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AbstractÐMost rocks deform by multiple grain-scale deformation mechanisms. In order to assess completely
the contributions of each mechanism, the strain associated with that mechanism must be known and compared
to the ®nite strain. This study describes the partitioning of strain between three mechanisms, pressure solution,
dislocation creep, and microfracturing, in a quartz arenite deformed at low temperatures. Pressure solution,
which occurred primarily during compaction, dominates the ®nite strain with an average of 24% shortening
normal to bedding. Dislocation creep, which occurred during layer-parallel shortening, accounts for about 2%
shortening parallel to bedding dip. Microfractures, which occur in three orthogonal sets, resulted in 2±4%
extension normal to bedding, parallel to bedding strike, and parallel to bedding dip. The validity of the mech-
anism strains was tested using strain factorization. Models were constructed using the mechanism strains in an
order determined by their relative ages. Because porous, well-sorted quartz arenites, such as the one studied,
are likely to undergo some mechanical compaction in the early stages of diagenesis, variable amounts of mech-
anical compaction were included in factorization models. Models using the measured deformation mechanism
strains with an initial 5±10% mechanical compaction yield ®nite strains in close agreement with the measured
®nite strains. This suggests that the mechanisms identi®ed, the strain associated with each mechanism, and the
deformation sequence are plausible. # 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Deformation of rocks occurs by more than one grain-

scale mechanism, operating either concurrently or

sequentially. Understanding how the deformation is

partitioned between di�erent mechanisms is basic to

understanding the deformation process. Although

recognizing the operative mechanisms by their charac-

teristic microstructures is straightforward, determining

the contribution of each has proven di�cult owing to

the scarcity of strain methods speci®c to individual de-

formation mechanisms.

Partitioning of the deformation into individual de-

formation mechanisms can be done qualitatively or

quantitatively. Point-counting key microstructures can

give a general idea about the relative importance of as-

sociated deformation mechanisms (Onasch and Dunne,

1993), but can be misleading (Onasch, 1993; Harrison,

1997). For example, undulatory extinction is nearly

ubiquitous in weakly deformed rocks (Tullis et al.,

1973; Hirth and Tullis, 1992). Point-counting would

lead to an overestimate of the importance of dislo-

cation creep. Quantitative assessment requires that the
strain associated with each mechanism, along with the
®nite strain, be measured. With a few notable excep-

tions (e.g. Mitra, 1976; Wu and Groshong, 1991), this
has proven to be a di�cult task.

The ®nal step in a complete understanding of the de-
formation is to determine the strain history. By inte-

grating a sequence of deformational events with the
mechanism strains associated with each event, the
strain history can be determined. The proposed history
can be validated by comparing factorized ®nite strains,
determined from the mechanism strains, to the
measured ®nite strains. Any discrepancy between the

factorized strains and the ®nite strain can indicate
errors in one or more strain determinations, an incor-
rect strain history, or an unrecognized deformation
mechanism.

The purpose of this paper is to illustrate how the
complete strain history of a rock can be determined
through identi®cation of the operative deformation
mechanisms, determination of strains associated with
each mechanism, and integration of the mechanism
strains into a deformation sequence determined by

microstructure cross-cutting relations. The results of
this approach are then compared to the ®nite strain
using strain factorization. The lithology used is a
quartz arenite deformed at low temperatures and
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pressures; however, the methods used are general
enough to be applicable to a wide range of lithologies
and settings.

Geologic setting

The 13 samples used in this study are from the
Lower Silurian Massanutten Sandstone. The sandstone
consists of about 200 m of medium-grained, frame-
work-supported, quartz arenite interbedded with
quartz pebble conglomerates. The unit is exposed in an
overturned synclinorium located along the axis of the
Great Valley province in the central Appalachian fore-
land (Fig. 1). The synclinorium is rootless and part of
the Blue Ridge thrust sheet, which together with the
underlying North Mountain thrust sheet, was trans-
ported northwestward some 65 km during the Late
Paleozoic Alleghanian orogeny (Evans, 1989).
Deformation took place at 5±6 km depth and 150±
2508C (Epstein et al., 1977; Harris, 1970).
The samples are from a variety of structural settings

including upright and overturned limbs, and fold
hinges. On the basis of texture, microstructures pre-
sent, microstructural history, and strain, they are
believed to be representative of the more than 200
samples that have been examined in this area (Onasch,
1984, 1990).

Microstructures

Transmitted and cathodoluminescence light petro-
graphy reveal that grain-scale deformation of the
quartz arenite occurred by pressure solution, dislo-
cation creep, and microfracturing. Pressure solution
microstructures include sutured and interpenetrating
grains (Fig. 2a). Where clay matrix is present, accumu-
lations of clay lie along dissolution surfaces as stylo-
lites. The dissolution surfaces are irregular, but tend to
parallel bedding. Microstructures indicative of dislo-
cation creep include, in order of decreasing abundance,
undulatory extinction, deformation lamellae (Fig. 2b),
and deformation bands (Fig. 2c). A few occurrences of
subgrains and grain boundary migration recrystalliza-
tion were seen in high strain (fault) zones, but are not
considered signi®cant. Brittle microstructures include
¯uid inclusion planes (Fig. 2d) and microveins
(Fig. 2e). The lack of o�set indicates that both are
healed Mode I microfractures. Fluid inclusion planes
are less than 10 mm wide whereas microveins range
from 10 to 100 m in width (Onasch, 1990). Microveins
parallel ¯uid inclusion planes and both occur in three
orthogonal sets with remarkably consistent orien-
tations relative to bedding and local strike. They are
bedding-parallel, bedding-normal/strike-parallel, and
bedding-normal/dip-parallel (Onasch, 1990).

Cross-cutting relations between microstructures
establish the relative ages of deformation mechanisms.
Bedding-parallel stylolites and pressure solution fea-
tures are the oldest microstructures as they commonly
are truncated by diagenetic pore-®lling cement.
Dislocation creep microstructures are next oldest.
Deformation lamellae, deformation bands, and sub-
grains are found in both detrital grains and cement;
hence post-date the pressure solution features. Fluid
inclusion planes cross deformation lamellae (Fig. 3a)
and deformation bands (Fig. 3b) unde¯ected, indicat-
ing microfractures are the youngest microstructures. A
small amount of pressure solution post-dating micro-
fracturing is shown by rare instances of microveins
being o�set along dissolution surfaces oriented at a
high angle to bedding. Although some microstructures
might be inherited from the source rocks of the
Massanutten Sandstone, most can be shown to have
formed in-situ. For example, deformation lamellae
extend from detrital grains into the optically continu-
ous overgrowth cement (Fig. 3c) as do ¯uid inclusion
planes (Fig. 3d) and microveins (Fig. 2e). Restriction
of recrystallization to fault zones also argues for for-
mation in-situ.

METHODS

Strains were determined from three, mutually-per-
pendicular thin sections from each of the 13 samples

Fig. 1. Generalized geologic map of the Massanutten synclinorium
showing location of Massanutten Sandstone samples used in the

study.
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used in this study. Using bedding as a reference direc-
tion, thin sections were cut parallel to bedding; bed-
ding-normal, strike-parallel; and bedding-normal, dip-

parallel. For the ®nite strain and strain associated with
each deformation mechanism, the geometry of the
strain ellipsoid was calculated from strain ellipses

Fig. 2. Photomicrographs of microstructures in the Massanutten Sandstone. (a) Sutured and interpenetrated grain
boundaries; (b) deformation lamellae; (c) deformation bands; (d) two sets of orthogonal ¯uid inclusion planes; (e) micro-
vein. Width of all photomicrographs is 1.8 mm except (d) which is 0.3 mm. All are in crossed polarized light except (e)

which is in cathodoluminescence.
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determined for the three perpendicular sections using
the method of Owens (1984).

Finite strain

The ®nite strain was determined using a normalized
version of the Fry method (Erslev, 1988). Grain out-
lines were digitized from cathodoluminescence photo-
micrographs so that detrital grain outlines could be
di�erentiated from overgrowth cement. Failure to use
the original detrital grain outlines can lead to errors,
especially in low strain rocks (Dunne et al., 1991). In
order to get su�cient point density to determine con®-
dently the strain ellipse, at least 300 grains were digi-
tized in each section.

Pressure solution strain

Pressure solution strain was measured using the
pressure solution strain (PSS) method (Onasch, 1993).

The PSS method measures only shortening and does
not take into account extension associated with over-
growths or pressure shadows. In our case, the samples
studied lacked overgrowths or pressure shadows.
Therefore, the PSS method gives a full account of
pressure solution strain.

The amount and direction of shortening is measured
by the PSS method using the geometry of truncated
and interpenetrated grains. For any two pressure-
solved grains (e.g. Fig. 2a), the shortening normal to
the compromise boundary can be found by measuring
the present distance between the grain centers and the
original distance determined by reconstructing the
grain outlines. The results can be represented by a
point plotted relative to a circle such that the distance
in from the edge of the circle is proportional to the
shortening and the azimuth is parallel to the shorten-
ing direction. When done for a number of grain pairs
(>50), a Fry-like plot is produced to which an ellipse
is ®tted to the central void giving the geometry of the

Fig. 3. Relative age relations between microstructures. (a) Fluid inclusion plane (horizontal) cutting deformation lamel-
lae; (b) ¯uid inclusion plane (near vertical) crossing deformation band (subhorizontal) unde¯ected; (c) deformation lamel-
lae extending from detrital grain into optically continuous overgrowth cement (dark); (d) ¯uid inclusion planes (bright
lines) extending across several detrital grains and into overgrowth cement. Width of photomicrographs (a) & (b) are

0.3 mm; (c) & (d) are 1.8 mm. (a) & (b) are in crossed polarized light; (c) & (d) are in cathodoluminescence.
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pressure solution strain. A complete description of the
method, along with an evaluation of its applicability,
is found in Onasch (1993).

Dislocation creep strain

The strain due to dislocation creep was determined
from deformation bands using the quartz strain gage
(Wu and Groshong, 1991). Deformation bands
(Fig. 2c) are narrow zones where the crystal lattice has
been rotated relative to the surrounding portions of
the grain (Carter, 1968). Laboratory deformation of
quartz aggregates and single crystals indicates that the
deformation bands are subparallel to the c-axis with
maximum resolved shear strain on [0001] parallel to an
a-axis (Carter et al., 1964; Christie et al., 1964). The
quartz strain gage uses the geometry of deformation
bands to calculate the shear strain for each grain. The
strain of the aggregate is found by simultaneous sol-
ution of the strains from at least ®ve grains (Wu and
Groshong, 1991). In this study, at least 25 grains were
used from each mutually-perpendicular thin section.

Microfracture strain

Because all microfractures are Mode I fractures,
extensional strain can be determined using the width
of the microfracture and microfracture spacing
(Onasch, 1990, 1994). For ¯uid inclusion planes, the
inclusion diameter and inclusion spacing along an in-
clusion plane were used to calculate the total area of
the inclusions along that plane. Assuming that the
area of the inclusions is equal to the area of the orig-
inal microfracture, the width of the original microfrac-
ture can be determined. From the widths and the
spacing of inclusion planes, the extensional strain nor-
mal to the inclusion planes can be calculated. This
method may underestimate the extensional strain if the
initial open space in the microfracture was not totally
captured as ¯uid inclusions (e.g. see ®g. 2e of Lloyd
and Knipe, 1992). For microveins, extensional strains
were measured from the total width along a traverse
normal to the microveins. Measurement of microvein
widths was done in cathodoluminescence because the
vein quartz is in optical continuity with wall rock
grains and is indistinguishable in transmitted light.
Where there was more than one set of microfractures,
three dimensional strains were computed from the
extensions of individual sets, a task made easier by the
orthogonal relationship between sets.

Strain factorization

In order to do strain factorization we assume that
the strain for each measured mechanism is related to
one event, and we use the cross-cutting relations of the
microstructures to determine the sequence of events.
First, for each mechanism, a deformation matrix, M,

is determined from the measured principal axis orien-

tations and extensions. M is determined in a coordi-
nate system coincident with the measured strain

ellipsoid axes, where +x, +y, and +z parallel the
long, intermediate, and short axes in their respective

plunge directions. As a result, all o�-axis terms in the

matrix, M, are zero and the terms along the diagonal
are determined by adding the extension along each

axis to one. Using direction cosine matrices, M is

transformed to a coordinate system used for all the
samples that has x, y, and z parallel to strike of bed-

ding, dip direction of bedding, and normal to bedding,

respectively. The new matrix, D, is a deformation
matrix that maps points from an undeformed to a

deformed state in our standard coordinate system. D

represents the deformation accommodated by one
mechanism. As a check, a matrix, E, representing the

resultant strain ellipsoid due to the deformation D can

be calculated simply by E = Dÿ1Dÿ1t (Couzens et al.,
1993), and this can be compared to the input ellipsoid

to ensure the correct D was calculated. For each

sample, a deformation matrix was calculated for the
pressure solution strain, Dpsol, the dislocation creep

strain, Ddisl, and the microfracture strain, Dfrac. These
matrices may then be multiplied together to determine

a resultant ®nite strain that can be compared to the

measured ®nite strain.

To do the factorization, the temporal sequence of

deformation mechanism must be known because

matrix multiplication, and hence factorization, is not
commutative. Based on microstructural relations

described above, the sequence used, from oldest to
youngest, was: (1) pressure solution, (2) dislocation

creep, and (3) microfracturing. In addition to the

described mechanisms' strains, mechanical compaction
was included in the sequence before pressure solution

because it probably contributes to the ®nite strain.

Well-sorted sandstones such as the Massanutten typi-
cally undergo about 10% mechanical compaction

before chemical compaction (pressure solution) starts

(Manus and Coogan, 1974; Houseknecht, 1988).
Mechanical compaction is accommodated by grain

boundary sliding which leaves no microstructural sig-

nature and therefore could not be quanti®ed in this
study as a separate mechanism. Although compaction

was recorded by the ®nite strain analysis, it cannot be

assigned to one of the deformation mechanisms inves-
tigated. Therefore, to account for this compaction, a

deformation matrix, Dcomp, was included in each fac-

torization and was varied in 5% increments from 0%
to 20% uniaxial shortening normal to bedding. Five

®nite deformations, one for each value of mechanical
compaction, were calculated for each sample as,

D®nite=Dfrac Ddisl Dpsol Dcomp, where the oldest event

is on the right. From these, ®nite strain ellipsoids were
calculated, as shown above, and compared to the

measured ®nite strain for that sample.
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RESULTS

Finite strain

Histograms of the ®nite strain ratios for the three
principal planes are shown in Fig. 4. Finite strains are
generally low, typical of quartz arenites in the
Appalachian foreland (Onasch and Dunne, 1993;
Couzens, 1993; Thorbjornsen and Dunne, 1997). Mean
®nite strain ratios in the XY, YZ, and XZ principal
planes are 1.17, 1.20, and 1.40, respectively. On a
Flinn diagram, the strains show no preference for
either the ¯attening or constrictional ®eld (Fig. 5a).
The geometry of the three principal axes is shown in

Fig. 6. There is a consistent relationship between the
strain geometry and bedding regardless of the present
bedding orientation or structural position. X-axes are
parallel to bedding strike, Y-axes are parallel to bed-
ding dip, and Z-axes are normal to bedding.

Mechanism strains

Pressure solution strain magnitudes are similar to
the ®nite strains (Figs 4 & 5b) with mean XY, YZ, and
XZ strain ratios of 1.14, 1.15, and 1.30, respectively.
The mean extensions are ex=0%, ey=ÿ 11%, and
ez=ÿ 24%. The principal axes also show the same
consistent relationship to bedding as did the ®nite
strain axes, except the degree of preferred orientation
is not as strong for the X and Y-axes (Fig. 6).

Compared to the ®nite and pressure solution strains,
dislocation creep strains are low, with mean XY, YZ,
and XZ ratios of 1.02, 1.03, and 1.04, respectively
(Fig. 4). Like the other strains, there is no preference
for either the ¯attening or constrictional ®elds on a
Flinn plot (Fig. 5c). The mean extensions are
ex=2.1%, ey=0.2%, and ez=ÿ 2.2%. Despite the low
strain magnitudes, there is a strong preferred orien-
tation to each of the principal axes that is well above
the level of statistical signi®cance (3s contour on a
Kamb-contoured stereoplot). The X- and Y-axes de®ne
a girdle normal to bedding and parallel to strike, with
X-axes concentrated normal to bedding and Y-axes
parallel to the strike of bedding (Fig. 6). Z-axes de®ne
a strong maxima parallel to the dip of bedding.

Like the dislocation creep strains, microfracture
strains are low, with mean XY, YZ, and XZ ratios of
1.03, 1.02, and 1.04, respectively (Fig. 4). The mean
extensions are ex=4.4%, ey=2.0%, and ez=1.6%. On
a Flinn diagram, samples with one microfracture set
plot on one of the axes. Samples with two sets plot on
or o� the axes depending on the relative magnitude of
the extensional strains, and samples with three sets
plot o� either axis in the constrictional or ¯attening
®elds (Fig. 4d). The principal axes are also related to
bedding, as would be expected by the relationship of
the microfracture sets to bedding described earlier. X-
and Y-axes are parallel to bedding and Z-axes are nor-
mal to bedding (Fig. 6).

Strain factorization

Factorization using the mechanism strains yields
results very similar to the measured ®nite strains both
in magnitude and orientation (Table 1, Figs 7 & 8).

Fig. 4. Frequency histograms of strain magnitude data for ®nite,
pressure solution, dislocation creep, and microfracture strains.
N= 13 for each plot. Note that horizontal scales are di�erent for
dislocation creep and microfracture strains than for ®nite and press-

ure solution strains.

Fig. 5. Flinn diagrams of (a) ®nite; (b) pressure solution; (c) dislo-
cation creep; and (d) microfracture strains. N= 13 for each dia-

gram.
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The factorization procedure neither consistently over-
nor underestimates the measured ®nite strains. On
average, the best results were obtained with a mechan-
ical compaction of from 5 to 10%, although factoriz-
ation models with 0±12% fall within one standard
deviation of the average measured ®nite strain (Fig. 8).
The measured ®nite strains for most samples fall on or
very near a trend of ®nite strains predicted by the fac-
torizations with variable mechanical compaction
(Fig. 8). Although the average mechanical compaction

for all the samples is between 5 and 10%, the factoriz-
ation of individual samples shows mechanical compac-
tion values ranging from 0 to 25 + % (e.g. MS76 and
MS165, Fig. 8). The large mechanical compaction
needed for MS165 may be explained by the relatively
small amount of bed-normal shortening (9%) recorded
by the pressure solution strain in that sample. In gen-
eral, the mechanical compaction and the bed-normal
component of the pressure solution strain, which
records chemical compaction, add up to 25±35% total

Fig. 6. Principal axis orientations for ®nite, pressure solution, dislocation creep, and microfracture strains. N = 13 for
each plot. Contours are at 3 and 6s. All data have been rotated with bedding so that bedding is horizontal and strike is

north.

Table 1. Di�erence between ®nite and factorized strain ratios for no compaction and 10% compaction cases. Di�erences are (®nite
strainÿ factorized strain). Means are calculated using the absolute value of the ratio di�erence

No compaction 10% compaction
Sample Rxy Ryz Rxz Rxy Ryz Rxz

MS69 0.20 ÿ0.04 0.18 0.21 ÿ0.15 0.08
MS70 0.03 ÿ0.07 ÿ0.05 0.03 ÿ0.20 ÿ0.18
MS76 0.03 ÿ0.01 0.03 0.03 ÿ0.14 ÿ0.13
MS78 ÿ0.09 0.15 0.06 ÿ0.05 0.10 0.05
MS80 0.00 0.14 0.16 0.01 0.03 0.04
MS84 ÿ0.02 0.20 0.22 ÿ0.02 0.08 0.07
MS117 0.08 0.08 0.18 0.08 ÿ0.04 0.05
MS123 0.06 ÿ0.08 ÿ0.02 ÿ0.03 ÿ0.03 ÿ0.06
MS124 ÿ0.07 0.00 ÿ0.07 ÿ0.07 0.00 ÿ0.07
MS165 ÿ0.03 0.37 0.37 ÿ0.03 0.26 0.24
MS166 ÿ0.24 0.17 ÿ0.08 ÿ0.25 0.10 ÿ0.18
MS188 0.12 ÿ0.10 ÿ0.02 ÿ0.02 0.00 ÿ0.02
MS196 0.04 ÿ0.17 ÿ0.14 0.04 ÿ0.28 ÿ0.26
Mean 0.08 0.12 0.12 0.07 0.11 0.11
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compaction. This is in agreement with studies of com-
paction in sandstones that have grain-to-grain trunca-
tions and minimal porosity (Houseknecht, 1988) as
well as previously inferred compactions for the later-
ally equivalent Tuscarora Sandstone (Couzens et al.,
1993).
Two samples (MS70 and MS196) fall on the factor-

ization model trend, but are best ®t by a negative
mechanical compaction. Possible explanations for this
include an overestimate of the pressure solution strain
or an underestimate of strain related to bed-parallel
microfractures. Two samples (MS69 and MS166) fall
signi®cantly o� the trend of the factorization models,
suggesting a missed strain event or incorrectly
measured strain.
For most individual cases, and for the sample popu-

lation as a whole, the ratios of measured ®nite strains
fall on the trend of factorized strain models (Fig. 8).
In all cases, the orientation of measured ®nite strain
ellipsoid axes corresponds to factorized strain ellipsoid
axes (Fig. 8). The good agreement between factorized
and measured strains suggests that the mechanisms
identi®ed, the strains associated with each mechanism,
and the proposed sequence of microstructural events
are plausible.

DISCUSSION

Deformation in a foreland belt such as the central
Appalachians begins with layer-parallel shortening pre-
ceding or coeval with propagation of thrusts (Geiser,
1988). This is followed by folding, either as a conse-
quence of fault geometry (Suppe, 1983) or buckling.
Integrating the results of the strain analysis with the
sequence of mechanisms from microstructure cross-cut-
ting relations suggests a plausible strain history con-
sistent with the known events in this foreland belt.
Age relations of microstructures indicate that pressure
solution was the ®rst mechanism. Shortening was nor-
mal to bedding (Fig. 6) which is consistent with chemi-
cal compaction during diagenesis. Compaction alone
would not produce the observed preferred orientation
of X- and Y-axes (Fig. 6), indicating that additional
pressure solution occurred during a later event or that
compaction was more complicated than uniaxial short-
ening. Couzens et al. (1993) describe a model whereby
compaction can yield an asymmetric strain geometry
in the plane of bedding as a result of tectonic activity
in the basin during diagenesis. The next mechanism is
dislocation creep which is inferred to have operated
during layer-parallel shortening. This is supported by

Fig. 7. Comparison of factorized and ®nite principal strain axis orientations. N= 13 for each plot. Contours for factor-
ized and ®nite strain axes are at 3, 6 and 9s. All data have been rotated so that bedding is horizontal and strike is

north.
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the dislocation creep strain geometry (Fig. 6) where
shortening is parallel to bedding dip. Di�erential stres-
ses are likely to have been at their highest during
layer-parallel shortening (Dieterich and Carter, 1969)
which is consistent with the location of the dislocation
creep ®eld relative to other mechanisms on defor-
mation mechanism maps (Ashby and Verrall, 1977).

Additional pressure solution that is responsible for the
preferred X- and Y-axis orientations of the pressure
solution strain (Fig. 6) may have occurred at this time.
The youngest mechanism is microfracturing. No con-
sistent age relations between the three orthogonal sets
of microfractures was found. It is also not possible to
relate the microfractures to any regional deformational

Fig. 8. X/Z vs Y/Z plots of factorized strains. Open circles represent di�erent amounts of mechanical compaction (0±
20%) used in the strain factorizations. Solid circle is measured ®nite strain. Last plot is average of 13 samples; shaded

box is21 standard deviation about mean.
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event other than they must post-date layer-parallel
shortening as microfractures cut deformation lamellae
and bands (Fig. 3a & b). The only remaining regional
event is folding; therefore, microfracturing is believed
to be related to folding. In any case, bedding exerted a
strong control on local stress orientations as shown by
the relationship between microfracture strains and bed-
ding (Fig. 6).
A similar strain history was described by Couzens et

al. (1993) who recognized compaction followed by
layer-parallel shortening, followed by folding. Of the
three events recognized in their study, compaction was
most important in its contribution to the ®nite strain.

CONCLUSIONS

Grain-scale deformation in the Massanutten
Sandstone was accomplished by three deformation
mechanisms: pressure solution, dislocation creep, and
microfracturing. Of these, pressure solution was the
most important in its overall contribution to the ®nite
strain. Cross-cutting relations between associated
microstructures indicate that these mechanisms oper-
ated sequentially, with each being associated with a re-
gional event. Pressure solution occurred during
compaction, prior to regional deformation. Dislocation
creep occurred in response to high di�erential stresses
that characterize layer-parallel shortening prior to
folding. Microfracturing appears to be related to fold-
ing.
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