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Nomenclature and geometric classification of cleavage-transected folds 
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Abstract--Terms and measures for describing real and theoretical three-dimensional cleavage-transected folds 
are reviewed and clarified. The geometrically possible range of cleavage-transected folds is explored. Reapprai- 
sal and extension of published measures allows study of geologically realistic asymmetrical folds. Scale-related 
description of cleavages and associated folds is formalized and sampling problems discussed. The plot comparing 
axial- with profile-plane fold transection by cleavage is used to classify transected folds in a geometrical manner. 
It helps reveal the constitutive geometry of cleavage-transected folds and should help identify the most actively 
growing fold order during a cleavage-forming episode. Plotted examples from Welsh asymmetric cleavage- 
transected folds of Acadian age show complex transection geometries. 

INTRODUCTION 

THE AIM of this paper is to clarify and illustrate the terms 
and geometric measures used to describe cleavage- 
transected folds (CTFs). The phrase cleavage-transected 
fold is used throughout in its widest sense (Powell 1974) 
to include folds whose cleavage refracts, fans or appar- 
ently 'overprints' folds as well as cuts across fold axes, 
and where there is a lack of evidence suggesting that 
more than one deformational episode is responsible for 
folding and cleavage. 

The proposed nomenclature aims to be descriptive. It 
is based on both previously defined and newly defined 
measures. Practical and theoretical measures used by 
previous workers are discussed. Cleaved folds of Aca- 
dian age from mid-Wales are used as examples to illus- 
trate these geometrical concepts. Throughout these dis- 
cussions it is assumed that, excepting the compactional 
fabric, a single upright tectonic cleavage affects folds 
(but see Williams 1985, Tobisch & Paterson 1988). 

Folds with an associated cleavage which is non-axial 
planar in some respect have been observed since cleav- 
age was first distinguished from sedimentary bedding 
(Sedgwick 1835). Indeed, mesoscopic folds parasitic on 
macroscopic folds were described by later workers as 
pre-tectonic if they were visibly transected. Refraction 
(Sorby 1853) and fanning (Sedgwick 1835) of cleavages 
were also observed. This was called "cleavage folding" 
by some authors (Ward 1876). Subsequently, most ob- 
servers of syntectonic folds and foliations found that 
axial planes and cleavages were essentially parallel, or at 
least that refraction and fanning greatly exceeded any 
non-parallelism of cleavage to fold axes. A persistent 
obliquity between fold axes or hinges and associated 
cleavages has been recognized by an increasing number 
of workers from the 1950s onward. 

FOLD GEOMETRICAL FRAMEWORK 

The main geometric descriptors of natural multilayer 
folds must first be reviewed. These comprise: (a) those 

relating to layer-boundary curvature, such as inflection 
and hinge points, and the lines and surfaces defined by 
the loci of these points (e.g. fold axial surfaces---see also 
Twiss 1988); (b) those dependent upon layer-boundary 
attitude, such as crestal and trough points, lines and 
surfaces; (c) those describing variations in shape and 
thickness of the folded layers themselves, such as dip 
isogons (Elliot 1965) and isogon angles (q~ of Hudleston 
1973, p. 7), and various thickness parameters (e.g. the 
terms Ta, ta of Ramsay 1967, pp. 359-362); and (d) 
measures of the geometry of foliations compared with 
the geometry of the boundaries of folded layers, such as 
fl (Treagus 1982). 

Further imaginary planes (or surfaces) are necessary 
for the description of cleavage-transected fold geom- 
etry. The surface perpendicular to the axial surface and 
containing the fold axis (and sometimes the hinge) can 
be called the hinge-tangential surface~plane (Fig. 1). The 
surface containing the fold axis--and generally the 
binge--and bisecting the fold limbs is the limb-bisector 
surface (Fig. 2). Both of these planes have traces in the 
profile plane (Fig. 2). A fold axial surface trace (hinge 
surface trace of some authors) is difficult to define in 
profile sections except where it is directly measurable. 
This is because information on layer thickness variations 
around folds is usually limited in areas of poor outcrop. 

The symmetry of layer boundaries and layer thickness 
variation can be described in terms of the symmetry 
classes. Folds possessing orthorhombic symmetry are 
symmetrical about an axial plane which is coincident 
with a limb-bisector plane. In this special case the 
attitude of the fold axial plane/limb-bisector plane can 
be determined using various methods. (a) The great 
circle containing the n-axis and the pole to bedding 
observed to lie on the fold hinge is the fold axial plane 
(assuming coincidence of the hinge and axial plane 
traces in the fold profile). This method should be 
avoided if the folds are upright because of large 
measurement errors on gently dipping surfaces (Wood- 
cock 1976). (b) The fold axial plane coincides with the 
plane containing the zr-axis and the bisector of the angle 
between the bedding poles at fold inflection points on 
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Fig. 1. Asymmetric, upward-facing fold with non-coincident fold axial 
plane and limb-bisector plane showing the two sets of profile- and 
'hinge plane'-transection measures. Measures d and t are found if the 
fold axial plane is used, whereas d* and t* relate to use of the limb- 
bisector plane. Measure A remains of constant absolute magnitude 

regardless of which plane is used. 

the case if the axial surfaces are cylindrically curved with 
generators parallel to fold axes (Wilson 1967). In pro- 
file. axial surface traces (joining hinge points on success- 
ive layer boundaries) will not coincide with the limb- 
bisector surface traces (fig. 5 in Hudleston 1973). Gener- 
ally, this is because the fold limbs have been differen- 
tially thinned. Asymmetric folds may have fold axial 
surface traces which are 'rotated' towards parallelism 
with the relatively thinned limb. The angle between the 
limb-bisector surface trace and fold axial surface trace in 
the profile (fl of Hudleston 1973) will vary with the 
degree of limb thinning or thickening. If a fault- 
propagation fold model is assumed, then/3 will vary with 
dip of the axial surface, displacement on the driving 
fault, width of deforming zone and layer thickness (Fig. 
3). Pre-tectonic inhomogeneities and variations in layer 
viscosities in a multilayer sequence are likely to result in 
differential limb thinning. Differential sampling of fold 
limbs will exert a strong control on the computed limb- 
bisector surface. Layers of different viscosity should be 
distinguished so that potential differences in attitude of 
limb-bisector surface/fold axial surface, and therefore/3, 
can be detected. Further complication is caused by offset 
of the hinge line from the plane perpendicular to limb- 
bisector and profile planes and tangential to the folded 
layer boundary (fig. 14 of Twiss 1988). 

Asymmetric non-cylindrical folds possess triclinic 
symmetry. This results in non-parallelism of the limb- 
bisector surface and fold axial surface. Such folds do not 
possess fold axes with which cleavage attitude could be 
compared. However, on a macroscopic scale the sym- 
metry may be approximately monoclinic (and cylindroi- 
dal, Roberts 1982), allowing definition of transection 
parameters. Also, on a mesoscopic scale parasitic folds 

the :r-circle (assuming the axial plane attitude is known 
approximately). Alternatively, the vector means of 
bedding-pole clusters may be used instead of inflection 
point bedding-poles. This is only valid if fold limb 
planarity is assumed (i.e. shape parameter--k of Wood- 
cock 1977--is greater than 1 for limb-separated bedding- 
pole data). (c) The plane containing the intersection of 
the bulk mean cleavage plane with the profile plane and 
the ~r-axis will coincide with the fold axial plane/limb- 
bisector plane in the special case of non-fanning/non- 
refracting (bulk) cleavage. Local cleavage orientation at 
the hinge can be used instead of bulk mean cleavage 
(Gray 1981), but local cleavage may itself be non-axial 
planar. (d) The fold axial plane may be found by con- 
necting the centres of ellipses drawn tangential to sev- 
eral folded surfaces in their hinge-zones (Stauffer 1973). 
This technique may also be applied to asymmetric cylin- 
drical folds. 

Asymmetric cylindrical folds may locally approximate 
monoclinic symmetry (Fig. 2). This means there is no 
symmetry plane containing the fold axis (the only sym- 
metry plane is the fold profile). Such folds possessing 
non-planar axial surfaces may approximate monoclinic 
symmetry in small volumes of affected rock. This will be 

Fig. 2. Angular asymmetric folds showing non-coincidence of vertical 
fold axial planes with dipping limb-biseclor planes. The angle between 

these planes measured in the profile plane is/3 (Hudleston 1973). 
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Fig. 3. Fault propagation fold model in which a vertical basement 
dip-slip fault has a throw of three units. The deforming cover (with 
constant bed thickness) maintains the same vertical displacement by 
asymmetric folding in an upward-widening zone. Near to the base- 
ment, steep limbs are highly attenuated in response to large simple- 
shear strains. Here, limb bisector plane traces are clockwise (in this 
view) of fold axial plane traces. The deforming zone will tend to widen 
and/or decrease in dip towards the situation in which original bed 
thickness is preserved while maintaining vertical displacement. This is 
likely to be the most energetically efficient means of accommodating 
the displacement. When this situation is reached the limb-bisector and 
fold axial plane traces are coincident. The situation shown above this, 
where the limb bisector plane trace is anticlockwise of the fold axial 
plane trace, is unlikely to occur because of the volume increase needed 
in the short limb. Therefore the zone is likely to maintain the width and 

dip seen at/] = 0. 

may possess more or less conical form. Symmetrical 
elliptical conical folds (Stauffer 1963) have cone axes 
and coincident axial and limb-bisector planes with which 
cleavage orientation can be compared. Asymmetric 
elliptical conical folds are probably common in de- 
formed terrains. Cone axes, hinges and axial surfaces 
may be present but the complex nature of their geometry 
makes comparison with cleavage planes difficult and 
beyond the scope of this paper. 

DESCRIPTION OF CLEAVAGE-TRANSECTED 
FOLDS 

The first formalized description of transected folds 
was by Borradaile (1978, p. 482), who defined delta (A) 
as "the dihedral (sic) angle between the cleavage plane 

and the fold axis". A dihedral angle is the smallest angle 
measured between two planes, not between a plane and 
a line (Considne 1976). However, Borradaile clarified 
this by describing A as the "angular discrepancy between 
the fold-axis direction and its projection on the X Y  
plane" (of the strain ellipsoid) and by showing A 
measured in the plane containing the cleavage-normal 
and fold axis (Borradaile 1978, p. 483 and fig. 1). 
Borradaile realized that a second angle was needed to 
describe the transection geometry fully. Therefore, d 
was defined as the angle between the axial plane trace 
and the cleavage trace in the fold profile. A further 
angle, t, is here defined as the inter-trace angle between 
the axial plane and cleavage in the hinge-tangential 
plane (Fig. 1). 

Because the fold axial plane trace in the profile plane 
cannot be accurately determined without much layer- 
thickness variation data, d cannot normally be detected 
directly. An alternative is to measure the angle be- 
tween the trace of the limb-bisector plane and the trace 
of the cleavage in the profile plane, d* (Fig. 4). The 
trace of the limb-bisector plane in the profile can be 
estimated using the methods outlined above. The 
orthogonal correlative of d* in the limb-bisector and 
profile-normal plane is t* (Fig. 1, this plane contains 
the "quadrilateral tangent" of Twiss 1988). Notwith- 
standing the probable variations in r ,  the estimated 
attitude of the limb-bisector plane trace can be used as 
a datum to allow measurement of the relative changes 
in d* with respect to A. The value of A is independent 
of d/d* since it is measured relative to the fold axis. 
Variations in d* do not necessarily reflect changes in 
the absolute magnitude of profile transection, since a 
component of fl variation or limb-bisector surface cur- 
vature may occur. However, the variation in cleavage 
refraction angle is likely to exceed fl by an order of 
magnitude at mesoscopic scale. Construction of cross- 
sections using the isogon reconstruction method (Ram- 
say & Huber 1987) should indicate the likely range of r ,  
and thus the significance that can be attached to d* 
variations in the study area. Given these limitations, 
the method does allow determination of the relative 
magnitude and sense of profile-transection compared 
with axial-transection within a fold at mesoscopic scale. 

It is proposed that the term hinge-(cleavage-) 
transection be restricted to direct observations of that 
phenomenon whereas axial-(cleavage-)transection be 
used to denote non-zero t and A-type relationships. This 
allows for the possibility of triclinic fold symmetry 
resulting in non-parallelism of hinges and fold axes (see 
below). Profile-transection refers to d-type cleavage- 
transective geometries whilst apparent profile 
transection might be used for d*-type transecting re- 
lationships. The term "cleavage-transected fold' (CTF) 
should be applied to folds showing hinge and/or axial 
transection by a mean or bulk cleavage. It should only be 
applied if there is evidence that folds and cleavage 
formed during the same progressive deformational epi- 
sode (in the sense of Poweil 1974 and Borradaile 1978). 
The sense (and sign) of axial- and profile-transection 
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Fig. 4. Lower-hemisphere equal-area projection showing main 
cleavage-transected fold measures for a theoretical fold. The sense of 
fold transection can be determined using the convention that clockwise 
'rotations' are deemed negative and anticlockwise, positive. Ideally, 
signs should be determined in the framework of the fold axis/axial 
plane rather than the limb-bisector plane. The hinge-tangential plane 
of the fold should be 'viewed', away from the facing direction, along 
the profile plane-fold axial plane intersection. Using the fold axis as 
'northward' datum, if the cleavage trace in the hinge-tangential plane 
falls in the NE-SW sectors then 'clockwise' fold axial transection by 
cleavage is indicated. In this case cleavage poles fall in the NW-SE 
sectors. To determine the sense of profile-transection, the fold profile 
must be viewed (along the fold axis) in a consistent direction. In this 
view the fold axial plane trace is used as a datum with the facing 
direction pointing 'northwards'. The cleavage is then said to be 
anticlockwise profile-transecting if its trace lies in the NW-SE sectors. 
For instance, in Fig. 1 the cleavage is anticlockwise axial-transective 
(+t/+A) and anticlockwise profile-transective (+d). "LBP' is limb- 

bisector plane, 'PP' is profile plane. Also see Fig. 5. 

should  be d e t e r m i n e d  using the  conven t ions  set ou t  in 
Figs. 4 and  5. 

P U B L I S H E D  T E R M I N O L O G Y  O F  
C L E A V A G E - T R A N S E C T E D  F O L D S  

Practical measurement of  geometric elements of cleavage 
transected folds 

A p p a r e n t  ax ia l - t r ansec t ion  of  fo lds  by  c l eavage  has  
been  r ecogn ized  as an angu la r  d i f f e rence  (~ )  b e t w e e n  
axial  sur face  t race  and  c leavage  t race  in m a p  view or  
the  ho r i zon ta l  p l a n e  (Pr ice  1962, Evans  1963, M o s e l e y  
1968, p. 83, W i c k h a m  1972, fig.32, S t r inger  1975, D a v i e s  
& Cave  1976, Be l l  1978, A n d e r s o n  & C a m e r o n  1979, 
Phi l l ips  et al. 1979, S a n d e r s o n  et al. 1980, T a k i z a w a  
1981, G e i s e r  & E n g e l d e r  1983, J a m e s  1986, p. 585, 

O:FOLD / 1"r-AXIS 

Fig. 5. Lower-hemisphere equal-area projectton of a theoretical plung- 
ing, inclined and upward-facing fold showing cleavage-transected fold 
measures used by various authors (see text). Labelled geometric 
features not in the main text are: a. axial plane strike with respect to 
fold axis trend: e. t: g, A (Borradaite 1978); h. t*: i. d; j, fl (Hudleston 
1973); n, d*: p, plane perpendicular to limb-bisector plane and profile 
plane; q, axial plane; r. limb-bisector plane; s, hinge-tangential plane: 
u. fold enveloping plane or median plane. Sign conventions are shown 
using the limb-bisector plane instead of the fold axial plane. Iffl is non- 
zero then t ~ t* and d ~ d* but A is unchanged in absolute magmtude. 
The signs of d* and t* are determined using the limb-bisector and 
profile-normal plane and limb-bisector plane as datums (see Fig. 4). 
The sign changeover of A will be shifted by fl degrees so that the limb- 
bisector plane is the new separator between clockwise and anticlock- 
wise axially-transective cleavages. Cleavages which are highly profile- 
transectwe, whose poles fall between the limb-bisector plane (r) and 
fold axial plane (q) will have signs of A and d* that will both change 
because of the use of the limb-bisector plane (see Fig. 14). Note that 
the example bedding plane shown has a relationship with the cleavage 

suggesting downward-facing. 

K a n a g a w a  1986, p. 355). T h e  angle  the ta ,  0, has been 
var ious ly  de f ined  as the  angu la r  d i f fe rence  in t r end  
(az imuth)  b e t w e e n  the t race  of  a bu lk  mean  c leavage  
and the t race  of  the  axial  su r face  or  t r end  of  the  fold axis 
(S t r inger  & T r e a g u s  1980, Cra ig  1985, 1987, pp.  174-- 
176, M a c k i e  1987, fig. 4.1, W i l k i n s o n  1988, fig. 4.13 and 
Fig. 5 of  this  p a p e r ,  angles  b and  c, r espec t ive ly) .  These  
m e a s u r e s  shou ld  no t  be used  be c a use  of  poss ib le  ambi-  
gui t ies  in the  a p p a r e n t  sense  o f  ax ia l - t r ansec t ion  b rought  
a b o u t  by  the  c omple x i t i e s  in fold axial  surface shape ,  
diff iculty in def in i t ion  of  the  axial  surface  t race  in var ia-  
bly  (or  s t eep ly )  p lung ing  a s y m m e t r i c  folds  and topo-  
g raph ic  effects .  F o r  ins tance ,  Fig.  6 shows s t e reograph ic  
r e p r e s e n t a t i o n  of  c l eavage  and  an axial  p lane  of  cons tan t  
a t t i tude .  F o l d  axes  p lunge  va r ious ly  within the axial 
p l ane  ( i - iv )  so tha t  A var ies  (g, f, ze ro  and h, respect-  
ively) .  T h e  sign o f  A is nega t ive  (c lockwise  axia l - t ransec-  
t ion)  for  i and  ii bu t  pos i t ive  ( an t i c lockwise )  for iv. 
H o w e v e r ,  if  0 is used  as a gu ide  to the sense of  axial-  
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transection (a-e) then all folds (i-iv) would be classed as 
clockwise axially-transected. 

Powell (1974) showed aggregated cleavage and axial 
plane poles and traces which were not coincident within 
the fold profile plane (figs. 6d, 8d and 12 in Powel11974). 
This suggests a bulk profile transection of folds by the 
cleavage (d-type). He also produced an equal-area pro- 
jection of a fold whose n-axis did not lie within the bulk 
cleavage plane, suggesting A/t transection (his fig. 17d). 
Stringer & Treagus (1980), when describing cleavage- 
transected folds from the Southern Uplands, used the 
"dihedral angle between axial surface (sic) and mean 
plane to SI cleavage fans", found stereographically. 
However, their "axial surface" was measured using the 
inflection point method and is therefore a limb-bisector 
surface. Possible variations in fl (Hudleston 1973) are 
ignored. King (1987 and personal communication) also 
measured this dihedral angle but, instead, used the fold 
axial plane (Fig. 5, angle m). The measure is indepen- 
dent of the pitch of the fold axis within the axial plane 
and, thus, will only be equivalent to Borradaile's A (and 
t) if d is zero. Since this angle cannot be measured 
directly but can be calculated, given Borradaile's A and 
d, it is unnecessary. 

Descriptions of cleavage-transected folds are given by 
Ramsay (1963) and Moench (1970) who stated that 
cleavage crosses or cuts the fold axial surfaces and both 
limbs. This indicates non-zero A/t fold transaction, Dun- 
can (1985) in his re-evaluation of Powell's (1974) area 
described combined A/d transective geometry without 
quantification. Cameron (1981) described cleavage-fold 
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Fig. 7. Equal-area  projection showing determinat ion of A and d* from 
aggregated measu remen t s  of  folds at Pont  Rhyd-y-Groes ,  Dyfed,  
Wales.  Bedding poles define a non- random girdle at the 99% level of  
confidence (n = 38, k = 0.1768, SI/S3 = 92.46 and eigenvector  3 -= 
9/013). Cleavage poles define a non- random cluster at the 99% level of  
confidence (n = 41, k = 1.8515, SJS 3 = 61.55 and eigenvector  I = 
13/121). d ° is the inter-trace angle between LBP and the m ean  
cleavage plane in the 7t-circle. In this case the traces are coincident so 
that  apparent  profile-transection is zero or d* = 0 and therefore  A = t* 
(type B °, Fig. 12b). Bulk A is measured  in the plane containing the  7t- 
axis and the mean  cleavage pole and is - 1 5  ° in this example  (see Fig. 
13). Filled elliptical areas are cones of confidence for mean  cleavage 
and the  normal  to the 7t-axis cone within the plane containing both 

mean  cleavage and 7r-axis (confidence level is 95%).  

i ii iii 

C P :  C L E A V A G E  PLANE N O R M A L  

Fig. 6. Lower-hemisphere equal-area projection of cleavage and axial 
plane of constant attitude with variable fold axis plunge (i-iv), a-e 
represent resulting variable 0 values; g-h, variable A; j-m, d values; 

and n, the t value for fold i. 

geometries consistent with pure A/t-type and combined 
A/d-type transection but also did not quantify the re- 
lationships. Murphy (1985) redefined A as "the dihedral 
angle between the trend of the cleavage-bedding inter- 
section and the fold axis measured in the plane of the 
deformed bedding". Cleavage-bedding intersections 
will define a complex non-parallel array in axially tran- 
sected folds (Powell 1974). Presumably, "bedding" here 
refers to the enveloping or median surface and 
"cleavage-bedding intersection" to the intersection of 
the mean cleavage with this plane. If this is the case then 
the measure is equivalent to Treagus & Treagus's A (see 
below and Fig. 5, angle f) but not to Borradaile's A. The 
'T' measure of Soper (1986), Soper et al. (1987) and 
Woodcock et al. (1988) is equivalent to Borradaile's A, 
differing only in that it is measured using a bulk mean 
cleavage pole from an area rather than individual cleav- 
age planes (Fig. 7). Bell (1978), Gray (1981), Dias 
(1986), Anderson (1987), King (1987), Blewett & Pick- 
ering (1988), Lafrance (1989) and Woodcock (1990) 
apparently used Borradaile's A as defined. Although 
Anderson (1987), Williams (1985) and Williams & Urai 
(1989) described A/d-type transective relationships, only 
Gray (1981) attempted to measure d. Other authors 
have reported "transected folds" without quantification 
(Storey & Nell, 1988). 

Soper (1986), whilst describing anastomosing or 
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Fig. 8. Upward-facing asymmetric folds enclosed by their enveloping 
surfaces within which fold axes pitch moderately. Limb-bisector and 
fold axial planes are non-coincident. An anticlockwise axially- 
transective cleavage is shown. Borradaile's measure, A a is measured in 
the plane containing the cleavage normal and fold axes, whereas 
Treagus & Treagus's measure, A T, is measured in the enveloping 

surface. They are different angles. 

'rough' cleavages in arenites, used an angle A (not 
equivalent to Borradaile's A) to describe the amount of 
cleavage dispersion in various planes (profile, bedding, 
hinge-tangential plane, etc.). 

Treagus (1982) used an angle fl between the cleavage 
trace and bedding normal within the profile plane (Fig. 
5, angle k) for two-dimensional classification of foliated 
folds. To achieve this fl was graphed against a normal- 
ized bedding dip angle. The quantity d can be simply 
derived from such plots but the plots ignore axial- 
transection (A-type). 

Theoretical modelling 

Coaxial strain models proposed by Borradaile (1978) 
and Treagus & Treagus (1981) were three-dimensional. 
Borradaile (1978) defined the theoretical angle delta 6 as 
"the angle between the principal extension in the sur- 
face" undergoing folding, "and its projection in the X Y  
plane". Treagus & Treagus (1981, p. 4) redefined Borra- 
daile's A as "the angle between the bulk X Y  plane and 
the fold axis measured in the plane of the deformed 
layering .. .  the enveloping surface or median surface 
after folding" (Fig. 5, angle f). This is not equivalent to 
Borradaile's A or 6, which are both angular projections 
of lines onto planes. It will be equivalent to t (and t*) 
only if folds are symmetrical. Otherwise it is a separate 
measure (Fig. 8). (They suggested that the plane in 
which Borradaile measured A is not specified. In fact 
Borradaile clearly stated that  it is measured in the plane 

Tan(A) :  Tan(t).Cos(d) 

A-B=UNITY 

Fig. 9. Trigonometric calculation of t where A and d have been 
measured. If the fold axial plane cannot be determined,  then a limb- 
bisector plane is used and rand d become t* and d*. Measures t and d 
are equal to t* and d* only if the fold axial plane and limb-bisector 
planes are coincident: The method of calculation is similar in both 

cases and the value of  A is unaffected by the plane used. 

F O L D  AXIS 

h : CONSTANT~ d : AT  15 ° INTERVALS,  t : VARIABLE. 

Fig. 10.Lower-hemisphere equal-area projection for theoretical fold 
with cleavage planes at constant  A angle to the fold axis. Increments of 
d at 15 ° and the resulting magnitude of t are shown. Where d = 0 
(cleavage plane a) then t = A. As d increases from zero, the increase in 
t relative to A grows (see Fig: 12a). If the fold axial plane is replaced by 

a limb bisector plane, t and d become t* and d*. 
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containing the fold axis and its projection onto the 
cleavage plane.) Non-coaxial strain models to account 
for fold axial-transection by cleavage (fig. 2 in Soper,  
1986, fig. 4 in Soper et al. 1987, fig. 8 in Sanderson et al. 
1980) are two-dimensional and assume bulk d to be zero 
so that A = t. 

Discussion of nomenclature 

As is apparent from the above examination,  nomen-  
clature describing cleavage-transected fold geometry  
has been confused. The main problem has been a tend- 
ency for new workers to redefine old measures to suit 
particular circumstances of outcrop, data availability or 
theoretical modelling in each case. Methods of measure- 
ment have not been clearly and unambiguously de- 
scribed, precluding comparison of measurements  
among areas. Newly defined measures were given sym- 
bols previously used for different measures,  adding to 
the confusion. Measures used in theoretical studies have 
not always been practicable for field data processing. 
This has prevented direct comparisons of predicted and 
real cleavage-transected fold geometries.  

Some confusion has been caused by a slackness in 
usage of purely vectorial vs physical/descriptive terms to 
describe folds. "Fold hinge" describes a physical geo- 
metric feature on the folded surface: the locus of points 
joining areas of maximum surface curvature. "Fold 
axis", on the other hand, is a direction (vector) (defined 
by z~- or beta-diagrams) which may have no physical 
expression on the fold. Therefore ,  observed hinge- 
transection of high-order folds does not necessarily 
imply fold axis- (or hinge-) transection of lower-order 
folds in the same area (for example, Lafrance 1989). 

A problem arises with non-cylindrical, for example en 
6chelon, folds because the individual folded surfaces 
may not always contain the ~r-axis. The derived mean 
profile plane (best-fit z~-circle) may therefore  be oblique 
to the profile planes of individual folds. This problem 
may be shown up by separating individual fold, or limb, 
bedding-pole distributions on the stereonet.  This should 
reveal any possible pattern to the non-fit of bedding- 
poles to the best-fit great circle. Such factors may give 
rise to very small errors in profile-transection measures 
and potentially larger ones in A. These errors are per- 
haps less than those caused by the often invalid assump- 
tion that axial surfaces are planar. Curved axial surfaces 
give rise to curved axial surface traces which are difficult 
to define precisely without a large amount  of data. 

It should be noted that measurement  of A alone does 
not define the value of either d* or t*. If folds approxi- 
mate to monoclinic symmetry then A and d* must be 
quantified; t* can then be calculated if necessary 
(Fig. 9). 

Isogonic lines of t* (or t if the fold axial plane is 
known) are shown on the Gray plot of A vs d* (or d, Fig. 
12 and see below). The magnitude of A is seen to depend 
on both d* and t*. Hence ,  where profile transection is 
high then A gives a large underest imation of t* (Fig. 10). 

. . . . . . . . . .  
/ / / / ~  

/ z l  

/ . /  
f 

Fig. 11. A possible fold geometry in which relatively short wavelength 
folds have developed preferentially on the most steeply dipping part of 
a larger wavelength fold limb. The bedding on the limbs of the minor 
folds will strike clockwise of the general bedding strike. Cleavage may 
be axial planar to the minor folds and yet clockwise axially-transect the 
larger amplitude folds. The apparent magnitude of this transection 
will, to some degree, be determined by the sampling of the structures. 

SCALE OF OBSERVATION AND SAMPLING 

Scale of observation 

It is clearly of little practical use to compare micro- 
scopic cleavage-parallel mica orientation with oroclinal 
bend axes or indeed to compare  regionally-averaged 
cleavage orientations with microscopic mica kink folds. 
The features being compared  must be clearly related and 
of comparable scale for results to be meaningful. The  
structures being compared must be stated and fully 
described. The  relationship between folds and cleavage 
is not always clear and therefore  cleavage measured at 
one scale must be compared with folds of various orders. 
Generally folds of different wavelengths do not have 
coincident axial features. 

Should relationships between 'individual' cleavage 
planes and fold axes be examined? Or,  are bulk, aver- 
aged cleavages to be used? The  definition of 'a cleavage 
plane' is itself a scale-related concept. What  is measured 
at outcrop as a cleavage plane may in fact be a composite 
of two or more microscopic fabrics along which a joint 
has formed. A microscopic examination of rough cleav- 
age in arenites may reveal an irregular anastomosing 
network of cleavage seams (Soper 1986) whose mean 
mesoscopic attitude reveals little about  the orientation 
of microfabric elements. Therefore ,  there are implicit 
assumptions in measuring cleavage at different scales. 
For instance, at outcrop it is assumed that clinometer 
measurements average out grain-scale fabric variations. 
This is only likely to hold true in fine-grained slates. 
Bulk, vector-mean cleavage poles using eigenvector 



268 T, E. JOHNSON 

9O 

7oi 

50 

30 

10 

~ - 1 0  

~-~o 
O ' "  
,11, 
'10 -50  

' 0  

- 7 0  

-90  - 
-90  

CI. 

t---~ //Y/i 
'i T ,o 

- 7 0  - 4 0  - 3 0  -1 

I 

~: AXIAL T R A C T I O N  

TYPEI  

,n" 
O 
0¢ 
a .  

O "  
41 

'tO 

TYPE A TYPE I 

TYPE C 

T Y P E  E 

TYPE D 

TYPEH 

" 1 " -  TYPE B 

TYPE F 

b .  -90  0 90 
A': AXIAL TRANSECTION 

G 

Fig. 12 



Cleavage-transected folds 269 

LIMB BISECTOR / . / . / ' ~ / X  : t = - 1 5  ° 
AXIAL PLANE . - / /  I 

g 

d ; i _  

i 

Fig. 13. Folded surfaces transected by a vertical cleavage which is 
parallel to the intersection of profile and axial planes. This is a ease of 
pure ~/t-type transection (type B of Fig. 12b) where A = t = --15 ° (see 

Fig. 7). 

calculations are assumed to ' average  out '  refraction 
effects. This will only be the case if sampling is even and 
unbiased and refraction symmetric about  the fold axial 
plane/l imb-bisector plane. It is informative to examine 
the sub-fold scale components  of bulk axial transection, 
that is measured cleavage plane data. 

Sampling 

Non-targeted sampling of a three-dimensional  fold 
exposed in an effectively two-dimensional  restricted 
outcrop will often be biased in some respect (Whitten 
1966). The  hinges of  angular, upright folds are relatively 
unlikely to be sampled because, volumetrically, the 

structures consist largely of fold limbs. Gent ly  dipping 
surfaces occurring within the hinge-zones are also diffi- 
cult to measure  accurately (Woodcock 1976). Hinge-  
zones may be composi te  structures comprising en 6che- 
Ion parasitic folds, whereas  the main fold l imbs are 
relatively unaffected by these oblique structures (Mose- 
ley 1962). There fore  if sampling density is constant  then 
l imb-biased x-circle patterns may result. General ly ,  
l imited outcrop will de termine sampling locations. The  
outcrop  distribution is usually controlled by a complex 
interplay of geological and geomorphological  factors. 
This may  introduce an appreciable bias into structural 
data  sets. Other  potential  structural contr ibutions 
toward sampling bias include relatively high-order 
(often part ly conical or en 6chelon) folds, with relatively 
short wavelength and limited spatial extent,  parasitic on 
lower-order  (sub-cylindrical) folds (Fig. 11) (Campbel l  
1958), asymmetr ic  folds, lateral-linking folds and bifur- 
cating fold hinges (Dubey & Cobbold 1977). Whether  
such features produce  detectable anomalies on x-circle 
plots will depend on the spacing of sampling stations, 
and the size and frequency of the anomalous  folds 
(Sanderson 1973). There  is usually an unstated sampling 
bias toward those lithologies whose character  facilitates 
measu remen t  of particular structures. For instance, in 
turbiditic sand-s i l t -muds tone  sequences cleavage is 
often best developed and therefore most  easily 
measured  in mudstones.  In long-exposed hill-side ex- 
posures,  rough cleavage in immature  sandstones may  be 
well exhibited, though apparently absent in flesh out- 
crops (Smith 1987). Conversely,  quartzose siitstone may 
appear  uncleared  except  in thin section. Measurement  
of  bedding is also prone  to unwitting bias. Compe ten t  
beds, resistant to weathering,  provide good surfaces for 
c l inometer  readings. In wholly right-way up sequences 
there is an obvious bias toward the tops of beds. Some 
turbiditic sandstones have cross-bedded tops which may 
introduce a directional bias to bedding measurements .  
Gross  features of the sediment  body geometry  of  sand- 
stones such as scours and lateral accretion surfaces may 
similarly introduce bias. Differential sampling of these 
structures is generally inevitable and therefore  their 
presence should be  recorded and borne in mind during 
interpretat ion.  However ,  large sample size, gridded 
sampling or selection of particular well-exposed iitholo- 
gies or horizons for detailed analysis all act against, 
without eliminating, biased sampling. 

Fig. 12. (a) Gray's plot of axial-transection vs profile transection. Isogonic lines for hinge-tangential plane (or limb-bisector/profile-normal 
plane) transection angles are calculated from the relationships shown in Fig. 9. The plot shows that t/t* cannot be zero if A is non-zero. The 
broken lines 'a' and 'b' delimit areas outside of which A diverges from equality to t/t* by less than 2 ° and 5 °, respectively, for that quarter of the 
diagram. (b) Geometric classification of specific or bulk cleavage measurements on upward-facing folds using the Gray plot. The folded surfaces 
shown are examples only. Folds with other interlimb angles and symmetries may equally-well be classified using the diagram. Types C-F 
represent the general case where components of both d-type and A-type transection occur. If required, these fields may be subdivided into areas 
lying above or below the t = d or t* = d* lines (Fig. 14a), subdividing transecting cleavages into those that are dominantly profile-transective from 
those that are dominantly axiaUy-transective, respectively. All non-type A relationships are axially-transective. Note that cleavage-bedding 
intersections plunge in opposing directions for type B transected folds and where d is low for types C-F. With increasing d-transection they may 
plunge in the same general direction on both limbs of the fold (depending on the interlimb angle) but are never parallel to the fold axis. The plot 

includes downward-facing cleavages which will occupy an increasingly large area as interlimb angle decreases. 
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TREATMENT OF CLEAVAGE-TRANSECTED 
FOLD DATA IN STEREOGRAPHIC PROJECTION 

Bulk  treatment o f  data 

Cleavage and bedding measurements are collected 
from the area of interest. Sub-areas showing internally 
consistent fold and cleavage orientations may be 
selected. This will be the case, for instance, in areas 
whose plotted bedding-poles define girdles at the 99% 
level of confidence. Cleavage- and bedding-pole data 
are separately analysed by the eigenvector method 
(Woodcock 1977). The eigenvalue ratio $I : $3 is used to 
ensure that bedding-poles define a statistically non- 
random girdle and cleavage a non-random cluster at the 
99% level of confidence (Woodcock & Naylor 1983). 
This level of confidence should filter out areas affected 
by non-cylindrical folding (assuming sampling to be 
unbiased). Bulk equivalents of A (T of Soper et al. 1987) 
and d* (and therefore t*) can then be calculated using 
the ~r-axis (eigenvector 3 of bedding poles), and vector- 
mean cleavage pole (eigenvector 1 of cleavage and Fig. 
7). 

Ideally, two-sample statistical tests should be made of 
the hypothesis that the mean cleavage pole and ~r-axis 
normal in their mutual plane do not coincide, If they 
coincide then t/t* and A are zero. The Bingham distri- 
bution (Bingham 1974) could be used as a model in such 
tests, with the drawback that it assumes orthorhombic 
symmetry. In the absence of useful tests, cones of 
confidence are calculated for the mean cleavage (assum- 
ing a Fisher distribution) and ~t-axis (assuming a 
Bingham distribution, Cheeney 1983 and Fig. 7). An 
error cone (95% confidence level) normal to the az-axis 
cone is constructed in the plane containing the ~-axis 
and mean cleavage pole. If the two cones overlap, then 
the fold is said not to be (bulk) axially-transected. 
Otherwise a range of bulk A values can be given and the 
folds are said to be bulk axially-transected by the cleav- 
age. 

High resolution geometry o f  cleavage-transected fo lds  

The measures A and d/d*  are found stereographically 
(Fig. 4) or by trigonometric calculations (Fig. 9) in the 
way described above. Cleaved folds formed in multi- 
layer sequences usually show refraction of cleavage 
surfaces across layer (viscosity) boundaries. Lower- 
order fanning of the cleavage around the fold is also 
common. These are both profile-transective relation- 
ships. Bulk structural analysis of such features (Fig. 7) 
relies upon the assumption that fanning and refraction 
are symmetrical about the fold axial plane/limb-bisector 
plane and that, if sampling is thorough, then such effects 
will be self-cancelling, i.e. the mean cleavage pole will 
equally take account of fanning and refraction on both 
limbs of folds. Cleavage refraction is currently viewed as 
being due to either X Y  plane-tracking of cleavage while 

differential strains are imposed on folding layers of 
varying viscosity (Ramsay & Huber 1983, p. 184) or to 
variable deformation of an orthogonal pre-buckling fab- 
ric imposed during layer-parallel shortening (e.g. Hen- 
derson et al. 1986). Whatever processes dominate, 
asymmetrical folds are unlikely to have been subjected 
to equal components of these processes on long and 
short fold limbs. Therefore, aggregating the cleavage 
data may be very misleading for such folds. Most folds in 
orogenic belts show asymmetry on some scale. The 
analysis of the degree of asymmetry of cleavage refrac- 
tion on different limbs of the same fold should provide 
information useful in interpreting the relative timing of 
folding and cleavage formation or, at the least, the 
relative contributions of buckling and cleavage forma- 
tion to the finite strain state. 

Analysis of the relative arrangement of individual 
measured cleavage planes within folds involves graphi- 
cal comparison of d (or in practice d*) and A measures 
(Gray 1981 and Fig. 12a). Specific cleavage 'plane' 
orientation with respect to fold axial features should 
provide useful information on the contributary factors to 
bulk fold axial transection in an area--for instance, 
whether the degree or sense of axial transection remains 
constant on different fold limbs or parts of limbs. 

Fabric geometric analysis could follow this general 
scheme and relate mica fabric and pressure solution 
seam orientation to associated (oriented) micro- and 
meso-folds. The study of anastomosing or 'rough' cleav- 
ages is facilitated by such methods. 

'GRAY' GRAPH OF A VS d 

Gray (1981) suggested that Borradaile's A and d 
measures could be graphed for aggregated data from 
folds. Its use may be extended so that specific cleavage 
measurements can be compared with associated fold 
features in areas where full profile exposure does not 
occur. Because of the problem of fold axial plane loca- 
tion already described, d* is plotted against A. This 
reveals useful information about the geometric elements 
contributing to the bulk transection seen in previous 
studies (Soper et al. 1987, Woodcock et al. 1988)i Hith- 
erto, such comparisons have largely been restricted to 
qualitative estimates based on bedding trace and fold 
axial surface trace obliquity to cleavage trace (p. 551 and 
fig. 1 in Price 1962) or stereographic analysis (Stringer & 
Treagus 1980, p. 326). 

Figure 12(b) is a Gray plot of A against d/d*  showing 
the main geometric types of fold-transecting cleavages. 
Two main end-member geometries for transected folds 
were defined by Borradaile (1978): (i) pure profile- 
transected folds in which the cleavage contains the fold 
axis direction but transects the fold axial plane trace in 
fold profile view (d /d*  ~ 0 = A = t/t*, type A); (ii) pure 
axially-transected folds in which the cleavage is parallel 
to the axial plane trace in profile but cuts across the fold 
axis (d /d*  = 0 ~ A = t/t*, type B). In this case the 
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cleavage contains the fold axis normal which lies in the 
fold axial plane or limb-bisector plane, i.e. it is parallel 
to their traces in the profile plane (Fig. 13). The general 
case (iii) will be that in which the bulk cleavage contains 
neither the fold axis nor the fold axial plane/limb- 
bisector plane trace in the profile plane (types C-H).  
This classification applies to folds with orthorhombic 
symmetry where d = d* or those of lower symmetry 
classes where d* is used. Since the various geometric 
types on the A - d plot may not coincide with those on 
the A - d* graph, they are renamed type A*, B*, etc. 
This classification may be applied to the treatment of 
'individual' cleavage planes or bulk data from various 
sub-areas. 

Method of plotting 

The values of d/d* and A for measured cleavage 
planes are found stereographically for a single fold or 
closely associated folds. To aid comparison there is a 
need for consistency of d/d* sign convention throughout 
the area. Therefore, folds are viewed along their axes in 
a consistent direction when deciding the sense of 'ro- 
tation' of cleavage traces relative to fold axial plane 
trace/limb-bisector plane trace (Fig. 4). Locality codes 
may then be plotted at the relevant point on the graph. 
Sampling of individual folded layers (inner and outer 
arcs) from hinge to inflection points is desirable 
although rarely possible. In this case readings at inter- 
vals can be plotted and linked on this construction to 
show the sequence of transective geometry changes 
across the fold. 

It is also desirable to differentiate layers of different 
viscosity and convergent and divergent cleavage fans 
(Fig. 15b). High-resolution A -d /d*  plots allow deter- 
mination of the various dispersion angles (A of Soper 
1986) of anastomosing or 'rough' cleavage if enough 
readings have been collected (in the field or from micro- 
scopic examination of orientated sections--see Fig. 15a). 
Such studies help to detail lithology-dependent vari- 
ations in the range of axial- and profile-transection. This 
aids interpretation of possible mechanisms of formation. 

Bedding dips and dip directions from cleavage sample 
localities may be plotted on the graph at the relevant 
points (Fig. 15a). This allows investigation of any pro- 
portionality between bedding dip and the transection 
measures. It is perhaps more useful to plot bedding dips 
after rotation of the computed fold axis to horizontal 
(and if possible--fold axial plane/limb-bisector plane 
to vertical). The bedding planes perpendicular to the 
limb-bisector plane trace in the profile plane can be used 
as a datum (apparent hinge zone). The apparent hinge 
zone may be slightly offset from the true hinge zone, 
usually towards the short/thinned limb. The symmetry 
of cleavage fanning and refraction relative to this zone 
can then be seen directly (Figs. 14 and 15). The apparent 
hinge readings may not plot on the d* = 0 axis or lie 
symmetrically about it (Fig. 14). Variations in the de- 
gree of such offset should be interpreted with caution 
because they may result from: variations in fl, sign 

changes in t* and A resulting from use of the limb- 
bisector plane as datum, sampling bias, variable degree 
of hinge migration or departures from the assumed fold 
symmetry. For instance, the hinge-tangential plane may 
not be parallel to the tangential plane perpendicular to 
the limb-bisector plane (see asymmetric, imperfect folds 
of Twiss 1988). Apparent hinge-zone offset in asymmet- 
ric folds usually represents a non-zero situation of fl, 
where d* ~ d. If the vergence and sense of relative limb 
attenuation is consistent in an area then the direction of 
apparent hinge-zone offset (+_d*) may also remain 
constant. Many folds should be measured to detect any 
consistent sense of offset rather than that which might 
arise--for instance--from local axial surface undula- 
tion, oblique-linking folds or bifurcating hinges of non- 
cylindrical folds. Some offset may result from hinge 
rolling/migration. The direction of hinge migration 
would be expected to be toward the limb in the offset 
direction in antiformal-convergent or synformal- 
divergent cleavage fans and away from that limb in 
synformal-convergent or antiformal-divergent fans 
(sense of Ramsay 1967, p. 405). However, it is question- 
able whether such D-d* plots have the resolution to 
detect and distinguish apparent hinge-zone offsets due 
to hinge migration from those resulting from fl vari- 
ations. 

It should be noted that the problems associated with 
non-coplanarity of axial plane and limb-bisector plane 
will, normally, only result in point positions shifting 
parallel to the d/d* axis. This is because the absolute 
magnitude of A is independent of how profile- 
transection is measured. However, more complex pat- 
tern changes occur if cleavages are highly profile- 
transective. This means that unless facing information is 
available, the plot cannot be used to analyse cleavages at 
a small angle to bedding, which cleavages, because of 
hinge migration, are now highly profile-transective. 

Cleavage-bedding intersection plunges can be plotted 
at the corresponding A/d* co-ordinates to allow com- 
parison of plunge of the intersection with the relative 
magnitudes of A and d* (Fig. 15b). 

Cleavage point distributions may be classified and 
described using the following features: (i) number of 
fields which the point spread occupies; (ii) shape of the 
spread (e.g. linearity, shape of curved spreads and 
comparison with t* = d* and isogonic t* lines, see Figs. 
14a & c); (iii) degree of symmetry of the spread with 
respect to d* or A axes (Fig. 14b); (iv) ratio of the A 
range to the d* range (Fig. 15a); (v) ratios of + A : - A  
and + d * : - d *  (Fig. 15a); (vi) position of the apparent 
hinge-zone cleavage readings with respect to the d* and 
A axes (Fig. 14); (vii) sign of slope of the point spread; 
(viii) relative shapes of convergent and divergent cleav- 
age fans (Fig. 15b); or (ix) the distribution of upward- 
and downward-facing cleavages (Shackleton 1958) on 
the plot. Given the probable variation of fl in natural 
folds, interpretation of subtle variations of point plot 
shape are probably not justified. The general form of the 
distribution should, however, be quite close to that of 
the true A -- d plot. 
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Fig. 14. Limb-separated cleavage data for imaginary folds. 'H' represents the apparent hinge zones and 'L', inflection zones. 
(a) Gray plot with isogonic lines for t *. Plots of measured cleavages should not include those whose poles fall between limb- 
bisector plane and fold axial plane great circles (Fig. 5, planes r and q). In other words, cleavages with d > (90 - fl) 
(Hudleston 1973) should be excluded. Iffl is not known then highly profile-transective (e.g. d > 55") should be excluded or 
interpreted in the light of an assumption of low ft. This is necessary because such cleavage planes will have A and d signs that 
will change, resulting in gross distortions of the point pattern on the plot. (b) & (c) Gray plots showing point distribution 

features of use in classifying real fold data. 

Within a region, fold axes, fold axial planes/limb- 
bisector planes and cleavage pertaining to folds of vari- 
ous scales can be used as the basis for Gray  plots to 
suggest which folds were most  active during cleavage 
formation.  Those folds whose convergent-fanning cleav- 
age plots show point distributions with the greatest d* 
range are likely to have been the most actively growing 
during (and after) cleavage formation (Fig. 14bi). In 
multi layer sequences with viscosity contrasts, d (and 
d*) - type  transection should greatly exceed A/t-type 
transection resulting in a point plot which is somewhat  
elongate parallel to the d* axis (Figs. 14bi & iii). How- 
ever this is not necessarily the case in folded sequences 
of  ' homogeneous '  viscosity (e.g. thick mudstones).  The 

most active fold order  is likely to vary with depth in the 
deforming pile, geomet ry  and viscosity of multilayers. 
proximity to major  shear  zones, position along progress- 
ive deformat ion  path,  etc. Therefore ,  the number  of 
fields occupied by the point spread only provides a very 
approximate  indication of  the relative timing of cleavage 
formation with respect  to folding if lithology and other  
factors are taken into account. If downward-facing 
cleavage occurs then true overprinting must be sus- 
pected,  although it might occur in cleavage-transected 
folds in which significant hinge migration has taken place 
or where parasitic downward-facing folds occur on the 
over turned limbs of otherwise upward-facing, lower- 
order  folds. 
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Fig. 15. Folds from the low-grade Late Caledonian-Acadian fold belt of Wales. The sign of d* is found whilst viewing along 
fold axes toward the NE (Figs. 4 and 5). (a) Gray plot for the SE-vergent Berwyn Anticline at Llyn Efyrnwy, Powys, Wales 
(SJ020197-024192). This is an angular, cleaved fold in the Caradoc siltstones and tufts of the Pen plaenau Siltstone 
Formation, Swch Gorge Tuft and Allt-tair-ffynnon Formation. The fold is close with a steeply inclined axial plane, hinge 
gently plunging to the SW, and a wavelength of 11 km. Bedding dips (in degrees) are plotted at the d*/A position for the 
corresponding cleavage plane measurement. Underlined numbers indicate overturned bedding. 'LBP'  indicates limb 
bisector plane. The range and symmetry of profile-transection may be specified using the parameters d ' r ,  +d* - d * ,  d*H 
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axial-transection: A r, --A, +A, etc., or t *r, --t*, +t*, etc. (b) Gray plot for folds at Pont Rhyd-y-Groes, Dyfed, Wales (SN 
748731-750733). The data are aggregated for a few close, approximately 10 m, wavelength, SE-vergent, steeply inclined 
and sub-horizontal folds. Rocks affected are cm-bedded siltstone-mudstone turbidites of the Telychian (Late Llandovery), 
Devils Bridge Formation. Cleavage-bedding intersections readings are shown at the ~/d* positions for corresponding 
measured cleavage planes. Convergent-fanning cleavage points are overlined, whilst divergent-fanning cleavages are not. 
Hatched areas represent readings from SE-dipping limbs; NE-SW hatch for convergent fans and NW-SE for divergent 
fans. Apparent hinge-zones lie on or near the d* = 0 axis. Cleavage-bedding intersections plunging more steeply than the :t- 
axis, to the NE, are arrowed. Cleavage readings where no cleavage-bedding intersections were measured are shown as 

circles. 'LBP' is the limb bisector plane (found using the inflection point method). 

C O N C L U S I O N S  

(1) Confusion in past analyses of cleavage-transected 
folds has resulted from repeated redefinition of measures. 
The nomenclature is clarified here and extended to allow 
measurement of geologically realistic asymmetric folds. 

(2) Sampling of asymmetric folds in areas of restricted 
outcrop may well be biased. Such bias should be con- 
sidered when interpreting structural survey data. 

(3) 'Gray' plots of axial-transection vs profile-fold- 
transection by cleavage provide a powerful means of 
investigating the detailed consitutive geometry of 
cleavage-transected folds. Their use can be extended to 
include specific cleavage data. 

(4) The Gray plot should, in future, aid interpretation 
of the progressive development of cleavage-transected 
folds. 
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