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Abstract—A non-coaxial deformation involving pre-folding initiation of cleavage perpendicuiar to bedding is
proposed to explain non-axial planar cleavage associated with mesoscopic folds in part of the Appalachian foreland
thrust-belt of southwest Virginia. Folds are gently plunging, asymmetric, upright to slightly inclined, sinusoidal
forms with non-axial fanning cleavage. They show extreme local variations in type and degree of transection and the
consistency of transection direction. These relations are further complicated by hinge migration.

Cleavage—fan angles, bedding—cleavage angles and A transection values appear influenced by fold tightness, and in
part by fold flattening strain. Fold flattening increments are considered simultaneous with folding. Axial surface
traces, and not cleavage traces, coincide with the principal extension direction in fold profiles. Geometric modelling
of cleavage fanning and bedding-cleavage angle variations for various theoretical folding modes suggest that folding
in limestone and sandstone layers was by tangential longitudinal strain. Significant shape modification and change
in bedding—-cleavage relations occurred after limb dips of 40 and 50° were attained in limestone and sandstone
respectively. Mud-rock class 1C folds with convergent cleavage fans show features transitional between buckling
and flexural flow. Initiation of ‘cleavage’ fabrics during layer-parallel shortening prior to significant folding may be
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important for cleavage evolution in some deformed rocks.

INTRODUCTION

IMpLICIT in the earliest descriptions of cleavage in low-
grade metamorphic rocks is a close geometrical and
genetic relationship between cleavage and folding. The
axial planar nature of cleavage to folds has long been
recognised (see Sedgewick 1835, Darwin 1846, Rogers
1856). However, in recent years there has been increased
awareness that cleavage does not have to develop pre-
cisely parallel to associated fold axial surfaces (e.g.
Ramsay 1963, Moench 1970, Wickham 1972, Powell
1974, Stringer 1975, Borradaile 1978, 1979, Boulter 1979,
Phillips et al. 1979, Stringer & Treagus, 1980). Transected
folds (Powell 1974) with cleavage to axial-surface discor-
dances greater than 45° have been recognized (see Powell
1974, Borradaile, 1978). Non-planar relationships have
been attributed to the following mechanisms.

(1) Cleavage is initiated early in folding and remains
coincident with the XY principal plane of strain
(where X > Y > Z) during a non-coaxial defor-
mation, whereas the fold axial surface rotates like a
passive marker (Ramsay 1963).

(2) Cleavage develops synchronous or asynchronous
with folding but only forms during part of a non-
coaxial deformation sequence (Powell 1974,
Stringer 1975). Asynchronous development has been
related to high fluid pressure early in folding
(Borradaile 1978, 1979).

(3) Cleavage develops synchronous with folding in
layers oblique to directions of principal strain
during either coaxial or non-coaxial deformation
(Borradaile 1978, Stringer & Treagus 1980, Trea-
gus 1981).

(4) Cleavage develops synchronous with folding in
strike-slip zones of ductile - shear (Sanderson et al.
1980, fig. 8).

The timing of cleavage formation during folding has
always been contentious (see Wood 1974, p. 369), but it is
clear from the above hypotheses that this is an important
aspect in establishing the cause of fold transection. Other
aspects relate to the coaxiality of the deformation, the
strain state, and whether cleavage and fold axial planes
behave as passive markers or material surfaces during a
progressive deformation. All these determine relation-
ships between folds and their associated cleavage.

Geometrical relationships between cleavage and folds
are used in this paper to investigate some transected
mesoscopic folds in calcareous mudrocks (Ordovician
Moccasin Formation) from the Valley and Ridge Pro-
vince of south-west Virginia, U.S.A. (Fig. 1a). This portion
of the Appalachian foreland zone is characterized by long,
linear to arcurate, NE-SW trending thrust faults which
truncate regional anticlines and synclines (Fig. 1a and b).
The folds occur within the Narrows Thrust sheet and are
minor structures on the south-east limb of the Clover
Hollow anticline, a doubly plunging NE-SW trending
regional fold. Relationships of these folds to the regional
structure are presented elsewhere (Simon & Gray in
review). The rocks are singly deformed and have under-
gone anchimetamorphism, with temperatures between
200 and 250°C based on conodont colour alteration
(Epstein et al. 1976). The folds are exposed in roadcuts
along Routes 601 and 604, approximately 1.6 km north of
Newport, Virginia (Fig. 1¢).
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266 D. R. Gray

Fig. 1. Profile sketches and locations of folds in the Moccasin Formation, near Newport, Virginia, U.S.A. (a) Regional

geological map showing outcrop traces of major thrust-faults in the northern part of the Southern Appalachians. The outcrop

pattern of Middle Ordovician rocks is stippled. {b) Local geological map (OK : Knox Dolomite ; Ols: Ordovician limestone ;

Omo: Moccasin Formation ; Ome : Martinsburg Formation). (c) Outcrop map showing locations of sketched folds on County
roads 601 and 604.

This paper documents the type, degree and consistency
of fold transection. The relations between cleavage, fold
axial surfaces and the direction of principal extension in
fold profiles is used to investigate timing of cleavage
development and folding. Geometric modelling of bed-
ding-cleavage angle and cleavage fanning is used to

determine modes of folding by comparison of observed
and predicted values. Another explanation of transected
folds is presented since cleavage-fold relations define a
chronology which is largely inconsistent with previous
hypotheses.



Fig. 2. Cleavage-fold relationships in profile views of folds. {(a) Transected anticline in sandstone interbeds (fold 4, Fig. 1)
showing a convergent cieavage fan. The fan angle is 80 to 90° and interlimb angle 50°. (b} Transected anticline in calcareous
mudrock (fold 16, Fig. 1) showing weakly convergent cleavage fan. The fan angle is 17° and interlimb angle 114", Cleavage is
oblique to the axial plane by 14°. (¢) Transected syncline in calcareous mudrock (fold 2, Fig. 1) showing a weakly convergent
cleavage fan. The fan angle is 15° and interlimb angle 96°. Cleavages traces in the hinge deviate up to 18° from the axial surface
trace.

H marks the position of the former hinge (where S, S, is 90°), and H’ marks the present hinge (point of maximum bedding

trace curvature). The solid half-arrow denotes the direction of hinge migration.
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Fig. 3. (a) Transected fold in calcareous mudrock (fold 4, Fig. 1). The

interlimb angle is 55° and cleavage fan angle 43°. Cleavage traces are not

parallel to the axial-surface traces, d,, is +10° and d is +8°. (b) Hinge

view of fold in (a) showing the bedding—cleavage intersection trace

(black line) oblique to the fold hinge line (white pen). Ais +7°. Fibrous

calcite sheets labelled 's" occur along the bedding surface on the fold
limbs.
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Cleavage—fold relationships from S.W. Virginia U.S.A.

MORPHOLOGY- OF TRANSECTED FOLDS

Folds in the upper part of the Moccasin Formation are
symmetric, upright to slightly inclined and gently plung-
ing with approximately sinusoidal forms (Figs. 1 and 2).
Geometry is alternating class 1B/1C and class 3 (Ramsay
1967), although some mudrock-layer folds are subsimilar
with isogon inclinations approaching class 2. Amplitudes
are up to 2m and wavelengths range from 2 to 5m.
Interlimb angles range from 50 to 125° (50-90° in
sandstone, 50-100° in limestone, 50-120° in mudrocks).
Fold axial planes are oriented NE-SW, subparallel to the
regional structural trend (Fig. 1b). Small contraction
faults truncate the folds and have produced a complex
sequence of anticlines ramped over anticlines. Synclines
only occur where limestone and sandstone layers are
present in their outer arcs.

Many of the folds contain calcite sheets along bedding
partings (Fig. 3). These are generally not continuous
across the folds but show sporadic development either on
the limbs or around the hinges. They occur on bedding
surfaces spaced at 30cm to 1 m. Calcite in the sheets has
fibrous habit with overlapping step-like structure typical
of slickensides on fault surfaces. Crystal fibers are sub-
parallel to bedding and are oriented at high angles to fold
hinge-directions. Dilational structures also occur in some
hinge zones (Fig. 1:folds 2,9, 10 and 11). These are open
voids with saddle-reef form (see Ramsay 1974, fig. 12) but
have no mineral infilling. Layer separations are up to 10
cm. Both features indicate that layer-parallel slippage has
been important in fold development.

Local hinge migration is another feature of the folds.
Curved (Fig. 2a) and bent (Fig. 2¢) cleavage trajectories,
and variable hinge displacements across fold profiles (Figs.
2a & c) suggest that hinge migration relates to differen-
tial interlayer movement either subsequent to or during
cleavage development.

CLEAVAGE - FOLD RELATIONSHIPS

Spaced cleavages are intimately associated with the
folds (Fig. 2). These range from a close spaced (40 um
spacing) domainal microfabric to a wider spaced (2-3 cm
spacing), spaced disjunctive cleavage (see Gray in press).
Both occur as non-axial cleavage fans (Figs. 2 and 3), for
which the angular relationships are discussed below.

Fold transection

Cleavage locally transects mesoscopic folds (Figs. 3a &
b). Two angles A and d (see Borradaile 1978, fig. 1) are
needed to specify fold transection in three dimensions. A is
the minimum angle between the cleavage plane and the
fold axis, whereas d is the angle between the axial plane
and the cleavage in the profile plane of the fold. These
parameters define four end-member types of transected
folds for a continuous spectrum of angular relationships
(Fig. 4). Folds with truly axial plane cleavage have A = d
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= (), whereas transected folds with d = 0 show apparent
axial plane-parallel cleavage in profile section. Folds with
A = 0 show cleavage—bedding intersection traces parallel
to the fold hinge in hinge views. The graphed relationships
(Fig. 4) can be used to specify the type of fold transection,
the consistency of transection direction and the variation
in degree of transection for a group of transected folds.
For fanning cleavage, local cleavage orientation in the
hinge is used as a reference for defining A and d.

Values of A and d from the folds investigated (see
Appendix) have considerable variation; d values range
from —6to +19° and A ranges from — 21 to +12° (Fig.
4). There is no consistent pattern in the transection of the
folds by the cleavage. This may be due to (a) oblique
superposition of cleavage on a set of folds with irregular
hingelines ; (b) synchronous development of cleavage and
folds during a non-coaxial deformation and (c) folding of
an early cleavage by either a set of regular or irregular
folds during a non-coaxial deformation. The type of
transection also varies through individual folds (see d,,
values for folds 2,4, 7, 12, 14 and 15 in the Appendix). The
observed hinge migration (Fig. 2) during fold-shape
modification by subsequent faulting, or flattening incre-
ments, will produce these variations. Cleavage is not
superimposed on a regular set of folds, since transection
relations would be consistent and (d, A) points would
cluster to form a unimodal pattern in one of the quad-
rants. Relationships for cases (b) and (c) will vary
depending on the degree of non-coaxiality of the defor-
mation, and the degree of obliquity of the existing
cleavage with the direction of folding for case (c). Distinc-
tion between (b) and (c) cannot be made using fold
transection, although folded cleavage would result for
case (c)if iarge discordances existed between cleavage and
fold directions.
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Fig. 4. (A, d) parameter graph. The diagrammatic sketches of folds

illustrate the four end-member types of transected-folds (stippled plane,

axial plane; lineated plane, cleavage) a + A indicates clockwise

rotation of the cleavage towards the fold axis in hinge-view. a + d

indicates clockwise rotation of the cleavage towards the axial plane in

profile section. (see Borradaile (1978, fig. 1) for stereograph de-
termination of A and d).
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Cleavage fanning

Cleavage, as well as transecting mesoscopic folds,
shows systematic fanning in profile-sections (Figs. 1 and
2). Both convergent and divergent cleavage fans are
present. Convergent cleavage fans are common in class
1B/1C folds in limestone, sandstone and calcareous
mudrock-argillaceous limestone, whereas divergent fans
are associated with class 3 folds in calcareous mudrock.
Convergent cleavage-fan angles (y) range from 18 to 99°,
with angles of 18-42° in calcareous mudrock, 66-99° in
sandstone, and 62-83° in limestone (see Appendix).

The fan angle is also influenced by fold tightness (Fig.
Sa). For sandstone and limestone, the fan angle decreases
with increasing tightness, whereas for calcareous mud-
rock-argillaceous limestone it increases. The colinearity
of data for the three lithologies suggests that each fold
defines a point along a lithology-dependent deformation
path (eg. heavy lines 1, 2 and 3, Fig. 5a) for the successive
evolution of folds in terms of tightness and cleavage fan
angle.

Although the axes of cleavage-fanning in the folds
investigated do not correspond precisely with fold hinge-
lines, fanning implies an intimate relationship between
folding and cleavage development. Two interpretations of
cleavage fanning exist:

(1) rotation of early formed cleavage during folding

(Hills 1966, p. 306) with possible modification of

bedding-cleavage angles during flattening increments

and
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(2) stress—strain refraction across mutilayer folds (see
Dieterich 1969) with cleavage approximately tracking
the XY plane of the local strain ellipsoid through
individual layers during the deformation.
Both require cleavage development at least synchronous
with folding. This implies that cleavage which developed
late in folding should show little or no fanning.

Bedding—cleavage angle

The angle between bedding and cleavage (S, S, ) varies
systematically around folds. At inflection points of the
measured folds S, S, = (8 + y)/2 where B = interlimb
angleand y = cleavage fan angle : thus §, S, is dependent
on fold tightness and the type and degree of cleavage
fanning. Distinct relationships exist for each lithology
(Fig. 6a). Data from folds in particular lithologies are
colinear suggesting once again that each fold defines a
point on a progressive deformation path which represents
successive stages in the evolution of fold shape and
bedding—cleavage relationships.

In sandstone and limestone S, S, remains at 90° until
fold limb dips of 50 and 40° are attained respectively. The
angles then change progressively to their finite state at a
limb dip of 65° (see the heavy lines 2 and 3, Fig. 6a). S, S,
for calcareous mudrock-argillaceous limestone folds
with convergent cleavage fans, decreases linearly to 42°
for the lowest observed limb dip of 65° (see heavy line 1,
Fig. 6a).
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Fig.-S. Cleavage fan angle (y) vs fold interlimb angle (8) graph. (a) Data plot for the investigated folds. 1, 2 and 3 represent best-
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solid square, sandstone). (b) Predicted y and relationships for

specific modes of fold}'ng. Modes A, B and C correspond to the pressure-solution shape modification models of Groshong
(1975, fig. 5). Mode A is also equivalent to buckling in tangential longitudinal strain. The dotted curve depicts relationships for

flexural flow folding. Heavy lines 1, 2 and 3 indicate the observed yand

relationships for mudrock, limestone and sandstone

folds respectively.
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lines with R values of 1.5, 2.0 and 2.5), and pressure-solution model C (dot-dash line). The heavy line A—A’ denotes the actual
relationships for the mudrock folds.

FOLD FLATTENING ANALYSIS

The term ‘flattening’ is here used for shape modification
of original parallel folds by finite homogeneous strain,
following Ramsay (1967) and Hudleston (1973). It does
not mean a flattening strain ellipsoid where K < 1. A
modified ¢, analysis of class 1C folds is used, (Gray &
Durney 1979, pp. 60-65) to determine the major axis X of
the flattening strain in the fold profile.

The method uses the normal to cleavage traces in the
fold hinge as the reference direction « = 0 (Fig. 7a).
Thickness measurements (¢,) are made at 5° intervals on
both limbs of the fold and ¢, is calculated by normalising
t, against the maximum orthogonal thickness (t,,, ). A t' /x
plot is then constructed for the fold half wavelength (Fig.
7b) and compared with the theoretical curves of Gray &
Durney (1979 fig. 14) to derive the ‘flattening’ strain ratio

R;. The angle between the major axis of the fold flattening
strain ellipse (X) and the trace of the hinge cleavage on the
profile plane, is termed ¢, ; the angle between X and the
axial-surface trace is termed ¢, (Fig. 7b).

Values of ¢, ¢, and R; are given in the Appendix for the
class 1C folds analysed. Log-polar double-angle graphs
(Fig. 8) illustrate the relationships of angles ¢s P, with
varied flattening. There is a 30° asymmetric scatter of X
directions and their associated strain ratios (R¢) about the
reference hinge cleavage with deviations from —10 to
+20° (Fig. 8a). A 6° scatter is symmetrically distributed
about reference axial plane traces with deviations from
—3 to +3° (Fig. 8b).

Relationships between the flattening X directions, axial
planes, and cleavages, for the folds investigated (Fig. 8)
imply that cleavage is not superimposed on the folds
during fold-flattening strain increments. If this were the
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Fig. 7. Fold profile analysis, (a) Sketch of a fold in profile section with the cleavage trace (S, ), the fold axial plane trace (AP), the
principal extension direction (X) in the fold profile, and designated angies ¢, ¢, and d,, shown. + ¢, indicates a clockwise
rotation of the axial surface towards the flattening direction. + d,, indicates a clockwise rotation of cleavage towatds the axial
plane. (b} ', graph (see Gray & Durney 1979, fig. 14) showing a t', plot of the fold in (a) and the angles ¢, and ¢,. The cleavage

trace was used as the reference direction (see text for discussion of method)
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Fig. 8. Double-angle log-polar graphs showing fold-flattening strain ratios (R;) plotted against cleavage as a reference in (a),
and the axial plane trace as a reference in (b).

case, fold flattening directions would be grouped about
the cleavage (see Gray & Durney 1979, fig. 12B). The
significant scatter indicates that cleavage orientation is
not directly relatable to fold flattening. The asymmetry
in the distribution shows that cleavage in the folded layers
was oblique to the principal directions of strain re-
sponsible for fold flattening. This requires modification of
cleavage fabrics accompanied by rotation of cleavage
surfaces clockwise towards the X Y principal plane of fold
flattening since most are at high angles to it (i.e. within
207).

Oblique flattening of folds causes hinge migration
along the folded layering (see Hudleston 1973, fig. 22).
This requires the axial surface (AP) to approximately
track the XY principal plane of fold flattening, parti-
cularly at high strains. Principal directions of extension
(X) in fold profiles should therefore cluster about axial
surface directions as shown by Fig. 8(b).

Timing of fold flattening

Since cleavage intensification and development is gen-
erally attributed to the propagation and decay stages of
finite amplitude folding (Cobbold 1976), it is important to
determine the timing of fold shape modification relative to
folding. Shape modification simultaneous with folding
will produce different cleavage—fold relations from those
due to a superposed finite homogeneous strain.

Fold shape modification in the Moccasin Formation
appears to have been simultaneous with buckling. There
is no consistent variation, such as a regional gradient, in
fold flattening. The flattening strain ratio (R;), however,
varies from fold to fold and is related to the tightness of
individual folds (Fig. 9b). If fold flattening is simultaneous
with buckling then the relationships in Fig. 8(a) require
initiation of cleavage as a material surface prior to fold-
shape modification (i.e. either prior to, or early in,

folding). Cleavage orientation, and consequently the fan
angle (y), must therefore be influenced by fold flattening.
Graphed relationships (Fig. 9a) show this for sandstone
and limestone lithologies (see 2 and 3, Fig. 9a) but not for
calcareous mudrock—argillaceous limestone. Similar re-
lations are shown for the A transection parameter (Fig.
10a). Fold tightness appears to have a weak influence on A
for sandstone and limestone, but not for mudrock. It is
apparent that cleavage orientation in the latter is con-
trolled by some other mechanism. The d transection
parameter is independent of the interlimb angle (Fig. 10b).

IMPLICATIONS FROM THEORETICAL
MODELS
OF FOLD MECHANISMS

Folding mode and the associated shape-modification
processes are categorized by characteristic patterns in
terms of fold tightness, cleavage fanning and bedding-
cleavage angles. Comparison of patterns from the
measured folds (Figs. 5a and 6a) with those determined
for theoretical models of folding (Figs. 5b and 6b) will
therefore provide a direct method for defining the nature
and interrelationships of folding and shape modification.
Inferences can also be made about timing of cleavage
development. It is stressed at this point that although the
cleavages transect the folds, actual discordances in fold
profiles for the folds investigated do not appear to
significantly affect the modelling.

Convergent cleavage fan angles (y) and bedding-
cleavage angles (S, S, ) have been calculated for various
interlimb angles () and limb dips () respectively, for the
folding modes of tangential longitudinal strain (cf. Ram-
say 1967, fig. 7-63), flexural flow (cf. Ramsay 1967, fig.
7-54) and pressure-solution fold shape modification (cf.
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Groshong 1975, fig. 5). The calculations were made
assuming that ‘cleavage’ was (1) in existence prior to
folding, (2) orthogonal to bedding prior to folding and (3)
rotated as a material plane during folding. The validity of
these assumptions will be discussed later.

Defined relationships between cleavage fan angle (y)
and fold interlimb angle () for the various fold modes are
shown in Fig. 5b. Predicted relations between limb dip (x)
and bedding—cleavage angle (S, S,) are plotted in Fig.
6(b). It is important to note that points along the heavy
lines 1, 2 and 3, denoting relationships for the measured
folds, represent successive stages in the evolution of the
final fold shape. For a given limb dip, or interlimb angle,
there is a specified bedding—cleavage angle and cleavage
fan angle respectively, in each of the lithologies. This is in
agreement with data from measured folds where cleavage
fan angles, bedding—cleavage angles and A transection
values appear influenced by fold tightness, and in part by
fold flattening strain (R;). Implications from the graphs
(Figs. 5b and 6b) are that folds in limestone up to 40° limb
dips have shapes, cleavage fans and bedding—cleavage
angles equivalent to a tangential-longitudinal-strain
model with layer-parallel-shortening strain ratios (R;) in
therange 1 < R; < 1.6. Folds in sandstone are equivalent
to a tangential-longitudinal-strain model up to limb dips
of 50° with strain ratios 1 < R; < 14.
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Calcareous mudrock—argillaceous limestone folds
show more complex cleavage—fold relationships, however.
Trends indicate that these are not modified tangential—
longitudinal-strain folds, not flexural flow folds sensu
stricto, not flattened flexural-flow folds, and not pressure-
solution model C modified folds sensu stricto. The heavy
line A~A’ (Fig. 6b), representing the sequence of o vs
Sy S, for the measured mudrock folds, lies close to but
transects the calculated sequences for flexural flow and
pressure-solution model C. The increase in fan angle with
decreasing interlimb angle is clearly not a fold-flattening
phenomenon (see also Fig. 9a), as this would cause y to de-
crease rather than increase. It is suggested that calcareous
mudrock-argillaceous limestone folds with convergent
cleavage fans developed in a flexural-flow mode where
an early-formed dominal microfabric (cf. Gray in press)
approximated a non-material surface which tended to lag
behind a line of passive marker points originally ortho-
gonal to bedding. This would explain the observed
discrepancy of the actual values from the calculated
values. Further speculation from the graph is that al-
though the early fabric lagged behind the orthogonal
marker points for limb dips 0 < « < 30, between 30 < «
< 70 this fabric material surface caught up with the
passive marker points such that at « = 70 the measured
value coincided with those for flexural flow sensu stricto.
This change perhaps relates to the development of the
spaced disjunctive cleavage during the deformation se-
quence and implies an increase in the rate of pressure-
solution around limb dips of 30° during folding. A change
in the dominant deformation mode from controlled grain
boundary sliding to pressure solution during a single,
continuous deformation sequence is considered respon-
sible (Gray in press).

The assumptions used in the comparative modelling
involved cleavage orthogonal to bedding prior to folding
and passive behaviour of cleavage during fold develop-
ment. Since the observed relations at low limb dips
closely match those predicted by the modelling for sand-
stone and limestone lithologies, their initial S, S, is
considered to be 90°. The initial S,”S, in calcareous
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mudrock—argillaceous limestone may also have been
close to 90" since data from open mudrock folds (Simon
1980, pers. comm.) shows that the extrapolation of line |
(Fig. 6a) 1s correct. This requires cleavage initiation
during an initial homogenous deformation (layer-parallel
shortening: Milnes 1971) preceding significant folding.
Similar relations have been recognized elsewhere (Nickel-
sen 1973, 1979, Geiser 1974, Ross & Barnes 1975, Beach
1977, Boulter 1979). Furthermore early penetrative strain,
recorded by distorted fossils and development of spaced
cleavages, has been documented for the weakly-deformed
rocks at the leading edge of the Appalachian foreland fold
zone (cf. Nickelsen 1966, Groshong 1975, Faill 1977,
Engelder & Engelder 1977, Engelder & Geiser 1979).

The behaviour of the cleavage during the deformation
has been more complex. Passive behaviour is only
documented to this point for sandstone and limestone
lithologies up to limb dips of 40 and 50° respectively. Non-
passive behaviour, dependent on operative grain-scale
deformation mechanisms, has been implied for calcareous
mudrock-argillaceous limestone. The integrated modell-
ing approach discussed below provides more information
on cleavage behaviour.

Integrated approach to modelling

Data on angular relations between bedding and clea-
vage were combined to produce two-dimensional repre-
sentations of fold profiles for three different development
stages of folds in sandstone, limestone and mudrock (Fig.
11). Previous modelling (Figs. 5b and 6b) treated each
relationship separately. Symmetrical kink-forms were
adopted for simplicity (cf. Boulter 1979).

For sandstone and limestone folds, stage A represents
cleavage-bedding relationships in the transition from
layer-parallel shortening to buckling. Stage B represents
the transition from buckling to flattening, whereas stage C
is the finite state. Stages A4, B and C for the mudrock folds
represent cleavage—folding relationships at three suc-
cessive stages in the evolution of a mudrock fold. The
modelling involves comparison of observed bedding-
cleavage angles (S, S,) and cleavage fan angles (y) with
those predicted for given changes in fold interlimb angles
for the transitions between the three fold stages.

Progress from stage 4 to B for both limestone and
sandstone is characterized by passive rotation of bedding
and cleavage during folding by tangential longitudinal
strain such that y = 180 — f (see Fig. 5a). S, S, remains
at 90° but the folds develop an initial shape factor which
give fold-flattening strain ratios (R,) of 1.4 and 1.6 for
sandstone and limestone respectively. Transition from
stage B to C for standstone folds indicates an incremental
fold flattening strain of 1.42 (Ry), since analysis of the
initial and final fold shapes gives flattening strain ratios R;
= 1.4 and R; = 2.0 and R; x R, = R,. Assuming passive
S, behaviour, the strain (R,) responsible for the change in
S, orientation is also 1.42 since 8 = 50° and ' = 40° (see
Ramsay 1967, eqn 3-34). The angles 6 and 6’ are between
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Fig. 11. Folding-simulation models illustrating cleavage—fold relations

at three different development stages for sandstone, limestone and

mudrock folds. Cleavage fan angle (v), fold interlimb angle (f) and

bedding-cleavage angles (S, S,) are given. (See text for discussion).

Calculated S, S, and y values, assuming strictly flexural flow, are given
for the mudrock at the base of the figure.

S, in this case, and the axial plane trace in profile-section
(which in this analysis is assumed to be parallel to the X
direction) before and after deformation respectively.
However, angular relations of # = 40° and ' = 22° for
bedding (S,) indicate that the change in S, orientation
was accompanied by limb rotation since the calculated R
value of 2.1 is too high. Assuming R, is 1.4, then a limb
rotation of 7.5° occured in the sandstone. Similar re-
lationships exist for the limestone. Since fold shapes give
R; = 1.6 and R; = 2.5 then the strain (R,) responsible for
shape modification from stage B to C is 1.6. Angular
relations of § = 40° and @ = 31° for S, implies an R, of 1.4
for change in S, orientation. Values of 6 = 50° and 0 = 25
for S, give an R, of 2.6. This value is similarly too high
and indicates a limb rotation of approximately 12° in the
limestone, accompanied fabric modification during flat-
tening. The limb rotations in both lithologies are attri-
buted to a modified flexural-slip mechanism where strain
accommodation in the adjacent mudrock enables further
rotation of competent-layer fold limbs. The analysis
suggests therefore that cleavage in sandstone and lime-
stone has largely behaved in a passive manner.
Previous investigation of the mudrock (Figs. 5b and 6b)
has suggested bulk flexural-flow behaviour. Calculations
of angular shear () due to flexural-flow (see Ramsay
1967, fig. 7-57) for the limb dips in the three fold stages
(Fig. 11) give S, S, values and cleavage fan angles (y),
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assuming cleavage rotated as a material plane originally
perpendicular to bedding. S, S, values approximately
agree but observed cleavage—fan angles are markedly
higher at low limb dips than predicted angles (Fig. 11).
These differences may be related firstly to non-passive
behaviour of the developing cleavage, and secondly to
limb rotations concomitant with flexural-flow giving
larger cleavage fan angles. The mudrock-layer folds
selected for the investigation had class 1C geometry.
These folds cannot result from flexural-flow sensu-stricto.
The cleavage—fold relations and fold geometry show
transitions between buckling and flexural-flow. Limb
rotations are possible since the class 1C mudrock-layer
folds generally occur adjacent to class 3 mudrock layer
folds on their inner arcs.

DISCUSSION AND CONCLUSIONS

Prefolding initiation of cleavage is proposed for the
Moccasin Formation of southwest Virginia. Develop-
ment of cleavage non-axial planar to the folds could be
due either to (1) closely related, successive, non-coaxial
strains during a protracted progressive deformation or (2)
a coaxial/non-coaxial deformation involving layers ob-
lique to directions of principal strain (Borradaile 1978,
Stringer & Treagus 1980, Treagus 1981). Other mech-
ansims (see Introduction) are inconsistent with the fold,
cleavage and strain orientation data.

Marked local variation in fold transection (Fig. 4)
supports (1) since such irregularity would require either
irregular orientated initial layering or markedly in-
homogeneous strain if produced by model (2). Strains
determined from reduction spots, in the mudrock where
the folds were investigated (Simon & Gray in review), are
relatively uniform and indicate no significant variation in
local strain. These strains reflect deformation associated
with protracted development of the domainal microfab-
ric, probably up to fold-limb dips of 30°. The marked
variations in fold flattening strain are related to position
in the fold ‘train’ and to faults. A non-coaxial deformation
history for these rocks is suggested by minor, but
consistent shifts in cleavage, fold axes and fault planes
(Simon 1981). Another explanation for transected folds is
therefore proposed : non-coaxial deformation and folding
of rocks with initial (pre-folding) bed-perpendicular
cleavage. This may only be peculior to foreland zones
composed of interleaved, stacked imbricate thrust-sheets,
since early lateral shortening (up to 10-15%) is con-
sidered a necessary consequence of décollement tectonics
(cf. Gwinn 1964, Engelder & Engelder 1977).

Investigation of angular relations between cleavage,
fold axial surfaces, and bedding may provide useful
information on the timing of cleavage development with
respect to folding. Observed cleavage fanning, bedding—
cleavage angle, and fold tightness relations can be com-
pared with those predicted from theoretical modes of
folding. This is potentially an objective discriminator for
determining mechanisms of folding in naturally deformed
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rocks. Application of this approach to folded sandstone,
limestone and mudrock of the Moccasin Formation of
southwest Virginia has shown that:

(1) Folds in limestone and sandstone developed by

buckling in a tangential--longitudinal-strain mode
up to limb dips of 40 and 50° respectively, but were
modified by flattening increments in the decay
stage to produce the final fold shape and bedding—
cleavage relationships. Cleavage essentially be-
haved in a passive manner.
Folds in calcareous mudrock argillaceous lime-
stone (class 1C geometry) developed largely in a
flexural-flow mode. Cleavage did not behave as a
passive marker, since predicted bedding—cleavage
angles (S, S,) for flexural-flow are significantly
lower than the observed angles.

(3) Changes in bedding—cleavage angle due to angular
shear and/or fold flattening cannot produce the
observed values of limb dip for all lithologies. This
requires limb rotation due to strain accommodation
in adjacent class 3 mudrock layer folds.

Migration of fold hinges is probably an important part
of fold amplification and propagation, particularly those
which develop asymmetry. In the Moccasin Formation
hinge migration appears related to differential inter-layer
slippage during bulk modification of fold shape by fold
flattening and/or contraction faulting,
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APPENDIX

Table of fold data (see text for details )

55

85
49

82
95

51
93

90
88

65
68

58

58
58

94

125
100

110
76

114

75*
32

94*

24
84

22

27
74*

68
94

17

R¢ R P
2.5% -2 +1
2.5* =25 0
23 +20 +2
2.0 +5 +2
20 -3 +1
30 +75 +2.5
2.0* -5 +2
2.0 +1 0

1.3 -5 -1
2.25 +5 0
1.49 +55 +0.5
1.25 —10.5 -0.5
34 -5 -1
2.75 +0.25 +0.75
2.5 +1 -05
1.5 +2.75 —1.25
19 +8.5 —-1.5
30 +2.75 +0.25
2.49 —0.75 -1.75
3.0* —-45 +1
19 —-05 +0.5
2.5 —1.5 +25
2.25 +2 +0.5
1.8 —-0.5 +1.5
14 +3.5 +0.5
225 +11 -3

+10

-2
+5
+5
~10
+3
+9
—4
—05
+15
+4
+95
+25
+1
+35
—1
45

+1.5
-2

-5
+3

+14

fold flattening strain ;
angular deviation of cleavage trace (S,) with R; direction in fold profile plane (degrees);

angular deviation of axial plane trace (AP) with R; direction in fold profile plane (degree);
measured deviation of cleavage trace (S,) with axial plane trace (AP) in fold profile plane (measured off photographs) (degrees);
angle between cleavage and axial plane in fold profile plane (determined off stereogram) (degrees):

dihedral angle between the cleavage plane and the fold axis (determined off Fold type, (A = anticline, S = syncline).
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+6
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-5
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+2
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-6

+5
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0

+2
-3

-5
-2
-6
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+12

—4
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+7
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—14
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