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Abstract--The transition between the southern and the central Appalachian foreland thrust system is a region 
subjected to at least two non-coaxial deformations, where typical two-dimensional analyses such as cross-section 
balancing or plane-strain retro-deformation cannot be applied. Three-dimensional factorization can simulate the 
non-coaxial strain history. Simulation results for compaction and layer-parallel shortening (LPS) were compared 
to finite strains of 16 quartz arenite samples from the Tuscarora Sandstone. Successful simulations indicate: in the 
southern Appalachians---30-35% total compaction by volume loss including a 4.5-9% E-W horizontal 
shortening during lithification, and 5% LPS along 150-330 ° by plane strain or axial symmetric flattening; in the 
central Appalachians--30-35% total compaction by volume loss including a 3-7% N-S horizontal shortening 
during lithification, and 10% LPS along 120-300 ° by plane strain or axial symmetric flattening; in the transition 
zone--30% compaction by volume loss including a 3% E-W horizontal shortening during lithiflcation, 5% 
'southern' LPS along 150-330 ° by axial symmetric flattening, and 5-10% 'central' shortening along 130 ° or 140 ° 
by plane strain or axial symmetric flattening at 10 ° to the normal 'central' trend. From the simulations, horizontal 
shortening in the southern Appalachians during lithification in the Mississippian was greater than the later 
Alleghanian deformation. This shortening probably represents a very early LPS developed in unlithified sand 
that required less deviatoric stress to deform than did the cemented quartz arenites during later tectonic 
deformation. Also, the oblique and weaker central tectonic LPS in the transition zone probably represents 
behavior at the limits of central Appalachian deformation. Finally, the LPS simulations indicate that axial 
symmetric flattening (oblate strain) is more successful than plane strain as the representative behavior, so caution 
is recommended in assuming plane strain as the dominant strain behavior in orogenic forelands. 

INTRODUCTION 

A KEY aspect to the structural analysis of a region is 
assessing the role of internal strain during deformation. 
A number of recent studies have attempted to quantify 
the role of strain in two dimensions. Two approaches 
have been used: backwards modeling that retro-deforms 
or unstrains the rocks (Cobbold 1979, Hossack 1979) 
and forward modeling for a series of strain events to 
create the observed strains (Ramsay & Huber 1983, 
Kligfield et al. 1984). Retro-deformation has commonly 
been done where plane strain in the plane perpendicular 
to tectonic strike and parallel to regional displacements 
exists or is assumed. Strain integration has been used to 
remove finite strain to produce an undeformed state 
(Reks & Gray 1983, Woodward et al. 1986, Gray & 
Willman 1991). Even in cases in which three- 
dimensional strain data have been collected, retro- 
deformation has only been attempted in two dimensions 
(Protzman & Mitra 1990). 

Forward modeling, or strain factorization (Ramsay & 
Huber 1987, p.596), simulates a rock deforming through 
a series of events to yield a calculated finite strain that 
can be compared to measured strains. The choice and 

sequence of events is constrained by the types of defor- 
mation in the region, the types of meso- and microstruc- 
tures present, and their cross-cutting relationships. Fac- 
torization is performed by multiplying a series of 
matrices, each of which represents a strain or defor- 
mation increment (Ramsay 1967, p.322, Kligfield et al. 

1984, Ramsay & Huber 1987, p.596). The resultant 
deformation matrix is used to calculate the magnitude 
and orientation of the finite strain ellipsoid. This 
approach has also been used in two dimensions to model 
plane strain parallel to transport (Evans & Dunne 1991). 

Strain factorization in three dimensions has been 
described (Ramsay 1967, p.326, Means 1976), however, 
to the authors' knowledge, it has not been applied to real 
data. Although factorization in two dimensions is signifi- 
cantly easier to calculate than in three dimensions, it is 
limiting because all the deformation must take place in 
the same reference plane. Three-dimensional factoriza- 
tion eliminates this restriction and allows the simulation 
of non-coaxial deformations such as: (1) overlapping 
deformation between two non-parallel tectonic belts; 
(2) sequential non-coaxial strain events; and (3) tectonic 
modification of pretectonic strains from lithification. 
Three-dimensional factorization also more completely 
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represents three-dimensional strain events such as axial 
symmetric flattening (oblate strain) or stretching (pro- 
late strain), even though they may be modeled in two 
dimensions. 

The purpose of this paper is to apply three- 
dimensional strain factorization to finite ~train data from 
two adjacent foreland thrust systems and the transition 
between them. Factorization will quantify the sequential 
strains in each system and describe their non-coaxial 
interactions in the transition zone. 

REGIONAL GEOLOGY 

The study area is located across the transition from the 
southern to the central Appalachian foreland thrust 
system. The southern Appalachians have a regional 
strike of 060 °, the central Appalachians have a regional 
strike of 030 °, and the transition between the two has an 
intermediate strike of about 050 ° (Fig. 1). The change in 
trend is the result both of an irregularly shaped continen- 
tal margin before collision and of a two-stage defor- 
mation history in which southern structures initiated 
prior to deformation in the central Appalachians 
(Geiser & Engelder 1983, Dean et al. 1988, Hatcher et 

al. 1989). Structural style also changes from thrust- 
dominated in the southern system to macrofold- 
dominated in the roof sequence above the central Appa- 
lachians blind thrust system (Fig. 1). This change in style 
results mainly from northward thickening of Middle 
Ordovician and Middle Devonian shales (Colton 1970, 
Rader & Henika 1978, Bartholomew 1987, Kreisa & 
Springer 1987) that serve as additional ddcollements for 
roof faults in the thrust system. 

Strain data were measured from the Lower Silurian 
Tuscarora Sandstone, a medium- to fine-grained quartz 
arenite of uniform composition and no open porosity. 

This unit was chosen because: (1) it is probably the best 
exposed unit in the area (Dennison 1970, Whisonant 
1977); (2) it is present in a variety of structural positions 
in both the thrust system and the roof sequence; (3) it 
has a framework-supported texture (Hayes 1974) that is 
well suited to spatial strain techniques such as the 
normalized Fry method (Erslev 1988); and (4) strain- 
sensitive lithologies such as grainstones (Groshong 
1972, 1988, Rutter 1976) were unavailable across the 
region because of facies changes and poor exposures. 

Deformation within the Tuscarora Sandstone is par- 
titioned between discontinuous structures such as meso- 
and microfractures, cataclastic bands, and transgranular 
solution surfaces that are heterogeneously distributed, 
and grain-scale structures such as undulatory or patchy 
extinction, deformation lamellae, deformation bands 
and grain-to-grain solution surfaces which are homo- 
geneously distributed (Onasch & Dunne 1993). Finite 
strains measured in this study record deformations from 
the homogeneously distributed microstructures and not 
the heterogeneous distributed strains from structural 
discontinuities. 

METHODOLOGY 

Samples from seven strike-perpendicular traverses 
were cut into three mutually perpendicular thin- 
sections: bed-parallel, bed-normal along strike, and 
bed-normal along dip (see Appendix 1). Cathodolumi- 
nescence photomicrographs were taken of each thin- 
section and used for strain measurement because the 
luminescence distinguishes detrital grains from their 
optically continuous cement overgrowths. Use of detri- 
tal quartz grains as markers yields original grain centers, 
preventing errors that can result from the use of grain 
centers from transmitted light images where the visible 

Fig. 1. Map of distribution of major faults, major folds, and the outcrop of the Tuscarora Sandstone across the transition 
from the southern to the central Appalachian foreland. Single capital letters designate sample lines (bold straight lines). 
Sample sites considered in the study are white asterices, other sample sites are white dots. The transition zone bounds the 

region where macrostructures have an intermediate strike of between 030 ° and 060 ° (Rodgers 1970, Dean et al. 1988). 
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grains include the optically continuous cement (Dunne 
et al. 1990). Also, the original centers record compaction 
during lithification as well as tectonic strains. The shapes 
and positions of 200 quartz grains were digitized in each 
section and strain determined by applying the normal- 
ized Fry method (Fry 1979, Erslev 1988). Strain ellip- 
soids were then calculated from the three mutually 
perpendicular ellipses for each sample using the TRIAX 
program (Gendzwill & Stauffer 1981). 

OBSERVED FINITE STRAINS 

X / Y ,  Y / Z  and X / Z  ratios vary between 1.01 and 1.80 
with means and standard deviations of 1.15 + 0.08, 1.18 
+ 0.09 and 1.35 + 0.11, respectively (see Appendix 1). 
Ellipsoid shapes vary considerably and do not yield a 
simple pattern. For example, a Flinn plot of the data 
(Fig. 2) shows considerable scatter with no separation 
for samples from the southern, central and transition 
regions (Fig. 1). The relationship between the abun- 
dances of microstructures and strain magnitude was 
tested by linear regression. The correlation between 
finite strain magnitude and abundance of each micro- 
structure (undulatory extinction, patchy extinction, de- 
formation lamellae, deformation bands, pressure 
solution surfaces, fluid inclusion planes, microveins and 
cataclastic bands) ranged between -0.115 and 0.086. 
The critical r-value with a 95% confidence limit, as 
determined by a t-test, is 0.225. Therefore, finite strain 
does not correlate with microstructural development. 

The apparent lack of correlation between finite strain 
magnitude and regional position or microstructural 
abundance is partially explained by the geometry of the 
finite strain ellipsoids. When bedding for all samples is 
restored to the horizontal to provide a common refer- 
ence frame for comparison of strain-axes orientations 
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Fig. 3. Equal-area lower-hemisphere projections depicting strain- 
ellipsoid axial orientations (X >- Y >- Z). Bedding is restored to the 
horizontal to provide a common reference frame. The data were 
contoured using the Kamb (1959) method with a 3o contour interval. 
For 26 or 27 poles, the counting area is about 25% of the projections' 
total area. For a 95% (3a) confidence level that a point concentration is 
non-random, greater than 6.7 poles must be found in the counting 

area. The black line across each net is parallel to regional strike. 

(Fig. 3), the most notable feature is that the Z-axes of 
the strain ellipsoids show a strong bedding-normal 
orientation. The pervasiveness of this geometry in all 
structural positions and tectonic regions suggests that 
diagenetic compaction is the dominant strain in the 
Tuscarora Sandstone. 

The silica-cemented quartz arenites of the Tuscarora 
Sandstone, which lack open porosity (Sibley & Blatt 
1976, Houseknecht 1988, and unpublished data) are 
derived from well sorted quartz sands (Cotter 1988). 
Similar Holocene sands have original porosities of about 
40% (Beard & Weyl 1973, Pryor 1973) and diagenetic 
studies of cementation in the Tuscarora Sandstone indi- 
cate a similar original porosity (Houseknecht 1988). 
Therefore, we assume that the Tuscarora Sandstone had 
an original porosity of 40% for subsequent calculations 
about compaction in the deformation models. During 
lithification, original porosity was either: (1) physically 
destroyed by grain-boundary sliding, grain cataclasis 
and grain-to-grain solution causing a volume loss; or (2) 
chemically preserved by infilling of optically continuous 
overgrowths of silica (Heald 1955, 1956, Sibley & Blatt 
1976, Mitra & Beard 1980, Houseknecht 1987, 1988, 
Stephenson et al. 1991, Elias & Hajash 1992). The 
relative role of these physical and chemical processes 
was determined by point-counting 200 points for frame- 
work grains vs cement. 10 + 5% of all bed-normal, dip- 
parallel sections were composed of cement and 11 + 5% 
of all bed-parallel sections were composed of cement. 
Consequently, assuming 40% original porosity, 
approximately three quarters of the porosity was physi- 
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cally destroyed during lithification, causing a 30 + 5% 
volume loss in the Tuscarora Sandstone. This physical 
destruction is manifested in the sandstone fabric by a 
limited number of fractured grains (F, Fig. 4), inter- 
penetrated grains including sutured contacts (P, Fig. 4), 
and rare weakly luminescent silica cement (Fig. 4). This 
volume loss must be greater than the magnitude of any 
bedding-parallel tectonic shortening because the Z-axes 
of strain ellipsoids are sub-normal to bedding. 

Tectonic microstructures such as deformation lamel- 
lae, deformation bands, fluid inclusion planes and 
microveins affect both detrital grains and their cement 
(Onasch & Dunne 1993). The effects of this tectonic 
deformation are visible in the stereonets (Fig. 3) as 
groupings of X- and Y-axes in the bedding-plane into 
weak (south and central) and strong (transition) polar 
concentrations. For the weak polar concentrations, 
about 50% of the X-axes are N-S-trending in the central 
Appalachians and E-W-trending in the southern Appa- 
lachians as opposed to only 10-20% being parallel to 
strike. Similarly for the Y-axes, about 30% are E-W- 
trending in the central Appalachians and 50% are N-S- 
trending in the southern Appalachians whereas only 10- 
15% are normal to regional strike. These concentrations 
represent a modification to a simple bedding-plane 
girdle expected for uniaxial vertical compaction during 
lithification. 

The polar concentrations from tectonic deformation 
are strongest in the transition zone where two tectonic 
deformations have occurred (Dean et al. 1988), and the 
greatest abundance of microstructures are developed 
(Onasch & Dunne 1993). Yet, even in this region, 
tectonic strains have been insufficient to exceed the 30% 
compaction volume loss, because the Z-axes are still 
sub-normal to bedding. The polar concentrations of X- 
and Y-axes are slightly oblique to regional strike and dip 
with greatest obliquity in the southern Appalachians and 
least in the transition zone. 

Because diagenetic compactional strains dominate, 
the effects of tectonic strains are difficult to determine 
qualitatively from the finite strain data. Consequently, 
strain factorization was applied to the finite strains to 
verify which proposed sequences of incremental strain 
magnitudes and orientations would yield the measured 
strains. 

STRAIN FACTORIZATION OF REGIONAL 
EVENTS 

Before factorization, a co-ordinate system must be 
defined. The chosen system in the deformed state has z 
vertical, y strike-parallel and x strike-perpendicular 
(dip-parallel) and the equivalent system in the unde- 
formed state is Z Y X ,  respectively, in terms of a defor- 
mation matrix: 

6x 6x 6x ] 
6 X 6 Y 6 Z  

D = 6y 6y 6y 
6 X 6 Y 6 Z  ' 
6z 6z 6z 
6 X 6 Y 6 Z  

which is used to map points in a volume from original 
positions to strained positions (Ramsay 1967, Means 
1976, p. 178, Kligfield et al. 1984, Ramsay & Huber 
1987). 

Based on observed microstructures and strain histor- 
ies from this and other studies in the Appalachians, 
several strain events may have affected the Tuscarora 
Sandstone. (1) A compaction strain with volume loss of 
about 30% ( -A)  in the z-direction (vertical) is inferred 
from grain-to-grain truncations, a lack of porosity, and 
the presence of only a limited amount of cement (Sibley 
& Blatt 1976, Houseknecht 1988)(Table la). (2) A 
tectonic layer-parallel shortening (LPS) by intragranu- 
lar deformation is recorded by undulatory and patchy 
extinction, deformation lamellae and deformation 
bands (Onasch & Dunne 1993). LPS commonly pre- 
cedes macrofolding or thrusting (Marshak & Engelder 
1985, Mitra & Yonkee 1985, Geiser 1988), is typically 
between 5 and 15% in the Appalachians, and here is 
treated as either a plane strain or an axial symmetric 
flattening (Table lb & c). (3) A rigid rotation of bedding 
may have occurred by macrofolding or emplacement 
over a thrust ramp (Table ld). (4) A layer-normal 
shortening event (causing dip-parallel extension) for 
beds rotated into steep dips in northwest anticline limbs, 
footwall ramps and hangingwall ramps (Berger et al. 
1979, Dunne 1986, Onasch 1990), is recorded by bed- 
normal, strike-parallel microfractures, meso-scale con- 
traction faults and bed-parallel stylolites (Onasch & 
Dunne 1993)(Table le). Any of the above events may be 
applied obliquely in the co-ordinate system using the 
relationship: E = C-  tMC, where E is the deformation in 
the chosen co-ordinate system (xyz), M is the defor- 
mation matrix at an angle, 0, to the co-ordinate system 
and C describes the rotation between the axes of the co- 
ordinate system and the axes of the event (Table 1) 
(Boas 1983). 

Because matrix multiplication is not commutative 
(Anton 1984), superposition of the youngest strain (de- 
formation matrix E3) on the intermediate strain event 
(deformation matrix E2) that was previously super- 
imposed on the oldest strain event (deformation matrix 
El), yields a resultant deformation, D, of: 

D = E3E2EI. 

The strain ellipsoid shape and orientation may be con- 
veniently calculated from the deformation matrix D (see 
Appendix 2), using commercially available spread- 
sheets. 

Two regional strain events have been chosen for 
simulation to investigate their interactions across the 
transition zone in the Appalachians: (1) a diagenetic 
compaction modeled entirely as a volume loss; and (2) a 
LPS event with no volume loss. The latter was chosen 
because the Tuscarora Sandstone lacks microstructural 
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Fig. 4. Cathodoluminescent photomicrograph of the Tuscarora Sandstone in the transport plane showing compactional 
fabric elements. Bedding is parallel to the scale bar. P--interpenetrated and sutured grain contacts; F--fractured grain. 
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evidence for solution during LPS, such as transgranular, 
bed-normal solution structures. The LPS was separately 
modeled as plane strain and axial symmetric flattening. 

Samples were chosen to provide a comparison with 
the results of the factorizations using the following 
constraints: (1) location in either SE-dipping hanging- 
wall fiats or macro-anticline limbs that record only 
compaction and LPS in their microstructural suites 
(Onasch & Dunne 1993); (2) location in either the 
central or southern regions where only one layer- 
parallel shortening event has occurred (Geiser & 
Engelder 1983, Dean et al. 1988); and (3) orientation 
of Z-axes sub-normal to bedding to preclude the 
presence of other local strains. Twelve of the 15 possible 
samples (white asterices in the central and southern 
Appalachians, Fig 1; see Appendix 1) met these criteria 
(Table 2). 

Simple two-event simulations 

Compaction (varied from 10 to 35% in 5% incre- 
ments) entirely by volume loss, followed by LPS (varied 
from 5 to 15% in 5% increments) as either plane strain 
or axial symmetric flattening was modeled as a two- 
event sequence, yielding a total of 36 simulations. The 
simulations do not include LPS by volume loss as the 
microstructures in the sandstone lack post-compactional 
solution structures. 

When plotted on a Flinn plot (Fig. 5a), three simu- 
lations lie within the field defined by one standard 
deviation about the means for X / Y  and Y/Z ratios from 
the central Appalachians (Table 2), implying that three 
acceptable deformation paths exist from the two-event 
histories. When the same simulations are plotted in 
Y/Z:X/Z space (Fig. 5b), only one of the three simu- 
lations lies within the field for the central Appalachian 
data. It has the only X/Z ratio within 1 SD of the mean 
X/Z  ratio, implying that only one acceptable defor- 
mation path exists. Consequently, using only a Flinn 
plot to compare results with actual data does not suf- 
ficiently constrain the simulations, and the use of both 
plots is necessary to determine which simulations suc- 
cessfully fit the data. This approach was used throughout 
the subsequent modeling. The successful simulation for 
the data of the central Appalachians has 25% compac- 
tion with 10% LPS by axial symmetric flattening. 

In the southern region, a total of six simulations lie 
within the field defined by one standard deviation about 
the means for X/Y  and Y/Z ratios (Fig. 5a). On the 
Y/Z:X/Z plot, only four of those simulations lie within 
the field for the southern Appalachians (Fig. 5b). The 
four simulations represent: 10% compaction with 15% 
LPS by axial flattening; 25% compaction with 5 or 10% 
LPS by axial flattening; and 30% compaction with 
10% LPS by plane strain. All simulations are consistent 
with the measured amount of cement (10 +_ 5%) and the 
inferred compactions of 30 _+ 5%. 

The deformation paths for admissible simulations of 
both the central and southern Appalachians are plotted 
on logarithmic Flinn plots (Fig. 6a), which better illus- 

trate small strains and display constant deformation 
paths as straight lines (Ramsay 1967, p.329, Ramsay & 
Wood 1973). Although the strain paths move to the right 
along the Y/Z axis, they do not enter the true flattening 
field because a pre-tectonic volume loss moves the 
plane-strain line off of the k = 1 line to the right an 
equivalent amount (Ramsay & Wood 1973). Conse- 
quently, the subsequent LPS moves the accumulated 
strain into the true constrictional field. 

An inconsistency is built into all of these simulations 
because they only represent strain events that are paral- 
lel to the axes of the co-ordinate system. As such, they 
yield X and Y axes that are parallel to strike and dip (the 
co-ordinate system), respectively. Yet, the orientation 
of the real axes (Fig. 3) are oblique, particularly in the 
southern Appalachians. So, while these models cor- 
rectly predict strain magnitudes, they do not predict 
axial orientations. 

Simulations with triaxial sedimentary compaction 

A strain that is not parallel to the co-ordinate system 
and is non-coaxial with other strains must occur to 
obtain X- and Y-axes that are oblique to regional strike. 
As this strain is non-coaxial and not in the regional 
tectonic transport plane, a three-dimensional simulation 
must be used. Because the samples have been selected to 
include only microstructures related to compaction and 
LPS, one of the two events must be non-coaxial. Gener- 
ally, LPS is parallel to regional transport. Specifically, in 
the Appalachians where investigations have been able to 
partition the LPS increment, it has been shown to be 
transport-parallel and perpendicular to regional strike 
(Engelder & Geiser 1979, Nickelsen 1979, Simon & 
Gray 1982, Geiser & Engelder 1983, Evans & Dunne 
1991). Consequently, compaction must be the non- 
coaxial event. 

Most studies treat compaction as a uniaxial loading 
event with negligible horizontal deviatoric stress (e.g. 
Narr & Currie 1982); however, tectonic torques from 
plate boundaries generate horizontal deviatoric stresses 
thousands of kilometers from the boundary (Zoback & 
Zoback 1990). The Tuscarora Sandstone in the southern 
and central Appalachians was probably near an active 
plate boundary (Geiser & Engelder 1983, Hatcher et al. 
1989) and reached burial depths for lithification when 
that boundary was active (Geiser & Engelder 1983, 
Ferrill & Thomas 1988). In the central Appalachians, 
rapid accumulation of Acadian foreland sediments (Col- 
ton 1970, Meckel 1970) buried the Tuscarora Sandstone 
to sufficient depth for lithification by the Middle Devo- 
nian. Maximum horizontal compression was then 
oriented approximately E-W (present-day co- 
ordinates) across the region (Ferrill & Thomas 1988). 
Thus, an E-W horizontal component of shortening by 
porosity loss, oblique to the present regional strike, was 
included in the central Appalachian compaction event. 

Three-dimensional models were run to simulate 25- 
35 % compaction with a percentage of horizontal volume 
loss (5-30% of the total volume loss during compac- 
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tion), followed by LPS plane strain or axial symmetric 
flattening without volume loss as indicated by the micro- 
structures. Sixty-eight of 108 total simulations yielded 
trends of X-axes within the necessary range of 020-030 ° 
(Table 2). Of those, four lie within the field defined by 
one standard deviation about the means for X / Y  and Y / Z  
ratios (Fig. 5c). On the Y / Z : X / Z  plot, only three of those 
simulations lie within the field for the central Appala- 
chians (Fig. 5d and Table 3). 

The Tuscarora Sandstone in the southern, in contrast 
to the central, Appalachians was not buried under the 
Acadian molasse during the Devonian. Instead, it was 
buried to lithification depths during the Mississippian by 
foreland sediments related to the onset of Alleghanian 
deformation from the south (Geiser & Engelder 1983, 
Hatcher et al. 1989). This early deformation was driven 
by an approximately N-S-trending orogenic compres- 
sion, which was simulated in the factorization by a N-S 
component of horizontal shortening by volume loss 
during compaction. 

Forty simulations for the southern Appalachians, of a 
total of 108 as in the central Appalachians, yielded X- 
axes trending similar to the observed ranges of 070-080 ° 
(Table 2). Of these, 10 lie within the field defined by 1 
SD about the means for X / Y a n d  Y /Z  ratios (Fig. 5c). On 
the Y / Z : X / Z  plot, all 10 simulations lie within the field 

for the southern Appalachians (Fig. 5d and Table 3). 
The results of the simulations show that horizontal 
shortening during compaction was larger in the southern 
than the central Appalachians, which is consistent with 
the closer proximity of the southern Appalachians to a 
source of orogenic compression at the time of lithifica- 
tion (Geiser & Engelder 1983, Ferrill & Thomas 1988, 
Hatcher et al. 1989). 

The deformation paths for the 13 admissible simu- 
lations (Fig. 6b) move to the right along the Y / Z  axis and 
lift off the Y/Z  axis because there is now a volume loss in 
the horizontal (XY plane). Simulations with larger 
amounts of horizontal volume loss during compaction 
have paths at larger angles to the Y / Z  axis. Even though 
the paths are not along the Y/Z  axis, they still do not plot 
in the true flattening field, because the pre-tectonic 
volume loss moves the plane-strain line off the k = 1 line 
to the right (Ramsay & Wood 1973). As a result, the 
subsequent LPS in these simulations moves the strain 
paths into the true constrictional field. 

An interesting result of the strain factorization in the 
southern Appalachians is that horizontal shortening 
during compaction would appear to be greater than the 
shortening during Aileghanian LPS after lithification. 
Three points support this result: (1) quartz sand aggre- 
gates have greater differential stresses at grain contacts, 

Table 1. Matrices for possible strains in the Tuscarora Sandstone 

Deformation Deformation matrix 

a. Compaction 
A = volume loss 

b. Plane strain LPS 
a = engineering strain 
(percent shortening = - a )  

c. Axial symmetric LPS 
a = engineering strain 
(percent shortening = - a )  

d. 

e. 

f. 

I 
I + a  

K =  0 
0 

l + a  
E =  0 

0 [coo  
Rigid-body rotation E = v 1 
0 degrees in xz  plane [ sin 0 0 

Layer-normal shortening [(1 + a) -1 0 
a = engineering strain E = [ 0 l 
(percent shortening = - a )  0 0 

Plane strain LPS at 0 ° to co-ordinate system 

l + a  0 
M =  0 1 

0 0 

° °  E 1 0 
0 I + A  

1 
0 (1 + a) -~ 

(1 +0a)_,/2 0 ] 
0 (1 + a) -1/2 

0 -s~n 0] 

cos 0 J 

° L 0 
l + a  

 :IsCi o° s'n°!lcos0 
( l + a )  ' 0 

where* E = C IMC 

*Note that E ¢ M because matrix multiplication is not commutat ive.  

Table 2. Finite strain information for samples in SE-dipping hangingwall flats and macro- 
anticlinal fold limbs with the Z axis subnormal  to bedding 

Region Average X / Y  Average Y / Z  Average X / Z  X axis trend 

Central  (6) 1.18 + 0.08 1.16 + 0.03 1.38 _+ 0.09 020--030 ° 
Southern (6) 1.13 _+ 0.07 1.18 + 0.06 1.33 + 0.08 070-080 ° 
Transit ion (4) I. 15 _+ 0.13 1.18 + 0.06 1.36 + 0.09 040--050 ° 

See Appendix 1 for details of stations: (1) cen t ra l - -A8,  B2, B3, B9, B10, MM2; (2) 
sou the rn - -D9 ,  E8, F15, H2, SC4, SC6; (3) t ransi t ion--C3,  D6a, E5, E7. 
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Fig. 5. (a) X/Y, Y/Z Flinn plot showing the results of the simple 
two-step simulations. Circles are simulations with LPS by axial 
symmetric flattening; triangles are simulations with plane strain LPS. 
(b) X/Z, YIZ plot showing the results of the simple two-step simu- 
lations; symbology is as in (a). (c) X/Z, Y/Z Flinn plot showing the 
results of simulations with triaxial compaction for the central and 
southern Appalachians. Circles are simulations with LPS by axial 
symmetric flattening and triangles are simulations with plane strain 
LPS. Open symbols represent simulations for the central Appala- 
chians, filled symbols represent simulations for the southern Appala- 
chians. (d) XIZ, Y/Z plot showing the results of simulations with 
triaxial compaction; symbology is as in (b). The shaded boxes in each 
plot show the range of admissible solutions for the southern and 
central regions based on one standard deviation from the average X/Y, 

X/Z and Y/Z values for each region, 

favoring grain dissolution, than silica-cemented sand- 
stones (Gallagher et al. 1974) because the aggregates 
have less grain-contact area to distribute the load; (2) 
quartz sand aggregates are weaker by an order of magni- 
tude than silica-cemented sandstones (Wilhemi & 
Somerton 1967, Voight & St. Pierre 1974) for the low 
temperatures typical of the area during deformation 
(<200°C, Epstein et al. 1977, Harris 1979, Lewis & 
Hower  1990); and (3) the N-S horizontal shortening 
during compaction may in fact represent earliest Alleg- 
hanian LPS. This LPS would have developed well be- 
yond the limits of foreland thrusting, but within the 
limits of the orogenic stress domain (Craddock & van 
der Pluijm 1989). It should be noted that the total 
displacement from thrusting in the southern Appala- 
chians is a deformation that greatly exceeds the magni- 
tude of this early non-coaxial horizontal shortening. 

The simulations predict 10% LPS in the central Appa- 
lachians, and a 5% LPS in the southern Appalachians. 
This result is consistent with greater abundance of intra- 
granular microstructures in the central Appalachians 

(Onasch & Dunne 1993) and with the samples from 
there being located in the roof sequence above a blind 
thrust system. In that position, the sandstone records a 
greater LPS because it must accommodate shortening 
from the displacements of the underlying thrust system 
(Dunne & Ferrill 1988). 

Three-dimensional simulations and the transition zone 

The transition zone was buried to lithification depths 
during Acadian molasse sedimentation (Colton 1970, 
Mecke11970) like the central Appalachians. Thus, strain 
factorizations for this region should include the possi- 
bility of E - W  horizontal shortening during compaction. 
This region was subjected to first southern and then to 
central Alleghanian deformation events (Rodgers 1970, 
Geiser & Engelder 1983, Dean et al. 1988). Conse- 
quently, factorizations should include the possibility of 
both southern and central tectonic shortening. These 
sequential deformations are non-coaxial, which is 
further enhanced by central Appalachian shortening 
being superimposed on bedding inclined by the forma- 
tion of older southern Appalachian macrostructures. 
Also, the strain increments for simulating deformation 
in the transition zone are oblique to regional strike 
(050°), and are not parallel to the local co-ordinate 
system. 

As with the comparison of data to previous simu- 
lations, samples were selected from SE-dipping domains 
that did not contain micro- and mesostructures related 
to later tectonic events. Four of the six possible samples 
(white asterices in the transition zone, Fig. 1 ) had Z-axes 
subnormal to bedding (see Appendix 1). Based on the 
previous successful simulations, the sequence of events 
to be modeled is: (1) 30-35% compaction with 3-7% 
E-W  horizontal shortening; (2) 5% LPS by plane strain 
and axial symmetric flattening along a southern 150 ° 
trend; (3) rigid-body rotation to a 25 ° southeasterly dip, 
which is within 2 ° of the inclination for all test stations; 
and (4) 10% horizontal shortening by plane strain and 
axial symmetric flattening along a central 120 ° trend. 
The 16 permutations that include all events yield calcu- 
lated finite strain ellipsoids with X-axis trends at least 10 ° 
outside the allowable range of 040-050 ° (Fig. 3 and 
Table 2). 

Because these simulations do not yield correct results, 
one or more of the events must have had a different 
behavior in the transition zone. The timing of burial is 
well constrained from the stratigraphic record. Besides, 
decreasing the syn-compactional horizontal shortening 
as a function of increasing distance from Acadian com- 
pression only increases this mismatch between calcu- 
lated and actual axial trends. Also, the 5% LPS recorded 
in the southern Appalachians preceded the develop- 
ment of southern macrostructures, and should be pres- 
ent in the transition, where southern structures such as 
the Saltville and Narrows thrusts are present (Rodgers 
1970). These structures have trends rotated from 060 ° to 
050 ° by superimposed central Appalachian defor- 
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Table 3. Admissible simulations with triaxial sedimentary compaction 

Region 

Horizontal 
Compaction volume loss 

(%) (%) LPS* X/Y Y/Z X/Z 
X axis trend 

(°) 

Central 

Southern 

30 3 10% a.f. 1.19 1.16 1.38 
35 7 10% a.f. 1.23 1.15 1.41 
35 3.5 10% p.s. 1.14 1.17 1.33 

30 4.5 5% a.f. 1.11 1.22 1.35 
30 6 5% a.f. 1.13 1.18 1.33 
30 7.5 5% a.f. 1.14 1.14 1.31 
35 8.75 5% a.f. 1.16 1.20 1.39 
35 10.5 5% a.f. 1.18 1.15 1.36 
30 3 5% p.s. 1.07 1.22 1.31 
30 4.5 5% p.s. 1.09 1.18 1.29 
30 6 5% p.s. 1.10 1.15 1.27 
35 7 5% p.s. 1.11 1.21 1.35 
35 8.75 5% p.s. 1.13 1.17 1.32 

026 
021 
023 

071 
073 
075 
076 
078 
071 
074 
077 
078 
079 

*a.f.--LPS by axial symmetric flattening; p.s.--LPS by plane strain. 

ma t ion .  In  con t ras t ,  the  t rans i t ion  does  not  conta in  
m ac ros t ruc tu r e s  of  cen t ra l  or  mod i f i ed  cent ra l  A p p a l a -  
chian t r e n d  ( R o d g e r s  1970, D e a n  et al. 1988). The  
cen t ra l  A p p a l a c h i a n  d e f o r m a t i o n  o p e r a t e d  in the  t ran-  
s i t ion wi thou t  in i t ia t ing  mac ros t ruc tu r e s  and was act ive 
at the  l imits  of  its d e f o r m a t i o n  doma in .  A s  a resul t ,  a 
lesser  magn i tude  and /o r  m o r e  sou the rn  o r i en ta t ion  for  
the  cen t ra l  LPS could  be  e x p e c t e d  in the  t rans i t ion .  
These  t h ree  p e r m u t a t i o n s  of  magn i tude  and  o r i en ta t ion  
were  inc luded  in 48 add i t iona l  s imula t ions  of  the  com- 
pac t iona l  and  tec ton ic  shor t en ing  h is tory  in the  t ran-  
si t ion.  

On ly  one  of  the  16 s imula t ions  where  just  the  s t ra in  
m a g n i t u d e  was r e d u c e d  to 5% y ie lded  ca lcu la ted  X-axes  
with the  cor rec t  t r e n d  range .  T h r e e  of  the  32 s imula t ions  
where  the  shor t en ing  d i rec t ion  was changed  by 10 ° f rom 
120 ° to  130 ° wi th  magn i tudes  of  e i the r  5 or  10% y ie lded  

o r i en ta t ions  and  axial  ra t ios  equ iva len t  to  m e a s u r e d  
va lues  (Tab le  2). Al l  successful  s imula t ions  inc lude  30% 
c ompa c t i on  with 3 .5% hor i zon ta l  shor t en ing  and  a 5% 
sou the rn  LPS by axial  symmet r i c  f la t tening.  The  cent ra l  
shor ten ing  event  may  be  e i the r  10% by axial  symmet r i c  
f la t tening,  o r  5% by p lane  s t ra in  o r  axial  symmet r i c  
f lat tening.  The  d e f o r m a t i o n  pa ths  for  the  admiss ib le  
s imula t ions  (Fig.  6c) have  the  first two inc remen t s  (com- 
pac t ion  and  sou the rn  LPS)  that  a re  the  same.  A g a i n ,  the  
pa ths  move  to the  r ight  and  lift off  the  Y / Z  axis dur ing  
p re - t ec ton ic  c o m p a c t i o n ,  and  the  tec tonic  shor ten ing  
events  move  the pa ths  into the  t rue  cons t r ic t iona l  field. 
In  s u m m a r y ,  the  resul ts  of  s t ra in  fac to r iza t ion  indica te  
that  the  c o m p o n e n t  of  cent ra l  A p p a l a c h i a n  shor t en ing  
in the  t rans i t ion  zone  was weak ly  non-coax ia l  to the  
main  d e f o r m a t i o n  d i rec t ion  in the  cen t ra l  A p p a l a c h i a n s  
and may  have  been  of  lesser  magn i tude .  

a) b) c) 
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Fig. 6. (a) Logarithmic Flinn plot of five admissible simple two-step simulation deformation paths. Circles arc simulations 
with LPS by axial symmetric flattening and triangles are simulations with LPS by plane strain. 2 locates a simulation that is 
admissible for both the southern and central Appalachians. (b) Logarithmic Flinn plot of 13 deformation paths for 
admissible simulations with triaxial sedimentary compaction. Circles are simulations with LPS by axial symmetric flattening 
and triangles are simulations with LPS by plane strain. Open symbols are for the central Appalachians and filled symbols are 
for the southern Appalachians. (c) Logarithmic Flinn plot of four admissible transition region simulation deformation 
paths. In all the graphs, solid lines represent syn-lithification increments and dashed lines represent post-lithification 

tectonic increments. 
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SUMMARY 

Assumptions 

(1) Original porosity in the Tuscarora Sandstone be- 
fore lithification was approximately 40%. 

(2) Porosity that was not chemically preserved as silica 
cement was physically destroyed by grain-boundary 
sliding, grain cataclasis and grain solution. This porosity 
reduction is a volume loss. 

(3) Because tectonic LPS is commonly transport- 
parallel, compaction during lithification had a non- 
coaxial horizontal volume-loss component that caused 
the finite strain ellipsoid axes to be oblique to strike and 
dip. 

Constraints 

(1) Diagenetic cement constitutes about 10 + 5% of 
the Tuscarora Sandstone and admissible models must 
reduce original porosity to this value. 

(2) Both detrital quartz grains and silica-cement are 
deformed by intragranular microstructures, indicating a 
post-lithification LPS event with microstructural abun- 
dance as an indicator of relative strain intensity. 

(3) No microstructural evidence such as bed-normal 
stylolites exists for post-compactionai tectonic pressure 
solution, so tectonic LPS in the lithified Tuscarora 
sandstone was volume-constant. 

(4) Microstructural suites (Onasch & Dunne 1993) 
indicate that samples used in this study from both SE- 
dipping fiats or macro-anticline limbs underwent only 
diagenetic compaction and tectonic LPS. 

(5) Calculated strains from simulations must lie within 
1 SD of mean X/Y, Y/Z and X/Z ratios, within 5 ° of 
average X-axis trends for each region and yield a subver- 
tical Z axis to be admissible. 

Results 

(1) Three-dimensional factorization for Tuscarora 
Sandstone samples with finite strains due to compaction 
and LPS indicate: in the southern Appalachians, 30% 
compaction including 4.5-7.5% N-S horizontal shorten- 
ing, or 35% compaction including 7-9% N-S horizontal 
shortening, was followed by 5% LPS by plane strain or 
axial symmetric shortening. In the central Appala- 
chians, 30% compaction including 3% E-W horizontal 
shortening, or 35% compaction including 3.5-7% E-W 
horizontal shortening, was followed by 10% LPS by 
plane strain or axial symmetric flattening. 

(2) In the transition zone, where central tectonic 
shortening overprints southern LPS and macrostruc- 
tures, the factorization results indicate a deformation 
sequence of: (a) 30% compaction with 3% E-W hori- 
zontal shortening similar to the central Appalachians; 
(b) 5% LPS by axial symmetric flattening during defor- 
mation of southern affinity; (c) a rigid-body rotation of 
25 ° around strike from emplacement above ramps re- 

lated to southern Appalachian thrusting; and (d) a 
central Appalachian shortening at the limits of that 
deformation domain with a shortening direction rotated 
to 130 ° from the normal 120 ° and magnitude probably 
reduced from 10 to 5%. 

(3) Finite strains in the Tuscarora Sandstone are 
dominated by compaction. This compaction, however, 
is not symmetric in the plane of bedding and includes a 
component of E-W shortening in the central Appala- 
chians and N-S shortening in the southern Appalachians 
by porosity reduction. Horizontal shortening during the 
compaction event in the southern Appalachians is 
greater than later Alleghanian LPS, perhaps indicating 
the importance of a very early pre-thrusting shortening 
in unlithified sand. 

(4) Plane strain is not necessitated during LPS and, in 
fact, axial symmetric flattening more commonly yielded 
successful modeling results. 
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APPENDIX 1 

Bedding dips at sample locations with orientations and magnitudes of strain ellipsoids for bedding restored to the horizontal 

Sample Bedding dip* X-trend X-plunge Y-trend Y-plunge Z-trend Z-plunge X / Y  Y/Z X /Z  Structure¢ Region:~ 

A-1 350/37NE(OT) 290 33 180 28 59 44 1.19 1.09 1.30 1 C 
BG-1 028/36SE(OT) 245 28 149 12 38 59 1.21 1.23 1.49 1 C 
BG-2 012/35SE(OT) 206 16 298 8 54 72 1.18 1.14 1.35 1 C 
A-5 023/89SE(OT) 94 29 186 4 284 61 1.06 1.27 1.34 3 C 
A-6 050/60NW 76 28 331 26 205 50 1.09 1.06 1.16 3 C 
A-9 030/54SE(OT) 121 14 27 19 245 66 1.18 1.19 1.41 3 C 
B-4 011/55NW 266 29 0 7 103 60 1.17 1.17 1.37 3 C 
B-7 044/78NW 353 20 253 24 119 58 1.08 1.04 1.12 3 C 
B-11 046/69NW 280 28 10 1 103 62 1.13 1.09 1.23 3 C 
MM-1 068/67NW 220 10 123 35 323 53 1.27 1.16 1.47 3 C 
A-4 035/60SE 2 6 99 46 266 43 1.08 1.22 1.32 4 C 
A-8 052/28SE 320 37 55 6 153 52 1.21 1.13 1.37 4 C 
B-5 020/59NW 338 38 73 6 170 51 1.06 1.09 1.15 4 C 
B-6 040/53SE 321 37 330 11 73 51 1.15 1.29 1.48 4 C 
B-8 015/28SE 58 24 167 36 302 44 1.15 1.09 1.25 4 C 
B-9 025/31SE 201 30 104 12 356 57 1.23 1.20 1.47 4 C 
B-10 020/14SE 185 39 94 2 2 51 1.12 1.13 1.26 4 C 
MM-2 024/35SE 12 34 103 2 196 56 1.11 1.18 1.31 4 C 
B-1 050/08NW 5 7 267 49 101 40 1.08 1.32 1.43 5 C 
B-2 045/10SE 183 27 283 19 45 56 1.30 1.15 1.50 5 C 
B-3 045/10NW 220 11 314 22 106 65 1.14 1.18 1.34 5 C 
A-2 018/15NW 178 11 87 1 354 79 1.16 1.11 1.29 6 C 
A-3 018/15NW 175 24 79 12 324 63 1.29 1.11 1.43 6 C 
A-7 315/6NE 184 30 93 1 2 60 1.16 1.18 1.37 6 C 
C-1 060/60SE(OT) 119 9 216 37 17 52 1.17 1.03 1.21 1 T 
C-2 042/70SE(OT) 355 8 90 28 250 60 1.18 1.14 1.34 1 T 
D-10 037/56SE(OT) 218 3 308 2 64 86 1.04 1.36 1.42 1 T 
E-1 047/50SE(OT) 205 5 115 0 25 85 1.20 1.27 1.52 1 T 
E-4 055/36SE 249 3 159 5 9 84 1.16 1.23 1.43 2 T 
C-4 050/57NW 108 24 230 50 3 29 i .06 1.02 1.08 3 T 
C-6 058/58SE(OT) 38 1 308 4 141 86 1.12 1.10 1.23 3 T 
C-7 275/44SW 228 27 335 30 104 47 1.30 1.14 1.48 3 T 
D-2a 053/80SE(OT) 24 8 289 30 128 59 1.06 1.28 1.36 3 T 
D-2b 063/74SE(OT) 247 42 333 7 71 47 1.28 1.15 1.47 3 T 
E-6 035/58SE(OT) 184 4 92 24 282 66 1.18 1.25 1.47 3 T 
SC-3 060/50SE(OT) 117 1 27 4 215 86 1.02 1.20 1.22 3 T 
C-3 015/63SE 14 32 110 9 213 56 1.30 1.11 1.44 4 T 
D-6a 080/21SE 52 6 322 3 208 84 1.02 1.26 1.28 4 T 
D-6b 069/12SE 286 3 185 73 17 16 1.41 1.06 1.49 4 T 
E-5 066/24SE 261 2 351 3 147 86 1.22 1.17 1.43 4 T 
E-7 045/29SE 236 24 145 3 48 66 1.08 1.18 1.27 4 T 
SC-4 060/23SE 70 1 160 3 325 87 1.16 1.16 1.34 4 T 
SC-6 060/26SE 58 22 148 1 242 68 1.04 1.26 1.31 4 T 
D-1 055/31SE 252 14 144 52 352 34 1.15 1.15 1.32 5 T 
D-9 055/33SE 275 12 25 39 171 48 1.25 1.17 1.46 5 T 
E-8 025/15SE 51 23 315 14 196 63 1.14 1.12 1.28 5 T 
C-5 045/23SE 225 40 135 1 44 50 1.10 1.10 1.21 6 T 
C-8 340/05SW 291 9 147 79 22 6 1.10 1.21 1.33 6 T 
C-9 325/10SW 39 35 143 20 257 48 1.15 1.10 1.27 6 T 
D-5 056/48SE 202 19 105 19 333 63 1.17 1.21 1.42 6 T 
D-7 067/08SE 270 37 171 12 66 51 1.01 1.18 1.19 6 T 
D-8 010/23E 175 7 266 3 17 83 1.14 1.32 1.50 6 T 
WS-1 055/20SE 62 38 153 1 243 52 1.18 1.15 1.36 6 T 
WS-2 090/12S 43 1 134 13 309 77 1.16 1.17 1.36 6 T 
D-3 030/20SE 250 I1 343 15 125 72 1.07 1.27 1.36 T 
D-4 085/67N 93 20 243 27 325 55 1.10 1.22 1.34 T 
F-4 068/56SE(OT) 22 0 292 8 113 82 1.08 1.19 1.29 1 S 
H-I 084/75SE(OT) 83 1 173 2 329 88 1.05 1.33 1.39 i S 
H-6b 080/25SE 145 14 236 6 348 75 1.02 1.33 1.36 1 S 
F-3 083/39SE 106 16 12 15 241 68 1.10 1.17 1.29 2 S 
F-5a 082/25SE 287 7 19 16 174 72 1.05 1.19 1.25 2 S 
F-5 089/25SE 17 15 109 9 128 73 1.12 1.21 1.36 S 
F-6 070/43SE 272 4 2 12 165 77 1.13 1.14 1.29 2 S 
H-3 102/38SE(OT) 286 15 191 19 52 66 1.18 1.1l 1.3l 2 S 
SC-I 055/90 233 26 324 0 54 64 1.09 1.21 1.32 3 S 
F-1 074/30SE 292 22 42 40 180 42 1.12 1.20 1.34 5 S 
F-2 069/20SE 259 35 159 14 50 51 1.15 1.06 1.22 5 S 
F-15 058/49SE 70 20 167 19 297 62 1.09 1.25 1.36 5 S 
H-2 078/42SE 355 15 90 18 226 66 1.09 1.13 1.23 5 S 
H-4 063/19SE 194 12 97 28 305 59 1.26 1.43 1.80 5 S 
H-5 090/33SE 234 48 21 37 124 17 1.13 1.09 1.23 5 S 
H-6a 044/3lSE 166 22 256 1 340 68 1.12 1.38 1.15 5 S 
SC-2 159/06NE 74 22 173 21 302 59 1.19 1.15 1.37 6 S 

Continued 
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Con~nued 

B. A .  COUZENS, W,  M.  DUNNE, C.  M.  ONASCH and  R .  GLASS 

Sample Bedding dip* X-trend X-plunge Y-trend Y-plunge Z-trend Z-plunge X/Y  Y/Z X/Z  Structuret Region~t 

F7C 138/06NE 118 14 209 2 308 76 1.22 1.15 1.40 S 
F8C 177/06W 259 8 169 0 78 82 1.06 1.40 1.48 S 
F9C 144/llNW 95 6 187 25 352 64 1.38 1.14 1.57 S 
F10C 112/05SE 36 17 127 1 197 73 1.15 1.21 1.39 S 
F l lC  ll2/10SE 330 14 64 18 203 67 1.35 1.06 1.43 S 
F13C 097/31N 264 10 171 17 25 70 1.05 1.23 1.29 S 

* OT---overturned. 
¢1 footwall ramp; 2--hangingwall ramp; 

6---anticlinal hinges. 
$ C---central; T--transition; S---southern. 

3--northwest anticlinal limbs; 4---southeast anticlinal limbs; 5--hangingwall fiats; 

APPENDIX 2 

DETERMINATION OF STRAIN ELLIPSOID 
MAGNITUDE AND ORIENTATION 

Once a deformation matrix, D, has been calculated, a strain ellip- 
soid is determined by using D to deform a unit sphere. The resulting 
strain ellipsoid may be represented in the form of an origin-centered 
quadratic surface: 

ax 2 + by 2 + cz 2 + 21xy + 2mxz + 2nyz = 1, (A1) 

which in matrix form is: 

[m~ l ] [i] m [xyz] b = 1 (A2) 
n 

(where the 3 x 3 matrix is the matrix of coefficients). The coefficients 
for the equation of the unit sphere: 

x 2 + y 2 + z  2= 1 (A3) 

may be represented by the identity matrix: 

I = 1 = 1. (A4) 
0 

The deformation matrix D, can be used to deform a sphere, I, by the 
following relationship (Boas 1983): 

Q = D-11(D-I)t = O- l (o - l ) t ,  (A5) 

where Q, in the form of the matrix of coefficients (equation A2), is the 
strain ellipsoid resulting from the deformations, D. 

The axial lengths of the strain ellipsoid and their orientations may be 
determined from the eigenvalues and eigenvectors of Q, respectively. 
A vector, g, is an eigenvector of Q if: Qg is a scalar multiple of 3- 
(equation A6) (Anton 1984), 

Qy =/~3-, (A6) 

where/~ is the eigenvalue corresponding to 3-. The eigenvector con- 
dition in matrix notation is: 

[m~ l nc]m [i] [i] [a/2-  l m ) [i] b = ¢t yielding l b - /~ = 0. (A7) 
n m n c - / ~  

Solving this set of equations, we will get the trivial solution, x = y = z = 
0, unless the determinant of the system of equations is equal to zero 
(equation A8). 

a - k t  l m 
l b - / ~  n =0.  

m n c - / ~  
(A8) 

Solving the determinant (equation A8) yields a cubic equation in terms 
of/~. The three roots of this cubic equation are the eigenvalues: ktll,/~2 
and/~3, which represent the lengths of the principal axes of the strain 
ellipsoid. Relative to the principal axes (X,Y,Z) the equation of the 
strain ellipsoid can be represented as: 

°0° [i] = 1 (A9) [ X Y Z] /~2 

/XlX2 +/x2 y2 + ix3Z2 = 1. (A10) 

From equation (A10), the lengths of the axes are: 

1 1 1 

V~l' v~" vy, 

Three eigenvectors (3-t, 3-2, 3-3) (equation A6), one for each principal 
axis, are then determined by substituting/~l, ~ and/~3 into equation 
(A7) and solving for x, y and z. The direction of each eigenvector is the 
direction of a principal axis that was determined in real space (x = dip- 
direction, y = strike direction, z = vertical) by: (1) normalizing the 
vector to consider only its down-plunge direction; (2) determination of 
the angle,/3, from the plunge direction to the dip-direction (x) using 
the following relationship: 

COS ~ - -  X X / ~  (Al l )  

and; (3) determination of an azimuthal direction by picking a sign 
convention where positive x (dip-direction) is southeast, and positive y 
(strike) is southwest. If x > 0 and y > 0,/3 was added to the dip- 
direction. If x > 0 and y < 0,/3 was subtracted from the dip-direction, if 
x < 0 and y > 0,/3 was subtracted from the dip-direction + 180 °. Or ifx 
< 0 and y < 0,/3 was added to the dip-direction + 180 °. 


