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Ab~la'aet--Analysis and descriptions of the geometry and wavelengths of crenulation-folds from crenulated, low 
grade metamorphic rocks from southeastern Australia are related to existing theoretical and experimental work 
on folding. Isogon line behaviour and shape contrasts of the folds indicate that the pre-existing anisotropy in 
these rocks has been mechanically active during the crenulation deformation. Fabric parameters such as grainsize 
and proportions of flaky minerals (statistically homogeneous fabrics), and layer thickness and layer rheology 
contrast (multilayer fabrics), markedly influence the wavelengths of the crenulation-folds. These features a r e  

incompatible with passive-sfip folding and support a buckling origin. Relationships between crenulation cleav- 
ages and these folds suggest that the cleavages are associated with two types of buckling instabilities. The most 
common association (Type A instability) is internal buckling within a confined anisotropic medium, whereas the 
other (Type B instability) relates to micro-buckling in the contact strain zone adjacent to buckled competent 
'single layers'. Amplification and propagation of both instability types will produce folds which become potential 
sites for differentiation processes to operate to produce cleavages. The crenulation-folds are therefore a neces- 
sary pre-requisite for development of crenulation cleavages. They determine the location, the spacing and the 
lengths of crenulation cleavages in crenulated anisotropic fabrics. They do not however influence the variety of 
crenulation cleavage which develops since there is no apparent relationship between cleavage type and a par- 
ticular fold geometry. 

INTRODUCTION 

FOLDS associated with crenulation cleavages in poly- 
deformed metamorphic rocks are referred to here as 
crenulation-folds. They are characterized by an axial 
plane crenulation cleavage and range from mesoscopic 
folds observable in outcrop, to mierofolds. The micro- 
folds, better known as crenulations (Rickard 1966), are 
harmonic and typically of short wavelength (generally 
less than a few era) with sub-sinusoidal forms. They have 
an almost ubiquitous association with both the discrete 
and zonal varieties of crenulation cleavage (Gray 1976, 
1979). This association has long been recognized (cf. 
Heim 1878, Dale 1892, White 1949, Rickard 1961), but 
little is known about crenulation-folds, in particular the 
factors which determine their formation and their final 
geometry. 

Earlier work on crenulation-folds (of. Hills 1945, 
Campbell 1951, De Sitter 1954, 1956, Donath & Parker 
1964) suggested they were passive-slip folds (Donath & 
Parker 1964) resulting from slip along the cleavage 
planes. This implied (i) passive layer behaviour during 
folding, and (ii) that the fold geometry was determined 
by the movements along the cleavage. Observed offsets 
in veins and layering along discrete crenulation cleav- 
ages, and a somewhat 'similar' (class 2) geometry for 
many crenulation-folds, were cited as evidence to sup- 
port this. Two hypotheses, firstly heterogeneous simple 
shear acting parallel to the fold axial surfaces, the 'clas- 
sical' explanation, and secondly differential flattening 
producing differential shear (Ramsay 1962) were prop- 
osed to explain the mechanics of passive folding. Argu- 
ments against both hypotheses have been put forward 
(see Flinn 1962, p. 425, Mukhopadyay 1965, Hudleston 

1973a, p. 27, 1973b, p. 120). Furthermore, there is no 
real evidence of significant movement, that is movement 
over several centimetres, along crenulation cleavages. 
The observed offsets of markers along discrete types are 
only apparent and can be explained by local volume 
reductions along the cleavages (Durney 1972, Gray 
1977a, 1979). 

More recent investigations to determine the 
mechanics of formation of crenulation-folds have been 
made indirectly through theoretical and experimental 
studies of multilayer folding (Ramberg 1960, 1962, 
1963a, 1964, 1970, Biot 1960, 1963, 1964, 1965, 1967, 
Ghosh 1968, Bayly 1970, 1971, 1974, Cobbold et al. 
1970, Johnson 1970, 1977, Cosgrove 1972, 1976, Cob- 
bold 1976). Most of the theoretical work considers that 
crenulations develop from buckling-instabilities in 
anisotropic media, where their final geometry is depen- 
dent on variables of the medium such as the type of 
fabric layering and its degree of anisotropy, the orienta- 
tion of the anisotropy with respect to the principal stress 
axes, and the degree of crenulation development (see 
Cosgrove 1976, pp. 176-177). This implies that the pre- 
existing anisotropy plays an 'active' role in the develop- 
ment of crenulation-folds. 

At present data on natural crenulation-folds enabling 
correlation with theoretical and experimental work is 
lacking. The object of this paper is to provide such data, 
and to attempt to determine the genesis of crenulation- 
folds by examination of their geometry and associated 
features. The folds analyzed occur in poly-deformed, 
low to medium grade regionally metamorphosed rocks 
from the southeastern part of the Palaeozoic Tasman 
Structural Province, Australia (see Rutland 1976, fig. 
1). It is emphasized that the folds and their associated 

187 



188 D . R .  GRAY 

crenulation cleavages are distinctly similar to those in 
rocks of equivalent metamorphic grade from other 
continents (see Gray 1979, p. 97). The analyses and 
discussion in this paper should therefore have general 
applicability. The morphology, microstructure and sug- 
gested origin for the crenulation cleavages are discussed 
elsewhere (see Gray 1976, 1977a, 1979). 

An attempt is made here to determine firstly, those 
parameters which influence crenulation-fold shape and 
wavelength, and secondly, how folding influences the 
propagation of crenulation cleavages. Aspects of 
crenulation-fold geometry such as shape, tightness, 
asymmetry and shortening are described and relation- 
ships between the folding, the cleavage spacing and 
cleavage length defined. Data from the descriptive and 
analytical sections are then used to discuss firstly, 
aspects of multilayer folding theory relevant to 
crenulation-folds, and secondly the mechanical signifi- 
cance of crenulation-folds. 

G E O M E T R Y  OF C R E N U L A T I O N - F O L D S  

The geometry of a fold is specified by attributes of the 
layer or surface which define the fold in the profile sec- 
tion; these include size, shape, tightness and asymmetry. 
Such geometrical features must reflect some of the fol- 
lowing: (1) the mechanics of folding, (2) the stress states 
during folding, (3) the mechanical properties of the 
material, and possibly (4) the deformation path from the 
unstrained to the strained state. Analysis of the finite 

fold shape will not however-provide precise correlations 
with these factors, particularly (2) and (4) (see Ramsay 
1967, pp. 342 - 345, Hobbs 1971, Hudleston 1973a, 
p.2). This section therefore will only give a 
description of crenulation-fold geometry. Various ana- 
lyptical methods are used in an attempt to define pre- 
cisely crenulation-fold morphology. Interpretation of 
the described fold geometry in terms of mechanics of 
folding is attempted in the discussion section, by analogy 
with folding theory and the results of folding experi- 
ments (compare Hudleston 1973b). The geometrical 
analyses which follow all refer to profile sections of 
crenulation-folds. 

Fold class 

Fold class is characterized by the inclinations of isogon 
lines (see Ramsay 1967, pp. 363-372). These lines join 
points of equal slope along successive surfaces of the fold 
profile. They may be convergent (fold class 1), parallel 
(fold class 2), or divergent (fold class 3). Isogon analysis 
of crenulation-folds (Fig. 1; also Gray 1976, figs. 4.5 and 
4.6) show they commonly consist of class 1 folds, either 
1B or 1C, alternating with class 3 folds. Even crenulated 
fabrics with overall similar fold geometry (Fig. ld) con- 
sist of alternatingclass 1 and class 3 fold forms, although 
the deviation of isogon lines from layer to layer is less 
marked (compare Fig. la with ld). Some individual 
layer-folds approach class 2 geometry, but the overall 
isogon pattern through the folds does not have perfect 
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Fig. 1. Isogon patterns for selected fold types in different pre-existing fabrics. The isogon lines are at 10 ° intervals. (a) 
Lithologieai layering multilayer: Gundagai, N.S.W. (MU. 10583). (b) Differentiated S1 layering multilayer: Nambucca 
Heads, N.S.W. (MU. 10576). (c) Psam~te  multilayer: Gundagai, N.S.W. ( l~J .  10622). (d) Lithological layering mul- 

tilayer: Captains Flat, N.S.W. (MU. 10530). 
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Fig. 2.  G r a p h s  af ter  H u d l e s t o n  ( 1 9 7 3 ,  fig. 1 3 B )  o f  h i n g e  curva ture  ( ' shape ' )  vs  the  rat io  o f  a m p l i t u d e / w a v e l e n g t h  ( ' a m p -  

l i t u d e ' )  for  e r e n u l a t i o n - f o l d s  in d i f ferent  pre - ex i s t ing  fabrics.  (a)  Fo ld  shape  pos i t ions  o n  the  H u d l e s t o n  graph.  (b)  S late  ( + )  

and  schist  fabrics  ( t~ ) ) .  ( e )  Li tho log i ca l  l ayer ing  fabrics  ( e ) .  ( d )  D i f f e r e n t i a t e d  $1 layer ing  fabrics  ( m ) .  ( e )  Pre-ex i s t ing  
c r e n u l a t i o n  Cleavage fabrics  ( & ) .  ( f )  P s a m m i t e  fabrics  ( o ) .  

parallelism. Figure 1 indicates that the amount of isogon 
line deviation reflects the nature of the pre-existing 
fabric anistropy. Fabrics with a distinct heterogeneous 
anisotropy, that is those with marked competence con- 
trast such as between psammite and pelite layers, show 
maximum isogon line deviation (Fig. la & b), whereas 
those with a weak heterogeneous anisotropy, that is 
weak competence contrast, show minimum isogon line 
deviation (Fig. lc  & d). 

Fold shape 

This reflects the relative rates of change of inclination 
of the folded surface particularly at the hinge. It is 
specified here by 'shape' (sharpness of the hinge) and 
'amplitude' (amplitude over quarter wavelength) 
parameters after Hudleston (1973a, figs. 12 and 13). 
These are determined by 'visual harmonic-analysis' 
(see Hudleston 1973a, pp. 24-25) of the fold form. The 
analysis of crenulation-fold shape (Fig. 2) shows that 
each particular fabric has a certain folding-association. 
Schist and slate fabrics (Fig. 2b) have a single point clus- 
tering which indicates a predominant sinusoidal form, 
whereas the lithological layering, differentiated Sz layer- 
ing, psammite fabrics and pre-existing crenulation 
cleavage fabric graphs define distinct linear duster- 
zones - (Fig. 2c-f). The slopes of these linear zones 
provide information on the changes in hinge curvature 
of the folds. A positive slope (shown on graphs for 
lithological layering, differentiated St layering and the 
psammite fabrics) indicates that the hinge curvature of 

these folds does not change much as they tighten, 
whereas a negative slope (shown on the graph for pre- 
existing crenulation cleavages) indicates that the hinge 
curvature becomes accentuated as the folds tighten. 
Crenulation folds, except those in slate and schist fab- 
rics, show a variety of hinge shapes ranging from 
chevron to sinusoidal to ellipsoidal (see Fig. 2). There is 
therefore no one dominant fold shape associated with 
microfolds in crenulation cleavage fabrics, and the fold 
shape does not appear to be strongly influenced by 
lithology and the fabric, for the crenulation folds 
analyzed. 

Fold tightness 

Fold tightness is dependent on the size of the fold 
interlimb angle (cf. Fleuty 1964, p. 470). Interlimb 
angles of the crenulation-folds measured are mostly 
dose, open or gentle, and range from 30 ° to 140°.(Fig. 
3a). There is no marked dependence of fold tightness 
upon lithology and fabric, as shown by the diffuse pat- 
tern of Fig. 3(a). 

Fold asymmetry 

The ratio of the limb lengths of a fold provides a 
quantitative measure of the degree of asymmetry (cf. 
Hudleston 1973b, p. 97); symmetrical folds have an 
asymmetry index of 1. Crenulation-folds are commonly 
asymmetrical and have a range of asymmetry indices 
from 1.0 to 4.9 (Fig: 3b). The figure indicates that 
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Fig. 3. Parameters of erenulation-folds (tightness, asymmetry and the amount of buckle shortening) plotted against the 
different pre -existing fabrics in which they occur. (a) Graph showing the degree of tightness of crenulation-folds. (b) Graph 
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Type B rough cleavage; O, psammite with Type C rough cleavage. 

degree of asymmetry varies with fabric type, although 
asymmetry appears to be greater in psammites than the 
other fabrics. 

Fold shortening 

Folding may involve both layer and buckle shortening 
(cf. Blot 1961, Ramberg 1964, Ramsay 1967, p. 379, 
Dieterich 1970).  Values of layer shortening are difficult 
to determine for natural folds unless suitable markers 
are present in the layer (see Hudleston & Hoist 1977).  
Because such markers are rare in erenulated fabrics only 
the component  of buckle shortening can generally be 
determined. The shortening values for erenulation-folds 
discussed here are therefore minimum shortenings, 
since they do not consider layer shortening. Buckle shor- 
tening is obtained by comparing the straight line dis- 
tance with the corresponding arc length measured along 

the layer between any two adjacent hinge points or 
infiexion points. Crenulation-folds have shortening 
values which range from 5 to 55%. The majority, 75% 
of those measured, have less than 30% shortening, and 
did not  have any associated crenulation cleavage. The 
results suggest firstly there is no lithological control on 
the amount of shortening which may develop in par- 
tieular fabrics, and secondly that crenulation cleavage is 
only associated with fabrics which have undergone at 
least 30% shortening. 

C R E N U L A T I O N - F O L D  W A V E L E N G T H  

Fold wavelength has received considerable attention 
in the development of mechanical theories of folding 
(cf. Blot 1957, 1961, 1964, 1965, Ramberg 1960, 1963, 
1964, Sherwin & Chapple 1968, Johnson 1970, 1977, 
Hudleston 1973b, 1973c, Fletcher 1974, 1977a, Cob- 
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Fig. 4. Histograms of crenulation cleavage spacing in various 'uncon- 
fined' statistically homogeneous slate fabrics. The samples are 
arranged from (a) to (i) in order of increasing quartz grainsize. 100 
measurements of cleavage spacing were taken from each sample. His- 
togram peaks represent some multiple of the crenulation-fold 
wavelength (V 0. (a) Limerick, N.S.W., MU. 10523; Co) Sofala, 
N.S.W., MU. 10540; (c) Greenmantle, N.S.W., MU. 10531; (d) Ber- 
magui, N.S.W. Mid. 10524; (e) Blowering Dam N.S.W., MU. 10525; 
(f) Torrens Gorge, S.A., MU. 10539; (g) Captains Flat, N.S.W., MU. 
10533; (h) West Moruya, N.S.W., MU. 10503; (i) Broken Hill, 

N.S.W., MU. 10523. 

bold 1975, Shimamoto & Hara 1976, Fletcher & 
Sherwin 1978) as it reflects or is some function of the 
type of folding. Theoretical treatments have shown that 
layer thickness, competency contrast between layers, 
degree of cohesion along layer interfaces, and rheology 
all influence fold wavelength. 

Measurable features of crenulated rock fabrics such 
as grain size, mineral proportions and confinement dis- 
tance for statistically homogeneous fabrics, and layer 
thickness or the multilayer thickness ratio for multilayer 
fabrics are correlated with the wavelengths of 
crenulation-folds in this section. The aim is to try and 
establish those fabric parameters which determine 
crenulation wavelength and thereby provide a basis for 
selection of folding-theory applicable to crenulation 
folds. 

To facilitate the analysis, cleavage spacing rather than 
fold wavelength was used, because most rocks con- 

taining crenulation cleavages, particularly those with 
discrete types, contain a greater number of actual cleav- 
ages than crenulations. Cleavage spacing should be an 
indirect measure of fold wavelength, since crenulation 
cleavages, both discrete and zonal types, represent the 
former limbs of microfolds (Gray 1976, 1979). This is 
substantiated by an analysis of discrete cleavage spacing 
(Figs. 4 and 5) which shows a periodicity in spacing 
which is some multiple of fold wavelength in the fabrics. 
Comparison of peaks on both cleavage spacing and fold 
wavelength histograms in Fig. 5 shows that the spacing 
of cleavage adjacent to buckled quartz veins in a poly- 
deformed slate (Fig. 13) correlates with the wavelength 
(W) of the buckled veins. In each case the interpreted 
wavelength (W~) from the cleavage spacing is slightly 
less than the corresponding W spacing value from the 
vein. These deviations reflect a component of solution 
shortening across the cleavage related to the cleavage 
development. This will cause W~ to be less than W. The 
cleavage spacing histogram data of Fig. 4 have therefore 
been interpreted in an attempt to define the associated 
microfold wavelength (W). Each peak, as shown on the 
histograms, is considered some multiple of this 
wavelength. 

Each of the following parameters are correlated with 
cleavage spacing. 

Grain size 

Graphs of grainsize vs cleavage spacing for nine cren- 
ulated pelitic mineral fabrics (Fig. 6a & b) show (1) that 
there are relationships between cleavage spacing, and 
therefore fold wavelength, and mica and quartz grain- 
size in these fabrics, and (2) that mica has a more impor- 
tant influence than quartz on cleavage spacing, and 
therefore fold wavelength. Different orders of cleavage 
spacing shown by best fit lines 1 to 4 on both graphs 
reflect different multiples of the dominant fold 
wavelength; 1 (defined by e) represents cleavages 
spaced at a half-wavelength (h/2), 2 (defined by o) 
represents cleavages spaced at a full-wavelength (k), 3 
(defined by m) represents 3k/2 spacing and 4 (defined by 
&) represents 2k spacing. The best fit lines have almost 
identical slopes ranging from 0.42 to 0.55 for mica (Fig. 
6a) and from 0.78 to 1.14 for quartz (Fig. 6b). This 
strongly suggests that the inferred correlation is not just 
coincidental. Linear regression shows a strong correla- 
tion for mica (r e ranges from 0.67 to 0.94 with a mean of 
0.82), but a very weak correlation for quartz (re ranges 
from 0.07 to 0.42 with a mean of 0.19). Quartz grainsize 
for the samples analyzed has little influence on cleavage 
spacing. Spacing appears strongly dependent on mica 
grainsize for these essentially unconfined pelitic mineral 
fabrics (i.e. fabrics where the pelitic layer thickness is 
effectively infinite with respect to the width of the micas 
present). The analysis indicates the relationship to a first 
approximation is of the form: 

S ~- Wa - 0.49• + 160 (1) 
where S = cleavage spacing (~), W a = 'dominant 
wavelength' (W) and l = mica length (W). The micas in 
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Fig. 7. Graphs of crenulation cleavage spacing (1~) vs confinement distance (ram) for a pre-existing crenulation cleavage 
fabric (a) and lithological layering fabrics (b, c and e). Points on each graph represent the mean of 30- 50 cleavage spacing 
measurements. Bar lengths indicate the standard deviation. Fabric sketches (d) and (f) show the measurement locations for 
specimens (c) and (e) respectively. (a) Bermagui, N.S.W. (MU. 10537). (b) Sofala, N.S.W. (MU. 10610). (c) Blowering 

Dam, N.S.W. (MU. 10525). (e) West Moruya, N.S.W. (MU. 10522). 

the fabrics analysed all have aspect ratios (t/w) less than 
10. When  fold interference occurs due to contact strain 
effects f rom closely-spaced, adjacent  layers, that  is the 
confined layer case, then the above relationship does not 
hold. This is shown by samples MU.  10523 and MU. 
10539 (Fig. 6a) which do not fall along the lines of best 
fit. Both have cleavage spacing smaller than that 
expected for their particular mica size, a variation 
related to the presence of larger mesoscopic folds. 
Figure 7(d) shows that variations in cleavage spacing for 
any given layer do occur around asymmetr ic  mesoscopic 

folds. Da ta  f rom MU. 10523 and MU. 10539 were 
consequently not included in the linear regression 
analysis. 

In contradiction to the relationships defined in Fig. 6, 
Pot ter  (1968, p. 284) claims there is no direct relation- 
ship between the size of microfolds in a confined 
micaceous fabric and the lateral dimensions of indi- 
vidual mica flakes. However ,  no data on mica lengths is 
given in the paper  to substantiate this. Examinat ion of 
his photomicrographs (Potter  1968, plate 10) shows no 
marked  variation in mica length for the samples pic- 
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tured. It is therefore suggested that the micas in these 
rocks did not show sufficient length variation to signific- 
antly affect the microfold wavelength. 

Mineral proportions 

No direct analysis of the effect of mineral proportions, 
such as the ratio of quartz to mica, on either microfold 
wavelength or cleavage spacing is attempted in this 
paper. However, a study of cleavages in psammitic rocks 
(Gray 1978) indicates that mineral proportions do 
influence microfolding in statistically homogeneous fab- 
rics. Proportions of flaky minerals (e.g. micas) compared 
to the more rigid, less inequidimensional minerals (e.g. 
quartz and feldspar) appear to determine whether mic- 
rofolding will occur. Poly-deformed psammites with the 
lowest proportions of flaky minerals (< 30%) do not 
contain microfolds associated with second generation 
or later cleavages (see fig. 16, op. cit.). In fact these 
develop rough cleavages instead of crenulation cleav- 
ages. The periodicity of the rough cleavages is generally 
dependent on the grain size of quartz and feldspar in the 
rock. It is suggested here that proportions of flaky mine- 
rals relative to other minerals will also influence the 
wavelength of the microfolds that develop. 

Confinement distance 

Confinement distance (cf. Biot 1964, fig. i) is the 
thickness of a medium confined between two rigid 
layers. In this paper the term refers to the thickness of a 
micaceous or pelitic layer sandwiched between two 
quartzose or psammitic layers. Graphs of confinement 
distance (/-/) vs cleavage spacing (S) for three composi- 
tional layering fabrics (Fig. 7b--d) and one re- 
crenulated crenulation cleavage fabric (Fig. 7a) show a 
definite correlation between these parameters; correla- 
tion coefficients range from 0.79 to 0.99 with a mean of 
0.91. Cleavage spacing, and therefore fold wavelength 
increases with increasing confinement distance. Potter 
(1968, fig. 5) has found similar relationships within 
deformed micaceous deposits from South Wales. This 
dependence of spacing upon confinement distance is 
however different for each sample. To a first approxima- 
tion the correlation is linear, but the equation of each 
line of best-fit is different. They all have the general 
form: 

S(=Wa) = m. H + b (2) 
(where S = cleavage spacing, W a = dominant 
wavelength, H = confinement distance, m = slope of 
line, and b = coefficient or line intercept), but different 
values of m and b. Obviously other parameters also 
influence the cleavage spacing. Graph e (Fig. 7) shows 
that cleavage spacing in particular layers will vary 
around larger mesoscopie folds. Spacing is much lower 
on the steeper limb with respect to the crenulation 
cleavage (i.e. sample points G, H, I, J and K) than on the 
corresponding flat limbs (i.e. sample points A, B, C, D, 
E, F, M, N, O, L, P, Q and R); this is reflected by a 
steeper slope of the best-fit line. It is clear that when 

mesoscopic folds develop in the confining layers, as illus- 
trated in Fig. 7(d & f) and Fig. 13 (b & d), the cleavage 
spacing in the pelite is modified. This is most likely due 
to increased shortening across the fabric combined with 
angular shear (~) along the limbs associated with limb 
rotation of the microscopic folds. The original mic- 
rofolds on these limbs become asymmetric and their 
long, steep limbs move closer together such that the 
cleavage spacing is reduced. 

Grain size and mineral proportions are also probably 
responsible for some variations among the m and b 
coefficients of the graph. Fabrics with identical confine- 
ment distances but different grain sizes and/or mineral 
proportions will have different microfold wavelengths 
and therefore cleavage spacings. All of these factors 
interact to determine the microfold wavelengths in 
statistically homogeneous fabrics. 

Layer thickness 

In multilayer fabrics the layer thicknesses determine 
fold wavelengths. A ratio of competent layer thickness 
(tl) to the incompetent layer thickness (t2) , that is the 
multilayer ratio, is used to provide a measure of layer 
spacing. Graphs of fold arc length (L) vs multilayer 
thickness ratio (tl/t2) for both lithological-layering mul- 
tilayer fabrics (Fig. 8a) and differentiated $1 layering 
multilayer fabrics (Fig. 8b) show distinct relationships 

al.s 
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Fig. 8. Graphs of fold arc-length (L) vs the multilayer thickness ratio 
(tl/t2) in lithological layering fabrics (Graph a) and differentiated S~ 
layering fabrics (Graph b). Measurements  were taken from several 
samples to obtain a range of multilayer thickness ratios. Each point 

represents a mean of 30 - 50 cleavage spacing measurements.  
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between these parameters; correlation coefficients are 
0.90 and 0.86 respectively. The arc lengths of mic- 
rofolding in these fabrics will increase approximately 
linearly with increases in the multilayer ratio. The best- 
fit lines have the general form: 

L = m (tilt2) + b (3) 
where L = fold arc length, tl/t 2 = multilayer thickness 
ratio, and m and b are coefficients unique to each graph 
and therefore each fabric. These coefficients will vary 
depending on the contrast in rheological behaviour be- 
tween the layers. 

CLEAVAGE--FOLDING RELATIONSHIPS 

Another important aspect of crenulation-folds, apart 
from the morphological characteristics previously 
described, is their relationship to crenulation cleavage. 
Features of the cleavage related to the folding, such as 
cleavage location, cleavage length, cleavage spacing and 
cleavage type, have particular implications about the 
mechanical significance of both the cleavage and the 
folding. Previous work on crenulation cleavage has not 
attempted to establish what parameters determine the 
location, the spacing and the length of these cleavages in 
the various pre-existing fabrics. 

Cleavage location 

The location of crenulation cleavages in crenulated 
rocks has both Ethological and structural restrictions. 
Most commonly these cleavages are restricted to par- 
ticular lithologies within deformed layered rock sequ- 
ences (Fig. 13). The lithologies in which they occur have 
a distinct anisotropy, a feature which has long been 
recognized (cf. Knill 1960, Rickard 1961). Lithologies 
which have suitable anisotropy for crenulation cleavage 
development are (1) pelites which have a dimensional 
preferred orientation of flaky minerals, including bed- 
ding fabrics, slate fabrics (excluding the domainal 
types), schist fabrics, and psammites with well 

developed rough cleavage fabrics, and (2) laminated, or 
thinly bedded, multilayers including lithological layering 
fabrics, domainal slaty cleavage fabrics, pre-existing 
crenulation cleavage fabrics and thinly bedded psam- 
mites (see Gray 1977b, fig. 2). (1) and (2) correspond to 
statistically homogeneous and anisotropic multilayer 
fabrics respectively. 

Mesoscopic structure in deformed layered rock sequ- 
ences also controls crenulation cleavage locations. 
Variations in the style and intensity of structural ele- 
ments, which have been superimposed on pre-existing 
lithological variations, commonly produce a complex 
distribution of crenulation cleavage. The structural con- 
trols are primarily related to mesoscopic folding where 
the cleavages are restricted to certain parts of the folds. 
Observed relationships include (1) restriction of the 
cleavage to the limbs of symmetric folds (Fig. 13b), (2) 
restriction of the cleavage to the steep limbs of asym- 
metric folds, that is those limbs which intersect the 
cleavage at the smallest angle (Fig. 13c & d), (3) restric- 
tion on the cleavage to the hinge zones (Fig. 13e), and 
(4) uniform occurrence and uneven spacing across the 
folds (Fig. 13f). Microscopic observations of zonal 
crenulation cleavages indicate that their location is 
dependent on the position of microfolds within the 
mesoscopic folds. Since the discrete types develop from 
the zonal types (Gray 1977b, 1979) it is suggested that 
the position of all crenulation cleavages are determined 
by the locations of microfolds in crenulated and 
mesoscopically folded fabrics. The described spatial 
variations in cleavage across mesoscopic folds reflect the 
distribution of strain both around and across the folds. 

Cleavage length 
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Crenulation cleavages have finite length. Their 
lengths are variable and are commonly dependent on the 
confinement distance (/-/), that is the thickness of the 
pelitic layer in which they occur (see Fig. 13 a & c). 
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Fig. 9. (a) Graph  of fold arc-lengths (L) vs vein thickness (t) for the buckled veins shown in Fig. 12. Each point  represents  a 
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graph. (b) Graph  of fold arc-length (L) vs cleavage length (lc) for buckled veins and their associated discrete crenulation 
cleavages in the  poly-deformed slate shown in Fig. 12. Numbers  of  the cleavage length measu remen t s  are shown in brackets 

on the  graph. 
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the cleavages do not generally terminate against layer 
boundaries but are isolated within the pelitic layers. 
Parameters other than pelitic layer thickness must deter- 
mine the cleavage lengths in this situation. Since both 
the discrete and zonal varieties of crenulation cleavage 
develop due to differentiation of microfolds (cf. Gray 
1977b, 1979) then their length has to be determined 
by the extent of the microfolds. This is supported by the 
fact that the discrete types are nearly always transitional 
into microfolds at their terminations. Furthermore, in 
slates where discrete types are most common (Gray 
1977b, fig. 3), there is microscopic evidence for a con- 
tinuous transition from microfolds to zonal cleavages to 
discrete cleavages (Gray 1979, fig. 2). This implies that 
the length of discrete cleavages must be determined by 
the length of the microfolds parallel to their axial plane 
in profile section. 

Cleavages associated with isolated buckled competent 
layers, such as quartz veins in pelite, show different 
relationships. These cleavages extend laterally from the 
limbs of the buckle folds into the matrix. Their lengths 
appear related to the buckles because the folds of large 
wavelength have the longest cleavages associated with 
them (see Fig. 12). Analysis of the folded veins in Fig. 12 
(see Fig. 9b) shows a definite correlation (r 2 = 0.95) be- 
tween length (lc) and the fold arc length (L). It is sug- 
gested that the cleavage lengths define the extent of con- 
tact strain away from the folded veins. The contact strain 
perturbations were initially reflected by microfolds in 
the matrix which subsequently developed into crenula- 
tion cleavages. Analysis of the arc lengths (L) of the 
folded veins (Fig. 9a) shows that their arc length is 
dependent on the vein thickness (T), a feature which is 
characteristic of buckle folding (cf Biot 1957, Ramberg 
1959, Sherwin & Chapple 1968). To a first approxi- 
mation the relationship between cleavage length (Ic) 
and the arc length of the buckles (L) is given by: 

I c= 1.7L + 2.7 (4) 
The coefficients must reflect the competency contrast 
between the quartz veins and the pelite matrix. 

Cleavage type 

The type of crenulation cleavage, that is discrete or 
zonal, which develops in a crenulated fabric is appa- 
rently independent of crenulation-fold parameters. 
Graphs of fold shape, fold tightness, fold asymmetry and 
apparent percentage shortening crenulation cleavage 
type (see Gray 1977b, fig. 6) do not show distinct 
clusterings which would relate cleavage type to any par- 
ticular fold parameter. Although folding is a necessary 
prerequisite for crenulation cleavage development the 
cleavage morphology is determined by other parame- 
ters, in particular the pre-existing fabric and the amount 
of solution-shortening (Gray 1977b). Since the discrete 
cleavage types develop from the zonal types with 
increased solution shortening then areas with discrete 
cleavage have undergone greater shortening than areas 
with zonal cleavages in the same rock. Variations in 
cleavage morphology firstly across mesoscopic folds, 

and secondly within individual fabrics, indicate strain 
inhomogeneity through these fabrics. 

DISCUSSION 

Folding theory, folding experiments and crenulation-folds 

The geometric forms of folds are largely attributed to 
a combination of (1) the mechanical properties of the 
individual layers, (2) the degree of interlayer cohesion, 
and (3) the direction of the applied force responsible for 
folding with respect to the layering or anistropy. Four 
main types of folding have been recognized (cf. Hud- 
leston 1973a): 

1. Buckling (Ramberg 1963a)--where layer parallel 
loading of 'active' layers produces instabilities 
which may develop into folds 

2. Bending (Ramberg 1963a)--where non-uniform 
forces act across either 'active' or 'passive' layering 
to produce folds 

3. Passive folding (Donath 1963)--where forces act 
across 'passive' layering to produce folds 

4. Kinking (Paterson & Weiss 1962)--where forces 
both parallel and oblique to well-developed laye- 
ring produce folds with angular hinges and straight 
limbs which are confined to discrete zones 
although kinking is now considered to be a special 
form of buckling (Johnson 1970, 1977, Cobbold et 
al. 1971, Cosgrove 1976, Honea & Johnson 1976). 

Aspects of these folding types are described and dis- 
cussed by Ramberg (1963a), Ramsay (1967) and Hud- 
leston (1973a, b). This discussion section relates the 
described characteristics of crenulation-folds with these 
defined types in an attempt to determine the mechanics 
of crenulation-fold development. 

The geometrical analysis and the wavelength analysis 
of crenulation-folds have shown that the pre-existing 
fabric in crenulated rocks has not behaved in a truly pas- 
sive manner during crenulation-fold development. Class 
2 folds are supposed to indicate passive layer behaviour 
(Ramsay 1967, Hudleston 1973a, b). None of the 
crenulation-folds examined have exact similar (class 2) 
geometry but always consist of alternating class 1 and 
class 3 forms. The pre-existing anisotropy must play an 
active role in crenulation-folding because the type of 
anisotropy affects the morphology of the crenulation- 
folds which develop (see Fig. 2). Furthermore features 
of these fabrics such as thickness of pelitic layers 
(confinement distance), grain size of mica and the mul- 
tilayer thickness ratio markedly influence crenulation 
fold wavelengths (see Figs. 6 & 9). Lack of microstruc- 
tural evidence for significant movement along crenula- 
tion cleavages (Gray 1979) and the fact that all crenula- 
tion cleavages in rocks for which strain has been anal- 
ysed thus far are subparallel (to within 4 ° ) of the prin- 
cipal XY plane of the total bulk crenulation strain ellip- 
soid (Hara et al. 1968, Gray & Durney 1978, 1979a) 
both indicate that the once popular idea of a passive-slip 
fold (Donath & Parker 1964) origin for crenulation- 
folds is not really valid. 
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This restricts crenulation-folding to types 1 and 2 
above where the layering plays an active role in the fold 
formation. This assumes though that kinking (type 4 
above) is a buckling phenomenon. However, the 
wavelength relationships described previously, in par- 
titular the dependence of wavelength on competent 
layer thickness, mica length and confinement distance, 
are characteristic of buckling folds and not bending 
folds. Furthermore, bending folds are not as common as 
buckling types, and are predominantly associated with 
contact strain zones around (1) salt and magma diapirs, 
and (2) boudins, and pebbles in deformed conglomer- 
ates (cf. Ramberg 1963a). Analyses of deformed veins 
(Hara et al. 1968, p. 65) and poly-deformed porphyro- 
blasts (Gray & Durney 1979a) in crenulation cleavage 
fabrics have shown that compression responsible for 
these crenulations must have been at a relatively low 
angle to the pre-existing anisotropy; and this implies a 
buckling deformation. The calculated strain distributed 
is incompatible with bending folds (cf. Ramberg 1963a, 
pp. 1-10). 

Since most crenulation-folds are discontinuous, 
heterogeneously developed and often confined to par- 
ticular lithologies (Fig. 13) they are geometrically 
'internal' structures (see also Cosgrove 1972, 1976). 
This feature, combined with the dependence of 
wavelength upon confinement distance, is indicative of 
internal buckle folding (Biot 1963, 1964, 1965). The 
displacements accompanying this type of folding are 
restricted to a layer or zone of limited thickness. 
Crenulation-folds are therefore probably best described 
on the whole by internal buckling theory (self and rigid 
confinement respectively) rather than by unconfined 
buckling theory, which describes the buckling instability 
of a single layer or multilayer embedded in a relatively 
more ductile medium. 

Internal buckling theory dictates that these folds are 
initiated as periodic instabilities within an anisotropic 
medium of 'infinite' or finite extent (Biot 1963). The 
anisotropy may be either (1) a homogeneous kind, for 
example, a statistically homogeneous slaty or schistose 
fabric, or (2) a layered kind consisting either of regularly 
alternating layers of differing viscosity, that is a regular 
multilayer, or of layers separated by planes of easy slip 
(Cobbold et al. 1971, pp. 25-26). For perfectly 
homogeneous fabrics a minimum wavelength compat- 
ible with the microstructure develops (Biot 1964, p. 
567). This wavelength is therefore not only dependent 
on the confinement distance but also on the dimensions 
of the platy constituents (see section on crenulation-fold 
wavelengths; also Cobbold e ta | .  1971). This agrees well 
with the observations, firstly that crenulations in 
homogeneous geological materials are small scale struc- 
tures and secondly that the minimum crenulation 
wavelength in slaty fabrics is generally lower than in 
schist fabrics. Such relationships are shown in Fig. 6 
where it is clear that the length of mica in unconfined 
(i.e. the confinement distance is very much larger than 
the thickness of the flaky minerals) pelitic layers strongly 
influences crenulation-fold wavelength. The coefficients 

of equation (1), derived from Fig. 6 (a), must depend on 
other parameters, such as the thickness of the flaky 
minerals, the proportions of flaky to non-flaky minerals, 
and the amount of angular shear that the anisotropy has 
been subjected to (see section on crenulation-fold 
wavelengths). All these parameters determine the 
bending rigidity of the medium, that is the resistance of 
the medium to the vertical movement of the folding. 
Biot (1964, p. 563, equation 1 ) in a discussion of internal 
buckling within a laminated elastic medium under a 
plane stress, relates this bending rigidity to the factor 4M 
~2 in a threshold equation: 

P = 4M~ 2 + L(1-~2) 2 (5) 
where P = compression, ~ = L/2H, L = wavelength, H = 
confinement distance, and L and M are elastic coeffi- 
cients of the medium. M is considered to represent the 
overall rigidity of the medium. 

Wavelengths of internal buckle-folds in multilayer 
fabrics are dependent on confinement distance and the 
thickness of the competent layers. To a first approxima- 
tion these relationships are expressed by: 

W a = 1.9 (till) i (Biot 1964, equation 20) (6) 
where W a is the dominant wavelength (that is the 
wavelength initiated at the lowest stress if the system of 
layers are elastic or the wavelength of the component 
with the highest rate of amplification if the layers are 
viscous), t 1 the competent layer thickness, and H the 
confinement distance. This implies that the wavelength 
is independent of the material properties, such as elastic 
coefficients of the layers or their viscosity ratio. How- 
ever, investigations of crenulation-fold wavelengths in 
two different multilayer fabrics (Fig. 9) where H was 
very large compared to the layer thickness, suggest that 
the layer properties have influenced the wavelengths of 
these folds. Wavelengths of folds developed in both a 
lithological layering and a differentiated $1 layering are 
clearly dependent on the multilayer ratio (h/rE). Each 
relationship is of the form expressed by equation (3) 
with different coefficients m and b. It suggested that 
these differences reflect the inherent differences of the 
original layering and its material properties. 

Different orders of folding, that is folds with more 
than one characteristic wavelength, may develop due to 
either (1) the selective buckling of layers with different 
rheological properties (cf. Ramberg 1964), or (2) 
interference of buckling strains due to varying layer 
spacing, or layer thicknesses, within the multilayer (cf. 
Currie et al. 1962, Ramsay 1967, Durney 1968, Johnson 
& Ellen 1974). 

One aspect which does not follow directly from the 
buckling theory itself is the finite development of fold 
shape, because the theory is concerned only with the ini- 
tial sinusoidal deformations. However, model experi- 
ments simulating fold development in multilayers con- 
sisting of various materials (Ramberg 1961, Ghosh 
1966, 1968, Johnson 1970, 1977, Cobbold et al. 1971, 
Honea & Johnson 1976) show complex variations in 
shape development. Various fold shapes, chiefly 
sinusoidal and kink-like, have been shown to develop 
out of initial, small amplitude, sinusoidal disturbances. 
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The reason for the appearance of kink forms is still a 
matter of debate (Johnson 1970, 1977, Cobbold et al. 

1971, Honea & Johnson 1976, Cosgrove 1976). How- 
ever, folding experiments in elastic multilayers (Honea 
& Johnson 1976) and folding theory (Johnson 1977, pp. 
389-398) indicate that although the initial instability 
pattern is always sinusoidal, kink folds will develop 
when multilayers either (i) have finite contact shear 
strength between layers and are comprised of layers with 
nearly the same properties, or (ii) are very thick and 
have stiff and soft layers with comparable moduli. 
Sinusoidal and concentric-like folds develop when mul- 
tilayers have either (i) low contact strength between 
layers, or (ii) very soft interbeds with high contact 
strengths. 

The analysis of crenulation-fold shapes in this paper 
suggests that the most common low amplitude fold 
shape in statistically homogeneous slate and schist fab- 
rics is sinusoidal. Sinusoidal, together with ellipsoidal 
shapes, are associated with the multilayers analysed. 
However, there is a tendency for kink-like and chevron- 
like folds to occur in psammite fabrics, a relationship 
dependent on the degree of development of rough 
cleavage (cf. Gray 1978). All these features obviously 
reflect the rheology of the pre-existing fabrics at low 
metamorphic grade. The multilayers have had either low 
contact strengths between layers or very high viscosity 
ratios between adjacent layers of high contact strength. 
The former is however more likely at these conditions. 

Further implications from theory and experiment 
relate to fold axial-plane directions. Axial planes may 
either form approximately normal to loading or as a 
conjugate pair oblique to loading, depending on the 
previously defined (see equation 5) ratio of wavelength 
to confinement distance (Blot 1963, p. 322, Johnson 
1970, Cobbold et al. 1971). They develop normal to 
loading under axial or oblique loading if ~ is small, pro- 
ducing harmonic symmetric or asymmetric folds respec- 
tively, while conjugate sets may arise if ~ is appreciable. 
Fabric parameters and the confinement distance there- 
fore not only determine fold wavelength, but also the 
relationships of the axial planes to the developing fold- 
instabilities. It is interesting to note that the majority of 
crenulation-folds analyzed from southeastern Australia 
do not have conjugate axial plane cleavages. In terms of 
frequency of occurrence, conjugate structures are 
scarce. This indicates that the wavelengths of these 
natural crenulations, which are dependent on the fabric 
parameters, must generally be much smaller than the 
confinement distance, such that ~ is generally small. So- 
called conjugate cleavages have however been described 
by Knill (1960b) and Williams (1972). 

Asymmetry, a common feature of crenulation folds 
has also been investigated experimentally (Ghosh 1966, 
Cobbold et al. 1971, Honea & Johnson 1976, Ramberg 
& Johnson 1976). It has been shown that asymmetrical 
folds result when the layering is oblique to the loading 
direction. Their development requires either simul- 
taneous layer-parallel sheafing and shortening, or layer- 
parallel shortening followed by shear (Johnson 1977, p. 

397). Layer-parallel shear followed by shortening will 
not produce asymmetrical folds. Many asymmetrical 
crenulation-folds form as parasitic folds along the limbs 
of larger wavelength folds. Originally symmetrical, the 
crenulations develop asymmetry due to layer-parallel 
shear acting along the limbs of the larger folds as they 
develop. This development sequence has been verified 
experimentally by Ramberg (1963b, 1964). 

S I G N I F I C A N C E  O F  C R E N U L A T I O N - F O L D S  

Crenulation-folds have important implications for 
cleavage development in crenulated rocks. These folds 
not only represent the initial disturbances, or strain 
perturbations, which are necessary for crenulation 
cleavage development, but they determine the location, 
the spacing and length of the cleavages in the fabric (see 
section on cleavage-folding relationships). The 
differentiation responsible for this variety of cleavage is 
intimately associated with the folding (cf. Cosgrove 
1972, 1976, Gray 1976, 1979, Gray & Durney 1976, 
1979b, Fletcher 1977b). The cleavages coincide with the 
limbs (zonal cleavage types) or the former limbs (dis- 
crete cleavage types) of the associated microfolds. Their 
development involves a redistribution of minerals across 
the microfolds, primarily solution-transfer of leucocratic 
minerals from microfold limbs to adjacent hinges at low 
grades of metamorphism. The limbs and hinges of folds 
in crenulated fabrics therefore represent potential sites 
of differentiation. A combination of other factors, stress 
and fabric related (cf. Gray & Durney 1979b) deter- 
mine firstly whether differentiation will occur, and sec- 
ondly whether a distinct cleavage will develop. In short, 
the folds associated with crenulation cleavages are a 
necessary pre-requisite for development of crenulation 
cleavages. 

Crenulation-folds also play an important part in the 

Fig. 10. Sketch of a discrete crenulation cleavage showing the strain 
perturbations within the host anisotropic fabric necessitated by 

development of the cleavage. 



Fig. 12. Poly-deformed slate from the Silurian Chesleigh Formation, Sofala, N.S.W. Thin, cross-bedded, sandy interbeds 
delineate bedding (So). A slaty cleavage (St), developed within the pelite is crenulated and truncated by a sub-horizontal 
discrete crenulation cleavage ($4). Buckled veins (sub-vertical) in the fabric have influenced the location, the spacing and 
length of the S 4 cleavages. Vein segments V 1 through V 6 show where measurements were obtained for the analyses depicted 

in Figs. 5 and 9. (Specimen by courtesy of M. J. Horden.) 
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Fig. 13. Photomicrographs a, b and c illustrate the geometrically 'internal' nature of crenulation-folds and crenulation 
cleavages, d, e and f show various spatial relationships between crenulation cleavages and crenulation-folds. (a) Discrete 
crenulation cleavages and associated microfolds confined to a pelitic layer with a distinct slaty anisotropy. Bermagui, 
N.S.W. (b) Zonal crenulation cleavages developed in a pelitic layer with a bedding plane fabric. The cleavages occur along 
the limb of a larger asymmetric mesoscopic fold. Llandeilo, Wales. (c) Asymmetric microfolds and zonal crenulation cleav- 
ages confined to a pelitic layer along the larger mesoscopic folds. Gundagai, N.S.W. (d) Discrete crenulation cleavages 
developed in pelitic layers along the steeper limbs of asymmetric folds in a lithologieal layering fabric. Limerick, N.S.W. (e) 
Zonal crenulation cleavages in pelitic layers confined to the hinges of folds in a lithological layering fabric. Gundagal, 
N.S.W. (f) Unevenly spaced discrete crenulation cleavages in a pelite layer showing a relatively uniform occurrence across 

the fabric. Gundagai, N.S.W. 
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Fig. 14. Incipient crenulation cleavage (vertical) in a crenulated slate 
from Cooma, N.S.W. (MU. 10535). The cleavage (c) is a zone of 
accentuated echelon slaty cleavage traces which are coincident with 
the steep limb of an asymmetric microfold. This zone is transitional 
along its length into undifferentiated portions of the microfold(m). 
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propagation of crenulation cleavages. Crenulated fab- 
rics with discrete cleavage types always show a transition 
from undifferentiated microfolds to zonal cleavages to 
discrete cleavages (e.g. Gray 1979, fig. 2). This transi- 
tion is the result of increased differentiation, and there- 
fore increased solution shortening, across individual 
microfolds. Because firstly there has been a volume 
reduction along these discrete cleavage discontinuities 
(d.  Gray 1979) and secondly because the rock is con- 
tinuum, strain inhomogeneities must exist at their 
lengthwise terminations. This is reflected by the pre- 
sence of microfolds there; i.e. discrete cleavages are 
transitional into microfolds at their lengthwise termina- 
tions (Fig. 14). The shortening due to the volume loss 
accompanying cleavage development is accommodated 
by micro-buckling of the host fabric anisotropy 
immediately adjacent to the cleavage terminations (see 
Fig. 10). It is suggested therefore that discrete crenula- 
tion cleavages propagate lengthwise due to a continual 
development, and subsequent differentiation, of mic- 
rofolds ahead of the cleavage. 

CONCLUSIONS 

Crenulation-folds are initiated as buckling 
instabilities in stressed anisotropic materials. Their finite 
shape development is dependent on the degree of 
amplification and propagation (cf. Cobbold 1976), the 
confinement distance, the viscosity ratio of the mul- 
tilayer or elastic moduli of the layers, layer thickness, 
grain size and proportion of flaky minerals, and the 
degree of associated cleavage development. The 
cleavage development is determined by the amount of 
crenulation strain and other stress fabric related 
parameters, which include grain shape, grain orienta- 
tion, initial solubility of mineral phases, grain-boundary 
diffusion kinetics, nature of grain contacts and the 
microfold wavelengths (cf. Gray & Durney 1979a). 
Obviously the degree of cleavage development and the 
amplification and propagation of the associated folds, 
reflected by their interlimb angles, are interrelated 
because the latter markedly influences the differentia- 
tion process and therefore the degree of cleavage 
development (see Marlow & Etheridge 1977, fig. 8, 
Gray 1979, figs. 11 and 12). The buckling instabilities 
associated with propagating crenulation cleavages are of 
two types, each characterized by different wavelength- 
controlling parameters. These instabilities shown 
schematically in Fig. 11 (a) are: 

(1) Type A Instability: represented by internal buckle 
folds within a confined anisotropic medium (Figs. 
l l a ( i ) ,  7 (a-c), 14). This is the most common 
buckling instability associated with crenulation cleav- 
ages. The positions and extents of the micro-buckles 
(Type A instabilities) within the confined medium 
determine the location, spacing and length of the 
crenulation cleavages which develop. Because different 
orders of confinement exist in geological fabrics, for 
example the distances H 1 and H 2 in Fig. 11, internal 
buckle folds of different wavelengths may develop, as 

b 

TYPE A INSTABILITY TYPE B INSTABILITY 

,I ~ b_ . - - ~  .~-~ 
~- .-.:: !:..;-.:.?: :.: ! ::i :~'!.-:. ::,: :-;:-:l ~_,, ~ 

a. 

Fig. 11.(a) Schematic representation of the two main types of buckling 
instabilities associated with crenulation cleavage development. The 
instabilities are described in the text. (i) Type A buckling instability: 
Wavelengths (W-~ are dependent on confinement distance (H.J and 
properties of the multilayer, such as thickness of the competent layer 
(tl). (see equation in b). (ii) Type B buckling instability: Wavelengths 
(W) are dependent on competent layer thickness (t), the viscosity ratio 
between the layer and host (Izl/~.2), and the value of finite strain (S), 
given by: 

6"~ t " 1968, equation 6) 
The zone of contact strain (Zc) is given by: 

2 (Ramberg 1960, P. 43) Zc= ~W 
(b) Sequence for the development of two orders of internal buckle 
folds (type A instability) in a confined lithological layering fabric sub- 

iected to a layer parallel compression. 

shown by W 1 and W 2 respectively (see also Fig. 7d & e). 
Wavelengths of the early formed micro-buckles (W 1 in 
Fig. 11) will be modified during development of the 
larger wavelength folds (W2). Their wavelengths will 
decrease and they will develop asymmetry along the W2 
fold limbs. 

(ii) Type B instability: represented by contact strain 
inhomogeneities (buckle folds) adjacent to isolated, 
buckled, competent layers within an incompetent, 
anisotropic medium (Fig. 1 la(i) & (ii)). These micro- 
buckles are initiated as strain perturbations, defined by 
the flow cells of Cobbold (1976, figs. 3 and 5), within the 
medium surrounding the buckled competent layer. They 
originate adjacent to the limbs of the folds in the compe- 
tent layer and propagate lengthwise into the host 
medium. The extent of the contact strain, and therefore 
the micro-buckles, is dependent on the dominant 
wavelength of the buckled competent layer (cf. Ram- 
berg 1960, p. 43). Clearly the positions, spacing and 
lengthwise extent of the associated crenulation cleav- 
ages must be dependent on the wavelengths and amp- 
litudes of the buckles in the competent layer (see Figs. 
9b, 13). 
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