value of 1, regardless of how well
developed the twin set is. This is based on the assumption that each twin set represents an
equal amount of strain. Stress tensors for each twin set are multiplied together and then
divided by the number of stress tensors. The result is a bulk stress tensor which represents
the stress ellipsoid. The principal axes of the ellipse may now be determined from the bulk

stress tensor. Spang (1972) observed that by calculating the entire stress tensor, relative
magnitudes of stress may be compared as well.
Analysis of previous methods by Friedman, Teufel, and Morse
In 1976, a series of deformation experiments were performed on Permian and
Mississippian limestones to further constrain the usefulness of calcite twin lamellae in
estimating stress and strain fields.

Friedman et al. (1976) simulated a thick-beam fold, a

layered thin-beam buckle, consisting of more than one lithology, and a series of faulted and
drape-folded samples which also contained multiple rock types. The Turmer (1953) method
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was used for determining orientations of principal stress and Groshong's (1972) method
was used for determining strain. They conclude, from their experiments, that calcite twin
lamellae can be used successfully to determine stress and strain fields up to strains of 15%.
Dietrich and Song's Method
A new modification of Turner's method for determining stress was proposed by
Dietrich and Song (1984). They used calcite fabrics to determine a graphical method of
interpreting twins. This method accounts for the fact that according to the calcite lattice, no
twinning should occur (i.e no e planes will be located) within 26° of the c-axis of the host if
only one set of twins exists. Two twin sets produce an angle of 44.5° and three twin sets
produce an angle of 64°. This method also takes into account the direction in which the
twin gliding takes place. Dietrich and Song (1984) exhibit the direction of e-twinning by

plotting the poles to the e lamellae planes and the c-axis of the host. For data which is
unimodal, the Dietrich and Song method proves to be more precise than the Turner method
(Schmid et al., 1987).

Pfiffner and Burkhard's Method
Another method for using e twins to determine paleostress orientations is the
method of Pfiffner and Burkhard (1987). This method tests twin sets within a grain to
determine if they are compatible.

In other words, they are determining if all the twins did,

in fact, originate from a single applied stress field. The dihedra method was used to
examine how many twin sets are compatible.

Two compression dihedra are given for each

twin set. These two dihedra can be superimposed to determine all possible positions of the
compressive axes (figure 10). When the two dihedra are actually superimposed, point

maxima and girdles emerge defining compression and tension axes. This allows the
percentage of NEV's (Negative Expected Values), or twins in incompatible orientations, to
be evaluated.

Sometimes, results from this analysis produce diluted maxima, the maxima
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corresponding to the principal stress axes. This occurs because some unfavorably oriented
data sets with the correct sense of shear are still used.
Shelley's Method
Shelley (1992) discussed the treatment of twins as microfaults within a calcite
crystal. This approach was also used by Laroque and Laurent (1988). Maximum
compressive and tensile stresses may be analyzed using fault slip data. Shelley (1992)
proposes a similar technique for twins within calcite. He points out that fault movement
varies according to the orientation of pre-existing faults and joints just as the formation of
twins is controlled by the orientation and anisotropy of the calcite crystal. The method,

first proposed by Angelier (1984) for use on fault systems, determines tension and
compression directions which are most compatible with all slip directions. When tested
and compared with the Turner and Dietrich and Song methods, this method does not
produce better results than the Turner method itself (Shelley, 1992).

Paleostress

method

used

in this study

The original method of Turner (1953) was used in this study because it was the
most simple to apply. Although the Dietrich and Song (1984) method seems more
accurate, it is not possible to use this method when bimodal distributions of Compression
directions are present. Since bimodal distributions prevail in the Valley and Ridge samples
(70% of samples), the Dietrich and Song (1984) method was not used. Both of the
programs described by Allmendinger (1990) and Evans and Groshong (1991) make use of

the Turner method. The Evans program was used in this study because it is capable of
handling data from perpendicular thin sections and rotating them into the same plane.
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Paleopiezometers
Early Use of Calcite Twins as a Paleopiezometer
One of the first attempts to experimentally relate calcite twinning to differential
stress was carried out by Handin and Hager (1957) who noted that twin lamellae were only
found in samples which had been subjected to a differential stress. Friedman and Heard
(1974) determined relative magnitudes of principal stresses in the Texas Gulf Coast by
observing how the abundance of calcite twin lamellae in low porosity Cretaceous
limestones varies with borehole depth and also through the comparison of their results with
previous experiments.

This was one of the first attempts at determining magnitudes of

paleostress from twin lamellae. They used low-porosity Cretaceous limestones to
determine how the number of twins varies with depth.

From their results, Friedman and

Heard (1974) determined that the number of lamellae which are present seems to increase
with both differential stress and period of loading.
Jamison and Spang's Use of Calcite Twins as a Paleopiezometer

Differential stresses were determined for cylinders of experimentally deformed
Indiana limestone by Jamison and Spang (1976). First, the maximum values of the
coefficient of resolved shear stress (i.e. Schmid factors) were contoured, taking into
account each of the three potential twin planes. The maximum coefficient of resolved shear
stress will have three values for each grain, one for each of the potential twin planes. Next,

by using the intermediate and smallest values for the coefficient of resolved shear stress,
Jamison and Spang (1976) determined the percentage of crystals which should have one,
two, or three twin sets for a given differential stress. These were then plotted against
lowest values for the coefficient of resolved shear stress. This is a graphical way of
determining a value for the coefficient of resolved shear stress. By substituting this value
into the equation relating shear stress (tr), differential stress (Ao), and resolved shear stress
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(S1), (tr=S1*Ao), one may obtain a value for differential stress.

The number of grains

which have three twin planes with an adequate component of shear stress for twinning

appears to increase as differential stress increases. To perform these calculations, Jamison
and Spang (1976) assumed a homogeneous stress field, an infinite number of crystal
orientations, and uniaxial compression.

Also, they assumed that only small strains were

present and that grain size had no effect on the amount of visible twinning. This method of
paleopiezometry is believed to be valid for coarse-grained rocks which were deformed at
temperatures less than 200° C. If multiple deformation or high temperatures exist, then this
method may overestimate stress magnitudes (Burkhard, 1993).
Rowe and Rutter's Approach to Paleopiezometry Using Calcite Twinning
By experimentally deforming limestones, Schmid (1982a) came to the conclusion

that twinning is dependent on grain size as well as differential stress. Depending on the
magnitude of differential stress, there will be a certain grain size below which optically
visible twinning will not occur. Rowe and Rutter (1990) expanded this line of thought to
examine how the relationships between differential stress and twinning incidence and twin

density and volume fraction relate to grain size. Twinning Incidence (It) is defined as the
percentage of grains of a certain grain size which have visible twin lamellae. The volume
fraction (Vt) refers to the percentage of an individual grain which is twinned.
(D) is the number of twins per mm.

Twin density

Relationships determined by Rowe and Rutter (1990)

are as follows: (1) the log of the twin density is directly proportional to the stress and does
not depend on grain size (Figure 12), (2) twinning incidence has a linear relationship with
stress and (3) the volume percent twinning appears to have a non-linear relationship with
stress for a given grain size. Temperature, strain, and strain rate do not have an effect on

any of these relationships according to Rowe and Rutter (1990). Three different methods
for predicting differential stress were developed from their observations. A method using
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Figure 12. Results of Rowe and Rutter's (1990) method for estimating paleostress
based on the number of twins per mm. Plot demonstrates the linear relationship
between differential stress in MPa and the log of the number of twins per mm.
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incidence of twinning proved to be accurate experimentally, but only for relatively simple
deformation histories.

Some researchers believe, this method tends to overestimate

differential stresses (Ferrill et al., 1992). Using their experimentally calibrated technique,
Rowe and Rutter (1990) also worked on a natural sample from the Cantabrian thrust belt of
northern Spain.

Peak stresses within the belt were determined using their own methods

and orientations of paleostress were calculated using the methods outlined by Turner and
Weiss' (1963, pp. 242-244).

The lower stress values were found to be more accurate

because they were valid for a larger range of grain sizes (Vt method).
method was also used, but produced stresses which were too high.

The twin density
The It method could

not be used in this natural case because all grains, no matter their size, had at least one twin
set. This implies a more complex deformation history (Rowe and Rutter, 1990). The Vt
method seemed to fit best the natural example.

The Rowe and Rutter paleopiezometers,

like most classical paleopiezometers, assume a steady-state microstructure and therefore,
are often prone to problems (Burkhard, 1993).

Also, Rowe and Rutter (1990) do not take

into account the effect of stresses which are imposed for different lengths of time while
Friedman and Heard (1974) were able to establish a relationship between the number of

twins present and the duration of loading. The empirical relationships which have been
developed by Rowe and Rutter (1990) appear to only be appropriate at higher temperatures,
namely above 300° C (Ferrill et al., 1992).

When Rowe and Rutter's (1990)

It technique

was compared with that of Jamison and Spang (1976) for the northern Subalpine chain,
Rowe and Rutter's
1992).

method produced an overestimation of differential stress (Ferrill et al.,

This comparison did not, however, take into account Rowe and Rutter's other

methods for determining stress.
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Use of Paleopiezometry and Stress Orientation Analysis in determining multiple episodes
of deformation
A complex technique for determining both the orientation and magnitude of the
deviatoric applied stress field using e twins in calcite has been described by Laurent et al.
(1981, 1990).

The method assumes that twinning results from a single homogeneous

stress tensor (cf. Pfiffner and Burkhard,1987).

This method records all e plane

orientations, not only twinned e planes. It is assumed that untwinned grains are in
orientations for which the resolved shear stresses on their potential twin planes are less than
the CRSS for twinning.

Other assumptions associated with this method include: 1)

twinning is a non-reversible process, 2) twinning is completely identifiable on the universal
stage, 3) the CRSS is constant and, 4) crystallographic orientations were originally
random.

Making these assumptions the deviatoric stress tensor is solved using the least

squares method.

This is performed in order to find the minimal value of a continuous

function, f, which is defined for each twinned and untwinned plane.

The f function

associates the deviatoric stress tensor with the sum
n=1
f(A)=x
fi (A2)
i=l
(Laurent et al., 1990).

Using this method Laurent et al. (1981) suggest that different

deformation phases may be recognized. An important aspect of this method is the fact that
it disregards any data which does not fit with the calculated stress tensor. Obviously, this
effects the significance of the results. This method is incapable of yielding any results
unless selected data are discarded (Laurent et al., 1990).
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Paleopiezometer

used

for this study

Rowe and Rutter's (1990) twin density technique was choosen for use in this
study. The twin density technique is appropriate because it accounts for grain size by
taking the number of twins per mm in a given grain and then averages the twin density in
those grains. Jamison and Spang's (1976) method does not take grain size into account
and because the samples analyzed have large variations in grain size, this method was not
used. Laurent et al.'s (1981) technique was not used because of its complexity and the
possibility that it may be stretching data past its point of valid interpretation. Only one
method was implemented in order to allow sufficient time to process both an appropriate
number of samples and an appropriate number of grains within each sample.

The Rowe

and Rutter (1990) twin density technique was relatively simple to implement, while still
taking all necessary factors into account.
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PALEOSTRESS RESULTS

Description of Twinning
Thickness

In the samples analyzed from the Great Valley, both thick and thin twins are
present.

Thin twins are defined here as having widths of 3-5 microns while thick twins

have widths ranging from 6-11 microns. Thin twins make up the largest proportion of
twins, but thick twins are also present. Twin thickness is generally regarded as being
temperature dependent while thin twins are attributed to a more homogeneous form of
deformation on the grain scale (Figure 13) (Burkhard, 1993).

This is due to the fact that

thick twins result in larger steps at grain boundaries and therefore more inhomogeneous
deformation, particularly when grain boundary sliding is operative.
Four of the samples (GV 17, GV 14, GV 63, and GV 68B) contain a significant

proportion of curved twins (Figure 14). Curved twins are believed to be either a result of
elastic deformation or a result of intracrystalline deformation (r or f glide) (Turner and
Orozco, 1976).

Samples GV 47 and GV 4 contain significant amounts of patchy twins.

Both of these types of twins are termed irrational twins. They form on irrational

crystallographic planes and are commonly formed by later deformation of earlier twins.
Because these twins do not have a consistent relationship wiith the crystallographic

lattice they cannot be used to obtain Compression directions. No irrational twins were
used for paleostress analysis.

Samples other than GV 4 and GV 47 do not contain a

significant number of irrational twins.
Twin Type

Correlations between twin type and deformation temperatures have been made by
Burkhard (1986) in the Helvetic zone in Switzerland and also by Groshong (1988) and
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Fisure 14. Non-rational curved twins from sample GV 63. This type of
twin was not used for stress analysis.
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Evans and Dunne (1991) in the Appalachians.

The various twin types have been

classified by Ferril (1991); who recognized four twin types. All four twin types have
been recognized in the Great Valley carbonate rocks. Twin types I and IT however, are
the most common (Figure 15). The type III and IV twins are correlated with higher
temperatures and in the Great Valley are primarily found closest to the Blue Ridge front.
This correlates with the conodont coloration data of Epstein et al. (1977), which indicates
increasing temperatures of alteration in the Ordovician sequence as traced towards the
eastern side of the Great Valley.

Their data further suggest that temperatures within

Ordovician carbonate rocks adjacent to the Blue Ridge Front may have exceeded 300° C.
This temperature range seems to correlate with that of inferred from the distribution of
twin types.

Calculated Compression Axes using the method of Turner (1953)
Compression directions using the Turner method have been calculated for
twenty-four samples, two mutually perpendicular thin sections oriented at right angles to
bedding being analyzed in each sample.

Three columns of stereonets containing this data

are shown in Figures 16, 17, 18, 19, 20, and 21. Calculated Turner tension axes are given
in Appendix II for completeness.
presented in sample coordinates.

The first two columns of stereonets in these figures are
The primative circle represents the bedding plane with

north plunging within a'N-S’ vertical plane. Stereonets in the third column are in
geographic coordinates with north at the ‘top" of the stereonet; only the orientation of
bedding is shown in the stereonet for each sample.
Of the forty-eight thin sections analyzed from the Great Valley of northern
Virginia, three patterns of compression axes, defined by different combinations of point
maxima, are distinguished.

For purposes of analyzing the compression directions which
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Figure 15. Thin, straight twins are most common.
used for stress analysis

37

This type of twin was

Figure 16. Stereonets from the northwest portion of the study area. The first two columns are in

sample coordinates and true north is plunging with the N-S vertical plane. The third column is
in geographic coordinates and the top of the stereonet represents true north.
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Figure 17. Stereonets from the western side of the Massanutten synclinorium in the central
part of the study area. See figure 16 for explanation of stereonets.
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Figure 18. Stereonets displaying calculated Compression directions from the southwestern
part of the study area. See figure 16 for explanation.

Figure 19. Stereonets displaying calculated compression directions from sample 4, in the most
southwest portion of the study area. The first two columns are in sample coordinates and true

north is plunging with the N-S vertical plane. The third column is in geographic coordinates and
the top of the stereonet represents true north.
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GV 41A

Figure 20. Stereonets displaying calculated Compression axes from the northeastern part of
the study area. See figure 16 for explanation.
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GV 68B

Figure 21. Stereonets displaying Compresssion directions from the southeastern part of the
study area. See figure 16 for explanation of stereonets.

are present, directions will be referred to as: 1) bedding perpendicular 2) NW-SE and 3)
SW-NE.

Generally NW-SE maxima correspond in sample coordinates to an approximate

315-135° present geographic trend while SW-NE maxima correspond to a 250-070" trend.
Data clusters may vary within approximately 15°.

The first pattern is defined by a point maximum which plots very close to the
center of the stereonet, usually either slightly SE or NW of center. Examples of this
pattern are seen in samples GV 24, GV 25, GV 27, GV

19, GV 45, and GV 41A.

These

samples appear to have a unimodal distribution of compression axes. The bedding
perpendicular point maxima are all obtained from calcite cements filling late void and
fracture fills.
The second pattern of compression axes is represented, again in sample
coordinates, by axes which plunge gently to the NW or SE sub-parallel to bedding.

The

third pattern of compression axes is also oriented sub-parallel to bedding, but trends NESW.

Within individual samples these two bedding sub-paralle] maxima may occur: 1)

together, but without the bedding perpendicular maxima, 2) together, but with the
bedding-perpendicular maxima, 3) singly, but always in combination with the bedding
perpendicular maxima.

In samples where both sub-parallel maxima are present without

the bedding perpendicular maxima, no late void and fracture filling calcite cements are
found.

Sub-perpendicular maxima are only recorded in samples containing late void and

fracture filling calcite cements.

Distribution of calcite crystallographic c-axes
The Turner method of computing Compression directions is dependent on the

grain aggregate having a random crystallographic orientation. For the present study, the
orientation of calcite c-axes were measured for the samples studied and are displayed in
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Appendix IV. Five of the samples used for this study display a slight crystallographic
preferred orientation (GV24, GV 47, GV 53, GV41A, and GV 43).

All other samples

have a random distribution of c-axes. The random crystallographic nature of the samples
analyzed indicates that the Turner method is applicable to samples in the Great Valley.

Negative Expected Values
Of the samples measured, sixteen were analyzed for negative expected values
(NEV).

These NEVs should show whether or not in fact, all calcite grains measured

originate from a single stress tensor.
26.2%.

Of all the samples, the percentage of NEVs is

A common practice is to discard some of the data which does not fit (i.e. Evans

and Dunne, 1992).

Obviously, the stronger Compression maxima have fewer NEVs.

Eight of the samples have a clear relationship between stress distributions and positive
and negative expected values. For these samples the average of the NEVs is 31.5% of the
data. These results suggest that samples have generally been exposed to more than one
stress pulse.

Interpretation of calculated Turner (1953) Compression axes
Based on the geology of the North Mountain thrust sheet and the diagenetic
history of the Cambro-Ordovician carbonate samples studied, several alternate
interpretations of the compression axis patterns within the samples studied are presented,
and their relative merits discussed.

Due to the fact that calcite twinning should only

record the most recent paleostresses, these compression axes are believed to have been
generated during late Paleozoic (Alleghenian) progressive deformation.

The orientation

of these three Compression directions are shown in Figure 22 in terms of their positions
relative to surface geology.
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oA

UNDIFFERIENTIATED

Cambro-Ordovician

Carbonates

Silurian to Mississippian clastics and carbonates
.

Crystalline Basement

Figure 22. Block diagram indicating three sets of Compression directions inferred

from data in this study. Compression direction A (GA) is sub-perpendicular to
bedding and is associated with later stage calcite cements. Compression direction
B (OB) is oriented sub-parallel to the transport direction of the North Mountain thrust.
Compression direction C (OC) is oriented sub-parallel to the strike of the fold and
thrust belt. Compression directions B and C both seem to be related to older calcite
cements. NMT = North Mountain thrust and MS = Massanutten syncline.
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Compression Directions Recorded in Fracture Fills
Compression directions which plot sub-perpendicular to bedding were obtained
primarily from measurements of fracture- and pore-filling cements.

These are the

youngest cements found in these carbonate rocks. For this compression direction to be
attained, assuming principal stresses were either horizontal or vertical, the beds would
either have had to have been oriented sub-horizontal or sub-vertical.

Sub-perpendicular

maxima have a minimum plunge of 60° when plotted in sample coordinates.

This would

allow bedding to be dipping at up to 30° when the maximum stress direction was vertical.
For the Cambro-Ordovician carbonates of the Great Valley to have been sub-vertical
seems unlikely given their present day geometry.
horizontal or dip moderately to the southeast.

These units are now either sub-

Several interpretations of the North

Mountain thrust sheet postulated that a number of imbricate horses may be present
beneath the thrust. It is possible that the formation of these horses may have caused a
compression direction which would be sub-perpendicular to bedding.

One would

suppose, however, that if this were the case that the beds beneath the North Mountain
thrust would curve towards the thrust. These units do not "bow up" as one would expect
if they were causing a significant push upwards (Figure 4).
A more plausible explanation for this subvertical compression direction may be
thrust-loading.

Measurements of stratigraphic thickness (Middle Ordovician through

Pennsylvanian) indicate a maximum overburden of 5 km (Appendix V). Using weighted
average densities for each stratigraphic unit, the maximum lithostatic load is estimated at
101 MPa (Appendix V). A burial depth of only 5 km implies an unreasonably steep
geothermal gradient for the Appalachian fold and thrust belt given the maximum
temperatures of 300-400° C indicated by the conodont coloration data (Figure 5). This

would seem to indicate deeper burial. This in turn may indicate that the Paleozoic
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succession of the Great Valley was originally overriden by an additional thrust sheet.
(Figure 23). This model would suggest, however, that the later folding of the
Massanutten Synclinorium did not have a significant overprinting effect on these
compression directions.
An alternative possible explanation for the presence of compression directions
which are oriented sub-perpendicular to bedding is that they are associated with
formation of the Massanutten Syncline.

Numerical modelling of stress trajectories

associated with thrust ramp related folding by Wiltschko (1979) indicates that some

refraction of maximum and minimum principal stresses should occur during fold
formation. However, Wiltschko's analysis indicates that maximum principal stress
directions should remain at a relatively low angle to bedding during thrust-related folding
(Figure 24a).

Experimental buckling of analog materials by Currie et al. (1962) indicates

that stress refraction during buckling may locally result in maximum principal
Compression directions being oriented at a high angle to the buckled layers (Figure 24b).
These experiments were carried out for single layer buckling.

In the case of the

Massanutten Syncline, significant competance contrasts must exist between the CambroOrdovician carbonate rocks now exposed on the limbs of the fold and the more
competant Siluro-Devonian clastic sedimentary rocks exposed in the core of the syncline.
Tightening of the synform about the competant clastic rocks in the core of the syncline
may have resulted in Compression directions being oriented at a high angle to bedding on
the limbs of the syncline (Figure 25).

Compression axes from Early Cements
Turner (1953) Compression axes recorded in carbonate rocks of the Great Valley
define two point maxima in samples which contain only early cements.
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syncline is formed.
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Siluro-Devonian clastic rocks
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Cambro-Ordovician carbonate rocks
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Orientations of compression directions

Figure 25. Orientations of compression directions produced when a less
competent layer is folded around a more competent layer.
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only one of these maxima is present, while in other samples both maxima are present.
The first of these maxima is oriented approximately NW-SE and plunges very gently subparallel to bedding.

This compresssion direction is oriented sub-parallel to the inferred

transport direction for the North Mountain thrust sheet. The second compression maxima
is oriented NE-SW at a low angle to bedding, a direction which does not correlate with
either the inferred thrust transport direction or vertical thrust sheet loading.

This NE-SW

compression direction seems to be associated with the older cements.
One possible reason for the presence of NE-SW oriented compression maxima
may be local rotation of stratigraphic units within the North Mountain thrust sheet.
Rotation within the Appalachian orogenic belt has been documented in Pennsylvania by
Kent (1988) and Stamatakos and Hirt (1993) using paleomagnetic data and in West
Virginia by Evans (1994) using joint sets. Only four of the samples (54, 38, 4, 68B)
contain NE-SW oriented Compression maxima populated above three times uniform
distribution.

These samples are distributed throughout the study area (Figure 1).

Published geologic maps of the area (Rader et al., 1996) do not indicate any evidence for
rotation of map scale structures and therefore if rotation had occurred it must be operating
on a domain scale smaller than that of the map structures.
A more reasonable explanation for the local presence of NE-SW compression
maxima is that they may be associated with structures which developed oblique to the
regional scale structures. For example, in the Strasburg quadrangle (Rader and Biggs,

1976), where sample GV 54 was collected, a thrust fault is present which strikes NW-SE.
This is the location of the strongest NE-SW oriented maxima. Similarly oriented NW-SE
striking thrust faults and strike-slip faults are shown on the geologic maps of the Front
Royal (Rader and Biggs, 1975), and Edinburg (Young and Rader, 1974) quadrangles.
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These local deformational features imply a component of Compression oriented parallel
to strike.

Relationship of dolomite fabrics to compression axes
Theoretically, calcite fabrics should be reset at low differential stresses. Whether
or not this is actually the case is controversial (E.H. Rutter, pers. com., 1997).

If calcite

fabrics are easily reset, then it is necessary to examine the microstructural fabrics of other
mineral phases within the sample in order to determine if these minerals may have played
some part in preserving earlier fabrics. For example, if mechanically stronger dolomite
grains are in grain to grain contact (i.e. form a load-bearing framework) then earlier
Compression directions in the weaker calcite grains may be preserved.

In contrast, if

later dolomite grains are dispersed in a matrix of calcite grains then earlier Compression

directions originally preserved in the calcite grains would be destroyed if the rock is
subjected to a later stress pulse.
Thin sections from most of the analyzed samples display a domainal distribution
of both of the above situations.

Samples 34B, 62, and 44 are characterized by dolomite

grains which form a potential load bearing framework which would protect the weaker
calcite grains.

In contrast, sample 4 contains a significant amount of quartz in addition to

some dolomite and both of these mineral phases are dispersed in a calcite matrix.

Magnitudes of Paleostress
Average differential stresses were determined for all samples using the Rowe and
Rutter (1990) twin density technique.

On the western limb of the synclinorium the

average number of twins/mm was 50. The differential stress averaged 235 MPa on the
western limb with a standard deviation of 23 MPa (Figure 26 and 27). On the eastern
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Western

lumber calcite grains

Avg.

26
25
29
27
26
28
26
28
26
aT
25
at
28
28
26
28
25
26
25
25
25
25
25
25
28
28
26.42

limb

twins/mm

61.75
53.71
33.37
38.19
58.42
39.85
63.55
79.28
61.72
50.14
54.34
50.14
38.58
34.33
47.70
38.83
71.89
58.83
63.23
51.02
27.29
24.04
69.20
53.72
30.35
38.09
49.67

Standard

Deviation

Diff. Stress

19.59
14.78
22.07
25.40
28.03
26.27
29.61
29.57
31.37
25.37
26.52
25.47
24.00
16.01
22.06
21.10
30.57
30.82
28.61
24.69
10.86
12.10
29.20
20.73
9.61
19.29
23.21

254.38
244.02
208.64
218.66
250.25
221.84
256.51
272.94
254.34
238.91
244.88
238.91
219.42
210.74
235.19
219.90
265.60
250.78
256.14
240.20
193.70
184.29
262.84
244.03
201.59
218.47
234.89

Figure 26. Paleostress data measured using the Rowe and Rutter (1990)
twin density technique. Data is from the western limb of the
Massanutten syncline.
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limb the average differential stress was 241 MPa with a standard deviation of 16 MPa.
The average number of twins/mm on the eastern limb is 52 (Figure 28 and 29).

Interpretations of Paleostress Magnitudes
A differential stress of 235 to 241 MPa seems excessively large, but this may be
related to peak stress conditions (Rowe and Rutter, 1990).

Magnitudes of differential

stress within the upper part of the continental crust appear in the literature,
predominantly, as estimates beyond which slip will occur on faults. Results compiled by
Lacombe and Laurent (1992) estimate a minimum differential stress of 2 MPa (Bergerat

et al., 1982 and 1985) and a maximum differential stress of 260 MPa (Gaviglio, 1985).
Both of these estimates are on Eocene age limestones in compressional tectonic regimes.
These estimates give a wide range of peak differential stress conditions which may be
present.

It is important to realize however, that these values represent two extremes and

that differential stress values estimated using fault-slip and rock mechanics data usually
range somewhere between 70-90 MPa for compressional regimes.

The value of

differential stress required for slip on a fault will vary greatly depending on the
orientation and fluid pressure on the fault surfaces when the stress field was imposed.
Rowe and Rutter (1990) estimate differential stresses ranging from 200-280 MPa for the
Cantabrian zone of northern Spain.
on interpretation of fault orientation.

These estimates for differential stress vary depending
Although it seems unlikely that Cambro-Ordovician

carbonate rocks of the Massanutten syncline were exposed to differential stresses of 235240 MPa for their entire deformation history, it may be reasonable to interpret this data in

terms of peak differential stress estimates (Rutter pers. com., 1997). This value certainly
falls within the range of previously interpreted differential stresses.

Alternatively,

however the method may overestimate differential stresses (Ferrill et al., 1992).
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Eastern Limb

os

28
29
26
26
27
28
28
25
25
25
24
23
25
25,
25
26

AES!

45.43
52.09
56.69
67.59
53.02
68.36
40.77
67.42
75.47
50.30
49.39
45.92
44.42
45.69
33.19
52.42

23.68
27.14
28.84
25.36
27.28
32.34
21.04
28.94
47.30
29.95
38.52
24.44
16.88
26.66
17.99
16.40

Figure 28. Paleostress data measured using the Rowe and Rutter twin
density technique (1992). Data is from the eastern limb of the
Massanutten syncline.
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Ferrill (unpublished data) suggests that the Rowe and Rutter (1990) technique
may only be valid for estimating differential stresses attained at extremely high
temperatures.

When the Rowe and Rutter (1990) method was tested on samples of

Indiana limestone and compared with the Jamison and Spang (1976) technique, the Rowe
and Rutter method was found to overestimate the differential stress (Figure 30) (Ferrill,

unpublished data). The Jamison and Spang method however, is believed to overestimate
differential stress at temperatures above 200°C.

Additional experiments must be

performed in which the entire range of temperature conditions possible are evaluated in
order to determine how differential stress is accomodated by calcite at different
temperatures.

The main problems with the Rowe and Rutter method is the range of

temperatures at which the experiments were performed.

The experimental temperatures

range from 200-800° C. At higher deformation temperatures twins will deform by
becoming thicker instead of creating more twins per mm.

Timing of Stress Pulses Associated with Compression Directions Relative to
Appalachian Tectonic History

Three major phases of orogenesis, the Taconic (Mid to Late Ordovician), Acadian
(Late Devonian) and Alleghanian (Pennsylvanian-Permian), are recognized in the central

Appalachian mountain belt. It is generally believed that the fold and thrust structures
exposed within the Valley and Ridge Province of northern Virginia formed during
Alleghanian times (e.g. Perry,1978; Mitra, 1987). Within the central Appalachians,
evidence for Taconic and Acadian orogenesis is primarily based on unconformities and
facies variations within the Paleozoic sedimentary rocks, and cooling ages recorded in the
metamorphic rocks of the adjacent Piedmont province.
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Figure 30. Unpublished data from Ferrill showing results of experiments which compare

Rowe and Rutter's (1990) method to Jamison and Spang's (1976) method for determining
differential stress using calcite twinning.
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The early calcite cements in which calcite compression axes have been recorded
are of early diagenetic origin and likely formed during Middle Ordovician times (Grover
and Read, 1988; Montanez and Read, 1992).

The stress-induced twins recorded in these

cements obviously post-date formation of these diagenetic cements, but it is impossible to
conclusively determine at what time after cementation these twins were formed.

Later

fracture fills are believed to have formed during Alleghanian deformation (Grover and
Read, 1983) and the twinning within the calcite grains cementing these fractures must
likewise post-date fracture filling. Because the older (diagenetic) and younger (fracturefill) cements record different compression directions, it is suggested that they may have
preserved evidence for different stress pulses. The twinning within the older cements
may have taken place before formation and subsequent twinning of later calcite fracturefills, but the exact timing of each episode of stress-induced twinning is unconstrained.
One of the two bedding-parallel compression directions recorded within the older
cements trends sub-parallel to the transport direction of the North Mountain thrust sheet,
of Alleghanian age (Evans, 1989; Orndorff and Epstein, 1994). This suggests that the
transport direction-parallel compression directions may also be associated with
Alleghanian deformation.

The main deformation within the North Mountain thrust sheet

is thought to be post-Middle-Devonian (Spears, 1983). This interpretation is supported
by strain analysis of Ordovician and Devonian shales preserved within the Massanutten
synclinorium by Spears (1983) in which both stratigraphic units are cut by a single welldeveloped cleavage.

Strain magnitudes and orientations associated with this cleavage are

similar in both units, suggesting that they are of the same age, and likely to be
Alleghanian.

Temperatures associated with twin formation also provide data on the timing of
stress pulses associated with calculated compression directions. For example, type II

6]

twins are present in most of the samples analyzed in this study. These twins require a
minimum temperature of approximately 150° C for initiation (Ferrill, 1991).

Assuming

standard geothermal gradients of 22-30° C (Allen and Allen, 1990), this minimum
twinning temperature would imply a minimum burial of 5km.

This depth of burial is

unlikely to have been attained before Alleghanian time (See Appendix V).

CONCLUSIONS
1. Episodes of paleostress which affected the Valley and Ridge Province of northern
Virginia have been separated into three separate pulses based on the correlation between
Compression directions and different phases of calcite cement within the CambroOrdovician carbonate rocks.
2. One Compression direction is oriented NW-SE and is generally parallel to bedding.
This compression direction trends sub-parallel to the North Mountain thrust sheet
transport direction

and is recorded in samples which contain earlier calcite cements.

3. A second compression direction is recognized in samples which contain the early
calcite cements.

This compression direction is oriented NE-SW and is also

approximately parallel to bedding.

This direction of paleostress may be associated with

movement on local thrust surfaces which are oriented oblique to regional strike. No
microstructual evidence exists in the samples analyzed to determine the relative timing of
the NW-SE and NE-SW Compression directions.
4. The third Compression direction is oriented approximately perpendicular to bedding.
In samples which contain only this single maxima,

Compression directions were

measured exclusively from latest void and fracture filling calcite cements.

In sample

coordinates (i.e. with bedding horizontal) these Compression axes maxima may plunge at
greater than 60° to the NW or SE. This bedding perpendicular Compression direction

62

may be attributed to either vertical stresses associated with emplacement of an overlying
thrust sheet or to stress refraction associated with formation of the Massanuttten syncline.
5. Application of the Rowe and Rutter (1990) twin density technique for estimating
paleostress magnitudes indicates that carbonate rocks on the NW and SE limbs of the
Massanutten syncline were subjected to differential stresses of 235 and 240 MPa
respectively.

These large stress values (if valid) represent only peak stress conditions.
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DETAILED SAMPLE LOCATIONS
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Sample GV 4- Located in the northeastern part of the Harrisonburg quadrangle, sample
was taken behind a house at the intersection of SR 620 and SR 424.
Sample GV_14-

Collected from the center of the Boyce quadrangle.

Sample is from the

westbound side of U.S. Highway 50 approximately half a mile from SR 624.
Sample GV _17- Collected on highway 340 just north of Rileyville, Virginia.

The locality

is just east of High Cliff Canoe campground.
Sample GV _19- Stephenson quadrangle.

Collected on SR 761 just north of the

intersection with SR 637.
Sample GV 21-

Stephenson quadrangle.

Collected from a location on highway 631 in

front of a Crums church.
Sample GV 24- Winchester quadrangle.

Collected on SR 628 just south of SR 819 and .7

miles south of SR 621.
Sample GV _25- Collected from a locality about 3 miles south of Mount Pleasant,
Virginia on SR 629 about 1.6 miles from the turnoff of SR 628. The Virginia Tech
Agricultural Center is located further down this road.
Sample GV_27-

Sample locality just south of Marlboro, Virginia, on SR 627 (Buffalo

Marsh Run Creek Road), just south of where Buffalo Marsh Run crosses the road.
Sample GV 34B-

Locality just west of Mount Olive, Virignia. Sample was collected on

SR 623 about .25 miles north of SR 656.
Sample GV _38- Conicville quadrangle.

Collected on highway 42 just past Swover Creek

and 1.20 miles before SR 303.
Sample GV_39-

Conicville quadrangle.

Collected on SR 263 1.9 miles west of Mt.

Jackson, Virginia.

Locality in the creek just beneath a church located here.

Sample GV 41A-

Collected on SR 619 just south of Front Royal, Virginia. The locality

lies between U.S. Highway 340 and the Shenandoah River.
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Sample GV _43- Collected on U.S. Highway 340 .3 miles from Overall, just south of the
Warren county and Page county line.
Sample GV _44- Collected on state road 881 across the road from a little red house.
Locality near a branch of Fork Run which lies northwest of Timberville, Virginia.

Sample GV _45- Sample 45 is located .4 miles from Getz Corner, Virginia.

It was

collected on highway 42 East of SR 613.
Sample GV 47- Singers Glen quadrangle.
Sample GV_53-

Rockingham county.

Collected on SR 752 .95 miles from SR 781.

Sample locality is just east of Mauzy on SR 620

north of the intersection with SR 608.
Sample GV_54-

Collected on an exit ramp on interstate 81. Locality is north of

Strasburg, immediately following the Warrensville Pike exit.
Sample GV 62- Woodstock quadrangle. Collected on SR 680 .25 miles west of the
intersection of SR 680 and SR 679.
Sample GV_63-

Collected within the city limits of Luray, Virginia.

Oil products on Court Steet in western Luray.

Collected at Chevron

Locality is approximately .3 miles from

highway 340.
GV _68B- Collected from a locality southwest of Shenandoah, Virginia.

602 outside of a quarry.
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Collected on SR

APPENDIX II
SPREADSHEET CONVERSION
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This Appendix gives the code for the EXCEL program which was used to convert
from u-stage coordinates to coordinates for input into the Evans (1989) Calcite Strain
Gauge Program.

EXCEL 3.0 was used for these conversions.

Conversions from sample

coordinates to coordinates for the Evans (1989) program were obtained from W.M.
Dunne at the University of Tennessee at Knoxville (personal communication).
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APPENDIX III
TENSION AXES

91

Stereonets displaying calculated Tension axes (Turner, 1953) are given in sample
coordinates.

The primative of the circle represents bedding and true north is plunging on

a north-south vertical plane. For strike and dip of samples, see Figures 17-272.
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94

APPENDIX IV
c- axes for calcite

95

Stereonets displaying calcite c-axes are given in sample coordinates.

These are

crystallographic c-axes and not Turner (1953) Compression axes. The primative circle of
each stereonet represents the bedding plane and true north is plunging somewhere on a
'N-S' vertical plane.

For strike and dip of bedding within individual samples, see Figures

17-22.
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GV 17

APPENDIX V.
OVERBURDEN

99

CALCULATIONS

This appendix provides information on both thickness and density of stratigraphic
units ranging from Middle Ordovician through Pennsylvanian in age. Thicknesses are
taken from Grover (unpublished), Wilson (1978 - compiled from Butts (1940), Brent
(1960), and King (1950)), and Reger and Teats (1918).

Densities in grams per cubic

centimeter are from Wilson (1978), Kulander and Dean (1978), and Reger and Teats

(1918).

Total thicknesses are given in both feet and kilometers.

weighted density for each stratigraphic unit was computed.

Given this data a

Lithostatic pressures have

been calculated using a thickness and a weighted density for each stratigraphic package.
Lithostatic pressures are given in Pa and MPa for stratigraphic thicknesses of Middle
Ordovician through Mississippian and Middle Ordovician through Pennsylvanian.
Lithostatic pressures range from 80-100 MPa depending on which published thicknesses
and densities were used in the calculation.
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VITA
Ginger Leigh Vaughn was born in Durham, N.C. on June 26, 1972.

She

graduated from Chapel Hill Senior High School in 1990 and continued her education at
the University of North Carolina at Greensboro.

After two years at Greensboro she

changed her major from Elementary Education to Geology and transferred to the
University of Colorado at Boulder.

The following year she returned to Chapel Hil! where

she completed her B.S. degree in Geology at the University of North Carolina at Chapel
Hill. In the Fall of 1995 she began her M.S. degree in Geology at Virginia Tech.
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