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The development of a single cleavage in an area of repeated folding 

CATALINA M. LuNEBURG* and HERMANN D. W. LEBIT* 

Geologisches lnstitut ETH-Z. 8092 Ztirich, Switzerland 

Abstract-Structural investigations in the Variscan fold interference pattern of SW Sardinia (Italy) document 
an intriguing example of the relationship between cleavage, folding and finite strain. Although Palaeozoic sedi- 
ments were affected by two major folding events, both under identical low-grade metamorphic conditions. 
only a single penetrative cleavage formed, which is not unambiguously correlated with either of these events. 
Cleavage orientation changes smoothly along sigmoidally curving trajectories throughout the interference pat- 
tern. Thus, the same cleavage can be axial planar to either the first or the second phase folds. or transect both 
when curving from one set into the other. The singularity of the cleavage is supported by microscopic studies, 
which show no evidence of a pre-existing or overprinting tectonic cleavage. Finite strain determinations and 
numerous field observations demonstrate that cleavage always parallels the principal plane of finite strain, 
even though local strain varies according to the relative position in the fold interference pattern. Similar strain 
patterns were achieved by forward modelling of superposed buckle folds. Based on our findings we propose (i) 
that the finite strain pattern is due to the superposition of the heterogeneous strain fields associated with the 
individual folding events and (ii) that cleavage reflects the cumulative deformations that eflected the rock. This 
has consequences for the regional interpretation of cleavage in our study area and elsewhere, and for the dis- 
tinction between deformation phases in general. ~(‘1 1998 Elsevier Science Ltd. All rights reserved 

INTRODUCTION 

Structural patterns in most erogenic belts reflect com- 
plex deformation histories that result from the super- 
position of two or more heterogeneous deformation 
fields. In attempting to understand the evolution of 
these belts. structural geologists are faced with proble- 
matic and often controversial issues concerning the re- 
lationships between folds, cleavages and strain and 
their overprinting patterns. in order to determine a his- 
tory of deformation. 

This deformation history is commonly divided into 
successive phases which are defined by individual fold 
systems and sets of cleavages, distinguished by their 
style and orientation. as well as by the metamorphic 
conditions at the time of their formation. It is widely 
assumed that each folding phase is associated with a 
fabric, forming an axial planar cleavage or schistosity 
(e.g. Passchier and Trouw. 1996. p. 3). However, in 
many areas the concept of deformation phase subdivi- 
sion based on “each folding phase has its particular 
cleavage’. is not applicable. Controversial regions 
have, for instance, been described where two cleavages 
formed during a single phase of folding (Boulter, 1979; 
Powell and Rickard. 1985; Williams, 1985) or shear 
zone formation (Platt, 1984), or where folds are tran- 
sected by the cleavage (Stringer and Treagus, 1980; 
Ridley and Casey, 1989; Treagus and Treagus, 1992). 
In regions of progressive deformation or deformation 
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partitioning the concept of deformation phases may 

prove insufficient for describing the structural complex- 

ity (Campbell rf l/l., 1985; Williams, 1985; Tobisch and 
Paterson, 198X; Mawer and Williams, 1991). 

These problematic areas indicate that the geometri- 

cal and genetic relationships of folds. cleavages and 
finite strain are not as simple as often assumed. The 

critical questions we have to address concern the par- 

ameters which control the development of cleavage 

and folding as well as their timing, the relationship 
between cleavage and finite strain, and the active or 

passive behaviour of fabrics during a non-coaxial de- 

formation history (e.g. Ramsay, 1967; Ramsay and 
Graham, 1970; Treagus, 1973, 1985: Williams, 1977; 

Hobbs rt al., 1982; James and Watkinson, 1994). 

In an attempt to explore the above issues we have 
studied the relationships between cleavage, strain and 

two generations of folds in a 200 km- area of the 

Iglesiente region in Southwest Sardinia. This region is 

famous for its well exposed and beautifully developed 

regional fold interference pattern in which many layers 
contain excellent strain markers (e.g. Teichmiiller, 

1931; Arthaud, 1963; Poll and Zwart, 1964: Dunnet 
1969a,b). Thus. it is an ideal region for analysing clea- 
vage/fold geometries and their relationship to the state 
of finite strain within a complexly folded region. 

However, instead of two or more cleavages we were 
surprised to find only a single cleavage in this region 
that has a complex relationship to the fold geometry. 
It is the relationship of this single cleavage to the two 
major folding events that prompted our more detailed 
work presented in this paper. 
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Based on our mapping ( 1: 10 to I: 10,000). niicro- 
structur;tl investigations ( > 300 thin-sections). finite 
strain determinations ( > 100 samples) and f:ibric ana- 

lyses ( I IO samples). ivi well iis numerical modelling. we 
suggest that in Southwest Surdinia the cleavage rcllects 
the tinite strain accuniulated during Larious folding 
events. This conclusion has significant consequences 
for the interpretation of multiply deformed regions 
because it shows that structures can rcHect different 
time segments of ;I dclhriiiation history. 

GEOLOGICAL SETTING 

Sardinia. ;in Italian island in the western 
Mediterranean Sea, is chnracterised by ;i Palaeoroic 
basement preserving ;I transect through the European 
Variscnn erogenic belt (Ziegler. Ic)XX: Carniignani (‘I 
(I/.. 1994). In the north-enstern pnrt of the island 2ixial 
7one, amphibolite-fiicies rocks :lre exposed which 
decrease in metamorphic grade tmwds the southw2st 
(Carmiywni (‘I (I/.. I%%, IO%). 19Y9) (Fig. I). 

The Iglcsiente’Sulcis region of Southwest Sardinia 
belongs to the external mne 01‘ the Vnriscnn belt and 
consists of low-grade nictaniorphic Louver P:tlaeozoic 
sediments which ha\v been deforn~ed in two principal 

P 

fold forming events (Fig. 2). Excellent exposures allo\+ 
the description of fold interference patterns iind of ;I 
cmpletc, well preserved Palaeozoic sediment cycle 
(Rasctti. 1972; Cocozza and Jacobacci. 1975; Cocorza. 
1979: Bechstiidt (21 01.. 1094). The cycle begins b\ith 
Lowe] Cambrian dust ic sediments (Nebida 
Forn-mtion) followed by ;I 5irbonate platform series 
(Cionnes;~ Forn~ation). condensed nodular limestones 
(C’ampo Pisano Formation) md linely laminated silici- 
elastic sediments (Cabitm Formation) continuing into 
the Lomer Ordovician (Cocorza. 1975): Fanni (‘I r/l.. 
198 I; Carannantc c’t r/l.. 19X4; Bechstliclt v/ l/1.. 19xX. 
1994: Bcchstiidt and Boni. lc)Xc)). This succession is 
trunc:ited by the w-called Snrdic unconfomity and 
o\wlain bl- heterogeneous elastic sediments of 
Ordo\ ician nge. The Post-Sardic sediments (Monte 
Argentu Formation. Lifter Laske (‘I r/l.. 1994) consist 01‘ 
locul meg;l-brcccias ;II the base and conglonicratcs 
u ith LI~\z’;~I-c\ 2s ~vell ;IS latmrl trunsitions into sund- 
stones :~nd siltstones. 21s is to be expected in fl~n depos- 
its (Martini (‘I (I/., Ic)!Jl; Lnske (‘I r/l.. I%14: Lcbit. 
1995). The series is cowred by fossil-rich cl:lstic scdi- 
ments of C;irado&in to .Ashgillian age. 

The entire Palaeoroic succession has been dc- 
formed under lmv-grade nietaniorphic condition5 
(Franccschelli c’t (I/.. lc)% Liineburg. 1095) resulting in 
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a complex fold interference pattern of Variscan age 

(Fig. 2). An approximately E-W-striking fold set is 
refolded by N-S-trending folds forming dome -basin 
and crescent-mushroom patterns. Although these two 
folding events sufficiently describe the main features of 
the fold interference pattern shown in Fig. 2. two ad- 
ditional deformation phases have been proposed by 
some authors (Arthaud. 1963; Poll and Zwart, 1964: 
Poll, 1966; Dunnet. 1969a: Carmignani (I/ II/.. 1982). 
These authors believe that an earlier (Caledonian) de- 
formation phase folded the Pre-Sardic sediments 

(Carmignani c’f crl.. 197X: Barca (‘I r/l.. 19X5). an 
opinion which they base on the original interpretation 
of Stille (1939) that the Sardic angular unconformity 
WlS evidence for a significant tectonic even I 

(Teichmiiller, 193 I; most publications cite Stille’s oral 
communication from 1939). They suggest that the 
Sardic phase developed small-amplitude folds which 
are not recognisable in the fold interference pattern 
because they are ‘in phase’ with the first Variscan fold 
set forming E-W-directed folds. In contrast, the sec- 
ond Variscan N--S-trending folds clearly refold the ear- 
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her folds, forming a classical regional dome-and-basin 
interference pattern. This folding event is regarded as 
the dominant deformation phase associated with re- 
gional metamorphism, developing the cleavage and 
major fault systems (Arthaud, 1963; Dunnet, 1969a; 
Moore, 1969). Local kink folds with variably striking 
axes formed in a third Variscan phase which is given 
only secondary importance. 

ma1 anticlines into synclines and of antiformal syn- 
clines into anticlines (Fig. 3). 

It is important to emphasise that of the four 
suggested deformation phases only two produced wide- 
spread regional folding and only one phase is com- 
monly recognised as causing penetrative internal rock 
deformation in the form of a slaty or penetrative clea- 
vage. 

When all axes of the later folds are combined into a 
synoptic equal-area projection they show a broad 
great-circle distribution (Fig. 4). The great-circle fit of 
these axes coincides with the axial planes of the later 
folds. This axial plane divides the projection into two 
sectors corresponding to the limb regions of the super- 
posed folds. Within these two sectors the earlier fold 
axes spread along complex loci reflecting their reorien- 
tion. 

ANALYSIS OF FOLD INTERFERENCE PATTERN 

Any analysis of the geometry and chronology of 
superimposed folds requires determination of the axial 
orientations of the component folds and their spatial 
variation along the fold axial traces (Ramsay, 1957, 
1967 p. 358; Turner and Weiss. 1963 p. 169; Ramsay 
and Huber, 1987 p. 480). To determine fold axes orien- 
tations in the field, the cleavage/bedding intersections 
are commonly used, with the assumption that they are 
coaxial with the fold hinge. In complexly deformed 
areas, such as Southwest Sardinia, the intersection 
lineation is not necessarily parallel to the fold axis 
because the cleavage shows no simple geometrical re- 
lationship to either of the fold systems. Therefore, the 
orientations of fold axes were derived mainly from 
projection methods of bedding attitudes, such as 7r- or 
P-diagrams. However, these techniques can produce 
complex z-pole distributions or spurious concen- 
trations of /I-points in the complex non-cylindrical 
shapes arising from fold superposition. We have tried 
to avoid this problem by only analysing bedding atti- 
tudes found along sections perpendicular to the strike 
of the local axial plane. The successive application of 
this method along a hinge line leads to the best evalu- 
ation of the change in orientation of the local fold 
axis. 

Although the change in fold axis orientation is po- 
tentially due to different kinds of imposed defor- 
mation, certain fold mechanisms form characteristic 
patterns in projection. The observed axis orientations 
(Fig. 4) form loci comparable to those formed when 
linear elements are reoriented in flattened flexural folds 
(Ramsay, 1960, 1967, p. 461). Our numerical exper- 
iments on superposition of mechanical buckle folds, 
which will be described in the section on strain, also 
yield similar patterns of reoriented fold axes. When we 
imposed the fold-related heterogeneous deformation 
on linear structures, those located near the new hinges 
have their initial angles with the new fold axis reduced, 
and those in the limbs have them increased. The close 
coincidence of the theoretical with the natural distri- 
bution of refolded fold axes suggest that the super- 
posed folds were probably due to buckling or flexural 
flow folding. 

Although we were able to assess the geometrical 
arrangement of the component folds, the initial orien- 
tation of the first fold set cannot be fully determined 
for a fundamental reason: none of the pre-existing 
folds remain in its original orientation after the super- 
position. However, the average trend of the earlier fold 

Within the fold interference pattern, domains are 
distinguishable in which later folds with the same geo- 
metry and orientation dominate. These domains are 
separated by the hinge line of refolded earlier folds. 
For instance, in the Post-Sardic sediments of the 
corrstal NWN (Fig. 3) one common domain is character- 
ised by NNW-plunging second-phase fold axes with 
subvertical to downward-facing fold orientations. 
Adjacent domains to the south and to the north are 
dominated by upward facing folds plunging gently or 
moderately towards NNW, indicating that these folds 
have been superposed on an asymmetric fold system 
trending ENE. Such arrangements are interpreted as a 
type 2 fold interference pattern (Ramsay, 1967, p. 525) 
which is supported by the change of individual synfor- 

Fig. 4. C‘ocr.srtr/ wc~~: equal-area projection of early and late Sold 
axial orientations (see Fig. 3). Early axes are spread along a curved 
locus by being differentially reoriented by the late folding. The later 

fold axes fit a great-circle along the new axial plane. 
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hinges can be estimated by joining geometrically analo- 

gous points in the interference pattern (Ramsay and 

Huber, 1987, p. 496). In our field areas, the estimated 

average trend of the earlier fold axes is approximately 

east-west. 

In summary, the regional fold superposition in the 

Palaeozoic sediments of the Iglesiente/Sulcis is charac- 

terised by dome -basin as well as by crescents-mush- 

room structures as shown by the distribution of the 

major lithostratigraphic units in Figs 2 and 3. This 

fold pattern can be defined as type I 2 (after Ramsay, 

1967 p. 520; Ramsay and Huber, 1987 p. 494) with 

suborthogonal fold axes and variable angles between 

poles to first-fold axial planes and second-fold displa- 

cement direction. The regional consistent refolding of 

the Em W-trending fold axial planes suggests that these 

folds formed earlier than the No--S-trending ones. Both 

fold systems show similarity in fold style and interfere 

with approximately the same average wavelength. 

CLEAVAGE ANALYSIS 

Although the folded bedding clearly indicates the 
presence of two fold phases, there is only one cleavage 
developed. In the siliciclastic sediments of the Cabitza 
Formation and the Post-Sardic series it forms a pen- 
ctrative feature (Figs 5 6t 7) mainly developed as a 
slaty cleavage. 

The Cabitza Formation consists of irregularly alter- 
nating layers of sandstone. siltstone and mudstone of 
thicknesses varying from millimetres to centimetres. 
Macroscopically, a well developed slaty cleavage is 
present as a continuous and regular fabric when sand- 
stone layers are absent (Fig. 5a). In and around small- 
scale folds of the sandstone layers. cleavage is more 
disjunctive and varies in intensity due to the dilyerences 
in deformation between the lithologies (Fig. 5b). The 
Post-Sardic sediments consist 0 1. fining-upward 
sequences of conglomerates at the base. followed by 
decimetre-thick. relatively homogeneous sandstones 
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and siltstones with little internal bedding lamination. 
Folds have greater wavelengths than in the Cabitza 
Formation, and at the outcrop scale the slaty cleavage 
is more uniform in intensity and orientation (Fig. 5~). 
In the conglomerates, cleavage is developed predomi- 
nantly in the fine-grained matrix and refracts around 
pebbles elongated in the cleavage plane (Fig. 5d). 

Cleavage changes continuously in orientation and in 
intensity depending on its location within the fold 
interference pattern. This phenomenon has been 
observed at all scales in the fold systems. Regionally, 
the cleavage strikes approximately northhsouth, sub- 
parallel to the axial planes of the later folds, but 
locally it curves toward the axial plane of the earlier 
E W-trending folds. The cleavage traces form a 
smoothly curving trajectory pattern which can be fol- 
lowed through the different lithologies of the Post- 
Sardic sediments, the Cabitza Formation and adjacent 
units (Figs 3 & 6). The continuous trajectory pattern is 
one of the most illustrative arguments for the singular- 
ity of the cleavage within the fold interference pattern. 

In the Post-Sardic sediments of the c~~ustul UN/ 
(Fig. 3) certain areas are dominated by the early folds. 
Here the cleavage is approximately parallel to the axial 
surfaces of these folds. In other areas, the fold interfer- 
ence pattern is dominated by the superposed defor- 
mation (southeast part), and here the cleavage is 
oriented closer to the axial planes of the late folds. In 
still other areas (northwest part) the cleavage is not 
axial planar to either of the fold sets. However, all the 
cleavage-trace trajectories in the Post-Sardic sediments 
form a smoothly curving pattern. 

In the Cabitza Formation of the ~~~/~~s~LI.Y .s~wcline 

comparable patterns have been recognised. although 
they are regionally less consistent because the wave- 
lengths of folds in each system are smaller. In order to 
determine the intraformational fold interference pat- 
terns the formation has been subdivided by the relative 
proportion of the sandstone layers and the mineral 
content of the pelitic sediments (Ltineburg, 1995). In 
Fig. 6 we illustrate sectors within the Iglesias syncline 
as examples of cleavage trajectory patterns at specific 
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positions in the fold interference pattern. In the centre 
of the major E-W-trending syncline the earlier minor 
folds are dominant, and the cleavage curves toward 
parallelism with their axial planes (Fig. 6c & d). Near 
the northern and southern limbs of the syncline the 
cleavage becomes increasingly northhsouth oriented 
and thus approaches the attitudes of the axial planes 
of later and minor folds that locally are dominant 
(Fig. 6a & b). In transitional zones cleavage generally 
transects both fold systems (Fig. 6e). 

These transections of the fold axial planes are 
characteristic features of the Cabitza Formation as 
well as of the Post-Sardic sediments. Cleavage sub- 
orthogonally transects one fold system when it 
approaches an axial planar orientation to the other 
fold system. In transitional zones the angle between 
cleavage and axial planes varies gradually for both 
fold systems, making the sense of transection of the 
fold axes either clockwise or anticlockwise. 

FABRIC ANALYSIS 

The microscopic cleavage development in the 
Cabitza Formation and the Post-Sardic sediments is 

very similar to the macroscopic one. In the absence of 

competent sandstone layers, cleavage is uniformly 

developed with regularly and narrowly spaced domains 

(Fig. 7a). Where sandstone layers alternate with less 

competent material, deformation is heterogeneous and 

cleavage domains are irregularly spaced and refracted 

(Fig. 7b). In the Post-Sardic sediments cleavage is 

rather uniform and the domains are regular but widely 

spaced since the material is coarser grained and has a 

higher quartz content than in the Cabitza Formation 

(Fig. 7~). In conglomeratic layers the cleavage intensity 

tends to be irregular because the pebbles resist defor- 

mation (Fig. 7d). 

Microscopic studies of cleavage in the Cabitza 

Formation and the Post-Sardic sediments support the 

held observations of a single cleavage. The cleavage 

seems to be developed from an initial compactional 

and diagenetic fabric which was more strongly devel- 

oped in the argillaeceous Cabitza Formation than in 

the coarser grained Post-Sardic sediments. The nature 

of the cleavage is independent of its orientation and 

geometrical relationship to both fold systems, although 

its intensity varies. The microscopic features also indi- 

cate that difrerent mechanisms are involved in cleavage 
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formation including mechanical reorientation of grains, 
solution and recrystallisation processes. 

Observations on the grain scale with Scanning 
Electron Microscopy (SEM) indicate that detrital 
phyllosilicate grains are mechanically reoriented by 
local micro-folding of grain clusters and by rigid- 
body rotation. kinking or bending of individual 
grains (Fig. 8a). The macroscopic cleavage plane co- 
incides with the axial planes of the kinked crystals. 
The deformed phyllosilicates often show fine fissures 

in areas of stress concentration such as fold hinge 

zones which could indicate incipient solution pro- 

cesses. In these areas, oriented new phyllosilicate 
grains often grow along the axial planes of the kinks 
leading to the concentration of cleavage lamellae in 
domains. Detrital and newly grown grains could be 
distinguished not only by their geometrical arrange- 
ments in the fabric but also by their chemical charac- 
teristics such as iron-content and Fe/Mg ratio (as 

determined by micro-probe analyses). 

k=9.9 k=7.0 k=0.17 k=0.35 

N N 

; 0 pole to bedding i / 
0 pole to cleavage 1 ‘\ /’ ,*’ 

+ principal strain axes 
“-.J___.. c ” 
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t, <t2<ctg chlorite j 

b 

Fig. 8. SEM micrographs, phyllosilicate basal-pole distributions. and field data from two localities. (a) Kmking and 
micro-folding produce phyllosilicate pole girdles. (b) Grain growth produces a cluster with a strong point maximum. 
Fabric data have been rotated into geographic co-ordinates to compare with field data. (t, > /? > I? =elgenvectors, 

.x > I’> z = strain axes. ,4 = ellipsoidal shape factor.) 
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We suggest that the observed deformation mechan- 
isms dominate during different stages in the progress- 
ive development of a cleavage. Mechanical processes 
are known to be active mainly in the early stages of 
cleavage development, in areas of less deformation and 
low metamorphic grade (Knipe and White, 1977: 
Knipe. 198 I; Weber. 198 1). We propose from our 
microstructural observations that chemical processes 
become more important than physical at higher 
strains, because micro-folding and kinking accommo- 
date shortening LIP to I certain degree, and thereafter, 
progressive ‘lock up’ is reached (Ramsay, 1967, p. 
444). The preferential new growth of phyllosilicates 
leads to new development and successive widening of 
the cleavage lamellae. In late stages of cleavage devel- 
opment the fabric is dominated by a strong preferred 
orientation of newly grown grains and locally pre- 
served detrital grains (Fig. 8b). 

The samples analysed by SEM show a wide range of 
microscopic features. Some samples are dominated by 
kinking and a weak preferred orientation whereas 
others are dominated by recrystallised grains and a 
strong preferred orientation. This also is reflected 
macroscopically in the regional variation of the clea- 
vage intensity observed in the field. In order to C~LKUI- 

tify this we have measured the preferred orientation of 
the phyllosilicate grains by X-ray texture goniometry. 

Slaty cleavage is mainly caused by the preferred 
orientation of platy phyllosilicate minerals. This pre- 
ferred orientation can be statistically delined by 
measuring the orientation of phyllosilicate crystallo- 
graphic planes uith ;I X-ray texture goniometei 
(Siddans, 1976; Casey, 19X I : Oertel, 1983: Liineburg, 
1995). The method is based on the diffraction of X- 
rays by crystallographic lattices which. in the cast 01 
phyllosilicates, arc the strongly developed (00 I) basal 
plants which also dominate the shape of the grains. 
Therefore, the measurements provide not 01111, a crys- 
tallographic but also a grain-shape preferred orien- 
tation. The data are represented as pole fig~~res, u hich 
are developed by measuring the difl‘raction intensity in 
difTerent orientations and contoured according to the 
density distribution of basal-plane poles (Fig. 8). By 
finding the cigenvalues and eigen\cctors through n~i- 

meric:ll distribution analyses (Bingham distribution 
analysis) the three principal axes (II < t2 c t3) are calcu- 
lated which define the fabric ellipsoid. 

Samples from the Cabitza Formation and the Post- 
Sardic sediments yield a wide \,aricty of pole-tigure 
patterns. In Fig. 8, two pole figures with contrasting 
distributions are shown as examples together with 
SEM micrographs of the wne samples. Cluster distri- 
butions (Fig. 8b) or ablate fabric ellipsoids arc charac- 
teristic of rocks that show a strongly developed 
macroscopic cleavage in the tield. The point maximum 
or maximum principal distribution axis (t?) of phyllosi- 
licate basal plane poles always coincides with the pole 
to cleavage of the specimen. In contrast. the maximum 

principal axis (t?) of girdle distributions (Fig. Xa) is 
poorly defined whereas the minimum principal axis (t,) 
is well defined and coincides with the cleavage;‘bedding 
intersection measured in the field. The girdle distri- 
butions are characteristic of :I weakly developed clea- 
vage in the field. 

We suggest that the pole-figure distribution patterns 
are indicative of the different stages of cleavage devel- 
opment described above. In girdle structures. the high- 
est pole densities lie on the girdle and represent the 
limbs of micro-folds and kinks developed in early 
stagcs. The minimum principal axis (/l) represents the 
rotation axis of the phyllosilicate grains (cleavage,‘bed- 
ding intersection). Increasing new growth of phyllosili- 
cates leads to the development of a pole maximum (ti) 
on the girdle until, with intense tectonic deformation, 
a sharp maximum (cleavage pole) may be reached 
(Fig. Xb). 

The regional distribution of the pole figure patterns 
correlates with the cleavage intensity variation we ob- 
serce in the field. In single folds, for example, the 
strongest preferred orientations occur in the fold 
limbs. whereas hinge regions show low intensities. In 
refolded folds the distribution of the pole figure pat- 
terns is more complex. In the refolded steep limbs 01 
asymmetric folds, for example. the pole figures she\+ 
mainly girdle structures with steep rotational axes. In 
moderately dipping refolded limbs the superposed 
folds dominate and the pole figures show cluster distri- 
butions with the maxima correlating \\ith the cleavage 
observed in the field. 

In addition to the fabric analysts. X-ray difl‘raction 
techniques ha\c been i~scd to determine the mota- 
morphic grade b), illite crystallinitics. Mineralogical 
obser\,ations as well as the illite crystallinity data 
(Liineburg, 1995) indicate that the conditions for clca- 
\*arre formation u’ere low grade (ancliimet~imorpliic to 
lobier grccnschist liicies) throughout the Variscan fold- 
ing histoq, Illite crystallinities Lverc measured on the 
--c 2 /nil fraction of mica. This fraction contains the 
newlv grown grains (Kiiblcr. 196X). as seen in the 
SEM analyses of the same samples. Samples n ith Ned 
grab* ii grains. either parallel to the earlier or later 
folds. do not significantly dilt:r in illite cr) stallinit). 

STRAIN ANALYSIS 

To determine the geometrical relationship between 
cleavage and strain. and to invcstigatc the strain field 
associated with the fold interference pattern. tinite 
strain mcasuremcnts lverc made in rocks \&,herc apple- 
priatc strain markers were present. 

We use the term finite strain. according to Ramsay 
(1967. p. 55). to describe the final state of strain obser- 
vable in the rocks. as the end product of all defor- 
mation processes (Ramberg. 1959; Flinn. 1961). Other 
authors have introduced the term total strain to corn-- 
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pare strain, accumulated during the entire deformation 

history, with strain (finite), that has accumulated 
at any moment of a progressive deformation 
(Schwerdtner, 1976; Wood and Oertel, 1980). This dis- 
tinction is, however, often difficult to make since we 
can hardly reconstruct the complete deformation his- 
tory of an area. 

The most conspicuous strain markers are deformed 
pebbles in conglomerates of the Post-Sardic sequence, 
which can be directly observed in field outcrops 
(Fig. 5d) and locally reach metre size. Elongated re- 
duction spots occur in siltstone horizons of the same 
sequence (Fig. 5~). They are ideal strain markers 
because they consist of material with the same mech- 
anical properties as the surrounding matrix (Sorby 
1853; Wood, 1974; Wood and Oertel, 1980) and the 
shape of the deformed spots directly represents the 
strain ellipsoid (Ramsay, 1967, p. 187; Lisle, 1994). 
Most strain data were obtained from samples of fine- 
grained conglomerates with average grain sizes from 1 
to 4 mm (e.g. Fig. 7d). Strain analysis with this ma- 
terial has the advantage that image analysis can be 
applied to thin sections containing many markers in a 
small homogeneous field. The strain analyses are based 
on the Rr/&method, a technique which allows two- 
dimensional strain to be determined from initially non- 
spherical markers such as conglomerate pebbles 
(Ramsay, 1967, p. 202: Dunnet, 1969b; Dunnet and 
Siddans, 197 I; Lisle, 1994). We, therefore, employed a 
graphical computer program, designed by Martin 
Casey (ETH, Zurich), which allows an interactive fit of 
the scanned strain data to a set of curves of certain in- 
itial shape (onion curves). Each curve represents the 
finite strain as a hyperbolic function of the orientation 
of elliptical markers when a particular tectonic strain 
is applied. In order to gain a representative result from 
these analyses we usually sampled 50&200 objects of 
the same material in each section. 

Strains calculated from two-dimensional analyses of 
three suborthogonal sections were combined to define 
the shape and orientation of the three-dimensional 
finite strain ellipsoid (Ramsay, 1967, p. 121; Siddans, 
1980; Ramsay and Huber, 1983, p. 167). Although the 
three sections were usually made parallel and perpen- 
dicular to the cleavage plane we tried to avoid any in- 
itial assumption for the orientation of principal axes 
or principal planes in our calculation. For this purpose 
we used the program TRISEC (Milton, 1980) which 
computes the finite strain ellipsoid from three arbitra- 
rily oriented two-dimensional strains without initial 
assumptions for the orientation of the principal sec- 
tions. 

The orientation of the two greater principal strain 
axes is found from these calculations to lie always in 
the plane of the local cleavage. It does so throughout 
the entire fold interference pattern, even where the 
cleavage changes orientation. We therefore have used 
the cleavage, according to the results of our unrest- 

ricted strain analyses, to trace the strain trajectories in 

rocks without strain markers. The analysis also shows 
that the strain varies continuously and systematically 
through the two interfering fold systems from constric- 
tion to flattening (Fig. 9). This is also reflected by the 
cleavage which, although preserving a planar fabric, is 

less well defined in the constrictional than in the flat- 
tening strain field. Constrictional strain occurs mostly 
in domains of subvertical to downward-facing later 
folds, flattening strain mostly in domains of upward 
facing later folds (Fig. 10). These different domains co- 
incide in turn, with the overturned and normal limbs 
of the early folds, respectively. 

We suggest that the strain pattern is complex 
because it depends on the interaction of two strain 
fields, both highly variable. This implies not only a 
variable strain but also variable rotations (e.g. 
Ramsay, 1967, p. 121; Hobbs et ul., 1976, p. 31, or 

any textbook on continuum mechanics). When two 
strains follow each other, the strain tensors are matrix- 
multiplied. The resulting displacement gradient tensor 

is no longer symmetric and thus implies not only strain 
but also rigid body rotation. 

In order to test whether the regional finite strain 
pattern could be caused by the superposition of two 
strain fields associated with the two folding events, nu- 
merical simulations were performed. For the modelling 
we cumulated the deformations of two separate fold- 

ings, obtained by buckling experiments in multilayered 
finite element models (Lebit and Casey, 1995). Each 
folding represents a mechanical amplification of trans- 
versely isotropic materials (Biot, 1961; Cobbold, 1976) 
and is comparable to flexural flow folding, which co- 
incides well with our field observations. The numerical 
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Fig. 9. Logarithmic Flinn diagram of finite strain measured at differ- 
ent locations in the fold interference pattern. Strain ellipsoids range 
from prolate (constriction) to oblate (flattenlng), given by the ellip- 
soid shape factor X = logR,,;‘logR,, (Ramsay and Huber. 19X3. p. 

178). 
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Port0 Raffa, 
SW Sardinia 

Fig. IO. Porte RafT;) fold. Sketch of it refolded fold in Post-Sardic 
sediments of the c~orrsttrl wow (set Fig. 3 for location). Shape and 
orientation of the strain ellipsoids vary from the steeply to the gently 
dipping limb. The cleavage plane follows the XY-plane of the strain 

ellipsoid. (I< = ellipsoidal shape f:lctor.) 

fold interference pattern is the result of superposing 
two sets of perfectly cylindrical folds and does not, 
therefore, consider the mechanical influence of the pre- 
existing layer curvature. The final three-dimensional 
state of finite strain is calculated by diagonalisation of 
the positively defined symmetric decomposition of 
cumulated nodal velocity gradient tensors (e.g. 
Cobbold and Percevault, 1983). The final topography 
of the refolded layers is obtained by summation of the 
corresponding displacement vectors. 

When the folds are arranged as in the mapped inter- 
ference pattern (suborthogonal type II fold superposi- 
tion) the computed strain pattern resembles cleavage: 
strain orientations and strain magnitudes obtained by 
our measurements. Figure 1 I illustrates the excellent 
coincidence in calculated XY-plane of finite strain (a) 
and cleavage (b). by their contoured pole figures. The 
spatial variation of the finite strain orientation also re- 
sembles well the sigmoidally curving cleavage tra.jec- 
tories in the field (Figs 3 & 6). The fluctuation of 
calculated ellipsoidal strain shapes correlates with their 
measured counterparts ~1s it is shown in Fig. I I(c) and 
(d) by logarithmic Flinn-diagrams. Comparisons of 
finite strain shapes between locations in the numerical 
model and the observed fold interference pattern yield 
further similarities. Both form equivalent distribution 
patterns, characterised by flattening in the gently dip- 
ping limb of the earlier fold system and constriction in 
the overturned limb as it is demonstrated by the natu- 
ral example of Fig. IO. 

SUMMARY AND DISCUSSION 

The results of our field and analytical investigations 
have significant implications for the interpretation of 
tectonic regions and their deformation histories. They 
also provide new insights into ongoing debates on clea- 

vage development in complex deformation histories 
and its relationship to finite strain, and raise new ques- 
tions regarding the behaviour of fabric during non- 
coaxial deformation. 

The most important result from our studies in 
Southwest Sardinia is that a single penetrative cleavage 
is developed during the generation of two fold sets, 
and is related to both of them. The well exposed inter- 
ference pattern in the low-grade metamorphic 
Cambro-Ordovician rocks consists of early E-W- 
trending folds refolded by N-S-trending folds. 
Cleavage orientation changes locally from north-south 
to east-west directions. resulting in sigmoidally curving 
cleavage trajectories. Thus. cleavage is locally parallel 
to the axial planes of both fold systems or transects 
them, so that it cannot be unambiguously related to 
either of the fold sets. Instead. we suggest that the 
cleavage is relwted to the state of finite strain, that is 
always perpendicular to the direction of principal finite 
shortening. 

The singularity of the cleavage is supported by 
microscopic studies, which show no evidence of a prc- 
existing tectonic cleavage or any later overprinting, 
such as newly formed crenulation cleavage. Electron 
microscopy shows that phyllosilicate preferred orien- 
tation is achieved by rotation, kinking. or micro-fold- 
ing of detrital grains and by preferential growth of 
new grains parallel to the cleavage plane. As slaty clea- 
vage develops, it is suggested that mechanical ;iccom- 
modation mechanisms give way to chcmicul processes 
with increasing shortening. These deformation mech- 
anisms ii re reflected in the pole-figure putterns 
obtained from X-ray texture goniometry. in which the 
statistical distribution of the phyllosilicates is 
measured. The patterns indicate the locnl stage of clea- 
vage development which varies in the interference pat- 
tern. 

Finite strain analyses of deformed pebbles and re- 
duction spots vary statistically from flattening to toll- 
striction. This variation is systematic throughout the 
fold interference pattern, showing strong correlations 
of constrictional and flattening strain domains with 
certain geometrical arrangements of fold superposition. 
Similar to the cleavage orientation. strain in the intcr- 
fercnce pattern depends on the local strength of both 
folding phases. This suggests that the cleavage orien- 
tation is ii function of the relative degree of dcfor- 
mation caused by the two folding events. Where strain 
caused by one fold set is dominant. cleavage orien- 
tation approximates its axial plane: where neither is 
dominant the cleavage orientation is intermediate 
between the two axial planes (Fig. 1%). On ;I regional 
scale. the heterogeneous strain shobs the same interfer- 
ence pattern we obtain by superposing folds and their 
associated deformation fields numerically (Fig. I I ). 
The trace of the XY-plane in the numerical models 
simulates well the sigmoidally curving and transecting 
cleavage in the field. 



A single cleavage in an area of repeated folding 1543 

I 

_._..” I’ ; : .‘..: ‘., 
‘.__-.. ,̂ 

.,’ _,... 
. . . ..J.._. : . . . . 

_,-’ .I ., 
.., 

; :,,.,.: 
.,r___.. : ‘..‘: 

I. ,.,I )(-axes “.. ._,ll,,, 11’ 
_,.=~ 

./‘.,, 

;.- 
I’ 

. . 
..,,., -... . . . . . /:... 

,, *..:.,.-:;:::z:;: ..,...... ,.. ‘i 
: : ::?~:::::::::::..=,i i : 
y t*:+.,i*:, .- ::::: 

. r.:.>... . . i . . . ..a :.. . . . ..:. _. 
‘.,‘..:‘::::..*.-’ *, . . . . . . . 

: 
,; 

‘\ 
‘i 

‘-1, 
., ‘..t’,..... ,I.‘.. ..- 

I..?? . . . . . . ..‘. 

! .~.._.. . . .__...’ 

-i Cc bi + d t I- 

----_- w Q 0” Q Q 
_. DOk~ to Xy-p\a@ 

. . . . . a 

1.2 

$1.0 

B 0.7 

0.5 

0.2 

0.6 1 

0.0 F/ , I I I I t 

0.0 0.2 0.5 0.7 1.0 1.2 1.5 1.7 0.0 0.2 0.4 0.6 

log Ryz C d 
fog Ryz 
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Fig. 10). Note the similarities in principal strain orientations and the distributions of strain ellipsoid shapes. 

Different hypotheses to explain the appearance of a 
single cleavage in multiply deformed rocks are dis- 
cussed below. 

Many workers in Southwest Sardinia have assumed 
that only one of the folding phases developed a pen- 
etrative cleavage. They assign this cleavage to the sec- 
ond Variscan deformation phase, concluding that the 
first Variscan phase, as well as the Sardic phase, did 
not develop a penetrative fabric (Dunnet, 1969a). This 
is a common explanation, used also in other regions 
where the number of cleavages does not reflect the 
number of folding events. However, it seems very un- 
likely that only one of the folding episodes developed 
a cleavage, since both fold systems show similar defor- 
mation intensities, metamorphic grades, and folding 
mechanisms. Especially in pelitic material, a shortening 
of 30% is considered sufficient to produce a macro- 

scopic fabric (e.g. Cloos, 1947). By fold length 

measurements we estimated the shortening components 

for each of the two fold systems in the Cabitza 

Formation to be approximately 40&60%, or higher. 

Our mapping shows that the single cleavage in the 

region is locally axial planar with respect to either fold 

generation. This has indicated to some workers that 

both fold systems developed their own cleavage 

(Arthaud, 1963; Poll, 1966). In this case, we would 

expect cross-cutting relationships of two cleavages, at 

least in critical locations within the fold interference 

pattern. We never encountered such a relationship 

although we mapped at scales ranging from 1: 10 to 

l:lO,OOO and completed detailed micro-fabric investi- 

gations. What we did find, at all scales, is the same 

slaty cleavage smoothly curving from the axial plane 
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applied 

b 

slaty cleavage + crenulation cleavage 0 transposed cleavage 

of the early fold system to that of the later one (Figs 3 
6% 6). 

Another possibility is that the first phase cleavage 
might not be observable in the field, either because it 
was completely transposed into a new, second cleavage 
(Fig. 12b), or because it developed (sub-)parallel to the 
bedding plane. The latter hypothesis can be ruled out, 
because subparallelism of cleavage and bedding 
requires strong layer-parallel shearing on the fold 
limbs, such as would occur in isoclinal folds or by a 

flexural slip mechanism. However. folds of the first set 
are not isoclinal (Fig. 10) and the layer composition 
does not contrast strongly enough to concentrate flex- 
ural slip shearing in the limbs (Figs 5 & 7). In ad- 
dition, an early cleavage should be evident in the first- 
phase fold hinges, where the cleavage is expected to be 
perpendicular to the bedding. Although we found this 
to be the case in earlier hinges, the cleavage does not 
become subparallel to bedding in the limbs. Nowhere 

did we observe transposition of this cleavage by a later 
deformation. Transposition of the first cleavage can be 
ruled out by the micro-structural analyses, which 
demonstrntc that cleavage always developed from a 
bedding plane defined by detrital grains. For instance, 
in pelitic sediments. a compactional fabric parallel to 
bedding is manifest by some alignment of detrital 
grains. This has led to speculation that ;I first-phase 
cleavage might have been preserved in early fold 
hinges, which resisted later deformation. and was not 
overprinted by the second cleavage. In such a case 
cleavage should be seen to be overprinted in the limb 
regions instead of changing orientation to becomc sub- 
parallel to the axial planes of the later folds. 

As yet another possibility, we considered whether 
refolding could passively reorient a lirst-phase clea- 
vage. This certainly would cause complex geometries. 
but not transections of the axial plane by the cleavage. 
as frequently observed. Initially parallel lines such as 
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cleavage/bedding intersections and fold axes can 
become non-parallel due to heterogeneous defor- 
mation, but they cannot cross each other. It also 
seems unrealistic to assume that a first cleavage was 
refolded without being transposed into a second one. 
As outlined before, there is no reason why one of the 
folding events should be associated with a cleavage 
and the other not, considering that both fold gener- 
ations produce similar degrees of regional shortening 
under similar metamorphic conditions. 

All these considerations lead us to conclude that the 
single cleavage results from the combination of both 
folding events and that its orientation depends on the 
relative intensity of the participating fold deformations 
(Fig. 12a). In areas of intensive first-phase fold defor- 
mation and minor second-phase folding, cleavage 
orientation approximates the axial planes of the early 
folds. In areas dominated by the superimposed fold de- 
formation, cleavage becomes nearly parallel to the 
axial planes of the late folds. Between these two end- 
members, cleavage orientation is intermediate, tran- 
secting the axial planes of both fold sets (Fig. 12a). 
Thus, cleavage is a cumulative fabric reflecting the 
total deformation arising from the superposition of the 
two fold-related heterogeneous finite strain patterns. 
This interpretation is supported by the strain determi- 
nations in the Post-Sardic sediments, where cleavage is 
indistinguishable from the XY-plane of the strain ellip- 
soid. The shape of the strain ellipsoid fluctuates 
between flattening and constriction, forming a pattern 
which we simulated by numerical superpositions of 
fold-related strains. 

This conclusion has significant implications for the 
interpretation of deformation histories in multiply 
deformed regions, particularly the use of cleavage/fold 
relationships to distinguish deformation phases. It 
shows that cleavage and folding are not unambigu- 
ously related to individual phases of deformation and 
can reflect different time segments of the deformation 
history. The proposed concept also offers new views 
on structural development in progressive deformation, 
cleavage transected folds and complex deformation 
histories in general. 

One possible scenario explaining our results would 
be that both fold systems formed synchronously in an 
overall compressional environment. The resulting con- 
strictional bulk strain would, however, not favour the 
formation of any planar fabrics or any preferred fold 
axial orientations such as N-S- and E-W-trending 
folds. Analogue experiments under similar conditions 
were performed by Ghosh and Ramberg (196X) and 
have shown the mutual refolding of folds resulting in a 
complex crumpling of the layers. Our analysis of the 
fold interference pattern (Figs 3 & 4) indicates that in 
Southwest Sardinia a north&south-trending fold system 
always refolds initially east&west-oriented folds. 
Although it is not possible to determine the difference 
in time between the folding events we assume succes- 

sive fold formation in a progressive deformation 
regime. This assumption is primarily based on the fact 
that the metamorphic conditions remained the same 
throughout fold superposition. Under such defor- 
mation conditions we suggest that cleavage might form 
continuously, in contrast to folding which becomes evi- 
dent only where bedding attitudes are favourably 
oriented to the shortening direction. If cleavage began 
forming during the first folding it must have been con- 
tinuously modified during the superposition by the sec- 
ond folding, reflecting the changing cumulative strain 
field (Fig. 12a). Modification of the fabric was, how- 
ever, not homogeneous due to the heterogeneity of 
fold deformation. In places where second fold defor- 
mation was minor the fabric remained in an axial pla- 
nar geometry to the first folding. In places where the 
later fold deformation was dominant the fabric was 
modified towards an axial planar geometry of these 
folds. In between, all transitions are possible leading to 
fabrics transecting both fold sets. This includes also 
the total lack of a planar fabric in places where the 
component fold deformations possess equivalent short- 
ening components in an orthogonal arrangement. 

The proposed model of cumulative fabric and strain 
will provoke new discussions on the controversy of 
fabric development in a non-coaxial deformation his- 
tory. It also raises a fundamental question of how clea- 
vage can remain co-planar to the XY-plane of finite 
strain in rocks that underwent a complex deformation 
history. The discussion often focuses on the question 
of whether cleavage behaves passively or actively 
during progressive deformation. One group of investi- 
gators claims co-planarity of cleavage and the princi- 
pal plane normal to finite shortening strain (e.g. 
Sorby, 1856; Harker, 1886: Cloos. 1947; Ramsay. 
1967; Ramsay and Graham, 1970; Siddans, 1972; 
Treagus, 1983, 1985). This is based on numerous struc- 
tural analyses where finite strain markers parallel the 
cleavage, as well as on theoretical considerations on 
cleavage refraction. It also requires that cleavage 
behaves as an active non-material plane during defor- 
mation. 

Another group of investigators denies such beha- 
viour and states that cleavage develops immediately as 
a material plane during an ongoing deformation pro- 
cess (e.g. Williams, 1977; Hobbs rt ol., 1982; Wright 
and Henderson. 1992). Hence. subsequent reorienta- 
tion of the cleavage is treated as a passive marker 
which deviates from the principal finite strain orien- 
tation (Bayly, 1974). It is argued that this deviation is 
no more than a few degrees. which is commonly below 
the angular resolution of structural analysis (Williams, 
1976; Ghosh, 1982). Such small differences between 
passively reoriented markers and finite strain are 
observed when homogeneous simple shear is con- 
sidered. Where the deformation is more complex, the 
angular deviation is expected to be significantly larger 
(e.g. Hobbs rt u/., 1982). However, in the superposed 
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fold system of Southwest-Sardinia we never detected 
such angular differences. Where cleavage and strain 
markers are present, cleavage orientation always corre- 
sponds with the flattening plane of the finite strain 
ellipsoid. 

Therefore, the critical question, pointed out fog 
example by Hobbs ct d. (1982), concerns the reorien- 
tation mechanisms which are able to adjust cleavage 
constantly to the state of finite strain. Although clea- 
vage appears in the field as a material plane, it was 
not necessarily one when the rocks were subjected to 
deformation. Fissility planes and weathering of the 
rocks may preferentially propagate in the direction ol 
the fabric anisotropy but these arc secondary effects 
and post-date the actual deformation (Durney and 
Kisch. 1994). As our fabric analvscs have shown 

REFERENCES 

Oertel. 1983). Under these circumstances. the cleavage 
plane appears as a statistical property, reflecting ini 
average of the entire fabric. In order 10 keep this stat- 
islical average parallel to the XY-plane of finite strain 
the fabric modification processes as ideniified in OLII- 

micro-structural analysts must be eficient enough. 

However, this controversial subject needs further con- 
sideration, which we will present in a forthcoming 
paper on our studies of cleavage and fabric dcvelop- 
mcnt. 

CONCLUSIONS 

Throughout 21 group of refolded low-grade meta- I’uhlica~l~>n 44. 

morphic Palaeozoic sediments in Southwest Sardinia. a 
Hiox. M. A ( I9hl ) T~COI-y 01‘ l’old~ng oi‘ \Iralilicd vixx-cI;1\lIc media 

.intt IIS impli~aiion~ [ii Lcctona and oropcnc\l\. (;cv~/f~,~iw/ SCJC 1(,11 

single cleavage reflects their cumulalive strain. Wc o/ il,/,~/ I< i, /~lr//c,/i,/ 72, 1595 1620. 

suggest that this single cleavage results from the tem- RouI1w. c‘. A. ( 1979) On the pl-oduclion 01’ Ibo Inctlwd clwva~s 

poral superposition of the heterogeneous deformation 
dut-inf ;I \lnyle I;>lding c\enl: Stirling Range’. S.W. Austratla. 
.Ioflmrl Cl/ .Y,l~ilC~l1/rol (;?olr>,~I~ 1, 707 2 I ‘I. 

fields associated with two Variscan folding episodes. <‘amphcll. S. I>. C;.. Rccdman. A. J. and Ho\+elts. M I. (I9S5) 

Everywhere in the fold interference pattern the slaty Rqional \,lria(lon\ in ctca\agc and I’bttl dc\ctopmenl in North 

cleavage tracks the XY-plane of the finite strain CLIIIILI- 
Wall3. ~;Cw/og/l ill ./l,rl~mll 20, 4.3 57. 

(‘arannanlc. C;.. C‘occo//a, 7. and II‘Arfcuio, 1% ( 19X4) Late 

lated during this superposition. Therefore, cleavage is I’l-ecamhmn (‘amhI-ian semi! namic wtlin, ~1 and leclotio-~etlimL‘n- 

not simply related to either fold system and changes in lat-1 e\ olulion 01’ Sardinia. HII//c~~~~o tk’llo .SOC w/G (;vr~lo,qic il 

orientation from close to the local axial plane to Iran- 
/rrl/ioirt/ 100, t 2 I t 2x. 

C‘a~mignanl, 1. C‘OCCO//~I. T.. Miwonl. N. and I’crluwll. 1’. C’. 

setting it. (I 97X) ‘1.11~ Hel-c)nian orogcnic I-e\olu~ion in S,lrdinia. %c,/\&vI// 

WC conclude that cleavage can reflect the finite i/i,,. rl?l/l\l~h(~/, ~;r~l~lr~,~/.\c~lil~/l (;l~.\?//\~~/l(/// 129. 4x5 393. 

strain even in multiply deformed rocks which have 
C’~iI-qmni. L.. C’occo/ni. .I‘.. C;;lf,din. .4. ;Illii I’crlubati. I’. 1’. 

( 19x2) Linca~nalll tlella gcologia dell’iplsslen~~-Sulci\. 111 C;lli~/r/ 

undergone :I progressive deformation history with r/l/(/ ~rcYJlrl,i’lo (IlJI P~II?rlrfli( 0 .%i~(l~l. C;lli(/C ’ :‘drqic /I(, R~~,YiOdi. pp. 

changing overall shortening direction and repeated 65 67. SOCICI;I (;cotoglca Italiana. 

folding, but mm-t: or less constant metamorphic COII- 
C‘a~-rn~~~-“am. L.. c’hcrcl. A. and Ricci, C’. A. (1990) Harcmcn~ \[I-UC- 

turf2 and Mcwm~ (‘cnwoic cvolut~on 01 Sardini;l. l~,ri~ .\‘i//r,vr//i\ 

ditions. This finding can be general&d in the in- I./Jr1 Ci 9r. 63 94. 

terpretation of other tectonic areas and reconstl-uctions Cal-ml~nani. L.. Bara. S.. C’apclli. t3.. 13. I’isa /\.. Cia~(lglio. M., 

of deformation histories. Therefore, strain sensitive 
Ogp~;~no. Ci. and I’el-lusiti. P. c‘. ( 1992) A tcntallvs gwd~nnmic 
model I’oI- Iht‘ Herq nian hawmcnt of Sardinla. In C‘~~f~/r~hrt/w/t\ 10 

structures. such as cleavage or fold geometry. cannot rlicj (;&0x1, f,/ //C//I. cds L. (‘al-mignanl and I:. I’. Sa\\i. pt3. 61 

always be used to separate hypothetical deformation X2. Nc\v\lcltct- 5. 

phnscs. Cleavage can express the cumulative strain 
<‘armlgnanl. I. (‘arm. K.. 13. Pia A.. <ialllgiio. \I.. MU~UWXI. 

<i.. and I’cI.Ius111. P. C‘. (IOW) I he Hercyninn C~~III 111 Sal-dinia 
even where the kinematics change through time. f;~~rlrllllrllllir (I lC~/(/ 7, 3 I 17. 



A single cleavage in an area of repeated folding 1547 

Casey. M. (1981) Numerical analysis of X-ray texture data: an im- 
plementation in FORTRAN allowing triclinic or axial specimen 
symmetry and most crystal symmetries. T~~ctorzopll?sics 78, 5 I 64. 

Cloos. E. (1947) Oolite deformation in the South Mountain Fold. 
Maryland. Geoiogicclf Socirfr. of Anrcr-ictr Bzr//rli/l 58, X43 9 18. 

Cohbold, P. R. (1976) Mecha&al effects of anisotropy during large 
finite deformations. Bu/k~/i~~ (/P ICI Soc,iitc; G&/o~~ic/w t/c Ftwnce 7t 
XVIII 6, 1497~1510. 

Cobhold. P. R. and Percevault, M.-N. (1983) Spatial integration of 
strains using finite elements. Jo~rnrrl of Sfr~c/~~r/ G&og,r 5, 299- 
305. 

Cocozza. T. ( 1979) The Cambrian of Sardinia. Mr~loric, t/&r Sot ir>tri 
Gc,o/,,gic,tr lrtrlitrrltr 20, 163% I x7. 

Cocozza. T. and Jacobacci, A. (1975) Geological outline of Sardinia. 
In Gco/o<qj, of’ I/t//j.. ed. C. H. Squyres. pp. 49 ~81. The Earth 
Sciences Society of the Libyan Arab Republic. Tripoli. 

Dunnet. D. (1969a) Deformation in the Paleozoic rocks of Igleslente, 
SW Sardinia. Ph.D. thesis. Imperial College, London. 

Dunnct. D. (1969b) A technique of finite strain analysis using elliptl- 
c:il part&s. ~,c.roil~,/~/il,.si~..s 7, I I7 136. 

Dunnet. D. and Siddans, A. W. B. (1971) Non random sedimentary 
fabrics and their modification by strain. T[,c,to/~ol~/!,,.vi~,\ 12, ?O7- 
32s. 

Durney. D. W. and Kisch. H. J. (1994) A field classification and 
intensity scale for first generation cleavage. ./ourr~rr/ of A~\fro/irrff 
Gc,o/~J<~~. rn~c/ G<,op/~>~.sic~.\ 15, 257-295. 

Fanni.S.,Gandin,A.. Grille. S. M.. Lippi. F.. Morras. G., 
Salvadori. A. and Tocco. S. ( 1981) La piattaforma carbonutica 
della Sardcgna sud-occ.: sedimentazione c depo+ione metallifera. 
,LlOllO~iC t/?//t/ Soc~ic,/ti Gco/o<~ic~rr Irtrlirrrlo 22, 123-l 37. 

Fhnn. D. (1962) On folding during three-dimensional progressive de- 
formation. Q~clr/cr/j. Jorrm~l of’ r/w Gcolo~ic~rrl Socic~r~~ of Lo~~tlm 
118, 3x5 434. 

Franceschelli, M.. Gnttiglio, M.. Pannuti. F. and Fadda. S. (1992) 
llhte crystallinity In pcliric rocks from the external and nappe 
~oncs of the hercynian chain of Sardinia (Italy). In Corll,.ihrrriorl.\ 
JO //?c, ~gc,o/o,~>. of I/u/l.. eds L. Cmmignani and F. P. Sassy, pp. 
127.~ 136. 

Ghosh. S. K. nnd Ramberg. H. (196X) Buckling experiments on 
intersecting fold patterns. T~cto,lo~~/ll,.,i~.s 5, 89-105. 

Ghosh. S. K. (1982) The problem of shearing along axial plane foli- 
at10114. ./0ru71tr/ of .~/!Yrcllrrtr/ Gro/o,q~ 4, 63-67. 

Harker. A. (1X86) On slaty cleavage and allied structures. with 
special reference to the mechanical theories of their origin. pp. 
X13-853. Report of the British Association of Advanced Saence. 
IX85 (55th meeting). 

Hobbs. B. E.. Means. W. D. and Williams. P. F. (1976) A,I O~r/i/lr 
of S/~~c/orc~/ Geo/o~q~,. John Wiley and Sons, New York. 

Hobbs. B. E.. Means. W. D. and Williams. P. F. (1982) The relation- 
ship between foliation and strain: an experimental investigation. 
JoUr/?n/ of’ S/,_Uc/lU?i/ GC&~jil’ 4, 4 I 1 428. 

James. A. 1. and Watkinqon, A. J. (1994) Initiation of folding and 
boudinage 1n wrench shear and transpression. Jou,-rltr/ o/‘Srwc rwrr/ 
Gcw/o,~j~ 16, X83-893. 

Knipe. R. J. (1981) The interaction of deformation and metamorph- 
lsm in slates. T~,~/o,?o/~l~~.vic..s 78, 249-272. 

Knipe. R. J. and White. S. H. (1977) Micro-structural variation of 
an axial plane cleavage around II fold-u H.V.E.M. study. 
T~,r./oilo~li~~.\ic~.\ 3?, 355. 380. 

Kiibler. B. (1968) Evaluation quantitative du m&amorphisme par la 
cristallimtL: de I’illite. B~t//~~/ir! rhl C(‘~/r(a c/e Rrc~/rcwhc~ Pm-SNPA 
2, 385-397. 

Lake. R.. Bechstiidt, T. and Boni. M. (1994) The Post-Sardic. 
Ordovician series. In S~~t/ir,~crlto/o,~icrrl. str.rr/~,~~cr/~l7i(.(l/ rrr1tl OI’C 
clcp~si~.s /k/d g~dc of rhr c!rc/o~~htho,ro[c.t Crrrl,h,o-O~clo,,ic,itr,r of 
.\~t/ffi~l.(,.r/c,./~ Smdi~~ic~. eds T. Bechstridt and M. Bon]. pp. I I5- 146. 
Memorie dcscrittive della Carta Geologica D’ltalia. 

Lebit. H. and Casey. M. (1995) Simulation of cumulative finite strain 
in fold interference patterns. Terrrr Ahsrrmrs 7, 280. 

Lebit. H. (1995) On fold and strain interference patterns in the 
Paleozoic rocks of lglesiente (SW Sardinia). Ph.D. thesis. Swiss 
Fedcr;~l Institute of Technology (ETH). Ztirich. 

Lisle. R. J. (I 994) Paleostrain analysis. In C‘otr/ir~c,/lrtr/ Defor.~~rr/i~~rz. 
rd. P. L. Hancock. p. 421. Pcrgamon Press, Oxford. 

Liineburs. C. (1995) Cleavage development and mineral anlsotropies 
in siliciclastic sediments of SW Sardinia. Ph.D. thesis. Swiss 
Federal Institute of Technology (ETH), Ziirich. 

Martini, I. P.. Tongiotgi, M., Oggiano, G. and Cocozza, T. (1991) 
Ordovician alluvial fan to marine transition in SW Sardinia. 
Western Mediterranean Sea: tectonically (“Sardic Phase”) influ- 
enced elastic sedimentation. .Sc&?e~~(~r~ Geo/og[ 72, 97-l 15. 

Mawcr. C. K. and Williams, P. F. (1991) Progressive folding and fo- 
liation development in a sheared. coticule-bearing phyllite. Jor,~rla/ 
of SlJmc~/u~cr/ Geo/o~,v 13, 539-555. 

Milton, N. (1980) Determination of the strain ellipsoid from 
measurements on any three sections. T(,c./o,?op/~~.sic~.s 64, T19-T27. 

Moore. M. J. (1969) Influence of structure on the base metal depos- 
its of SW-Sardinia, Italy. Applkrl Errrth Sc~icvrc~c 78, I35 147. 

Oertcl, G. (1983) The relationship of strain and preferred orientation 
of phyllosilicate grains in rocks-a review. Tc,c-/orto)/~/~~..\ic.v LOO, 
413-447. 

Passchier. C. W. and Trouw. R. A. J. ( 1996) Mic~rofec~for~ic~v. 
Springer-Vcrlag, Berlin. 

Platt. J. P. (1984) Secondary cleavages in ductile shear zones. Jo/r~lrr/ 
of’S/r~rc~/urrr/ Geo/og>~ 6, 439 442. 

Poll, J. J. K. (1966) The geology of the Rosas-Terraseo area (Sulcis, 
S-Sardinia). Le/rl.te Grotogicr MPL/‘[/‘/;~IK(,~ 35, I I 7 208. 

Poll. J. J. K. and Zwart, H. J. (1964) On the tectonics of the Sulcis 
area. S-Sardinia. Gco/o~~ic, ol Mij/lhowl, 43, 144-146. 

Powell, C. M. and Rickard, M. J. (1985) Significnncc of the early fo- 
liation at Bcrmagui. N.S.W.. Austraha. Jo~r/~r/ of Srnrc~/urc~/ 
Gco/o~~~~ 7, 385~400. 

Ramberg. H. (1959) Evolution of ptygmatic folding. Nor.\k Gc&~gi.\X 
Tit/.s.,Xri// 39, 99-I 52. 

Ramsay. J. G. (1957) Superposed folding at Loch Monar. Inverness- 
shire and Ross-shire. QUOI.(CI.!I’ J~uuu!/ of t/w Gco/o,qic~c// Soc,ic,rj, of 
Lodm I 13, 27 I-307. 

Rnmsay. .I. G. (1960) The deformation of early linear structures in 
areas of repeated folding. Jo~lntrl of Gco/o~~~, 68, 75-93. 

Ramsay. J. G. ( 1967) ~&/irlg rrr~l frtrc~twi~~g of roc~ks. McGraw-Hill. 
New York. 

Ramsay. J. G. and Graham, R. H. (1970) Strain variation in shear 
belts. C‘c~~rrrlitrrl Jo~rrltrl of Etrrth S~~i~wc.~ 7, 786-X 13. 

Ramsay. J. G. and Huber. M. I. (1983) i% /c,c,/~ric/~c,.s of nwr/wr~ 
.\/wc~/lrrrrl ,gdo,~~. Vd. 1: S~rtrir~ rrmr/~..ri,c. Academic Press. 
London. 

Rasetti, F. (1972) Cambrian trilohite faunas of Snrdinia. Atti della 
Academia Nazionale dei Lincei. Memorie, Sezione IIa: Fisica. 
Chimica, Geologia, Paleontologia e Mineralogia I I. I 100. 

Ridley. J. and Casey. M. (1989) Numerical modelling of folding in 
rotational strain histories- strain regimes expected in thrust belts 
and shear /ones. Geology 17, 875 87X. 

Schwerdtner. W. M. (1976) A problem of nomenclature in paleo- 
stram analysis. T~~c~ro/lo/,fil,,sit:\ 30, TI&T2. 

Siddans. A. W. B. (1972) Slaty cleavage: A review of research since 
IX 15. Eo~//~-S~,ic,rlc,c,.\ Re,icnx 8, 205m 232. 

Siddans. A. W. B. (1976) Deformed rocks and their textures. 
P/~ilo.so/~/~icc// Trc/mr/c~/iorr.v of t/w Row/ .Soc~ic~/~~ of Lo/~t/orr 283, 43p 
54. 

Siddans. A. W. B. (1980) Analysis of three-dimensional homo- 
geneous. finite strain using elhpsoidal objects. T~‘c.ro,~op/r~..sic.~ 64, 
l-16. 

Sorby. H. C. (1853) On the origin of slaty cleavage. Nc,rr 
Philoroplrir~trl Jorrurc~l / Erlinhttrgh) 55, 137-148. 

Sorby. H. C. (1856) On the theory of the origin of slaty cleavage. 
Phi/o.ro/,hic,c// Mtrgcr:inc, 12, 127-l 29. 135. 

Stille. H. (1939) Bemerkungen betreffend die “surdische” Faltung 
und den Ausdruck “Ophiolitischen”. In Bcric~hr iih C/;CJ 

Hmcpt ~~,~.~(//~~~~/~/~~~ in R~,;~/ltJi?h(/t.il (Sutl<wrli/iw/) so,>, 20. his 26. 
Al/,qu.,/ I9.W. Reichcwhrrch (Sdew/trr~t//. pp. 77 I .- 773. 

Stringer. P. and Treagus. J. E. (1980) Non-axial planar Sl cleavage 
1n the Hawick Rocks of the Galloway area, Southern Uplands. 
Scotland. Jo~r/rrr/ of Srrwtural Gro/o,q~~ 2, 3 17-33 I. 

Tachmtiller. R. (1931) Zur Geologie des Thyrrhenisgebiets. Teil I: 
Altc und junge Krustenbewegungen im siidlichcn Sardinicn. 
Ahl~trr~tllro~~~c~r~ tkv ~~~;.r.sc~r~.\cl~trfr/ic~l~c~tr Gc.srl/.\c~/rtrf/ Giittingcv, (rwrt. 
p/tyv. K/.) 3, x57- 950. 

Tohisch. 0. T. and Paterson. S. R. (1988) Analysis and interpret- 
ation of composite foliations in areas of progressive deformation. 
Jorrmtrl of S//xc f~rrl Gro/o,qr IO, 745-754. 



1.548 C. M. LUNEBURG and H. D. W. LEBIT 


