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Abs t r ac t - - In  any one area of the Stirling Range  Proterozoic low-grade fold-foreland, the first phase of folding to 
be associated with cleavage development  has generated two inclined tectonic fabrics each of which is closely 
related in geometry  to the  folds. The  most  likely fold history has been de termined by comparing predictions of 
theoretical fold mechanisms  against the observed field relations and strain states seen in an  arenite and minor  
mudrock  multilayer. In an  initial phase  of folding dominated  by layer-parallel shortening,  a well-spaced mica- 
band cleavage was, initiated, intensified, and able to maintain a near  axial plane relationship, until  body rotation 
of limbs took over  at a fold dihedral angle of about  140 °. The  resultant 70 ° angle between solution cleavage and 
bedding on the fold l imbs was preserved by flexural slip until the fold had t ightened to about  100 ° when, for 
mechanical  reasons, flattening rapidly became important.  During this phase,  a mica-film cleavage, with grain- 
scale spacing, developed approximately axial planar and the solution cleavage/bedding angle on the limbs was 
reduced to 55 ° . 

I N T R O D U C T I O N  

THIS PAPER deals with fold/cleavage relations in a fold- 
foreland of low metamorphic grade. In any one portion 
of this terrain, the first phase of folding to be associated 
with cleavage development has given rise to compound 
fabrics. It will be demonstrated that two non-parallel 
cleavages have been generated during single folding 
episodes. Also, the intersection lineations, produced by 
the two cleavages on bedding, are inclined to one 
another  and are rarely parallel .'.o either small scale fold 
hinges or statistically defined fold axes. The latter depar- 
tures are, however, normally less than 15 ° . 

The terrain described is a sequence of Proterozoic 
metasedimentary rocks found within the Stifling Range 
National Park, south-west Western Australia. About  
one kilometre of section is exposed and the assemblage 
of sedimentary structures is compatible with a shallow- 
marine shelf environment (Clarke et al. 1954, and 
Sofoulis 1958). Original mudrock is now slate or phyllite 
and there is a regional variation from slate in the west to 
phyllite in the east. Turek  & Stephenson (1966) have 
dated the metamorphic event at 1150 Ma using whole 
rock Rb/Sr methods on phyllite specimens. 

The literature contains several examples of 
fold/cleavage rel:ations that are geometrically similar to 
the Stirring Range situation though varying interpreta- 
tions have been presented. Harris et al. (1976) have 
described a D1 event which induced two inclined but 
broadly coeval cleavages "one  analogous to slaty 
cleavage and the other a tectonic striping produced by 
pressure solution". The slaty type cleavage is approxi- 
mately axial planar whilst the tectonic striping is fanned 
about the folds. Unfortunately,  in this example the 
cleavage/bedding intersection lineation orientation data 
were not presented and hence the three dimensional 
relations of folds and the two cleavages cannot be deter- 
mined. 

A number of authors (e.g. Nickelsen 1973, Geiser 
1974, Ross & Barnes 1975, Beach 1977) have suggested 
that cleavages have developed prior to folding at about 
90 ° to bedding. Apart  from the 'slaty type'  cleavage of 
Ross & Barnes, the early fabrics have all been tectonic 
striping in nature. The above studies have invoked a var- 
iety of modifications during later folding. Unfortunately 
an assessment of processes is often difficult as a result of 
incomplete description of the observed final state. 
Beach (1977) presents detailed information to suggest 
that flexural slip was the dominant folding mechanism 
in the examples he studied though other  adjustments did 
occur. Geiser (1974) noted that in his material the solu- 
tion cleavage is no longer perpendicular to bedding and 
made use of the cleavage/bedding angles as a strain mea- 
sure. No mention is made of fabrics produced during 
folding even through the strain in this event has modified 
the original orthogonal bedding/cleavage angle by as 
much as 30*. Nickelsen (1973), however, described an 
early 'solution loss' cleavage followed by 'flowage' 
which produced homogeneous distortion of originally 
spherical reduction spots. The early cleavage was consi- 
dered to have been formed at right angles to bedding 
prior to folding and the orthogonal relationship has been 
preserved where bedding is at high angles to the axial 
surface. Where limbs are nearly parallel to the axial sur- 
face the dihedral angle is about 70 ° , indicating deforma- 
tion other than body rotation if the initial angle was 90 ° . 
In this example, the intersection lineations of the early- 
cleavage and bedding are often 10 ° away from fold 
hinges. From Nickelsen's description it is difficult to 
determine the relationship of the 'flowage' fabric to the 
folds, except at the closure, and also the general geo- 
metrical relation of the early solution cleavage and the 
flowage fabric. 

Ross & Barnes (1975) have described a geometrically 
similar situation to that of Nickelsen's but with two early 
deformation events producing 'slaty type' cleavages. 
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The later of the cleavages is axial planar to the first phase 
of folding whilst the earlier cleavage is symmetrically 
disposed about  and between 10 ° to 35 ° away f rom the 
axial plane. The authors considered it likely that the 
bedding/early-cleavage angle was about  90 ° prior to 
folding. The  study did include strain measurements  and 
it was, perhaps,  possible to test this hypothesis with 
simple modelling but this was not done. Da ta  presented 
showed that cleavage/bedding intersection lineations 
paralleled the fold axis as defined on a "rr plot of bedding 
poles. Again it is unfortunate that essential information 
is missing. The intersection lineations for the two early 
cleavages are not distinguished and it is not known if the 
lineations presented (Ross & Barnes 1975, fig. 13) are 
f rom both categories. 

R E G I O N A L  S T R U C T U R A L  G E O L O G Y  

The Stirling Range metasediments  outcrop over  a 
roughly rectangular 70 x 15 km area whose length is 
oriented east-west .  Two structural domains have been 
defined on the orientat ion of the folds that produce the 
first axial plane cleavage seen in sandstone beds. In the 
eastern domain these folds and related cleavage trend 
nearly nor th-south  whilst in the western domain these 
features trend nearly east-west .  In the former  region the 
fold-related cleavage dips to the east and the folds are 
markedly asymmetric  showing a sense of over-riding 
f rom the east, i.e. in a west--east vertical section viewed 
looking north the folds show sinistral vergence. Within 
the western zone the fold-related sandstone cleavage 
dips south and the folds again are markedly asymmetric 
with over-riding f rom the south. No overprinting rela- 
tions have been seen between these two cleavage sets 
and nowhere  can one set be seen to be rotated into the 
other. It  is believed that two deformat ion events are 

involved and that the later of the two mainly developed 
in zones where the earliest fabrics were weak or absent 
(cf. Baillie & Williams 1975). 

Regionally the sedimentary layers are gently dipping 
and r ight-way-up with local departures  in the steep to 
over turned common  limbs of asymmetric  fold couples 
(adjacent antiforms and synforms sharing a short 
common limb). The largest fold couples (those with 50m 
long common limbs) often have long limb to short limb 
length ratios in excess of 5 to 1. Long limbs attain dips of 
around 40 ° on the southern limb of a post-main-  
cleavage fold which has a 135 ° dihedral angle and a 
wavelength in excess of 5 kin. This superimposed fold 
also disorients cleavage-fold hinge lines and has a weak 
generated crenulation cleavage developed in some thin 
slate beds. Figure 1 (a) illustrates the typical geometry of 
the eastern domain first-cleavage folds, particularly the 
concentration of readings representing the gently dip- 
ping long limb (because the short common limb was 
worked on in some detail those readings are probably 
over  emphasised).  Figure 1 (b) shows the situation 
where long limbs of asymmetric  cleavage-related folds 
have dips of 40 ° on the southern limb of the large gentle 
superimposed fold. Minor folds related to this later 
event may be used as an axis of rotat ion of the poles to 
bedding for the two areas, such that the bedding poles of 
Fig. 1 (b) may be restored to the nearly horizontal situa- 
tion of Fig. l(a).  In other parts of the eastern domain 
where long limbs are inclined by more  than 10 °, the fold 
hinge lines may be up to 27 ° off the 195/015 trend seen 
on Mount  Trio (Fig. 1 a). By rotating the long limbs 
about  the rotation axis of Fig. 1 (b) as close to horizontal 
as possible, the hinge lines come to lie closer to the 195 
bearing. 

The detailed description of fold/cleavage relations will 
concentrate on two areas: Mondurup Peak in the 

a. MT. TRIO b. WEDGE HILL 
. LOCUS of all points 

85°from t h e / ~  -- ~ R o t a t i o n  
j u ~ rotation ~ ~ \ax is  / \ax,, 

ua :~, 
_ ~ long limb ~ ° °.. / 

• ~ "  attitude ~ ' ~ - V  ~* ~ 0 ~  
pole to bedding pole to first c eG Gge 

o c l . / b e d ,  int.  l in. • pole to crenulation cl. 
+hinge line 

Fig. 1. (a) Geometry of Mt. Trio---an area where the long limbs of asymmetric folds are gently dipping. (b) Geometry of 
Wedge Hill with moderately dipping long limbs. Hinge lines of folds, with axial plane crenulation cleavage, can be used as a 
rotation axis to return the cluster of bedding poles to the usual gentle dip. Both are equal-area lower-hemisphere stereo- 

graphic projections referred to true north. 
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aGenerelised . .  bMondurup . .  
Mge°met rY ~ Closure ~ , ~  

I,N d Mondurup T,N Toll Peak 

• pole to bedding : • pole to S lG : -pole tOSlB : ° LIG,O A 

Fig. 2. Equal-area lower-hemisphere stereographic projections of structural data showing relations of bedding (St)), the two 
early cleavages in the arenite (Sts, S1G), and the two intersection lineations (LlaoA and Lla.OA). 

western domain and Toll Peak 28 km to the E N E  in the 
eastern domain. In each locality the first phase of folding 
which generates a cleavage will be examined. Statisti- 
cally defined fold axes on the two peaks differ in bearing 
by 60 ° (Fig. 2), a difference that cannot be explained by 
post-folding bulk rotation. Two phases of folding have 
been invoked because of the marked change between 
the two areas in the direction of over-riding during 
folding. Long limb to short limb ratios for Mondurup 
Peak and Toll Peak are 4 to 1 and 2 to 1 respectively. 
The sedimentary succession at Mondurup Peak is 95% 
arenite and 5 % slate, whilst in contrast Toll Peak is 80% 
lithic wacke and 20% slate: 

S T R U C T U R A L  E L E M E N T S  

Quartz veins 

Quartz veins both pre- and post-date the main cleavage 
forming episodes and show varying geometrical rela- 
tions to bedding and cleavage. Bedd ing -  parallel fibrous 
quartz veins are the only category of veining to be consi- 
dered in detail. This type of vein may be up to 1 cm thick 
(Fig. 3a) and is normally entirely composed of quartz 
fibres lying sub-parallel to bedding. The fibre long axes 
are oriented sub-perpendicular to the local fold hinge 
lines in both areas. Of critical importance is that con- 
tinuous sheets of these veins cover folds at Toll Peak 
without a break at the fold closure. 

Other  quartz vein types present include en echelon 
veins in both arenite and slate layers. Several areas are 
heavily intruded by pre-tectonic elastic dykes which 

show a polygonal or flattened polygonal intersection on 
bedding (cf. Nickelsen 1973). The dykes have been 
pulled apart and the neck zones are filled by fibrous 
quartz. 

Mica-band cleavage 

Mica-band cleavage (Sin) in weathered outcrop has the 
appearance of 0.5 cm to 4 crn spaced joints. In fresh out- 
crop or thin section (Fig. 3b) this cleavage usually con- 
sists of 0.3 mm wide concentrations of mica; opaques 
tourmaline and zircon grains are also present and quartz 
is almost completely absent. The mica-bands usually cut 
beds completely and best, but not entirely, fit Gray's 
(1978) discrete rough cleavage category. The boundary 
between mica-bands and the host rock is sharp, and half- 
moon scalloped quartz grains present their straightest 
edge towards the band (Fig. 3b). When terminations are 
seen the bands pass laterally from pure mica to anas- 
tomosing networks of films where quartz progressively 
becomes more important and mica-films thin. Pressure 
solution of quartz was probably the dominant 
mechanism involved in the production of S1A giving rise 
to essentially a passive enrichment of micas. In the 
lithons between mica-bands the fabric varies depending 
upon lithology. Wackes show no trace of any fabric 
parallel to the Sin direction in the lithons and are com- 
pletely dominated by an inclined fabric (S1G). Arenites, 
however, display a weak mica-film fabric (e.g. Means 
1975) in the lithons parallel to Sin which is often hard to 
recognise because of the presence of another  inclined 
mica-film cleavage (Figs. 3c & d). The two generations 
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Fig.  4.  A n  E l l io t t  s h a p e  f a c t o r  p l o t  o f  75  q u a r t z  g r a i n s  f r o m  the  s p e c i m e n  i l l u s t r a t ed  in Fig .  3 (d ) .  T h e  o n e  c o n t o u r  is a 
c o n t i n u o u s  l ine a n d  the  t w o  c o n t o u r  is a d a s h e d  line. W e a k  p r e f e r r e d  o r i e n t a t i o n s  fo l low the  t r a c e  o f  S ~  a n d  SIB. 

of mica-films are shown in Fig. 3(d) and the marked 
direct:.ons correspond to the fabrics seen in the field and 
also to maxima of grain orientations as determined on an 
Elliott shape factor plot of the same thin section (Fig. 4). 

Mica-band width varies and, where this cleavage type 
has a spacing greater than 5 era, the bands are thin (<0.2 
ram) and become mere difficult to identify in the field. 
Spacing is usually much reduced in a fold closures in 
comparison to adjacent limbs and locally in closure the 
cleavage approaches the 'very strong' type of Alvarez et 
al. (1978). Estimates of solution shortening (Plessman 
1964) are difficult to make because of small 
irregularities in bedding surfaces caused by ripples, load 
casts, and the like. The intersection of mica-bands and 
bedding is normally associated with a sharp step in the 
bedding surface, the height of the step being related to 
the width of the mica-band. With well-developed band 
cleavage, the intersection lineation on arenite surfaces 
(L1,0A) is regular, usually being accentuated by the 
etching out of mica from the cleavage to form a groove 
on bedding. 

Grain cleavage 

Grain cleavage (St6) in the field, in arenites and wackes, 
appears to be a dimensional preferred orientation of 
detrital grains. Microscopic examination of arenites, 
however, shows that, where almost every grain has an 
axial ratio of less than 2 to 1, and where preferred 
orientations are weak, the field expression is mainly 
weathering of mica film.% dimensional preferred 
orientation of detrital grains or of muddy matrix could 
not be the main fabric producing elements in such ma- 
terial. The microscopic expression of the grain-cleavage 

is largely dependent upon lithology. In wackes, mica 
films are continuous, quartz grains are inequant parallel- 
ling the cleavage, and mica flakes show a strong pre- 
ferred orientation parallel to the mica films 
(homogeneous type of Means 1975). All these elements 
define the S1G direction with little fluctuation in orienta- 
tion. Arenite fabrics are not as straightforward and 
though mica films are still the predominant fabric ele- 
ment, they are transitional between Gray's (1978) con- 
tinuous and discontinuous types (Fig. 3d). Quartz grains 
are inequant, but have only low axial.ratios, and show 
only weak alignment in cleavage. A shape factor plot of 
an arenite (Fig. 4) shows a tendency for quartz grains to 
have a slightly greater degree of preferred orientation in 
S1B and SlG than in any other direction. Pressure solu- 
tion processes are again considered the best explanation 
for the mica films and also the related preferred orienta- 
tion of quartz grains as seen in the wackes. 

Between two adjacent quartz grains, mica platelets 
(mica-beards) have a constant strong preferred orienta- 
tion, but from place to place within a thin section, this 
direction varies: it may either parallel Smor S m (Fig. 3c) 
or more rarely lie somewhere between. The perfect 
alignment of mica platelets between quartz grains is 
found in specimens such as that illustrated in Figs. 3(d) 
and 4, where the specimen scale strain must be very low. 
Also in these samples the internal strain within quartz 
grains must also be slight, as evidence by the low degree 
of undulosity (quartz c-axis mismatch in single grains is 
only a few degrees). Mica platelet orientation could not 
have formed by rotation of earlier micas; recrystallisa- 
tion of a muddy matrix under the influence of a stress 
difference is favoured. Their origin as fills of dilating 
cracks (Means 1975) appears to be an unlikely general 
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Fig. 3. (a)Bedding parallel fibrous quartz vein subdivided by mica-bands (dark). (b) Mica-band cleavage in wacke with 
mica-beards (S~a) in the intervening material inclined to the length of the band. (c) Detail of an area between S1B planes 
showing micas parallel only to S1B and S~a. (d) Arenite from Mondurup Peak cut parallel to the fold profile plane. Mica films 
and elongate grains define both the mica-band and grain cleavage direction. (e) Micas within a mica-band showing open 

crenulations whose axial surfaces are at a low angle to $1~. 
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mechanism as muddy matrix would be present in the 
rock between detrital quartz grains. Very rare 'pull- 
aparts' have been noted with oriented micas between, 
but generally the quartz grain shapes do not support this 
mechanism. 

The intersection lineation resulting from the interac- 
tion of the grain cleavage and bedding (Llo, OA) may be 
difficult to observe in arenite but is generally quite clear 
in wacke. 

Slaty cleavage 

Slaty cleavage (Szs) is readily seen to be a domainal 
fabric when viewed in thin section under plane polarised 
light. The main fabric element is a series of sub-parallel 
fine dark lines spaced between 0.01 and 0.02 ram. The 
lines are largely defined by concentrations of opaques 
though in crossed polars they are also seen to be bands of 
aligned fine micas. Stubby chlorites are found between 
adjacent dark lines (cleavage planes), either as equant 
grains or with slight elongation parallel to the cleavage. 
The chlorite 001 planes are close to the bedding direc- 
tion and usually at a moderate or high angle to the rock 
cleavage. Following the work of many authors (e.g. 
Beutner 1978) the chlorites are probably remnants of 
larger detrital chlorites that have been corroded by solu- 
tion transfer during deformation. Clear micas, other 
than those in the cleavage bands, have a variety of 
orientations and commonly have aspect ratios greater 

than 4 to 1 where the 001 planes parallel the grain 
length. Several of these micas cut three or more rock- 
cleavage planes at high angles, and deflect the planes at 
their margins. Such features suggest that the clear micas, 
while perhaps undergoing some solution transfer during 
deformation, are more resistant to chemical modifica- 
tion than the chlorites, and deform to a greater degree by 
body rotation. The relative importance of these pro- 
cesses is impossible to evaluate on the basis of trans- 
mitted light investigations. 

FOLD/CLEAVAGE GEOMETRY 

The geometrical relations will be initially illustrated 
using the most regular case of sub-angular folds where 
all information is obtained on the limbs (Fig. 5a). Rather 
than following the normal convention of down plunge 
viewing, the viewing direction of the fold profiles has 
been standardised such that they all have 'Z' asymmetry. 
Plunges are all gentle and any variation is usually 
attributable to a later deformation. Having a standard 
view allows a more straightforward comparison of 
cleavage/bedding relations from fold to fold particularly 
from the short limb of one fold to the long limb of 
another. 

The fold seen in Fig. 5(a) is sub-angular, has an 80 ° 
dihedral angle, and has a 30 ° dip to the long external 
limb. The latter value has been increased by subsequent 
rotation of the whole fold and long limb dips are nor- 
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Fig. 5. (a) Profile view of the sub-angular fold at the NW end of Mondurup ridge. The outline is generalized. (b) Nomencla- 
ture used in describing the asymmetric folds and geometric relations of the grain and mica-band cleavages. 
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really between 5 and 10 °. The illustrated fold is from 
Mondurup and structural readings have been averaged, 
though in the sub-angular examples attitude variation is 
limited. 

The grain cleavage ($16) is nearly constant in 
orientation throughout both limbs, and has nearly an 
axial planar relationship to the fold. On both long and 
short limbs, the bedding/grain cleavage angle is close to 
40 °. The mica-band cleavage (S1B) displays a near sym- 
metric convergent fan of 15 ° on either side of the axial 
surface, and on both limbs the Sla/bedding angle is 
approximately 55 °. Stereographically, these relations 
result in a spread of poles to SIB, and a centre concentra- 
tion of poles to Sic,, as seen in a generalized view (Fig. 
2a). In the sub-angular fold, the acute angle between 
bedding and Sin, always contains the grain cleavage 
(Figs. 5a & b). Using $16 as the reference, it therefore 
follows that on the long limb SIB is anticlockwise Sic 
(Figs. 5a & b). 

Several sub-rounded closures have been examined in 
detail (Figs. 6 and 7) and these have revealed a more 
complex geometry than the limbs. Because the folds are 
reconstructed from discontinuous outcrop, the hinge 
point on a single surface could not be located by inspec- 
tion. On the diagrams its position can only be given in 
very general terms. Hence, a hinge surface cannot be 
constructed and the figures show the orientation of the 
bisector of the interlimb angle to act as a reference when 
comparing angular (Fig. 5) and more rounded folds 
(Figs. 6 and 7). On profile planes, where beddinglraces 
are perpendicular to the fold bisector trace, this point 
should be close to the hinge point where layer thick- 
nesses show a symmetric variation on both limbs; this 
approach is used here to give the approximate location 
of the hinge point. 

The fold represented in Fig. 6 (see also Fig. 2b) main- 
tains, for the most part, the relationship of SI~ being in 

the bedding/S1B acute angle with the exception of the 
region close to the hinge point (station 5). Here $16 is in 
the bedding/S1B obtuse angle. Another variation is that, 
in the closure, towards the common limb side of the 
approximately located hinge point, the $16 cleavage fans 
away from the axial surface (Fig. 6, stations 7 to 13). 
When the limb becomes straight (stations 14/15), the 
regular short limb relation of the sub-angular fold (Fig. 
5a) is achieved. 

Figure 7(a) gives the cleavage relations in the closure 
of a sub-rounded fold where stations 2 to 5 show $16 in 
the So/SIB acute angle and station 1 is anomalous. Even 
though stations 1 and 2 are close to the long limb of the 
fold they both have S~B clockwise from $16; the usual 
short limb relation. Further complexities are found in 
large dihedral angle folds (Fig. 7). On the short limbs, 
SxB shows the more typical clockwise relation to $16 but 
in Fig. 7(b) (i) and (ii), S16is in the Sla/So obtuse angle. 
A similar obtuse relation holds on the long limb of Fig. 
7(b) (iii) and also the clockwise S1B from $16 relation is 
in contrast to most long limb observations. Such 
complexities appear to reflect complex strain histories in 
the closures. Beyond a distance equivalent to the length 
of the short limb, the cleavage relations on the long limbs 
become less clear. In such areas, SIB and $16 become 
very close in dip and strike, and it is difficult to be certain 
whether Slo always falls in the bedding SIB acute angle. 
Both fabrics decrease in intensity away from the long 
limbs and, at some distance from the closures, the mica- 
band cleavage is not I~rpendicular to bedding. 

The geometry of the fold shown in Fig. 6 is plotted in 
Fig. 2(b). Sixteen poles to bedding were used to define 
the dashed ,tr girdle line and the ~ axis. Both poles to SIG 
and SIB tend to fall off this girdle, particularly the cluster 
of near vertical S~6 reading from the closure on the short 
limb side of the hinge point (stations 7 to 13, Fig. 6). 
Neither intersection lineation, L1G,O a o r  L1B.OA are 

II J 
| l  / Mica Band II 
H /, c"""(s'.)ll 

' L- II IP 
. .... 

~IGDIP 67 51 66 8~ 69 88 89 78 90 90 89 8 9 5 9  62 ~I I 
;IG"SO 27 24 57 71 85 hi  39 ~ 25 29 23 ~23 38 ~0 

;IBDIP 76 77 72 72 7~ 66 67 50 59 57 57 70 i62 56 50 

Fig. 6. Profile view of a sub- rounded  fold, Mondurup  Peak. Reconstructed from scattered outcrop and, hence, the bedding 
trace, hinge point,  and  geometrical axial surface, are used  to indicate the fold features in a general  way. 
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. S L A ~  approx. centre 

/ MICA BAND (Sla) CLEAVAGE 
"'~@~i'~/I ~ ]l / Slaty Cleavage (Sis) 

~#, i;//// .~, ~ IL / Crenulati°n Cleavage (S2c) 

'° " " " " " E / / 

" °  .~ " " " " ' | - 2 m  
SZB 60 6]. 5e 4z / t-APPROX" 

SCALE 
s1$  18 - 51 22 63 

S2C 67 - 112 "/6 

b. (i) 
" - - - - - - - - ~ / i  , beddinglS o) 

f////I I 

Fig. 7. (a) Profile view of a sub-rounded fold, Toll Peak. Again  relations between observation points are indicated in a 
general  way. (b) Sub-angular ,  open folds from Toll Peak. 

coincident with the ~r axis, though the latter is closest. 
T h e  L~o,o A readings are heavily influenced by data 
gathered" from stations 7 to 13, and are somewhat 
unrepresentative. 

Much better definition of fold geometry can be 
obtained from Toll Peak where there is no differential 
rotation of segments due to later events. The ~ girdle 
drawn on Fig. 2(c) was based on 59 bedding readings 
from long and short limbs, and closures. Figure 2(c) 
however, concentrates on plotting data from the short 
limbs only and shows a clear separation of SzG and SzB' 
and that here SzB poles are off the statistically defined ~r 
girdle. LlG, O A tends to be close to the statistical ~ axis, 
while L~n,o A is found on a distinctly different bearing. 
Meagre data from a long limb situation (Fig. 2d) show 
the anticlockwise Sin from $1o relation of Fig. 5(a). 

Slaty cleavage displays an overall divergent fan. On 
long limbs, the slaty cleavage dip and strike is quite reg- 
ular, whereas within the closures and on the short limbs 
some variation is found. Small open folds on the short 
limbs cause further fanning of the slaty cleavage. 
Orientation changes, such as those between stations 3, 4 
and 5, in Fig. 7(a), are often related to irregularities in 
sedimentary units. Where slaty cleavage has a low dip 

(i.e. from around the hinge point out towards the long 
limb), a crenulation is developed with a very similar dip 
and strike to Sxo in the adjacent sandstone. This crenula- 
tion only appears in fold closures where $16 fabrics are 
best developed. 

SEQUENCE OF EVENTS 

Overprinting relations show the following order of 
development; bedding-parallel fibrous quartz veins 
first, mica-band cleavage and then grain cleavage. Of 
critical importance is the time of fold initiation in this 
sequence, and this question is the main subject of the 
following section. 

Individual fibrous quartz veins normally consist of 
segments in cross-section, 1 to 2 cm long and about 5 to 6 
mm deep. Each segment has the form of a single open 
fold and adjacent portions are usually concave in the 
same sense (Fig. 3a). The segments are bounded by StB 
planes and offsets along successive planes are consistent 
in sense where the veins are inclined at less than 90* to 
S1B. The majority of the segments maintain a near con- 
stant thickness between adjacent SzB planes. Such fea- 
tures suggest segmentation of once continuous layers by 



216 C.A.  BOULTER 

development of concentrated discrete zones of pressure 
solution. The internal fibres of the veins indicate relative 
displacement between adjacent beds which would have 
a component of bed separation but with a major compo- 
nent parallel to the layers. If Sin was initiated during 
such displacement, i.e. during the vein growth, the mica 
bands would be expected to show pronounced and 
consistent curvature: this is not observed and Sin is 
believed to entirely post-date this generation of fibrous 
quartz veins. 

Pure mica layers of the SIB cleavage in arenite are 
internally crenulated, on a small scale (Fig. 3e), in an 
orientation which is very close to that of SIG in the mic- 
rolithons. Such an overprint cannot be detected on the 
mica films that lie parallel to SIB in the material between 
Sin planes (Figs. 3c & d). The fineness of the crenula- 
tions in the micas suggests that such structures may not 
survive the grain growth associated with a slight increase 
in temperature and thus may account for a lack of over- 
print noted by Harris et al. (1976) in a similar situation 
but in slightly higher grade rocks. 

SIG is also usually found in the acute angle between S O 
and SIn, suggesting that the latter two surfaces have con- 
verged during the strain associated with formation of 
SIG, thus strengthening the overprinting evidence. The 
sense of refraction of the inclined fabric through the 
mica-bands is inconsistent with the bands being a 
crenulation fabric developed during folding. A coeval, 
syn-folding, origin for both SIG and S1B appears unlikely 
and also offsets of bedding along SIB are consistent with 
simple removal of a certain width of material rather than 
being related to crenulation processes. 

Fibrous quartz veins of the type found in the Stirlings 
are normally considered to be syn-folding (e.g. Beutner 
1978) being caused by flexural slip. If the present veins 
follow the standard pattern, then it would follow that 
both Sin and Sio were syn-folding. Nicholson (1978) 
has, however, come out in favour of pre-folding veins of 
a similar fibrous bedding-parallel nature, and in the 
Stirlings the veins are found to completely cover folded 
surfaces going from one limb over a closure and on to the 
next limb without a break. Following Cave (1978) it 
seems that this relation is best explained by the fibrous 
quartz vein growth, and associated displacement, occur- 
ring before folding. 

The timing of SIB with respect to fold initiation is still 
uncertain as a result of the above considerations. The 
symmetric distribution of Sin about the angular folds 
(Fig. 5a) suggests the fabric was either developed at right 
angles to bedding prior to folding or as an axial plane 
fabric during folding. The final state (Fig. 5a) requires 
that, with either of these two timings of Sin growth, 
further modifications during folding have to take place 
including body rotation and strain on the scale of arenite 
layers. The required strain in each case can be calcu- 
lated, and grain shapes within the arenite layers can be 
measured to estimate actual strain states. It has been 
argued that, in certain circumstances, grain shapes do 
not reflect total strain of some units because grain 
boundary sliding was an important deformation 

mechanism (e.g. Borradaile 1979). It therefore becomes 
critically important to consider the condition of the sedi- 
ments from the time of fibrous quartz vein formation to 
the development of S1G, the last recognisable fabric. 

This discussion is centred on the Mondurup example 
where the multilayer contains very little mudrock (~- 
5%) and hence pore fluid loss during overburden 
loading would not be expected to be markedly inhibited. 
The arenite in this area shows remnants of quartz over- 
growths on detrital grains showing a degree of cementa- 
tion. Approximately 80% of the binding agent in the 
arenite is now recrystallised and hence it is difficult to 
assess the amount of cement at the time of deformation. 
Pure quartz arenite in the succession does show com- 
plete preservation of quartz overgrowths with little 
remaining pore space. Bedding-parallel quartz veins are 
more common in the wacke/slate alterations and this 
may reflect entrapment of water during compaction 
which, during early tectonism, induces brittle behaviour 
(e.g. Price 1975, Beach 1977). The veins themselves 
mark an episode of dewatering and perhaps the develop- 
ment of fractures may suggest that the surrounding rock 
was sufficiently coherent (lithified) to support regular 
vein walls. 

High pore fluid pressure in poorly lithified material 
would considerably reduce stresses at grain/grain con- 
tacts (e.g. Lisle 1977) and, under such conditions, the 
initiation and growth of the mica-band cleavages are dif- 
ficult to envisage. Further support for a well lithified 
condition during fabric development comes from the 
detrital/diagenetic chlorites. Their 001 planes are at low 
angles to bedding and many have folded to produce axial 
planes parallel to the rock cleavage. Such features sug- 
gest the grains were not free to rotate. Also between SIn 
planes the intervening rock usually contains fine white 
micas parallel to both S1B and S1G (Fig. 3c). If grain 
boundary sliding had occurred during S1G development, 
the earlier micas might be expected to have undergone 
rotations with respect to one another or to the Sin 
planes. 

The above evidence is interpreted as implying a well 
lithified state for the arenite layers of Mondurup during 
SIB and SIG formation and that the wacke/slate alterna- 
tions probably underwent a significant dewatering when 
the pre - Sin fibrous quartz veins developed. High pore 
fluid pressures probably obtained during folding but it is 
believed that the arenite was well cemented at this time. 
Several horizons show massive, pre-cleavage, 
sandstone-dyke injection, reflecting an early dewatering 
event. Fabrics in these areas are similar to the general 
situation and further support the contention of advanced 
lithification prior to deformation. 

FOLD HISTORIES 

The majority of authors describing situations similar 
to the Stirlings example have come out in favour of the 
mica-band type cleavage pre-dating folding and having 
an orthogonal relationship with bedding (Nickelsen 
1973, Geiser 1974, Beach 1977). Harris et al. (1976), 
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however, believe that the mica-banding developed 
during folding and the following argument attempts to 
demonstrate which pattern holds in the Stirlings; agaifi 
concentrating on the Mondurup area. 

For  the present conditions (layered sedimentary rock, 
low metamorphic grade), the feasible fold mechanisms 
have been considered. In each case theoretical predic- 
tions of final geometry and strain state have been com- 
pared with the Mondurup example (Fig. 5a). A primary 
constraint on the goodness of fit between theory and 
field observation is the comparison of strain state. The 
previous section argued that the well lithified state of the 
arenite meant  that strains would be reflected in grain 
shape modification. The arenite in the Mondurup fold 
multilayer is relatively uniform and it is believed that the 
fabric shown in the shape factor plot of Fig. 4 is 
representative of the general situation. The measured 
thin section was cut parallel to the profile plane and, 
throughout  the following discussion, strain ratios are 
computed for each fold mechanism in this plane. Figure 
4 was prepared using the method of Elliott (1970) and 
shows that 75 % of the quartz grains have axial ratios less 
than 1.75 to 1. The plot is similar to specimens with 
slight or no strain (Boulter  1976) and demonstrate a 
very low strain state on the sample scale; 1.5 to 1 appears 
to be an upper  limit. 

Taking the first view (S1B Z So pre-folding), several 
deformation sequences during folding are possible (i) 
flexural flow, (ii) flexural slip followed by or combined 
with fold flattening; (iii) an interaction of flexural slip, 
flexural flow, and flattening. 

History (i) involves simple shear on arenite bedding 
surfaces being transmitted through the layers and the 
resultant distortion producing Slo. If the generated tee- 
tonic fabric approximates the X Y  plane of the accumu- 
lated strain (Ramsay & Graham 1970), a fold with the 
geometry of the Mondurnp example (80 ° dihedral angle, 
Fig. 5a) has a maximum elongation direction at 33* to 
bedding; this is within 7 ° of the observed S~o orientation. 
The  same distortion would reduce the initial Sxa/S 0 angle 
of 90 to 48 ° (angular shear strain, ~, of 42 °, Ramsay 
1967) whereas the observed angle, is 55 ° (~ = 35°). The 
strain ratios associated with these two angular shear 
strains are 2.38 to 1 and 1.99 to 1 respectively. The latter 
value could be achieved if flexural slip took up a compo- 
nent of the strain. Apar t  from slip on arenite/arenite 
contacts, arenite layers could possibly, bodily rotate 
while the intervening mudrock layers were deformed in 
simple shear. 

The required strain is in excess of that measured in the 
Mondurup arenite material and hence this mechanism 
appears inapplicable in this case. The intensification of 
SIB, and the presence of Sic,, in the closures implies that 
some mechanism other  than flexural flow/slip operated. 
These features suggest the action of a fold-scale 
homogeneous strain at some stage. 

The effects of mechanism (ii) can be calculated 
assuming bedding and SIB were rotated bodily by flex- 
ural slip and then flattened symmetrically about the axial 
surface. In such a stepwise process the fold dihedral 

angle must have been about 120" prior to flattening (Fig. 
8a). To take the fold from this state to the final geometry 
(Fig. 5a) a strain ratio of 2.1 to 1 is required. During 
flattening (homogeneous strain) S1B and bedding con- 
verge on the axial surface (Sic at Mondurup),  and the 
fold dihedral angle is reduced to 80 ° . Homogenei ty  is on 
the scale of the folds, on the grain scale deformation is 
dominantly heterogeneous mass transfer which pro- 
duces $1o. The flattening process also explains the usual 
position of Sic in the bedding/S~B acute angle. 

Mechanism (ii) involves strain states that are again 
much higher than the observed values. In an attempt to 
develop a mechanism which produces lower predicted 
strains, a combination of flexural slip, flexural flow, and 
flattening was considered (mechanism (iii)). By taking 
Fig. 8(b), one possible example of mechanism (iii) may 
be illustrated where flexural slip/flow is responsible for 
an angular shear strain of 20 ° on SIB and homogeneous 
strain further reduces the Sl~bedding angle to that of 
Fig. 5(a). The strain ratio for each component ,  and their 
sum, may be calculated and compared with other 
mechanisms. For  a dihedral angle of 100 °, ~ predicted is 
35* and the modelled value of 20* (Fig. 8b) is an in- 
dication of the flexural slip component  in this stage. For  

= 20 ° the strain ratio is 1.40 to 1 and the maximum 
elongation would be inclined at 10 ° to the axial surface. 
Homogeneous  strain of 1.4 to 1, with an X Y  plane 
parallel to the axial surface, is required to convert Fig. 
8(b) to 5(a). The resultant total strain is 1.94 to I with a 
maximum elongation 4 ° away from the $1~ direction. 
Other  combinations of fold scale homogeneous strain 
and flexural slip/flow give higher total strains within are- 
nite layers and are even more  difficult to reconcile with 
the low strain states observed in the arenite. 

The last fold history (iv) involves a sequence of events 
that in most of its major  features is very similar to that 
put forward by Beutner  (1978) in the summary of his 
paper. It has been shown that layered sequences, where 
viscosity contrasts exist, first respond to lateral loading 
by layer-parallel shortening (Hudleston 1973). The 
amount  of strain in this phase varies with the viscosity 
contrast between competent  and incompetent layers, 
but the transition to a phase of dominant limb rotation 
takes place when the folds have mean 'limb dips' of 
10-20 °, no matter  what the viscosity contrast ( 'limb dip' 
is dip from the normal to the axial surface). It is pro- 
posed that in the Mondurup example, distortion during 
layer-parallel shortening gives rise to the mica-band 
fabric which develops axial planar to the folds. Because 
of the low ratio of fold-amplification to layer-parallel 
strain, the amount  of body rotation of the S~B cleavage as 
it forms is low and the fabric is capable of maintaining an 
axial plane, or near axial plane, relationship. Limb rota- 
tion at a dihedral angle of about 140 ° becomes the 
important  process and the most reasonable strain pat- 
tern here is flexural slip or its modified version where the 
strain is taken up in the mudrock. This behaviour would 
preserve a bedding/SiB angle of about 70 ° during body 
rotation of the fold limbs. Once the fold reaches a dihe- 
dral angle of about 100" (Fig. 8b), homogeneous strain 



218 C . A .  BOULTER 

b g / 
sos,.7o" / N / 

/ / • 11 / o , /  .,CA .A.0 , 

/ GRAIN II 
/ CLEAVAGE (SIQ) I] 

Fig. 8. (a) If $18 were perpendicular  to bedding prior to folding and the fold history was flexurai slip followed by flattening, 
the fold geometry  prior to flattening must  have been close to that  shown here. No other  combinat ion of dihedral angle and 
S,a/axial surface angle can give the  final observed geometry  (Fig. 5a) with a fold scale homogeneous  strain. (b) One  possible 
combinat ion of flexural flow/slip and flattening is shown here. If flexural flow/slip produces a 100 ° dihedral angle fold with 
an angular  shear  strain of 20 ° on the original 90 ° S~a/So, then  flattening can produce Fig. 5(a) with a strain ratio of 1.4 to 1. 
The  interaction of the flattening and flexural flow components  produces a resultant  strain of 1.9 to 1 with a m a x i m u m  

elongation close to the axial surface. 

of the whole fold takes over. The strain ratio to convert 
Fig. 8(b) to 5(a) is about 1.4 to 1 and fits the observed 
states extremely well. 

If flexural flow is the mechanism that takes the fold 
from the layer-parallel shortening stage to that shown in 
Fig. 5(a), it can be shown that the required strain ratio is 
1.69 to 1. Even  though flexural flow produces a maxi- 
mum elongation of almost the correct orientation 
(within 2 ° of $1o) the strain is still in excess of that 
observed and the history of the fold must be 'flexural 
slip' at this stage. 

If S1B planes were well developed prior to folding, 
they could only maintain their axial surface orientation 
during layer-parallel shortening by growth of the bands, 
if significant strain in the intervening material is to be 
avoided. As a result the SlB fabric might be expected to 
be intense, whereas the angular relations of Fig. 5(a) are 
independent  of S1B intensity. In contrast to Nickelsen 
(1973) and Geiser (1974), it is believed the S1B cleavage 
was produced during an episode where the fold dihedral 
angle changed from 179 ° to about 140 ° , and not before 
this phase. The proposed history for the Mondurup 
example places limitations on the use of the Sl~oedding 
angle as a strain gauge (of. Geiser 1974). The angle to be 
modified by later distortions, in this case, is close to 70 ° 
rather than 90 ° , thus lessening the strain required in 

post-layer-parallel shortening processes. If approxi- 
mately symmetric folds are produced locally within 
competent  layers, the unfolded portions (i.e. where 
layers are parallel to the enveloping surface) will show 
SIB perpendicular to S 0. It follows that an orthogonal 
relationship of this type cannot be taken to show pre- 
folding growth of SIB. 

CONCLUSIONS 

Prior to folding, stress difference produced slip along 
bedding surfaces in coherent  well-lithified rocks in a 
direction nearly at right angles to the hinges of the later 
developing folds. As a result of this movement ,  fibrous 
quartz veins grew sub-parallel to bedding. It is inter- 
esting to note that these features are normally taken to 
demonstrate the action of flexural slip during folding. 
Obviously such interpretations have to be treated with 
caution in the absence of conclusive evidence. 

Several fold mechanisms and their combinations 
operating on two initial configurations were tested 
against the observed final state. The investigation consi- 
dered a variety of fold histories with a range of fabric to 
fold timing relations. The geometry and strain state of 
the sub-angular Mondurup fold best fits the develop- 
ment  of the two inclined cleavages (SIB and $1o) during 
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the  folding.  T h e  i n t e r sec t i on  l inea t ion ,  SIB on  bedd ing ,  is 
usua l ly  wi th in  10 ° of  fo ld  axes  and  l inea t ions ,  as w o u l d  
be  e x p e c t e d  if SIB were  syn- fo ld ing .  T h e  m i c a - b a n d  
c leavage  d e v e l o p e d  dur ing  a phase  of  l a y e r - p a r a l l e l  
shor ten ing .  P r e s u m a b l y ,  a ce r t a in  a m o u n t  of  s t ra in  is 
r e q u i r e d  b e f o r e  the  effect  on  the  fabr ic  is no t i ceab le ,  bu t  
the  SxB c l eavage  was p r o b a b l y  in i t i a t ed  when  l imb d ips  
were  on ly  a few degrees .  P e r h a p s  the  f o r m a t i o n  of  $1~ is 
t r i gge red  b y  the  a p p l i c a t i o n  of  s tress  d i f fe rences  at  a cr i t -  
ical  t ime  when  d e h y d r a t i o n  r eac t ions  a re  occur r ing  
wi th in  t he  c lay  c o m p o n e n t  of  the  s e d i m e n t a r y  p i le  and  
r e l eas ing  w a t e r  in burs t s  (Fyfe  1976).  

T h e  m a i n  d e v e l o p m e n t  of  the  SIB c leavage  ceased  at  
the  change  f rom l a y e r - p a r a l l e l  sho r t en ing  to  l imb r o t a -  
t ion,  a n d  at  this  p o i n t  t he  S l a /bedd ing  angle  w o u l d  be  
a b o u t  70 °. F l e x u r a l  sl ip mus t  have  o p e r a t e d  dur ing  l imb 
r o t a t i o n  e i the r  as  sl ip o n  b e d d i n g  sur faces  o r  wi th  m u d -  
rock  layers  d e f o r m i n g  u n d e r  s imple  shear ,  thus  leav ing  
the S1B b e d d i n g  angle  of  70* u n m o d i f i e d  in a ren i t e  

layers .  A s  the  folds  t i gh tened ,  mov ing  m a t e r i a l  ou t  of  the  
cores  b e c a m e  m o r e  diff icult  (e.g. C h a p p l e  1968,  H u d -  
l e s ton  1973,  B e u t n e r  1978) ,  and  a phase  of  f l a t t en ing  
t o o k  ove r  to  fu r the r  t igh ten  the  fo ld  and  mod i fy  the  
m i c a - b a n d  c l e a v a g e / b e d d i n g  angle .  T h e  s t ra in  ra t io  
r e q u i r e d  at this  s tage,  m e a s u r e d  in the  prof i le  p lane ,  is 
1.4 to  1. Such a s t ra in  is c o m p a t i b l e  wi th  shape  fac tor  
m e a s u r e m e n t s  on  qua r t z  gra ins  f rom the  M o n d u r u p  fold  
which  show a mica - f i lm  b a s e d  c leavage  in a ren i t e  
r equ i r e s  on ly  a ve ry  low s t ra in  to  b e c o m e  a r ecogn i sab le  
f ie ld fabr ic .  T h e  a b o v e  fo ld  h i s to ry  fits the  o b s e r v e d  
g e o m e t r y  and  s t ra in  e x t r e m e l y  well ,  w h e r e a s  each  of  the  
o t h e r  m o d e l l e d  h i s to r ies  fa i led  to  dup l i ca t e  the  M o n -  
d u r u p  e x a m p l e  in s o m e  respect .  

S o m e  fea tu re s  of  the  f inal  s ta te  a r e  diff icult  to  exp la in  
in t e rms  of s t r a i gh t fo rwa rd  mode ls .  T h e  c omple x  
f a b r i c / b e d d i n g  r e l a t ions  in the  fold  c losures  a p p e a r  to 
n e e d  a change  in the  pos i t i on  of the  h inge  po in t  dur ing  
folding.  

T h e  c losures  ce r t a in ly  ref lec t  a comp lex  s t ra in  h is tory  

with  f anned  S ~  and  d e p a r t u r e s  f rom S i c  occupy ing  the  
S1B/bedding acute  angle .  

M u c h  of  this  p a p e r  is c o n c e r n e d  wi th  the  M o n d u r u p  
mu l t i l aye r  bu t  t h e r e  a re  severa l  va r i a t ions  in s e d i m e n -  
ta ry  l aye r  a r r a n g e m e n t s  in t he  r eg ion  examined .  A t  Tol l  
P e a k  wackes  a l t e rna t e  wi th  fa i r ly  con t inuous  m u d r o c k  
layers  a n d  this s e q u e n c e  p r o b a b l y  u n d e r w e n t  m o r e  
s t ra in  in the  l a y e r - p a r a l l e l  sho r t en ing  stage.  St ra ins  
a s soc ia t ed  wi th  $16 a re  seen  to  be  h igher ,  b u t  this  s ta te  
w o u l d  m a k e  the  e l i m i n a t i o n  of  s o m e  of  the  h y p o t h e s i s e d  
fold  h is tor ies  m o r e  diff icult .  D e s p i t e  the  g r ea t e r  fabr ic  
d e v e l o p m e n t ,  the  S l d S I B  angles  on  the  fold  c o m m o n  
l imbs  a re  g r ea t e r  (27.5 ° is the  m e a n  of  t en  read ings  f rom 
Tol l  P e a k )  t han  the  M o n d u r u p  fold.  T h e  con t inuous  
s la te  hor i zons  at  To l l  P e a k  mus t  f avour  the  b o d y  r o t a t i o n  
of  the  w a c k e  layers  in  the  fo ld  ampl i f i ca t ion  p h a s e  of  
d e v e l o p m e n t .  T h e  o t h e r  e x t r e m e  of  the  mul t i l aye r s  p r e -  
sent  a r e  e x a m p l e s  of  l en t icu la r ,  w e d g e - s h a p e d  a ren i t e  
layers  wi th  v i r tua l ly  no  m u d r o c k .  T h e s e  p r o b a b l y  
b e h a v e  in qu i t e  a d i f fe ren t  f ash ion  f r o m  sequences  wi th  
a p p r e c i a b l e  m u d r o c k  o r  r e a s o n a b l y  p l a n a r  layers .  
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