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Abstract-Coarse-grained limestone samples were collected across the Hudson Valley Fold-Thrust Belt with the 
aim of determining the temporal and spatial relationship between calcite twinning strain and fold-thrust belt 
development. The majority of the samples have well defined oblate strain ellipsoids with the maximum shortening 
axes (e3) perpendicular to bedding strike, and e3 magnitudes that range from - 1.5% to 6.5%. Whereas twinning 
magnitude does not vary systematically through the fold-thrust belt, twinning fabrics fall into two populations 
based on the presence of outcrop-scale deformational features. Calcite twinning strain preserved in samples from 
limestone layers absent of any small-scale penetrative deformation, such as cleavage and/or microfaults, are defined 
as component A strains. Component A strains generally have maximum shortening axes (e3) inclined consistently 
less than, but in the same E-W direction as, bedding dip. The second population of calcite twinning strain, 
population B, occurs in limestones pervasively cut by cleavage and/or microfaults. Component B strains has 
maximum shortening axes (e3) that are horizontal irrespective of bedding dip. Strain population A initiated as a pre- 
folding, layer-parallel shortening strain that was subsequently modified to its present orientation by active grain- 
scale rotation during flexural folding. Strain population B reflects post-folding superimposed homogeneous strain, 
and is restricted to limestone samples with relatively high clay content. 0 1998 Elsevier Science Ltd. 

INTRODUCTION 

Since it was recognized that the calcite strain-gauge 
technique can be used to accurately measure the 
orientation and magnitude of small strains in carbonates 
(e.g. Friedman et al., 1976; Groshong et al., 1984a), it has 
been used to provide strain data from naturally and 
experimentally deformed limestones. The technique has 
been particularly useful in studying the kinematic 
evolution of fold-thrust belts, such as the Appalachians 
(e.g. Engelder, 1979b; Wiltschko et al., 1985; Kilsdonk 
and Wiltschko, 1988), the Rocky Mountains (e.g. 
Craddock et al., 1988) and the Helvetic Alps (e.g. 
Dietrich and Song, 1984; Groshong et al., 1984a; 
Dietrich, 1986; Ferrill and Groshong, 1993a,b). 

Foreland fold-thrust belts appear to develop through 
several stages of deformation characterized by distinct 
strain styles. First, layer-parallel shortening occurs 
before and/or coincident with initial folding and thrust- 
ing. Second, as thrusts begin to negotiate ramps, non- 
layer-parallel shortening, bending and interlayer slip are 
imposed on the rocks. Continued thrust transport will 
impose both pure and simple shear on the rocks. Finally, 
when the thrust system locks due to frictional coupling 
between footwall and hangingwall, strain affects the 
rocks as homogeneous bulk shortening (Wiltschko et 

al., 1985; Evans and Dunne, 1991). The long-standing 
problem with the use of the calcite strain-gauge technique 
has been in the understanding of when, during the above 
stages, calcite twinning strains accumulate. 

Several interpretations of the temporal relationship 
between calcite twinning strain and fold-thrust belt 
formation have been proposed. Most commonly, 

mechanical twinning of calcite is thought to occur 
during layer-parallel shortening, before the development 
of folds and faults (Spang and Groshong, 1981; 
Wiltschko et al., 1985; Craddock and van der Pluijm, 
1989; Ferrill and Groshong, 1993a). Because calcite 
strain-hardens after twinning, it is generally assumed 
that calcite twinning only records early strains and 
becomes resistant to subsequent strain during later 
fold-thrust belt development, unless the orientation of 
the strain changes dramatically (Wiltschko et al., 1985; 
Kilsdonk and Wiltschko, 1988). If this is true, the calcite 
twinning strain gauge records strains related to the first 
stage in the development of fold-thrust belts, but does 
not measure strains related to the subsequent stages. 
Results from studies of calcite twinning strain in single 
structures in particular supports the hypothesis that 
calcite twinning records strain during layer-parallel 
shortening (Spang and Groshong, 1981; Kilsdonk and 
Wiltschko, 1988). Generally these studies have shown 
that the maximum shortening axes (e3) lie in the plane of 
bedding and at a high angle to strike. These studies 
conclude that twinning strain imposed before folding is 
passively rotated with bedding to a present-day inclina- 
tion (roughly equal to the dip of bedding). Laboratory 
experiments, showing calcite’s resistance to twinning 
after the first in a series of multi-stage deformations, 
further support the idea that a calcite grain strain- 
hardens and that late strains are not recorded (Donath 
and Fruth, 1971; also see Teufel, 1980). 

However, other workers have suggested that calcite 
twinning strains are imposed during later stages of fold- 
thrust development. Rowe and Rutter (1990) suggested 
that calcite twinning recorded strain related to nappe 
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emplacement in limestone layers proximal to thrust faults 
in the Cantabrian zone of northern Spain. Groshong et 
al. (1984a) attributed calcite twinning strains to late stage 
fold tightening. Other work reported by Compton (1966) 
Dieterich and Carter (1969) and Ferrill and Groshong 
(1993b) suggested that calcite continues to mechanically 
twin during the entire development of a fold. Using the 
geometric relationships between the orientations of 
maximum shortening and bedding dip, Dieterich and 
Carter (1969) argued that early, layer-parallel shortening 
strains were overprinted by later syn-folding strains, such 
that the strain ellipsoid derived from calcite twinning 
analyses represents the cumulative strain of the folded 
layer. The two main goals of this study are: (1) to deduce 
at which stage(s) in the development of the Hudson 
Valley Fold-Thrust Belt (HVB) calcite twinning strains 
accumulated and (2) to interpret the variation of calcite 
twinning strain across the HVB, using relationships with 
lithologic composition and mesoscopic structures. 

GEOLOGICAL SETTING 

Stratigraphically above the late Ordovician Taconic 
angular unconformity, the Hudson Valley Fold-Thrust 

Belt (HVB) represents thin-skinned deformation of 
Upper Silurian through Lower Middle Devonian strata 
of southeastern New York (Fig. 1). Although HVB 
deformation is a result of Appalachian plate interactions, 
the exact timing of deformation remains debated (Geiser 
and Engelder, 1983; Marshak and Engelder, 1987; 
Schimmrich, personal communication, 1996). Outcrops 
analyzed in this study are located along the east-west 
trending Rt. 23 in Catskill, NY, at the western edge of the 
Hudson River Valley between the towns of Kingston and 
Albany. Strata involved in the deformation are com- 
posed primarily of Devonian shallow-water carbonates, 
locally known as the Helderberg Group (Marshak and 
Engelder, 1987). Of particular interest to this study are 
the Manlius, Coeymans, Kalkberg, New Scotland and 
Becraft limestone members, with 40 m in aggregate 
thickness and composed of alternating coarse grained, 
thinly layered (< 1 m) limestone and shale (Fig. 2a). 

Most of the rocks exposed along New York 23 have 
undergone deformation under relatively low pressure and 
temperature conditions (Marshak and Engelder, 1985). 
Structures range from regional-scale folds (- 50-125 m 
in amplitude) and thrusts, to zones of outcrop-scale 
pressure solution cleavage and small-scale folds and 
faults. Calcite slip lineations and bedding-plane slip 
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Fig. 1. Location of field area in New York State and generalized structure map of the Hudson Valley fold-thrust belt along 
New York Rt. 23 (after Marshak and Engelder, 1987). 



surfac es indicate that flexural-slip was an important In zones of high strain, slip lineations, microfracl :ures, 
mecha nism during folding. Cleavage intensity and microfaults, as well as cleavage, formed. Usually I slip 
minor folds in shale layers, commonly separating the lineations and microfractures are spatially assoc :iated 
limestl one layers, suggest that considerable strain was with faults within the more pure carbonate units, wh ereas 
accum utlated in the less-competent shale layers (Fig. 2b). cleavage domains occur in the more clay-rich I units. 

Timing of calcite twinning and fold-thrust belt development 23 

Fig. 2. Photograph of small scale fold (wavelength - 1.7 m) comprised of alternating limestone/shale layers exposed along 
Route 23 (a). Enlargement of the folded limestone/shale layers showing thickening of the shale layer in the hinge of the fold. 

Arrows indicate sense of shear affecting the folded layers (b). 
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Striated veins cover fault surfaces and tend to propagate 
upward from fault planes to pervasively cross-cut 
mesoscopic structures. Studies of conodont coloration 
(Epstein et al., 1977) and fission-track analysis (Lakatos 
and Miller, 1983) indicate that rocks of the HVB reached 
temperatures between 200 and 240°C but it is not known 
if the time at which such temperatures were attained 
correlates with the time of deformation. 

Cross-cutting relationships indicate that tectonic clea- 
vage, more prevalent in clay-rich layers, developed early 
during the formation of the fold-thrust belt (Marshak 
and Engelder, 1985). Cleavage-fault intersection linea- 
tions are generally overprinted by calcite slip lineations 
that developed during fault movement. Early cleavage 
development is further supported by the observation that 
cleavage occurs in horizontal layers west of the study area 
along Rt. 23 (Engelder, 1979a). The field occurrence of 
such mesoscopic features will be used to determine calcite 
twinning strain populations. 

SAMPLING AND METHODS 

Samples were collected along a - 1 km section of 
outcrop exposed on Rt. 23 at a spacing of -75-100 m. 
The aim of this sampling was to determine the variation 
in calcite twinning strain across the fold-thrust belt and, 
more specifically, to determine how twinning strains vary 
between and within structures on a regional scale. A 
second sample set was collected on a smaller scale (N l- 
5 m), concentrating on individual structures, with the aim 
of determining the relative timing between the formation 
of mesoscopic-scale structures and calcite twinning 
strain. 

All 23 oriented samples were collected using a portable, 
gasoline-powered drill fitted with a 2.5 cm diameter 
diamond coring bit. Each sample was oriented with a 
compass using a standard paleomagnetic orientation 
device; structural measurements were made in the field 
using the same compass, with an estimated accuracy of 
3”. By comparing twinning strains in drilled samples with 
twinning strains in hand samples we verified that 
sampling techniques were not responsible for twins in 
the samples. We used the calcite twinning strain techni- 
que (Groshong, 1972, Groshong et al., 1984b) to 
calculate twinning strains in two or three mutually 
perpendicular thin sections from 22 of the 23 samples 
collected. Measurements were made using a Leitz 
(Ortholux II Pol-BK) polarizing microscope equipped 
with a five-axis Leitz Wetzlar universal stage. To process 
the optical data we used the CSG22 strain-gauge 
program described in Evans and Groshong (1994) 
which determines strain from all measurable twin sets 
within a population of calcite grains. As recommended 
by Groshong et al. (1984b), we removed the negative 
expected values (NEVs) that represent grains that were 
unfavorably oriented for twinning. Only four of the 20 
analyzed samples have over 30% NEVs, and the removal 

of the NEVs from the remaining samples resulted in very 
small changes in strain orientations and magnitude. The 
nominal error of the strain magnitude is calculated as the 

average error of the normal strains in the x and y thin- 
section directions (Groshong et al., 1984b). 

STRAIN PATTERNS 

Data from twinning strain analyses from across the 
study area are shown in a series of cross-sections (Fig. 3) 
and are listed in Table 1. The lower hemisphere, equal- 
area projections show the three principal strain axes and 
contours of the compression axes (Turner, 1953). In 
general, the principal shortening axes (e3) are parallel to 
the maximum of contoured compression axes, and lie in 
an E-W plane that also contains the regional tectonic 
transport direction. The strain magnitude data, repre- 
sented by e3 (in percent shortening) do not appear to vary 
in a systematic fashion along the section. However, 
distinct strain geometries are recognized in samples with 
distinct field characteristics. 

The strain data fall into two populations, from here on 
called components A and B, based on the existence of 
deformation structures in outcrop. Component A strain 
corresponds to rocks with no penetrative small-scale 
strain features such as microfaults and cleavage, whereas 
component B strain occurs in rocks collected in zones 
affected by cleavage and/or intense microfaulting. Com- 
ponent A strains have principal shortening axes (eX) that 
plunge in the same direction but consistently less than 
bedding dip. The second strain population, component 
B, has principal shortening (e3) axes which remain 
horizontal irrespective of bedding dip. These geometric 
relationships are shown in Fig. 4, which plots the bedding 
dip vs the plunge of e3 for components A (Fig. 4a) and B 
(Fig. 4b), respectively (after Schwartz and Van der Voo, 
1983). 

DISCUSSION AND INTERPRETATION 

The relationships between bedding dip and the princi- 
pal shortening axes (e3) shown in Fig. 4 may be used to 
explore, to a first-order, the relative timing of calcite 
twinning and deformation. If calcite twinning strains 
represent pre-folding, layer-parallel shortening strains, 
the inclination of the principal shortening axes (eJ) would 
be equal to the dip of bedding, and would fall along the 
diagonal in Fig. 4. This is not the case in either strain 
component A or B. In contrast, if calcite twinning 
represents post-folding strain, where the principal short- 
ening axes (e3) are imposed after the folds fully devel- 
oped, the (ej) axes would be horizontal irrespective of 
bedding dip, and would fall on a line parallel to the x-axis 
of the graphs in Fig. 4. Component B has this pattern, 
which is therefore interpreted as post-folding strain. 
Finally, if calcite twinning strains were acquired during 
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Fig. 3. Cross-sections showing variation in strain magnitude (% shortening), and equal-area lower hemisphere projections of 
strain axes and compression axes. The projections are oriented so that the top of the stereonets are oriented north. 

Compression axes contoured in multiples of standard deviation at 3a and incremented by 20. 
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Table 1. Calcite strain data 

Sample 

fl-1 
fl-2 
fl-2.2 

el 

1.90 
6.38 
3.50 

All Data Negative Expected Values Removed 

e2 e3 % NEVs* Error** el e2 e3 Error** 

0.73 -2.63 28 0.81 1.35 0.79 -2.14 0.44 
1 .oo -7.38 17 1.62 3.05 0.83 -3.88 0.79 
1.51 -5.01 33 5.18 3.13 1.40 -4.54 I .90 

fl-2.8 3.10 -0.36 -2.73 6 0.55 1.60 -0.23 - 1.38 0.26 
fl-3 7.73 2.22 -9.94 17 2.11 5.11 1.95 -7.06 0.83 
fl-4 7.00 1.93 _ - 5.07 
fl-5 3.17 0.09 -3.26 
fl-6 4.18 0.70 -4.87 
fl-7 4.73 1.38 -6.12 
fl-8 3.13 2.16 -5.29 
fl-9 4.85 1.21 -5.79 
j94-5 3.80 -0.87 _ -2.92 
j94-10 6.89 6.07 - 12.96 
j94-8 3.09 0.20 -3.29 
j94-12 6.26 1.54 -7.80 
j94-2 4.12 1.67 -5.80 
j-l 3.62 -1.32 _ -2.30 

18 
45 
17 
18 
6 

18 
30 
10 
24 
50 

0 

1.45 
1.70 
1.73 
0.62 
0.80 
1.11 
1.36 
4.50 
1.29 
2.60 
0.49 
1.04 

3.76 
3.22 
2.54 
2.67 
1.55 
2.54 
2.03 
4.97 
2.25 
5.10 
2.06 
2.16 

- 1.80 ~ 1.97 0.67 
0.75 -3.98 I .03 
0.18 -2.72 0.69 
0.31 -2.89 0.32 
1.12 -2.67 0.44 
0.83 -3.37 0.56 

-0.16 -1.87 0.62 
2.29 -7.27 3.02 
0.43 -2.68 0.51 
0.64 -5.74 2.98 
0.84 -2.90 0.24 

-0.77 - 1.39 0.50 
sb-1 3.21 0.15 -3.36 0 1.20 1.60 0.08 ~ 1.68 0.60 
sb-2 2.41 1.42 -3.83 8 1.03 1.26 0.70 ~ 1.97 0.46 
sb-4 2.05 -0.90 -1.15 58 2.04 3.78 ~ 1.20 -2.58 0.66 
sb-10 3.38 1.16 -4.54 13 1.20 1.15 0.81 - 1.96 0.55 
sb-9 2.86 1.19 - 4.05 12 1.26 I .32 0.79 -2.11 0.53 

*Percent of all twin sets havine negative exoected values for the shear strain calculated for that twin set. 
**Standard error, 0.5 (e, + eJj x W102; see kroshong et al. (1984). 

folding then the data would, as is the case for strain 
component A, lie between the diagonal and the x-axis. 

We have adopted the paleomagnetic fold test 
(Graham, 1949; McElhinny, 1964) to further explore the 
relationship between calcite twinning strain and folding. 
By adapting the statistical unfolding technique used by 
paleomagnetists to determine the relative timing of 
magnetization acquisition (McFadden and Jones, 1981) 
the timing of strain accumulation may be similarly 
quantified. The procedure is based on incrementally 
unfolding the inclined layers around the hinge line, 
while determining the clustering (e.g. the precision 
parameter k; Fisher, 1953) of the maximum shortening 
directions at each step. If the strain was acquired prior to 
folding the clustering of the shortening axes would be 
greatest when the bedding is restored to (paleo)horizon- 
tal. Conversely, if the strain was acquired after the 
bedding attitude was altered by tilting the clustering 
would become more scattered upon correction of the tilt. 

The results from this ‘fold test’ show that the greatest 
clustering value, for component A, is achieved when the 
layer is -75% unfolded (Fig. 5), suggesting that strain 
component A was acquired when the layers were - 25% 
folded. We further note that the principal shortening axes 
(e3) at maximum clustering (kmax) are horizontal, which is 
the orientation one expects for bulk horizontal short- 
ening in fold-thrust belts. Component B strain, recorded 
in samples taken from locations proximal to cleavage and 
small-scale penetrative brittle deformation features, has k 

values that steadily decrease during stepwise unfolding, 
supporting our previous hypothesis that horizontal 
shortening strain was imposed after folding. 

However, the folding model that is assumed in the 
above fold test may be overly simplistic. Therefore, by 

examining different deformation models for folding, we 
will test the potential for pre-folding, syn-folding and 
post-folding imposition of calcite twinning strains. 

Passive vs active grain-scale rotation 

Two end-member grain-scale deformation models 
during folding we explore are (1) the passive-rotation 
model (PRM) and (2) the active-rotation model (ARM). 
Passive rotation assumes that calcite twinning strains 
imposed under bulk horizontal shortening are subse- 
quently rotated with the layer, but that no additional 
grain-scale rotation occurs. This model requires that 
after initial twinning the calcite grains strain-harden. 
Thus, if strain was imposed on the layered limestone 
either before or during the folding process, the principal 
strain axes will be passively rotated along with bedding. 
Implicit in this scenario is that, after strain accumulation, 
the principal shortening axes will maintain a constant 
angle with respect to bedding during subsequent folding. 

Active grain rotation during flexural folding requires 
twinned calcite grains to be rotated by layer-parallel 
shear. Consequently, the orientation of the principal 
shortening axes (e3) are rotated in a sense opposite to the 
direction of limb rotation. The angular rotation of 
particles is a function of: (1) the limb dip (i.e. the degree 
of angular shear) and (2) the physical coupling between 
particles. Ramsay (1967) calculates the angular rotation 
(b) as a function of dip angle b) for constant area (Fig. 
6a, b). Plotted as lines in Fig. 6c are limb rotation vs 
grain-scale rotation curves calculated for folds with full, 
half and quarter coupling, represented by Q. Full coup- 
ling represents the theoretical maximum of grain-scale 
rotation in this model. Kodama (1988) suggested, based 
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Fig. 4. Maximum shortening (e3) axes vs bedding dip for strain 
component A (a) and component B (b). Dashed line represents values 
of equal bedding dip and e3 axis-plunge. Error bars are +8” as 

calculated from Groshong et al. (1984b). 

on the rotation of magnetizations in rocks of varying 
competency during deformation, that R < 0.3 is a realistic 
coupling value for deformed Paleozoic carbonates in the 
Appalachian foreland. 

Pre-folding twinning 

If calcite twinning strains are imposed prior to folding, 
the strain orientations produced by subsequent folding 
will significantly vary depending on which folding 
mechanism is assumed. Depicted in Fig. 7a are the 
bedding dip and associated principal shortening (e3) 
axes by both PRM and ARM. Under PRM, bedding 
dip and plunge of the principal shortening (e3) axis would 
be equal at all stages of folding. Under ARM, the 
principal shortening (es) axis would plunge in the same 
direction, but at an angle consistently less than the dip of 
bedding. The magnitude of the angle between principal 

80 
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Fig. 5. Incremental fold tests showing variation in clustering parameter 
k as a function of percentage unfolding. 

shortening (e3) axis and layer dip is directly related to the 
degree of coupling between the grains. 

Syn-folding twinning 

If calcite twinning reflects syn-folding strain, the PRM 
and ARM models predict two different patterns. Assum- 
ing passive rotation during continued folding, the 
principal shortening (e3) axes would always have a 
constant angle with bedding dip irrespective of the dip 
of bedding (Fig. 7b). If folding was accompanied by 
active grain rotation, the angle between the principal 
shortening (e3) axes and layer dip would vary as a 
function of bedding dip, and the magnitude of the 
change would be directly related to the degree of grain- 
scale coupling. Within the same fold geometry, the 
magnitude of grain-scale rotation will be less for syn- 
folding ARM than pre-folding ARM. 

Post-folding twinning 

If twinning strains are imposed after folding is 
completed, there will, of course, be no later modification 
of the orientation of the principal shortening (e3) axes. 
This implies that the principal shortening (e3) axis, 
assuming only the superimposed homogenous strain 
model, will remain parallel to the horizontal bulk short- 
ening direction (Fig. 7~). 

ORIGIN OF STRAIN COMPONENTS A AND B 

Although there is no unique test to determine which of 
these scenarios represents the correct interpretation for 
the two components of strain, we can define the likely 
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Fig. 6. Rigid-body rotation of particles during folding. In (a) the amount of rotation (p) as a function of limb dip ($) is 
illustrated; in (b), full, half and quarter coupling with constant area and Z, = Zacos$ based on calculations in Ramsay (1967) 

are shown with measured rotations required for twinning strain components A and B superimposed. 

scenario on the basis of what is most realistic within the 
structural environment of the study area and observa- 
tions of calcite twinning patterns elsewhere. The models 
that are consistent with the occurrence of strain compo- 
nent A are: (1) pre-folding ARM, (2) syn-folding PRM, 
or (3) syn-folding ARM. Due to field evidence for the 
presence of flexural folding, we believe that active grain 
rotation was likely in some of the rocks during at least 
part of the folding process. Grain-scale rotations 
required for modeled pre-folding twinning strains are 
plotted as a function of limb rotation in Fig. 6b. Given 
the limb dips, the rotations required for strain compo- 
nent A represent coupling values that range from 0.2 to 
0.35, which agree with other work on Paleozoic carbo- 
nates in eastern Pennsylvania (Kodama, 1988). More- 
over, given the presence of calcite twins in unfolded strata 
of the Appalachian foreland immediately to the west 
(Craddock and van der Pluijm, 1989) we consider pre- 
folding twinning with active rotation as the most realistic 
scenario for component A. 

Already we concluded that strain component B 
represents post-folding strain. Indeed, the required 
grain rotations as a function of limb rotation needed to 
explain component B yield unrealistically high coupling 
values that range from 0.75 to 1.25 (Fig. 6b). Syn-folding 
strain accumulation and passive rotation can also be 
dismissed because the principal shortening (es) axes are 
everywhere parallel to the horizontal bulk shortening 
direction. Component B strain, therefore, either reflects 
bulk homogeneous strain after the folds were locked (Fig. 
7c), or syn-folding strain that has been modified to its 

present orientation. For the second scenario, the origin- 
ally oblique shortening directions need to have been 
rotated into parallelism, and coincide with present-day 
horizontal. Such a condition is too fortuitous. Thus, we 
interpret strain component B as a post-folding, bulk 
homogeneous shortening. 

During fold-thrust belt development, stress peaks may 
occur just before buckling and after fold tightening 
(Onasch, 1983). We argue that these two peaks corre- 
spond to the two twinning strain components observed in 
the HVB. If we accept this hypothesis there must be an 
explanation for why certain regions record twinning 
strains at different times. We suggest that the difference 
is related to the development of cleavage and other small- 
scale penetrative brittle strain in rocks of different 
mineralogy. We examined this by performing standard 
powder X-ray diffraction analyses on limestone samples 
which show that limestones with component B calcite 
twinning strains have larger clay content than those 
having component A strains. 

To test for structural control on clay orientation in 
component B bearing limestone samples we used a single- 
crystal X-ray texture goniometer (see details in van der 
Pluijm et ul., 1994). This device collects X-ray intensity 
data as a thin rock sample (-200 pm thick) rotates 
relative to a narrow X-ray beam (- 1 mm diameter). 
Figure 8 shows the orientation of illite and chlorite in 
limestone samples from the HVB, with component B 
strains showing parallelism with the cleavage orientation. 

Marshak and Engelder (1985) also observed that 
limestone from the HVB with relatively high clay 
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Fig. 7. Models of calcite twinning strain accumulation with respect to pre-folding (a), syn-folding (b) and post-folding (c), 
assuming both passive and active grain-scale rotation. See text for discussion. 
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Fig. 8. Lower hemisphere equal-area projections of illite/mica (001) 
(left column) and chlorite (002) (right column) basal planes. Plots are 
contoured in multiples of random distribution (m.r.d.). Poles to bedding 
(triangles) and cleavage (circles) are labeled on each pole figure. Due to 
the angular limitations of the X-ray transmission mode. data are not 

recorded in the center of the projections. 

contents (> 10%) were prone to cleavage development. 
From his work in the Appalachian Plateau, Engelder 
(1984) suggested that differential stresses of ~6.5 MPa 
are required for the initiation of cleavage, whereas 
differential stresses of ~20 MPa are required for calcite 
twinning (e.g. Wenk, 1985). Thus, clay-rich rocks, which 
are prone to early cleavage formation, will not reach 
stresses sufficiently high for twinning until cleavage can 
no longer develop. At this point the grain-scale stresses 
increase, allowing for calcite twinning to occur. In studies 
of quartz deformation lamellae in folded sandstone, 
Onasch (1983, also see Heald, 1956; Morris, 1981) 
presented similar conclusions. In pure quartzites and 
calcite-cemented sandstone, quartz deformation lamellae 
formed early without cleavage. In clayey sandstones 
however, cleavage formed early and deformation lamel- 
lae formed only after folds tightened. 

CONCLUSIONS 

Strain in the HVB, as deduced from the calcite strain- 
gauge technique, displays no obvious systematic varia- 
tion in magnitude. However, the orientations of strain 
fall into two distinct populations. Strain component A is 
defined by an angular difference between layer dip and 
the principal shortening (es) axes that varies system- 
atically as a function of bedding dip. Samples that 
contain strain component A come from areas with 
flexural folds that show no small-scale deformational 
features in outcrop. In contrast, samples containing 
strain component B occur in regions characterized by 
penetrative deformation features, including cleavage, 
microfaults and slip fractures. This component is defined 
by a horizontal principal shortening axis (es) irrespective 
of bedding dip. The presence of component A and B 

strains is directly related to mineralogic variations, in 
particular the clay content. We conclude that the two 
components of calcite twinning strain in the Hudson 
Valley Fold-Thrust Belt represent partitioning between 
pre-folding strain and superimposed homogeneous strain 
after folds in the belt locked up. 
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