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INTRODUCTIOH

Thiz thesis is based on an intensive study of a number of
small, widely scattered areas. I have carried out a routine,
geometrical structural analysis of each of these areas,
and outlined possible mechanical models to account for the

deformation,

SCOPE  OF  STUDY

The mechanics of folding can be approached in two main
ways vig., theoretically and empirically, I have used the
empiricsl spproach, and the fclds I have considered come from
seven main localities, with a few miscellaneous examples from other
places. The seven main areas have been plane~tabled and/or
photographed in sections perpendicular to the mean fold-axis.
Within each area a2ll structurally significant surfaces (bedding,
cleavage, faults and axial surfaces) have been measured, and
fold-hinges were either measared directly in the field, or
calculated stereographically by taking the normal to the

bedding poles (the 7 - method). The geometry of individual
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fold profiles together with standard structural analysis, is the
basis on which I have made my interpretation of the mechanics
of folding.

One of the main problems in mecchanical analysis is to
eliminate some of the variables, and to this end I have
restricted my study in both scale and environment, The scale
of mapping is between 1:10 and 1:100, slthough some considerations
of fold profiles have been made on smaller scales. Thin-sections
have been cut mainly for petrology and the study of cleavage.
The detailed relationship between microscopic structures and
mesoscopic folds is outside the scope of this thesis, although
where possible I have checked out any obvious mechanicsal implications
of my kypotheses.

The environments to which I have restricted my work are
all sedimentary, diagenetic or low-grade metamorphic, with the
exception of two folded aureoles around intrusive bodies. Even
in these two contact zones there is no evidence of high
metamorphic grade, and the style of folding has many similarities

with some of the other ereas.

PRESENTATION
The first chapter is a theoretical analysis in which I have
outlined the properties of the orthogonal- and axial-thickness

ratios, and their use in determining spparent flattening of
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concentric profiles. This work is somewhalt negative since in
most cases there is no advantage in using the axial-thickness
ratios in preference tc the orthogonal-thickness ratios, but I
have included it in coase some of the difficulties are overcome
in the future,

Chapters 2 to 9 (inclusive) deel with the individual areas,
and contain descriptions followed by particular, and then
generalized iunternretations. Chapters 2, 3 and U are considerably
ionger than Chapters 5 to 9 partly because most time was spent
on this work, end partly because detailed interpretations outlined
in these chapters are used by wmeans of reference in the succeeding
chapters. Chapter 10 is the final chapter in which I have
cutlined Woth the geometrical and mechanical causes of variation
in fold style.

There are three appendices: Appendix 1 lists the main
definitions 1 have used; Appendix 2 outlines my use of the terms
sedimentary and tectonic; and Appendix 3 is a review of the status
of some aspects of modern structural analysis, All rock numbers

quoted are Departmental catulogue numbers referring to specimens

located in the University of Tasmania rock store.
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CHEPTER 1

TAICHESS MEASUREAERRTS

1. LLTRODUCTECN

The measurement of variations in the thickness of a layer in
specified directions in a fold is an important determination in the des-
cription of the style of folding. Ramsay (1962) examined several folds
to determine how closely they resembled ideal concentric and similar
folds, He concluded that many natural folds have been modified by
flattening and described & method whereby the amount of flattening in
any fold which was originally concentric can be calculated. The method
which Ramsay used was designed for folds of hand-specimen scale; folds

~which could be polished and measured in the laboratory, or for profile

photographs. The method, while quite practical for laboratory use, can
not be externded to field application without a full realization of its

limitations.

For various reasons it is generally impractical to transport a

fold back to the laboratory. It therefore remains that to use Ramsay's
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method without restrictions, photographs be taken of the fold profile.
While this enables many more folds to be studied in detail there are
certain difficulties which render the use of photographs of otherwise
excellent examples of folding unsuitable for quantitative work. Some
of these difficulties are listed:-

(1) The scale varies radially from the centre of any photograph.
Fields of wide angle must not be used.

(2) The cross-section available is usually not & planar surface and
this gives irregular variaticns in scale on the photograph. Stereo-
graphic pairs help to minimise this effect.

(3) The cross-—section exposed may not be perpendicular to the fold-
axls. Geometrical corrections can be made, but they are tedious.

(L) It may not be possible to take the photograph directly down the
fold-axis. A portable step ladder can help to overcome this difficulty.

(5) The fold may be too large to be conveniently photographed.

The combination of all these factors is commonly sufficient to
render many excellent folds unsuitable for photographic work. What is
required is a method of direct measurement in the field which enables
calculation of the parameters on all well-exposed folds irrespective of
the section available and the scale of folding, the only restriction
being that one layer may be traced around the fold,

The first essential in these calculations is to know the position
of the axiel plane or the best approximation to it for the layer involved,

as this is the datum direction used in further calculations. The axial pla



can be estimated to a reasonable degree of accuracy in the hinge region,
but it is difficult to transfer this direction into the limbs as
required by Ramsay's mcthod for measuring the axial thickness, Ty, the
thickness of the layer measured in the direction of the axial plane to
which the layer is inclined at an angle T/p ~ a. Particularly when the
limbs are at a small- angle to the axial surface, any small deviation in
the estimation of this measurement will incur significant errors in Tg.

There is no problem in concentric or slightly flattened concen-
tric folds with the measurement of orthogonal thickness, t,, the distance
between two parallel tangents to the layer. In a concentrically folded
layer a perpendicular to the upper surface will intersect the lower
surface at the point of contact of the parallel tangent to the lower
surface. However, when the fold has been flattened to any considerable
degree and R (the ratio of the radius of curvature, r, to the apical
thickness, to) is less than 8:1, there is an uncertainty about the posi-
tion of the tangents. An easier measurement which can be teken in the
field is the distance, pg, between the bounding surfaces of the layer
along the normal to the outer surface [See Fig. 1-3(c)]. Calculations
of the difference between this measurement and Ramsay's t, have been

made for varicus combinations of flattening, the ratio, R, and angle, «.



2. RELATIONSHIP OF FOLD PARAMETERS IN IDEAL PROFILES

(a) VARIATION OF AXIAL THICKNESS, T, WITH RESPECT TO o, THE ANGLE
BETWEEN THE NORMAL TO THE LAYER AND THE AXIAL PLANE, IN CONCENTRIC
FOLDS

The relationship between T, end t, is shown in Fig. 1-1(a).
Remsay (1967) states,
ty = Tgcosa ... (Eqn. T-5)
which can be written,
Ty = tg/cosa ... (1)
However the measurement, Ty, indicated in this equaetion and in Ramsay's
Fig. 7-18 is not the axisl thickness that Ramsay defined as

Yeo. the distance between the bbunding surfaces measured
in a direction parallel to the axtal surface of the fold".

This latter measurement, Ty, which is the measurement potentially useful
for field measurements, has the relation
Tg = tgfcoso + ATg ... (2),
where ATy is an increment, generally small, depending on o and R
[Fig. 1-1(a)].

The variation of T,/t, with respect to a for different R is shown
in Fig. 1-1(v). There are several important features displayed in this
graph, and they must be taken into account in the measurement of Ty in
any layer,.

(1) Measurements of Ty in an ideal concentric fold plot on slightly
different curves depending on R for the layer. Hence the plots from
different layers in an ideal concentric fold may not correspond, and if

all the plots are placed on one graph they form a curved band,
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(2) The lower limit of this band is a curve of the form
Y = 1.0/cosa ... (3).
This limit is approached as successively thinner layers are selected
for measurement.

(3) There is a limit in any layer to the angle, o, at which
measurements of Ty can be made., This is shown on the graph by the inter-
section of the Ta/to plots for different R with the dotted upper
bounding curve, The limiting angle is the highest value of & on the
outer surface of the layer such that a lire parallel to the trace of the
axial plane will intersect the inner curve, It is lowest for low R and
approaches 90° fof infinitesimally thin layers. For layers with R
greater than 100, 80° is usually the practical limit of o for measure-

ment of Ta'

(b) TYPES OF FLATTEWING

Flattening as defined by De Sitter (1958, p.283) is a process
whereby a rock is deformed plastically such that there is no change in
volume and the principal directions remain orthogonal. In all the cal-
culations made of flattening hitherto, it has been assumed that the
flattening is statistically homogeneous in the region under consider-
ation, Furthermore, in spplying flattening to folds, the direction of
maximum shortening has been equated to the direction perpendicular to
the axial plane of a fold. These assumptions are not justified in all

cases, and indeed, it is important to recognize the variations from
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these ideal conditions when trying to evaluate amounts of flattening.
In order to consider these features it 1s necessary to define some
reference directions.

Directicon of flatteninig. The direction in which the greatest amount
of shortening occurs.

Surface of flattening. The surface perpendicular to the direction

of flattening.

Plane of flattening. The plane which is tangential to the surface of
flattening at a given point.

Unifaorm flattening. Flattening in which 21l elementary blocks under-
g0 the same amount of deformation,

Differential flattening. Flattening in which the elementary blocks
in a line along the direction of flattening undergo different amounts
of deformation,

Nonuniform flattening. Flattening in which the elementary blocks in

the surface of flatiening undergo different amounts of deformation,

Flattening is a three-dimensional process. However, for simpli-
city it is usually eonsidered in a two-dimensional ae-profile, although
if there is a significant amount of extension or contraction along the
fold-axis there will be an increase or decrease in profile area. The
directions and types of flattening regarded in a plane are shown in
Fig. 1-2. The amount of flattening, x, 1s expressed as the percentage

shortening of a unit length along the direction of flattening. Thus,
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if a length, a, is transformed to X x e, the percentage of flattening is
given by

x = (1 - X)100.

(c) RECOGNITION OF DIFFERENTIAL FLATTENIKG.

Differential flattening can most easily be detected in the axial-~
thickness-ratio graph. The plot of T'a with respect to o mey be a smooth
curve, but it cuts across the standard curves for uniform flattening.

In particular, in very low-grade metamorphic rocks, it is found that
flattening is greatest close to the axial surface of a fold and decreases
away from it. Thus the apical thickness, t,, is increased comparatively
more than the axial thicknesses away from the hinge., As & result the

T'y values appear too low in the limbs, and the minimum T'  value may
occur when a %O. The difference in amount of flattening in the hinge

and the limbs can be calculated directly by comparing the minimum axial
thickness and the apical thickness. If the axisl ratios are recslculated
using the minimum axial thickness instead of the apical thickness, and
the differential flattening is removed from the hinge, the axial-ratio
curve should approximate to one of the ideal flattening curves. This
process of removing differential flattening can be repeated progressively
further away from the hinge until the adjusted ratios do approximate to

one of the ideal flattening curves.



(d) RECOGNITION OF NONUNIFORM FLATTENING

Nonuniform flattening becomes apparent when different percentages
of flattening are obtained for different layers in a fold. Commonly the
layers witih smellest curvature in concentric folds have little or no
flattening while the leyers on the concave side of the cusp may be quite
highly flattened., Particularly in folded seguences of interbedded com-
petent and incompetent layers where there is an irregular spacing of the
competent horizons, a considerable variation in flattening may occur from
layer to layer. It is essential in such cases to measure many layers
before attempting to estimate the overall amount of flattening in any
region, and even then such estimates sre of doubtfﬁl significance. To
make any reasonably accurate estimate of the overall amocunt of flattening
a map should be constructed of the region, and the areal distribution of

the flattening considered.

(e) NON--AXIAL-PLANE FLATTENING

It is often assumed that the axial surface of a fold is the
surface of flattening. 7This is a reasonable assumption if the folds are
caused by deformation in which none of the principal directions are
rotated. In practice, however, individual folds may become disoriented
out of the direction of flatfening, either by rotational strain or by
change in the direction of flattening. Where this occurs it is important
to recognize the local plane of flattening and to use the plane of
flattening and not necessarily the axial plane of the fold when calcu-

lating amounts of flattening.



Recognition of the nlane of flattening is not easy. There is no
geclogical feature which is universally accepted as having a constant
orientation with respect to the surface of flattening although slaty
cleavage in low~grade metamorphic rocks is probably parallel to the
surface of flattening. Z£ven so the direction of flattening may be
variable from one part of the fold to another owing to local reorienta-
tion of the cleavage-forming stresses. Deformed bodies elongated in the
plane of cleavage in slates are thought to be evidence of flattening
perpendicular to the cleavage, and in general, the plane of flattening
in folded competent and incompetent layers is assumed to be parallel to
the slaty cleavage in the hinge region. This asgumption may not be
Justified as shown in the diagenetic folds at Sulphur Creek where most
flattening has occurred in the axial surface rather than in the cleavage

plane,

(f) EFFECT OF FLATTENING ON A CONCENTRIC PROFILE
(i)ortiogonal-tihickness ratios Consider a pair of continuous
curves of the form y = f(x) that are related in a manner such that the
distance between their parallel tengents is constant. Let these curves
also be of a form such that f'(x) is continuous and £''(x) 0 [i.e. at
any point (x,y), f'(x-Ax) > £'(x) > £'(x + Ax), where Ax is a small
increment in x]. Such a pair of curves represents a ‘'concentric” fold

profile.,
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Let these curves undergo a linear transformation such that
y = f(x) becomes v = f(u), where

Kx end v = y/K.

h

u
Then dv/du = (dv/dy) x (dy/dx) x (ax/au) = (1/K?) dy/dx.

Therefore the parallel tangents in the original field will be
parallel lines in the transformation, and since f'(x-4x) > f'(x) >
fi(x+ax), then F!'(u-au) > F'(u) > F'(u+tpu) in the transformed field
showing that the transformed tangents are still tangents to the trans-
formed curves. Hence, since the orthogonal thickness is defined as the
perpendicular distance between the tangents, it can be seen that irres-
pective of the shape of the original curves there is a unigue set of

ta/to ratios for each percentage of flattening.

(ii) Axial ratios Consider a layer of uniform thickness which is
folded concentrically. Take an elementary block as in Fig. 1-3(a) where
the layer is inclined so that the normal to the layer makes an angle,

o, with the axial plane. Let the block be flattened uniformly by x%

perpendicular to the axial plame as shown in Fig. 1-3(b).

Then,

A'B' = X x AB = t4i/cos a',
and

B¢t = (1.0/X) x BC = t,i/sin of,
whence

tan o' = (1.0/X2) tan & .... (4).
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Therefore during uniform flettening perpendicular to the axial
plane, the ratio Ta/to remains constant for any region of the layer and

the engle o is increased to a' such thet tan o' = (1.0/X%)tan a.

(g) DIFFICULTIES IN THE MEASUREMENT OF ORTHOGONAL THICKNESS IN FLATTENED
COHNCENTRIC FOLDS

Flattening of a concentric fold transforms concentric circles,
or parss thereof, into concentric ellipses, or parts thereof. In a
concentric fold the points of contact of the parallel tangents lie on a
common perpendicular to the layer so that there is little problem in
measuring the orthogonal thickness at any point on the profile, How-
ever, in flettened concentric profiles the points of contact of the
parallel tangents do not lie on a common perpendicuwlar, and they may be
considerably displaced. It may even become difficult in the field to
determine accurately the location of the tangents, and the problem
becomes acute in layers with a low R-value or a large amount of flatten-
ing., This error in estimating t, may introduce inaccuracy equivalent
S0 *# 10% of flatterning.

An easier measurement to meke is Py which is the distance between
the bounding surfaces of the layer along tne normel to the outer surface
[Fig. 1-3(c)]. However, this measurement is not always possible as can
be seen in Fig. 1-3(d) where the perpendicular to the outer surface does
not intersect the inner surface, It would be useful to know within

which limits of flattening and ratio, R, the difference between ty and
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Py can be neglected, and a computer programme examining these two
measurements was made to determine
(1) the region in which py does not intersect the inner surface, and
(2) the percentage error involved in measuring Pg instead of t, in
the region in which both measurements are possible,

The generalized results are shown in Fig. 1-U4(a). “he maximum
percentage deviation of py from t, is plotted for various R and amounts
of flattening. py is always larger than t, and the maximum deviation for
any particulsr combination of R and x generally occurs when o is approx-
imately 45°, A zone can be drawn dividing the results into two groups.
On one side of the zone there is no significent difference between t,
and Pys while on the other side either,

(1) there are marked deviations of p, from t,, or

(2) p, does not intersect the inner curve.
In the zone itself there iz some deviation but for most o the percentage
deviation is within the accuracy c¢f the field measurements. It is shown
in this diagram that in desling with orthogonal-thickness ratios in
flattened concentri¢ profiles

(1) the thinner the layer (i.e. the larger R) the smaller the possible
error in the measurements, and

(2) the higher the percentage of flattening the thinner the layer on
which accurate measurements are possible,

It is important to remember that only the maximum deviation of

pg from t, is shown in this diagram. There are many values of o for
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which p, can slmost alwaeys be measured, and a set of correction tables
could be constructed to give accurate t,, However this is unweildy and
the justification for measuring p, instead of t,, which was that p,
could be more easily measured in the field than t,, is seriously out-
weighed by the limitations to pg. Thus it appears that despite the
uncertainties about the position of the tangents, t, is more useful

than p,.

{n) EFFECT OF THE R-RATIO ON THE AXTAL-RATTO PLOT FOR FLATTENED
CONCENTRIC FOLDS

The effect of the R-ratio on the Ty/Ty plot of a layer in a
concentric fold has been shown in Fig, 1-1(Db).which shows that whereas
there is =z unique t'y plot for a concentrically folded layer, there are
a multiplicity of possible T'y plots. This effect also occurs in
flattened concentric profiles and a comparison can be made between tae
actual Ty and the curve, y = 1.0/cos o, which Ty approaches as R
approaches . Fig. 1-4(b) shows the relationship between Ta(Actual)/
T,(Calculated) and o for 20% flattening and various R.

Each plot for a particular R is asymptctic towards a vertical
line which represents the limiting angle, o, above which value the line
parallel to the axial plane from a point on the outer surface does not
intersect the inner surface of the profile. The higher the R-ratio
the higher the angle, o, which can be uged, and given any particular

R-value, as angle, o, 18 increased, so is the ratio of the actual T,
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to the calculated Ty. A series of graphs could be constructed to allow

corrections to Ta (Calc.), but their use would be tedious and unwarranted,

(i) USC OF AXIAL-RATIO PLOTS FOR FLATTENED CONCENTRIC FOLDS

In a concentric profile ta/to = 1 and there is no dependance of
the plot on the R-ratio. Therefore in uniform flattening there is a
unique set of ty/ty values for each percentage of flattening, and this
renders t, measurements far more readily applicable to a graphical solu-
tion for flattening than Ty measurements; the graph constructed by
Ramsay (1962, p.315, Fig. 7) is the one used. Nevertheless, this graph,
while excellent for estimating the lower percentages of flattening, is
not sensitive for amounts of flattening in excess of 40%.

From equation (4) a series of graphs may be constructed showing
the T,/ty ratio for any flattened concentric profile. It was shown in
Fig. 1-4(b) that the influence of the R-ratio is very important in con-
sideration of Ta/to ratios for flattened concentric profiles. The
relations between T,/ty and @ for given R ratios of 4, 32, and o0 with
varying amounts of flattening are shown in Fig. 1-5. There are several
important features which can be seen by comparing these graphs.

(1) The graph for R = 0O represents a uniform flattening of the
curve y = 1,0/cos a which is the relstion Ramsay has used for T'G(Calc.).
This plot has the same sensitivity as the t'y greph as it is constructed

from the same data.
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(2) When g is less than 40° none of the curves is sensitive epough
to permit an estimation of flattening. Uncertainty in measurement of
o and Ta’ as well as primary veriations in layer thickness render the
use of this part of the T', graph impractical.

(3) Although the higher the R~ratio the higher the limiting a
which cax be used for T, measurements, the lower the R;ratio the more
sensitive the graph. Thus there is a greater spread of a over which a
Ty/to ratio of 1.5 occurs for low R rather than for high R. A balance
has to be attained between the upper limit of a and the sensitivity
required, bearing in mind the restrictions already outlined. 1In general
any R-retio less than 4 is not very useful, but with an increasing
emount of flattening, the closer this limit can be approached the more

reliable the results.

(j) DIFFICULTIES IN LOCATING THE CENTRE OF CURVATURE IN FLATTENED
CONCENTRIC PROFILES

In 211 the considerations of exial-ratio graphs the location of
the centre of curvature has to be known with some degree of certainty.
With concentric profiles the centre of curvature of any part of the
folded layer which corresponds to an arc of a circle may be found at the
intersection of two normals to the surface of the layer. If the whole
profile is part of one circle then the centre of curvature for all parts
of the fold is a unigque point. However, particularly in fo¢lds with
narrow angular hinges and long straight limbs, it is c&mmonly found that

different parts of a fold have different centres of curvature. Thus,



if measured T', values are compared with standard graphs, allowances
must be made for the different R-ratios in different parts of the fold.
The problem is aggravated by flattening as it is not wvalid to
project perpendiculars to the surface of the folded layer to determine
the centre of curvature even though the unflattened profile corresponded
to an arc of a circle. In those parts of the fold where the leyers
make & low angle with the direction of flattening, the curvature is
increaged and thus R decreased; where the layers make a high angle with
the direction of flattening, the curvature is decreased and R increased.
It is therefore necessary in the use of axisl-ratio diagrams firstly to
make & rough estimate of the flattening and to cbtain an approximation
to the true curvature from which the desired R-ratio can be calculated.
Then the measured Ty/t, values can be compared accurately with the
ideal flattening curves. Fortunately there is not much erfor involved
in calculations of flattening from the axial-ratio graphs by a 20%

error in the estimation of R as long &s R is not less than 4,

(k) EFFECTS OF SIMPLE AND PURE SHIAR OF A CONCENTRIC PROFILE

In all the considerations of flattening it must not be forgotten
that the similar geometry may not be caused by flattening (i.e. pure
shear} but by simple shear parallel to a given direction. Flattening
produces.changes in thickness both parallel and perpendicular to the

direction of application, whereas simple sheer produces no change in

thickness parallel to the shearing direction, However, neither of
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these deformations produce changes in the axial-thickness ratios, and
unless there is additional information about the nature of the strain
involved, the gross geometry of the deformed layer will not indicate

whether pure or simple strain is involved.

Let us define a unit of simple shear as the displacement of a
particle by a unit distance in a plane unit distance from the origin
[Fig. 1-3(e)]. Consider an elementary block of a concentrically folded
layer undergoing Y units of simple shear [Fig. 1-3(f)].

Then o becomes o', and tan a/tan o' = BC/(BC + Y x AB),

whence Y = tan a' - tan a.
Thus the amount of simple shear of a concentric profile can be calculated
directly from the exial-ratio plot by considering the increase in a to
o' for e given T', value,
(1) DISTINCTION BETWEEN SIMPLE AND PURE SHEAR

The geometrical similarity of simple and pure shear makes it im-
possible to distinguish which type of deformation is present merely by
considering the gross geometry of the profile. However there are a
number of methods whereby the type of strain involved may be inferred,
and these may be classified into two categories:-

(1) Knowledge of the original thickness of the layer, and
(2) Knowledge of the original shape of deformed bodies within the

layer.



Knowledge of the original thickness of the layer is a direct
criterion which canr be used to determine the type of strain. If it is
possible to say that a layer originelly had & certain thickness, then
it can be found whether the layer has becn thickened (pure shear), or
whether it maintains its original thickness (simple shear) in the hinge
of the fold. In this way the similar geometry impressed on a concentric
profile can be divided into amounts of simple and pure shear.

It is also possible, by averaging the apical thicknesses of a
group of layers in a folded zone to compare this average with the same,
or similar layerg in a nonfolded zone. If the similar profile is caused
by simple shear then the average apical thickness of a particular group
of folded layers should be the same as the average thickness of a com-
parable group of layers outside the folded zone.

In practice, it is never certain that the thickness represented
in an epparently undeformed Zone is the original thickness, and in any
case primary variations are usually present. Methods more indirect usually
have to be employed. The change in shape of a body during deformation is
the best index available, and althoufh accurate calculation of the amount
of either type of strain has probably never been made satisfactorily,
some conclusions about the type of strain have been drawn from both the
geometry and the symmetry of the deformed bodies. O'Driscoll (1964 and
other papers) has made extensive studies of the change in shapes by both
simple and pure shear. Some of the simple geological structures which

are most useful are current cross-bedding, oolites or clay pellets,
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fossils end in general anything about which reasonable predictions can
be made regarding their original shape. The change in angular rather
than linear measurements is the most commonly used criterion, and per-

haps the most reliable.

(m) DEFORMATION OF ANGLES DURING FLATTENING

Consider two planes at an angle, B, apart which are in a layer
undergoing flattening. Let the body be flattened by x% in a direction
meking an angle, K, with the biséctor of the angle between the two planes
[Fig. 1-6(a)]. Then B btecomes £' and K becomes K'. In the field B'
and K' can be measured and from the knowledge of the original B8, percent-
age of flattening can be calculated. Fig. 1-6(b) shows the variation of
" with X' for various amounts of flattening, the original 8 having been
10°. Accuracy in measuring 8' controls the sensitivity of the method,
and the larger the original B, the more tolerance in measurement of 8'
for an acceptable accuracy in the estimation of flattening. Although
Fig. 1-6(b) is constructed for B = 10° and similar graphs could be
constructed for any desired angle., However for 0° < B < 20° the results
may be scaled up or down by a factor so that the original R is made to
equel 10°, and the graphs in Fig, 1-6(b) can be used.

The best estimation of flattening is obtained when K is lowest,
i,e. when B is in such a position that it is opened by the flattening
rather than closed. Becaugse of the uncertainty of the value of the

original B estimations of flattening should not be made from readings
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over & small range of K'. If possible, R' should be measured over the
whole range of K', and the curve compared with stendards.

The results for g = 60° are shown in Fig. 1-6(c). It is im-
portant to note that although the maximum angle between any two planes
is 90°, values of B8' greater than 90° have been quoted. This effect is
caused by the orientation of the planes in the flattening field, where
the acute angle has been transformed intoran obtuse angle. It is there-
fore necessary to note the orientation of the planes in the flattening
field and to measurc ' in the same sense of rotation from one plane to

the other.

(n) OTHER METHODS OF ESTIMATING FLATTENING IN FOLDS

Williams (1965) has developed a simple method for estimating
flattening in folds which is particularly useful in the field where fold
hinges are well exposed and correspond closely to flattened arcs of
circles. The folds Williams was concerned with have long straight limbs
and tight angular hinges. Often the layers have a sharp cusp on their
inner surfaces vhich gives good control on the location of the centre of
curvature, If the centre of curvature is well known, and if the shape
of the folded layer represents a flattened arc of a circle good esti-
mations of flattening can be made, However, when the location of the
centre of curvature is not well known and the shape of the outer curve
is not necessarily a flattened arc of a circle, estimations of flattening
mey become subject to considerable error. The method is further restric-

ted in scale to a range of folds in which



(1) the whole fold is visible in the outerop, end

(2) the observer can stand in a position such that he can look directly
down the fold-axis,
In practice the use of Williams' method for estimating flattening is
restricted to folds with tight anguler hinges between the scale of a deci-
metre and & couple of metres.

One of the problems affecting calculations of flattening is pri-
mary variation in the thickness of the layer. This variation mey be
of two types:

(1) continucus variation such as a regular increase or decrease in
thickness due to lensing, or
(2) irregular variation due to sedimentary structures.

Folds in which there has been primary variation can not be easily
dealt with by either orthogonal- or axial-ratio plots, and the method of
recording thickness at various distances along the bedding plane as indi-
cated by Ramsay (1962, p.311) is the most suitable to estimate variations
which might have been caused by flattening. There is the added problem
that sedimentary irregularities tend to localize fold hinges (De Sitter,
1939 and 1957). Estimations of flattening in folds in which the
layering was not originally of uniform thickness are usuaily best

avoided.
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(o) CONCLUSIONS

Although the basis of the axial-rstio diagram has been shown to
be much more complicated than the basis of the orthogonel~thickness dia-
gram, with due consideration of the restrictions the axial-ratio diagram
can be used more successfully for the determination of amounts of
apparent flattening than can the orthogonal-thickness diagram. The
following conclusions can be drawn about the two different plots.

(1) The axial-ratio plot is not suitable for field use because,
(a) T, can not be measured satisfactorily in the field, and
(b) « can not be measured with sufficient accuracy to allow

successful application of the corrections to t.,, with regard to the R-

o>
ratio, to enable an axial ratio to be calculated.

(2) The ratio of the radius of curvature to the apical thickness, R,
has an importent effect on axial-ratio diagrams giving,

(a) a maltiplicity of different T,/t, values for any given per-
centage of flattening depending on the R-ratio, and

(b) an upper limit of o for which measurements of T, can be made,
this limit being highest for large R.

(3) In the field the difficulty in determining t, because of the
position of the tangents can be neglected for thin beds or small percent-
ages of flattening.

(L) For percentages of flattening up to 40% the orthogonal-thickness
diegram is most readily usable. However, the axial-thickness ratic plots
are more sensitive for higher amounts of flattening. Layers with R not

less than, but approaching 4 give the highest sensitivity.



3. DILATATIONAL STRAIN AND FOLDING

{(a) GENERAL REMARKS

The effects which volume change during or after deformation have
on the geometry.of folds are rarely considered by structural geologists.
Most deformetions are related to non-dilatational strains, and Turner
end Weiss (1963, p.27hk) in discussing types of strain, reflect this
attitude by stating,

... by mo means are all the strain types ... likely to

have statistically defined counter parts in natural strains

as exemplified by tectonites. We can omit types ... in

which the sole or principal component of strain is dila-

tation ...".

This attitude is due principally to two factors. Firstly, most
geologists concerned with strain in rocks consider that they are
dealing with consolidated, compacted rocks in which there is no sig-
nificant loss or gain of void space or material such as water. Most
structures attributed to swelling or contraction are considered super-
ficial and not extensive enough to be important in conventional struc-
tural analyses. Secondly, in rocks which are consclidated the volume
changes caused by metamorphism accompanying deformation are not usually
considered large enough to be significant, The volume change involved
in the change from anhydrite to gypsum is one exception. In this
section I propose to consider briefly the geometry of strains caused
by loss of water during compaction and the possible implications of

this volume change with respect to tectonic folding in partislly con-

solidated rocks.



{b) RELATIONSHIP BETWEEN DECREASE IN POROSITY AND VOLUME CHANGE

Porosity is defined as the percentage of pore space in the total
volume of the rock, The porosity of a newly deposited mud may be as
high as 80%, and there is a complete gradetion from this value to shales
with'porosities less than 10%. If porosity is expressed as a percentage,

decrease in volume = decrease in porosity/(100-present porosity).
This is not a linear function, as noted by Weller (1959, p.302). A 20%
decrease in porogity in a rock having an original porosity of 50% pro-
duces a decrease of approximately 29% in volume, while the same decrease
in porosity in a rock having an original porosity of 40% produces a

decrease ir volume of 25%.

(c¢) RELATIONSHIF BETWEEN VOLUME CHANGE AND FLATTENING

Up to this point flattening has been essumed to be a non-dilata-
tional transformation, and the deformation has been considered in terms
of change of shape rather than change in finite dimensions. Although
the change in volume of a sediment during compaction is a three~dimen-
sional process, it can be approximated to a linear function since the
surface area of the sediments remains approximately constant, and a
change in volume is directly proportional tc a change in thickness
of the unit. Thus a sediment which decreases in volume by 20% also
decreases in thickness by approximately 20%, and the appérent uniform
flattening caused by compaction is given by the eguation

% Uniform Flattening = 100[1 - (1 - Reduction in Volume)%].
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'A 20% decrease in volume produces a uniform flattening of Just over 10%

parallel to the bedding.

(d) EFFECTS OF DIFFERENTIAL COMPACTION ON FOLD STRUCTURES
The loss of volume in an argillite during compaction is much

greater than the loss of volume in a sand. Thus the amount of apparent
flattening is greater in & pelite then in a psammite, If the mud com~
pacts from an original porosity of 50% at the time of deformation to 10%
after burial, and the sandstone compacts from an original porosity of
40% at the time of deformation to 30% after burial, then the uniform
flattening of layers in the shale is approximately 25%, while in the
sandstone it is only 7%. In cases where the sandstone and shale are
interbedded, and the folds involve more than one unit of each, the case
is a little more complicated. The style of folding in such sandstone-
shale sequences is cormmonly such that the sandstone beds act as com-
petent layers roughly maintaining their orthogonal thickness while the
shale actc incompetently filling the interspaces. Differentisl compac-
tion after deformation has two main effects.

(1) Planar features oblique to the bedding become non-planar if they
pass through different rock types, and

(2) The volume of shale in fold cores is reduced thereby producing
fold liwmbs convex towards the axial surface.

These effects are shown diagrammatically in Fig. 1-7. In

Fig. 1-T{a) the elementary case of normal compaction of interbedded
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sandstone and shale is shown, If reference spheres are inscribed in the
different rock types at any time during compaction the spheres in the
shale are flattened more than the spheres in the sandstone, In

Fig. 1-7(b) the effect of differential compaction on an oblique planar
feature in graded bedding is shown. The original plane becomes bent or
irefracted” with the part in the pelitic material being rotated furthest
towards the plane of flattening. In Fig. 1-T(c) the effect of differ-
ential compaction on a fold with competent sandstone lsyers and incom-
petent shale is shown, The axial plane becomes "kinked” as it passes
from the sandstone into the shale, and the volume of the shaly core is
reduced, The effect of the reduction in volume of the shaly core is
shown in Fig. 1-7(d) vwhere the originally straignt planar limbs become

convex towards the axial surface.

(e) RELATIONSHIP BETWEEN COMPACTION AND THE PLANE OF APPARENT FLATTENING
One of the problems in the use of Ramsay's graphs to calculate

percentage of flattening is how to determine the plane of flattening.

In simple cases the axial plane may be assumed to be the plane of

flattening. However, in structures which undergo apparent flattening

by compaction after their formation the axial plane is not necessarily

the plane of flattening. The problem can be discussed with respect to

the two dominant rock types, viz. pelites and psammites.
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(i) The plane of flattening in pelites.

Consider the formation of a planar structure (e,g. cleavage) in
a pelite interbedded with psammites [Fig. 1-8(a)]. There are two ways in
which the pelite might compact., In the first model no account is taken
of the structure of the pelite, or the way in which it is dehydrated.
Compaction occurs perpendicular to the bounding psammites thereby short-
ening all dimensions in the pelite except those parallel to the bedding
to which the plane of apparent flattening is thus parallel [Fig. 1-8(b)].

In the second model cognizence is taken of the type of structure
that exists in the pelite, If the planar structure is a cleavage of the
slaty type such as exists at Sulphur Creek and Tullochgorum, most of the
platy minerals are oriented parallel to it, This type of cleavage appears
to have formed perpendicular to the meximum applied stress, and any excess
water in the rock will have bemn forced out along the cleavage surfaces.
Under these conditions it is reasonable to assume that the area of the
cleavage surfaces did not decrease, and may, in fact, have increased,
Likewise the area of ithe bedding surfaces of the psammites did not
decrease, so that there were two non-parallel directions in the rock
which did not shorten during tectonic compaction, Fig. 1-8(c) illus-
trates the postulated mechanism for compaction in which the cleavage
slices maintain constent length, but decrease in thickness due to loss
of water as they rotate towards the bedding surface during compaction.
The plane of apparent flattening is located half-way between the bedding

and the cleavage, as is shown in Fig. 1-8(d).
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Which, if either, of these two models of compaction is operative
in any particular case is not easily determined. In the first model the
strain may be related to two planes of flattening; initially, deformation
associated with the cleavage formation mey cause flattening in the cleav-~
age plene and subsequent flattening caused by compaction is perpendicular
to the bedding. In the second model there may be initial flattening in
the cleavage plene and subsequent flattening perpendicular to the bisec-
tor between the cleavage and the bedding. HNevertheless, both models
involve strain which can be related to a plane of flattening that is not
parallel to either the bedding or the cleavage.

(ii) The plane of flattening in psammites.

The problem is fer simpler in psammites. Because of the egqui-
dimensional shape of the grains there is little loss of volume during
compaction, and the amount of epparent flattening is negligible. Thus in
psammites the plane of flattening determined from the symmetry of the
thickness ratios 1s the true plane of flattening related to the flattening
deformation. In practice, the plane of flattening in individual psammite
layers is generally parallel to the axial plane for each layer, and thus
in folds in interbedded psammites and pelites where the axial surface
becomeg kinked by oblicue compaction, the trace of the plane of flattening
can be found by joining the points of maximum curveture on the bouwnding

surfaces of the layer.
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CHAPTER 2

SYNTAPHRAL FOLDIRE Ii EOCENE CHERTS, PORT MORES3Y

1. INTRODUCTION

The southern c¢liff of Paga Point, Port Moresby (Fig. 2-1)
exposes a U0O-metre-~long section of highly contorted cherts, argillites
and calcarenites. An intensive study, during which the cliff face was
scaled-off into 5.-metre sections and then photographed, was undertaken
in January snd February, 1965. Using these photographs as a base,
structures and attitudes were recorded, and accurate sections have been
made, An extension ladder forty feet long was used to reach the top of

the cliff,

2. PETROLOGY

(a) GENERAL STATEMENT -
The rocks involved in the folding at Paga Point, Port Moresby

are calcarenites, argillites, and spherulitic cherts. The section
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exposed includes about 100 metres of the Port Moresby Group (Glaessner,
1952). Competent beds are generally 10 to 20 cms. thick with the inter-
vening incompetent beds 5 to 10 cms. thick. The ceds were originally
well defined in their mechanical behaviour, but owing to the growth of
siliceous nodules, boudinage during folding, and induration of the
exposed section, individual beds are nard to follow for any distance
along a profile. In places they have been lensed-out completely, and

in general, any bed pinches out laterally.

The rock type varies through the section, tending to become
coarse -grained towards the top. The lower part consists entirely of
spherulitic cherts and argillites with some thin bands of fine-grained
calcarenite 2 to 3 cms. thick., The only difference between the com-
petent and incompetent cherts in the lower part of the section appears
to be the darker colour ané more numerous fractures in the incompetent
chert, This incompetent material is thought to have been argillite
originally. In the upper part of the cliff section the rocks are
medium-grained calcarenites with interbedded argillites. There is no

cleavage despite the intense folding.

(b) FAUNA

There is an abundant fauna of predominantly planktonic forem-
inifera in the calcarenites, with radiolaria, bryozoans and sponge
spicules also present., However, because of the likelihood that many of
these calcarenites are formed of reworked material, the faune from the

cherts was used to date the sequence.



The cherts contain a poorer fauna than the calcarenites, and
it consists predominantly of planktonic foraminifera and sponge spic=-
ules. Mr. P, G. Quilty (University of Tasmania, pers. comm.), has
identified the following, Globigerina yegquaensis, G. bowert,

G. soldadoensis, Globorotalia bullbrooki, G. cf. renszi, Globoconusa
cf, echinatus, which indicate an age in the lower part of the Middle
Eocene. Glaessner (1952, p. T2) has suggested “... an upper Eocene
age of the Port Moresby Group seems therefore likely’ mainly on the
basis of large foraminifera in the calcarenites. The foraminifera
identified from the cherts at Page Point indicate that the Port
Moresby Group may have extended at least through both Middle and Upper

Bocene.

{c) PETROGRAPHY

(1) Siherulitic chnerts (34918 )  These are very fine-grained rocks
with some bedding variations, and they may well have been precipitated
chemically as suggested by Montgomery (1930).

35% tc 4.4  Sponge spicules and a few foraminifera. The sponge
spicules are up to 1 mm, long and 0.1 mm. in diameter.

1%  Spherulites of fibrous chalcedonic quartz, up to 0.1 mm,
in diemeter.

5% Clastic quartz, mica, plagioclase and opaque iron minerals.
These are anguler and up to 0.05 mm, in diameter,

4.% to LDU%  Unidentified clay with some quartz and calcite.
Individual particles are too fine to distinguish optically.

1%  Calcite, in veins and also distributed throughout the matrix.
In the veins the calcite has recrystallized up to 1 mm. across,
but remains finely disseminated in the matrix.



(ii) Fineg-grainad Argiliite Individual particles can not be dis-
tinguished optically, but probably consist of clay, chalcedonic gquartz
end calcite, The chalcedonic quartz also occurs in sponge spicules,
which are very numerous and compose up tc half the rock. OSpherulites
of fibrous chalcedonic quartz are usually less than 0.05 mm, in dia-

meter, but a few larger spherulites reach 0.15 mm., across.

(iii) Fine-grsined Calcarenite (3hyez ) This rock type occurs as
beds or lenses, usually less than 3 cms. thick where associated with
the spherulitic chert and fine-~grained argillite, and it forms only a
minor proportion. of whole chert sequence.

20% to 30%  Clastic quartz, very angular and poorly sorted, low
sphericity, unstrained extinction.

104 Plagioclase, Ango, remarkably fresh, angular and poorly
sorted, medium sphericity.

Both the plagioclase and clastic quartz have a maximum diameter of
0.15 mm.

2% to 3% Glauconite, in very fine-grained, granular particles

up to 0.15 mm, diameter. It appears moderately well rounded and
in some examples is located in tests of foraminifers.

30% to 40% Foraminiferal tests and sponge spicules. The grain-
size is similar to that of the larger clastic minerals.

less than 2% Chlorite, biotite and opaque iron minerals.

30% Matrix, consisting of quartz and calcite. The quartz is

of geveral types,

(a) Opeline quartz, often in sponge spicules,

(b) Microcrystalline chalcedonic quartz which dominates the matrix,
and replaced or infills fossil tests,

(c) Spherulites of radiating chalcedonic guartz, up to 0.5 mm. in
diameter, and

() Thin rims of chalcedonic quartz encasing foraminifera and, in
some places, clastic grains.

The calcite occurs either as a very fine-grained matrix throughout
the rock or as coarse crystals in veins.
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(iv) Meaium-arainza Calcarenite [Pig.2~-2(a),34917 ] This is the

dominant rock type in the upper part of the section and is usually well
bedded with alternating green and grey beds, the green layers having
been incompetent with respect to the grey ones,

15% to 2% Detrital quartz. There are two types:-

(a) Subrounded to rounded grains up to 1 mm. in diameter. These
grains have a sphericity of 0.6, good extinction, numerous small
inclusions of apatite, zircon and sericite, and are interpreted

as plutonic quartz,

(b) Smaller angular quartz with lower sphericity. The maximum
size is 0.5 mm, in diameter, but they &are very poorly sorted down
to fine-silt size. The grains have numerous curved cracks and
indented margins, and a Tew have strained extinction with small
biaxizally positive interference figures. They are interpreted as
volcanic quartz.

10% to 15% Plagioclase. There are two types:-

(a) Subrounded to rounded grains up to 0.7 mm, in diameter. They
show good cleavage, moderate relief with n greater than that of
Canada balsam, low birefringence and some polysynthetic twinning.
The angle 2V is approximately 90° and the maximum extinction angle
parallel to the faster ray is 27°. The composition is believed to
be approximately Angg. [Fig. 2-2(b)]

(b) Smaller, fresh angular grains showing very strong polysynthetic
twinning. The size varies up to 0.5 mm, in diameter with irregular
and re-entrant shapes, and they are poorly sorted, Some weak com-
positional zoning can be seen, and these zones indicate that the
present grains were once part of crystals 1 to 2 mms, in diameter.
Several greins also appear to be deformed and cracked. They are
biaxially negative with a maximum extinction angle of 15° parallel
to the faster ray. The composition is believed to be approximate-
ly Anjp.

less than 5%  Potassic feldspar. Grains are subrounded, spheri-
city 0.7, size up to 0.5 mm. in diameter, and they are commonly
altered with sericite inclusions. Perthite and microcline frag-
nents are also present,

Tess than 5%  Other clastic minerals end rock fragments. Biotite
flakes up to 1 mm. in maximum diameter are commonly bent around
detrital grains, and in some cases have been distorted by calcite
crystallizing along the cleavage surfaces. Glauconite, which
comprises an average of 1% to 2% of the sediment, occurs in
rounded, fine--grained granular particles up to 0.5 mm. in meximum
diameter, The glauconite is often located in foraminiferal tests,
but the average size is approximately equal to that of the larger
clastic grains in the rock. Pyroxene, opaque iron minerals,
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chlorite and possibly lava fragments are present in small amounts
and meke up the remainder of the clastic particles apart from
fossil fragments.

40% to 50% Calcite matrix (including 30% to 40% fossil frag-
ments). The calcite occurs as (a) fine-grained matrix, dissemin~
ated throughout the rock, and (b) coarse crystals up to 1 mm.
diameter in dilatant veins. The fossil fragments are 30% to L0%
of the volume of the rock. They are foraminiferal and radiolarian
tests and sponge spicules of the same grain-size as the larger
detrital minerals. They are, however, completely replaced by
quartz, or in some cases calcite, and while initially they may
have acted mechanically as grains they are now part of the recrys-
tallized matrix.

20% t0309% Quartz cement. The proportion of quartz cement in
the specimens examined varies markedly, but is generally one of
four main types:-

(a) Spherulites of fine-grained, chalcedonic quartz crystallo-
graphically oriented radially. These spherulites [Fig. 2-3(a)]
are cormmonly up to 0.5 mm, in diameter and many have formed in
foraminiferal tests, although this locale is not essential. The
spherulites heave developed by radial growth outwards from a
nucleus, and appear to have pushed the cglcite matrix and all im-
purities outwards. In meny places they have interfered with one
another and have completely surrounded areas of calcite in thin-
section., Coarsely crystaellized calcite veins cut the spherulites.
(b) Irregular patches of very fine-grained, microcrystalline
quartz which is finely disseminated throughout the matrix., This
fine~grained quartz has replaced some of the fossil fragments.
(¢) Bnecrusting rims of chalcedonic quartz, commonly formed around
fossils and rarely around clastic minerals., The rim is usually
0.01 mm, wide with guertz c--axes arranged perpendicular to the
margins.

(d) Opaline quartz in sponge spicules.

(v) Cilatant Calcite~fillec Veins In 2ll rock types dilatant
veins filled with recrystallized calcite have formed. These veins
fracture matrix, spherulites and clastic grains alike, and have formed

when the rocks were strongly cemented. This brittle behaviour post-

dates the folding.
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Fig., 2 - 3 {a). (34914) Crossed polaroids X 45, Spherulites
of chalcedonic quertz in a matrix of fine granular quartz and

calcite.
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Fig. 2 - 3 (b). Large, irregular nodule which is composed
of dark, flint-like chalcedony and extends across several beds.
Differential flattening during deformation has caused the encompassing

layers to bow around the nodule. Six-inch rule shown.
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(d) CHERT AND FLINT NODULES

Siliceous nodules are very common in the chert beds, and vary
in size up to 2 metres across. The nodules have a variety of forms,
Some are irregulerly shaped, flint--like bodies which encompass several
beds [Fig. 2-3(b)]. Others are light-coloured and almost spherical
with concentric bending. These quasi -spherical nodules are often con-
fined to a single layer. Most of the nodules have been stretched into
boudins during folding, and are elongate parallel to the bedding, but
there are some which appeszr undeformed [Fig. 2-U(a)].

In thin section the dark, flint-like nodules (34920 ) appear
to be composed almost entirely of microcrystalline guartz less than
0.02 mm, in diameter. There are less than 5% of included detrital
grains, and these are mainly opaque iron minerals less than 0.05 mm.
in diameter. The lighter coloured, concentrically laminated nodules
(3&919 ) contain up to 20% of silicified foraminifera, sponge spicules
and spherulites of radiating chalcedonic quartz up to 0.05 mm. dia-
meter. The remainder of the rock is very fine-grained clay and quartz,
with some calcite forming a compact matrix. Dilatant calcite veins

transect the nodules.

{e) NON--TECTONIC, SEDIMENTARY STRUCTURES
There are several internal structures which are considered to

have formed penecontemporaneously with deposition.
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Fig, 2 ~ 4 (b). Flinty nodules belonging to the same type as the

large irregular nodules, stretched toc boudins by folding. Six-

inch rule shown.



(i) Cross-lecding Small-scale cross-bedding is common in the
medium-- to fine-grained calcarenites, but is not present in the cherts.
The units ere usually 1 cm. to 2 cms. thick, and elways less than
5 ems. Truncations are visible in most ekamples and have been used to

determine direction of younging.

(ii) Folaec Cross-Bedding These structures are different from
convolute folds in that their geometry is essentially similar with
axial surfaces oriented parallel to the bedding. They are probably

caused by current-drag shearing of cross-bedded lenses (McKee, 1962).

(iii) Convolute Folds Several examples were seen, mainly in the
medium~ to fine-grained calcarenite in the upper part of the cliff

section. Often they are truncated at their upper mergins [Fig. 2-5(b)].

(iv) Terminated Faults These are structures in which smell normal
faults affect one bed only, and the beds above and below show no evi-
dence of displacement. This could be because the upper bed is deposited
after the faulting or because the interbedded incompetent material was

mobile enough to take up all the strain.

(v) Load casting Load casting can be seen in some of the medium-
grained calcarenites where the incompetent, greenish calcarenite in-

trudes the competent white layers.
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Fig, 2 - 5 {(a). (34921). Crossed polaroids. X 60, Very
fine-grained chalcedonic quartz in one of the large irregular

nodules.

Fig. 2 - 5 (b). Comwolute folds in medium to fine-grained

calcarenite. Six-inch rule shown.
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(f) ENVIRONMENT OF DEPOSITION
There are several criteria which are important in interpretation

of the environment of deposition of the Paga Point rocks.

(i) Feuna The bulk of the fauna is Lower Middle Eocene planktonic
foraminifera, Although exact correlation of the fauna to depth by ref-
erence to recent distributions must be undertaken with reservation, it
is likely that the arenaceous bands accumulated in a water depth as
great as, or greater than, the deeper limits of Norton's (1930) Zone B.

The depth of accumulation was thus probably at least 100 metres.

(ii) Twc Clastic Fractions In the medium-grained calcarenites
there are two distinct clastic fractions. The first fraction consists
of medium-~grained sand-sized particles of well-rounded quartz, plagio-
clase Angg, potassium feldspar and glauconite., The well-rounded nature
. iIndicates that the particles were derived from an active environment,
but the freshness of the feldspars indicates that weathering was mech-
anical and transport to this active environment rapid. The minor
biotite and pyroxene could also helong to this fraction. The terrain
from which this composition could be derived is plutonic igneous.

The second fraction consists of fine-grained, angular quartsz,
and plagioclase Anzg. Commonly the quartz is fractured and strained.
This fraction is believed to be of tuffaceous origin and to have
suffered little or no abrasion during tremsport to the site of final
deposition. Both Montgomery (1930) and Glaessner (1952, p. 66) have
recorded abundant tuffs nearby in the Port Yoresby Beds. The vulcanism

was acid.
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(iii) Sponge-Snicule Chert The high proportion of sponge spicules
present in the chert indicates an environment protected from normal
supplies of clastic particles, although the calcarenite bands throughout

the sequence indicete an occasional influx of detritus.

(iv) Hon-Tectonic Structures The penecontemporaneous structures
described indicate intermittent bottom currents. Apart from small-scale
cross-bedding which is present in the fine--grained calcarenites through-
out the sequence, these structures are confined to the medium-grained

calcarenite in the uppermost part of the section.

{v) taximum Size of tie Clastics The maximum size of the clastic
particles in the calcarenites is approximately equal to the mean size
of the foraminifera. This indicates that the foraminifera, which have
an effective specific gravity less than that of the clastics, were
transported by the same currents as were the clastic particles. Since
the foraminifera indicate a depth of at least 100 metres, the depth of

accumulation of these calcarenites may have been still deeper.

(vi) Glauconite The presence of rounded glauconite grains indi-
cates that at least some of the particles are reworked from an active

shallow-water regine,

(g) CONCLUSIONS
The environment of deposition was a protected one at least

100 metres deep. It was not close to the strand line, but in a basin
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or on the edge of the continental shelf where there were occasional

influxes of clastic particles from shallower regions. The medium- to
coarse-~grained calcarenite towards the top of the section indicates a
somewhat different environment from that of the cherts, although there
are no data on relative depths. The change in environment could have
been caused by an increase in supply of detritus from shallower zones,
or it is conceivable that the calcarenites have slid under gravity

from a shallower region.

3. STRUCTURE

(a) GENERALIZED SECTION

Fig. 2~6(a) is a generalized diagram of the syntaphral folding
at Paga Point, It shows that four structural zones have been distin-
guished although it is possible that more zones could be identified if
the section were complete. The orientation of bedding surfaces and
fold-axes is more ordered towards the northeast than towards the south-
west, and in general the intensity of folding decreases towards the
northeast.

Individual fold-axes were calculated by taking the pole of the
great circle through the bedding-poles (the m-method), and the dis=-
tribution is shown in Fig. 2-6(b). The concentration of fold-axes at
21°/347° may have been tilted from the horizontal by later regional

folding, but it is essentially horizontal and the cliff face is a
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section at approximately 60° to the mean fold-axis. Variations in
thickness appearing in the cross -sections Figs. 2--7 and 2-8 can not be
attributed solely to the oblique and varying profiles. Nevertheless,
many variations of local importance are caused by the sinuous nature
of the fold-hinges which are variable in orientation both in an indi-
vidual bed and from one bed to another in any particular fold, The
cross~sections show the polyclinal nature of many of the folds. The
section (Fig. 2-9) along the shore platform has been constructed on
the Buskian principle, which mey not be justified in the region of
steep to overturned dips in the southwestern part, but the gradual
overturning of the beds towards the southwest is apparent. The total
thickness of beds calculated from this section is thus a minimum one,
because of the likelihood of thinning perpendicular to the bedding

surfaces.

(v) FLAP FOLDS

(i) Jescription The earliest recognizable fold form in the sec~
tion is one which is termed a flap fold [Fig. 2-10(a)]. A flap fold
is a parallel isoclinal fold, the mainteinence of orthogonal thickness
and parallelism of limbs being the two most importent characteristics.
Flap folds uswally involve only one layer, and at most two or three.
All the examples observed are restricted to the chert, and this lithic
criterion may be important in mechanical interpretations. Spherulites

of chalcedonic quertz, which form 10% of this chert, appear undeformed.
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Fig. 2 - 15 (a). A flap fold, showing the maintenance of
orthogonal thickness arocund the hinge, and the isoclinal nature

of long limbe. Six-inch rule shown,

Fig. 2 - 10 (B). A contorted region in a slip zone separating
two slip shects. The large concretions are usually confined to
one bed and appear to have been involved in the deformation.

One~foot rule in the background.
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Nodules, silicification and induration of layers, and bhoudinage during
later deformations prevent accurate study of the geometry and possible
folding mechanisms in the field. However, these folds do not appear
to have affected either the deposition of succeeding layers or the
deformation of these layers in later episodes of movement. The layers
forming the flap folds are competent white cherts, end the total width
of a fold perpendicular to its axial surface is usuaily less than

50 cms. and always less than 2 metres. The ratio of width to length
in a profile-section is less than 1:10, and examination of the encom-
passing layers reveals that there is no possibility that these folds
are part of larger structures analogous to the structure in the core

of a paralleloid fold (Waterhouse and Bradley, 1957, Fig. 3, p. 535).

(ii) Urigin of flap fclds Attempts to explain the origin of
flap folds in terms of more commonly accepted processes have failed,
No theory of flow in wviscous material will account for the approximate
retention of orthogonal thickness around the hinge zones of the folds.
Nor is it likély that the flap structure has developed by a bed
rising vertically off the sea floor under tangential compression, and
then reclining under gravity.

Flap folds on a larger scale from Persia have been described
by Harrison and Falcon (1936), and in these structures a block of lime-
stone has folded back on itself forming a recumbent fold. It is from
these phenomene that the name flap fold has been borrowed, Waterhouse
and Bradley (1957) have also described structures from New Zealand

which resemble flap folds.



Fairbridge (1946, p.85) illustrates a diagram [Fig. 3(b)] showing
"Sealing-Wax or Flow Structure” wvhich strongly resembles the flap folds
described, No locality or reference is given but it may be that the
term originated from Brown (1938, p.360) who states

7. oo fine sands will flow like a very viscous fluid,
such as sealing wax, forming small-scale contortions
and lenses, "

Fairbridge's structures bear no resemblance to Brown's struetures which

are convolute folds.
Fairbridge (1947, »,104) writing on the possible causes of
intraformational disturbances in the Carboniferous varve rocks of

Australia refers to

“... ribbon-like overfolds, grading into overthrusts
and imbrications, or ‘schuppen' and miniature 'nappes’,
Generally one annual layer is involved, often a fairly
thick and competent one. The layer involved would
belong to the year preceding the movement. This layer
appears to have come 'unstuck' and become folded over
and piled up together, while the soft mud of the con-
temporary year fills in the loops and cracks. Folds
and 'schuppen’ 151Lll range in this way up to about six
inches in height.”

Plate III, Fig. 2 of Fairbridge;s paper shows one of these folds
which has a style very sirdlar to the flap folds described, elthough it
is somewhat thickened in the ninge region by flattening, perhaps caused
by compaction,

Rigby (1958) writing on slump folds in Permian rocks states
that: -

... The bedding is well preserved in complex recumbent

folds and is not appreciably modified by pinching and
swetling ... (p. 311)



“... the sediments were not lithified at the time of
deformation ... (p. 312)

“... the black fine-grained beds were relatively plastic
during deformation ... (p. 311)

"veo Individual folds die out vertically within a few

feet. They were probably formed in plastic calcareous

muds beneath a light cover of sediment ... (p. 313)

“... sandstone and siltstone witn minor beds of calc-

arenite are complexly folded and broken. Shale and

siltstone beds behave as incompetent units, swelling

and pinching, but very rarely fracturing. Interbedded

caleareous sandstone and silty calcarenites are com-

petent and fracture easily.” (p. 315)

These descriptions serve to show that certain layers in slump
deposits have acted as competent layers forming concentric-style folds.
These beds have often acted independently of the rest of the sediment
moving through the mud slurry with little friction. Both the Persian
and New Zealand examples are explained by a mechanism of caterpillar-
track action during folding of the layers, and in the other examples
such a mechanism has been hinted at, Caterpillar-track action, with
migration of the bed around the fold-hinge causing folding and unfolding,
is the basis of the explanation of the Paga Point flap folds.

Figs. 2-11(a) to (f) show the proposed development of simple
flap folds by caterpillar--track action. Bands of chert are chemically
precipitated on a sea floor which is gradually tilted. The bands of
chert are interbedded with more argillaceous material, which at or near
the sediment-water interface would be a waterlogged clay of low specific

gravity. A zone of instebility is thoughtto develop in the chert band

under the changing gravity field caused by the continuous tilting
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[differential compaction(?)], and a small. overturned, anticline~syncline
couple forms as in Fig. 2-11(c). This fold form then migrates down slope
with a caterpillar-track action, each part of the bed moving up one limb
of the fold, around the nose and down the other limb. The uppermost
leyer travels twice as fas. as the nose of the fold.

It should be noted that these figures are drawings of the flap
folds in motion, and they are not likely to be preserved in these stages.
The stable endform of the flap fold is shown in Figs. 2-11(e) and (f)
with the nose facing up slope or down slope depending on whether the
break in the bedding occurred up slope or down slope from the fold hinge.

Compound and complex flap folds are formed when more than one
chert band becomes involved. Figs. 2-11(g) to (m) show some of the poss-
ible sophistications of this mechanism., Not all of these forms has been
found, and compound flap folds are much less common than simple flap

folds.

(iii) Depth of formation There is no definite criterion to indi-
cate at what depth the flap folds formed, except that they are the
earliest recognizable folds in section. No erosional truncations have
been seen, but erosion of a structure forming at the sediment-water
interface is unlikely in the depositional environment of the cherts.

Two factors do, however, seem relevant,
(a) Considerable volume changes are required of the incompetent
material to fill the spaces between the folding layer and the undis-

turbed basal layer. This is unlikely to be able to occur unless there
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is a highly mobile interlayer material such as a clay slurry. Under any
considerable cover of sediment the argillaceous layers would have lost
much of their water and mobility, and the difference in viscosity between
the competent and incompetent layers would be much less than it would be
close to the sediment-water interface.

(b) Spherulites of chalcedonic quartz in the competent cherts
are undeformed, indicating either that they were much stronger than the
enclosing matrix at the time of deformation, or that they were formed
after the movement. However, the large chert nodules to which the
spherulites are probably genetically related were deformed during later
movements.

It is suggested that the flap folds formed at, or near, the sedi-

ment-water interface.

(iv) The Problem of Cohesion The immedjate problem which arises
from the suggested mechenism of folding is one of cohesion. The chert
layers must be strongly cohesive to undergo the bending and unbending
required by caterpillar-track action, and must also be ductile enough to
resist fracture. Cohesion due to interatomic forces acting between clay
particles will not provide the cohesion required, as the incompetent
material has a higher proportion of clay. It has been noted that the
flap folds are restricted to the cherts, and it may well be that coll-
oidal silica, either in spherulites or distributed throughout the matrix,
provided the necessary cohesion. Taliaferro (1934) has suggested such é

mechanism in the Franciscan cherts, California.
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(¢) SMALL-SCALE GLIDES

There are several examples of small-scale glides as drawn in
Fig. 2-12{c). These glides are characterized by a number of beds being
flexed into a small anticline and ending abruptly against an undisturbed
basal bedding surface. The beds above follow the form of the anticline
and continue laterally parallel to the lower bedding. The glides may
have originated in two ways:-

(1) By fracturing of a fold in the early stages of its forme-
tion, and subsequent gliding down slope, or

(2) By drag of strata on a low-angle thrust fault.

No evidence was seen in the outcrops examined to favour either
one of these hypotheses, but since the encompassing beds remained para-
1lel for a considerable distance either side of the structure, there
must have been considerable movement between the upper and lower beds.
These glides appear to have been formed either when the cherts were more
brittle (and therefore more consolidated), or when the strain rate was

higher than when the flap folds were formed.

(d) SLIP SHEETS AND SLIP ZONES

(i) Uescription A slip sheet is an essentially horizontal group
of strats which has glided as a unit under gravity, and it is separated
by a slip zone from other slip sheets or the undisturbed basal strata.
A slip sheet is characterized by the disharmonic nature of the folding

within the sheet when it is compared with the strata asbove and below,
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both the amplitude of folds and the position of fold-hinges showing no
relation to those in adjacent slip sheets. The amplitude of folds in
a slip sheet appears to be dependent on the thickness of the sheet.

A slip zone is the highly disturbed zone which separates either
successive slip sheets, or a slip sheet from the undisturbed strate
below. Slip zones may vary in thickness from a few centimetres where
all the movement is concentrated along one bedding uwnit, to a metre or
two in which several competent layers are highly contorted. The slip
zone usually contains a higher proportion of argillaceous material than
the intervening slip sheets. Commonly, rolled structures and invecluted
folds are found, and the strata are not traceable laterally for any
considerable distance. The orientation of structure in a slip zone may
give the direction of movement of a slip sheet. Figs. 2~T7, 2-8 and
2-12(a) show the base of a slip sheet and a slip zone. Movement has

been from east-northeast to west-southwest.

(ii) Origin The nodules appear to have acted as rigid bodies in
the deformations associated with the slip zones and slip sheets. Beds
adjacent to the concretions are freguently tainned against them and the
concretions themselves may be elongated in the bedding in a manner
resembling boudins [Figs. 2-4{b) and 2-10(b)].

It is unlikely that the concretions were present in beds under-
going flap folding, tut they had developed before the slip sheets
formed. Compaction and resultant loss of water would cause increased

friction between the competent and incompetent layers, =nd this would
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enable the slip sheets to act as cohesive units separated by zones of
lower viscosity. The depth of burial at the time of slip can not be

estimated from the data available.

(e) BROAD SYNCLINES AND TIGHT ANTICLINES

A series of broad, open synclines and tight enticlines folds the
slip sheets in the northeastern part of the section. The sedimentary
facings are generally right-way up [Figs. 2~8 and 2-12(d)]}. Measure-
ments of orthogonal thickness show that the synclines have nearly per-
fect concentric geometry, but the anticlines have been differentially
flattened, the maximum flattening occurring along the axial surface.
Some flap folds have been identified, and these have acfed as part of
the bedding during the folding. The cusp-like synclines and anticlines
have steep limbs and are generally overturned towards the southwest.
Many of the southwestern limbs of the anticlines have been thinned by
boudinage and internal flowagé. A décollement separates the synclines

end anticlines from the relatively undisturbed shore platform.

(f£) ZONE OF GENERAL INVOLUTION

Between the zone of slip sheets and slip zones, and the zone of
recumbent folds, there is a zone of general involution (Fig. 2~6). The
folds are polyclinal and have been refolded into complicated shapes.
Some of the folds can be recognized as earlier then others by over-

folding relationships, and others which have their axiel surfaces
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oriented subhorizontally appear to have been formed by gravity settling
after the main folding. Although the shape of the folds is very com-
plicated, the competent layers have maintained their orthogonal thick-
ness. Regions of more complicated contortion occur within the zone of
general involution, but the extent of the zone appears to be limited by

the coarser-grained calcarenite in the southwestern part of the section.

(g) RECUMBENT FOLDS

Recumbent folds are typical of the southwestern part of the
Paga Point Section where they overfold all structures hitherto described.
They have essentially horizontal axial surfaces, but fold-hinges are
very variable in direction, many curving through 90°-azimuth in a dis=-
tance of & few metres. In several cases a recumbent fold has been
refolded by aslightly later fold as shown in Figs. 2-12(b) and 2-13(a)
and (b). Tne axial surfaces of early recumbent folds in such cases are
folded into new recumbent folds. The style tends towards concentric
although in the hinge regions there is a considerable amount of flatten-
ing in the axial surface. In the middle part of the section, several of
these folds are arranged in conjugste sets which seem to have formed by
gravitational settling of the strata under their own load during or near

the completion of the large-scale sliding.

(h) FAULTING
Apart from one or two slip zones along which there may have been

considerable movement, there are no faults with a displacement greater



Fig. ¢ - 13 {(a). Follel recumbent fold. White marks on the

rock belong to a single bed. One~foot rule in centre of photo.
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Fig. 2 - 13 (L). Folded isoclinal fold immediately above Fig. 2 -
13 (a). The isoclinal fold was originally recumbent and has been

rotated to vertical. Width of vhoto is approximately 5 metres.
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than a few metres. However, there are many minor fault surfaces, often
with observable displacement direction, These fractures are in contrast
to the general behaviour of the rocks during the folding deformation
which was characterized by lack of fracture., Calcite commonly lines the
fault surfaces some of which are slickenslided. The faults are later
than any fold structure in the cliff face. Fig. 2-6(c) shows Tl poles
of fault planes, and the distribution of the various types of fault
movement. The pattern is consistent with having been caused by the
regional folding on a northwest-southeast axis. The vertical faults are
thought to be dextral and sinistral shear faults, and the thrusts (which
are reversed to the direction of movement during the soft-sediment
sliding) are possibly concentric shears developed in the mass of con-
torted bedding which during later folding had lost the facility for easy

movenment parallel to the original bedding surfaces.

L, ORIGIN CF THE FOLDING

There are six characteristics which seem important in a consid-
eration of the state of consolidation and the causal forces of the

folding.

(a) THE LACK OF CLEAVAGE
Most folds which have formed under some load with an appreciable

stress difference have developed a cleavage of one type or another.
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Folding as intense as that at Paga Point generally has a strongly devel-
oped cleavage associated, even in the lowest greenschist facies, and
some folds in superficial deposits such as the South Mountain fold of
Cloos (1947) have developed a strong axial-surface cleavage. The only
known examples of intense folding in low-~grade rocks with no associated
cleavage have been ascribed to soft--sediment folding. On the basis of
this reasoning, the lack of any cleavage may be regarded as indicating

1ittle or no load on the sediment at the time of deformation.

(b) THE LACK OF ANY METAMORPHISM
Although this may seem a trivial criterion it is important in
that the depth of burial was never great and the complicated sequence

of overfolding can not be attributed to a plastic zone at depth.

(c) THE SEQUENCE OF OVERFOLDING

If the techniques of structural geometry had been applied to
this section at least four distinct “phases’ of coaxial folding would
have been determined. It was not necessary to use such techniques as
overfolding relationships are plainly visible in the cliff face.

The sequence of folding follows a distinctive pattern:-

(1) Flap folds -~ involving one bed.

(2) Recumbent folds - involving several beds.

(3) Slip sheets - involving up to 10 metres of sediment.

(4) Broad synclines and anticlines involving some tems of metres.
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Fach successive folding involves a greater thickness of sediment,
Even some of these phases can be subdivided, for there are excellent
examples of refolding of recumbent folds by other recumbent folds. Simi-
lar sequences of multiple deformation in superficial sediments have all

been ascribed to soft-sediment folding.

(d) GEOMETRY OF THE FOLDING

The style of all phases of folding is essentially concentric with
some minor flattening in the axial surface in the hinge regions of the
later-developed folds. This concentric geometry indicates that there was
a large viscosity difference between the competent and incompetent rocks,
but yet the overall viscosity of the rocks must have been low to have
permitted the intense contortion in the cherts without fracture. Such
conditions would only prevall very soon after deposition when compaction
and diagenesis had not seriously reduced the high water content of the

pelite,

(e) ORIENTATION OF AXIAL SURFACES

Except for the last phase of folding {the development of broad
synclines and tight anticlines) the axial surfaces are always parallel
to the bedding which when unfolded is essentially horizontal, This
indicates that the maximum shortening (assumed to be normal to the axial
surface) was vertical, and the folding was caused by sliding under

gravity.



5. CONCLUSIONS

(a) The folding at Port Moresby is believed to have been initiated
during sedimentation of the cherts with the formation of flap folds.
(b) Folding continued involving successively thicker units of bedding
with the formation of recumbent folds, some of which were slightly
later than others and refolded the early ones.

(c) After the recumbent folding whole sheets of sediments acting as
coherent units slid under gravity.

(d) Eventually the whole slump series involving several sheets moved
laterally towards the west-southwest into the Eocene trough.

(e) The folding is probably an example of syntaphral tectonics.
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CHEPTER 3

TECTONIC BIAGENETIC FOLDS AT SULPHUR CREEK, MORTHERM COAST OF TASHANIA

1. INTRODUCTION

The Sulphur Creek area was originally selected for study because
of the excellent exposures of individual folds on the mesoscopic scale.
The method of study was to select a small area in which there is one or
more well.developed folds and to plane-table the immediate vieinity so
that the fold can be placed in its spatial environment. The plane-
table maps were constructed mainly on a scale of 1:80, a scale which
enabled most minor details to be adequately represented. Five main
areas were mapped in this manner and have been termed areas A to E for
ease of reference.

Although originally the main purpose of the study was to des-
cribe and document the fold style of the Sulphur Creek folds which'have
been collectively classified as Pl (Phase 1) by Gee (pers. comm., 1966),
it was soon found that the detailed mepping provided excellent data on
a variety of important problems including some of the basic concepts of

deformation. TFor this reason the scope of the study has been extended
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from its initial intention to include problems concerning development
of cleavage, progressive deformation, the definition and recognition of
"phases™ in deformation as well as the mechanical characteristics of
the particular style of folding.

To discuss these questions adequately it is necessary to separate
clearly fact from opinion, since the very nature of the problems involves
much interpretation., It has been considered convenient to limit verbel
description to a minimum because if any debate arises, such description
is usually the first data to be questioned. Therefore I have presented
as much data as possible in the form of diagrams, and in the descriptive
passages have limited any logical operations on the data to those deduc-
tions which can be mede easily, end which have no immecdiate bearing on
the discussions to follow. 1In the interpretation of the results it may
be unavoidable to refer frequently to some diagrams, and occasionally to
some date which may have been already described.

The fact that my experience in the ares is limited to one month's
field work, wholly on the shore platform, has caused me to rely consider-
ebly on the work of Gee (op. cit.) for the local and regional settings.

I have checked the section in the field with Mr. Gee and we have no dis~
agreements on what is present. The main difference between Gee's work
and mine is the scale on which mepping was carried out. If there is any
difference in our interpretation this should be judged on its merits,
remembering that the final solution to any particular problem should

account for all the evidence.
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2. STRUCTURAL DESCRIPTIONS

(a) GENERAL DESCRIPTION

The rocks which outcrop along the shore platform at Sulphur
Creek belong to the comparatively unmetamorphosed Burnie Quartzite
and Slate which are tentatively thought to belong to the younger
Precgmbrian (Spry, 1962). K. L. Burns (1964) measured the structure
in the region immediately east of Sulphur Creek, and the Sulphur
Creek region is the eastward extent of the area R, D, Gee has examined
for a doctoral thesis.

The rocks have been deseribed in detail by Gee (unpub. Ph.D,
thesis, 1967), and it is sufficient for the purposes of this thesis to
describe the rocks as an alternation of sandstones and slates. The
cleavage in the slate varies in intensity and in some specimens where
it is absent, the rocks appear to be almost unmetamorphosed shales.
The sandstones are variable in composition from some ill-sorted grey-
wackes to falrly clean quertzites, Spilitic pillow lavas occur in
parts of the section, and there is some dolerite which in parts shows
concordant, and in other parts discordant relatiomns with the surround-
ing sediments., The rock type changes westward from Sulphur Creek as
the proportion of pelitic material decreases and more massive sand-
stone beds occur, often up to ten feet thick. There is a variety of
primary sedimentary structures including cross~bedding, graded
bedding, load casts, flames, flute marks, intraformetional slumping

etc., all of which are described in detail by Gee (op. cit.).
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Fig. 3-1 shows the location of the various areas A to E, and is
copied directly from the maps of Gee. There are only a few salient
features which should be treated here, as the detailed analysis of this,
end other similar maps, is the basis of Gee's dissertation.

Firstly, all the folds present are part of a group of folds
which Gee has named the Pl phase. In this region the Pl phase, which is
the earliest recognizable fold form after the intraformationael disturb-
ances, is characterized by isoclinal coupled folds with a dextral
vergence, The sandstone layers in general tend to be folded in a con-
centric fashion; although they have been flattened in parts, while the
pelite has acted in an extremely incompetent manner undergoing extreme
flowage and dislocation.

Secondly, the sandstone layers are discontinuous. There are a
number of contridbutory causes:-

(a) The sandstone beds are lenses.

(b) There has been strong faulting with a general sinistral
displacement,

(c) There has been extension in the general axial-surface
direction which causes the fold limbs to be sheared out or stretched
into boudins. The folded sendstone lenses exist in the form of tec-
tonic "fish" in a slaty matrix,

Thirdly, between Sulphur Creek and Burnie, folding appears
to be confined to certain zones, a hundred metres or so in width, which
are separated by several hundred metres of relatively undeformed

straight-bedded strata. In the deformed zones the folds have a
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constant dextral vergence which is typical of drag folding. At Sulphur
Creek, however, the whole section appears to have been folded, While
the overall pattern of folds is reasonably regular to follow, in detail
there is great disruption and confusion. Certainly stress differences
can not have been transmitted far laterally along the sandstone layers
during folding, and it is probable that the deforming force was either
viscous drag caused by movement between the bounding zones, or a body

force of the moving rock itself,

(b) DISJUNCTIVE FOLD IN AREA A

Fig. 3-2(a) is a plane~table sketch of a fold couple on the
eastern limb of a syncline at Sulphur Creek. The dotted layers are
sandstone blocks with the lines of dots parallel to the original bedding
surfaces. The unshaded regions are predominantly slate although there
are some pillow lavas to the southeast. The axis of folding plunges
80°/293° with an approximately vertical axial surface, so that this
sketch, made on the horizontal shore platform, is an almost perfect
axial profile,

The most striking feature is the disruption of the sandstone
layers into blocks, usually lens-shaped, which are generally bounded by
blunt ends. These blocks maintain an overall pattern suggesting a fold
couple with a sinistral vergence. However, in detail the structure is
quite complex with the sandstone blocks surrounded by pelite that has
penetrated along the frectures separating individual blocks of & once-

continuous layer, Many of the lenses are hard to trace along their
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strike as they have been severely boudined, and sometimes pinched right
out. This style of folding is disjunctive, and although the whole fold
couple has not lost its cohesion, there can have been no stress differ-
ences traensmitted along individuel sandstone layers.

The structure of the slate cannot be satisfactorily represented
on a diagram, and is extremely hard to determine in the field because
the slate mass contains few sandy bands which can be followed. It is,
however, intensely fractured and disrupted on the scale of decimetres.
The fractures show no striations or polish, and may have formed when
there was sufficient water to "heal” the pelitic mass and allow it to
become essentially structurally homogeneous.

In the core regions of the folds there has been quite intense
folding of the pelite which has moved into the fractures separating the
sandstone blocks. The traces of the cleavage are shown by the light
dashes and are distinctly not parallel to the axial surface of the fold.
The cleavage is most prominently developed in the slate where it is a
good penetrative cleavage, but is also moderately well developed in the
sandstone blocks. It cuts straight across the whole fold couple and
shows no regard for local perturbations of the bedding. In particular,
in many places the cleavage cuts across a small parasitic fold in the
pelite forming a transected core (i.e. one cleavage surface will cut
both limbs of a small fold). The only block in which the cleavage seems
disoriented is the block in the middle of the sketch of the fold core.

This block has been rotated from its original position with respect to
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the layer from which it formed, and the rotation of the cleavage indi-
cates that this particular rotation occurred after the cleavage in the

sandstone formed.

(c) AREA B

(i) General Description Area B is located on the southeastern
flank of one of the larger synclines in the Sulphur Creek area., The
plane-table map is presented as Fig. 3-3, and the most notable feature
of the folding is the departure from the normal dextral vergence.

Almost all the folds, except a few minor, late flexures, have a sinistral
sense of coupling. This sinistral coupling is not anomalous if the folds
are considered as parasitic folds on a larger syncline the axis of which

is just to the west of Area B.

The sandstone layers are noticeably lensoid in shape and this is
well shown by the thick band in the southern part of the sketch., The
northern part of the area shows relatively undisturbed, thick sandstone
beds containing a more pelitic band., There has been considerable move-
ment in the slate band forming several folds which increase in amplitude
towards the southwest and culminate by folding the confining sandstones.
The folds have a detachment surface (décollement) adjacent to the
straight-bedded sandstone layers on the southeastern margin of the slate
zone., Between the northern and southern parts there is a zone of almoat
undecipherable contortion. The layers are fragmentary, boudined, rolled-
up and dislocated by faults. No one layer can be traced through the

whole zone.
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The folded zone in Area B consists of sandstone lenses in slate,

and both rock types are present in approximately equal proportions.

As a whole the folded zone has the form of a lens bounded by faults.

On the southeastern side &ll the sandstone layers are terminated against
o thick band of slate, and the contact is parallel to the cleavage. The
structure of the slate could not be mapped as there are no traceable
markers., However, where some banding is present it can be seen that the
slate band is very intensely dislocated by a set of anastomosing frac-
tures usually decimetres apart. These fractures which now have welded
contacts, dissect the slate band into a set of lensoid fragments
elongate in the genereal cleavage plane.

On the northwestern side there is another contact which is sub-
parallel to the cleavage. This contact is concordant with the cleavage
in some parts but discordant in others, and it separates the folded
sandstone band from relatively unfolded, calcareous greywacke and slate
to the west. The bedding in this greywacke and slate band is uniform
and planar, and although the individual rock types are massive, there are
no distinct bedding surfaces which have acted as mechanical discontin-
uities. The bedding is not parallel to the faulted contact with the
folded sandstone band, and in one place there is & small basin in the
outcrop plan of the contact. This basin effect indicates that there was
probably some vertical component of movement slong the fault,

The overall style of folding is not regular enough to enable a
general term to be applied to it. There are some bends which have been

folded on & strictly concentric principle; others which have undergone
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irregular thickening and thinning, and yet others which are completely
"palled~up" resembling structures that have been described from regions
deformed when the sediments were unconsolidated. In the more regular
folds the sandstone beds form flattened concentric folds (Reamsay's
Class 1C), and the common limb of adjacent coupled folds (which is
usually at a high angle to the cleavage) is markedly thickened.

The cleavage is penetrative in the slate and is moderately
well developed. It extends through the sandstones in parts, and is
planar throughout the whole deformed band except adjacent to the hinge
regions of folds in the sandstone lenses where some local deviations
occur. The cleavage is distinctly not parallel to the axial plane from
which it diverges by striking more northerly. Good exaumples of trsn-
sected cores can be found in the middle and northern part of the field-
sketch. In places the cleavage transects some of the early, balled-up
folds and it shows no congruous relationship to the curved axial sur-
faces., In the greywacke to the northwest of the folded sandstone band,
there are some shale fragments which are elongated in the plane of the
cleavage.

The extensive fracturing falls into two categories. One set of
faults is oriented parallel to the cleavage and has & constant sinistral
sense of displacement. The largest displacements occur along thesge
faults. The other set is a conjugate set of faults with a small
dihedral engle bisected by the cleavage plane. The effect of these

faults is to extend the rock mass perallel to the cleavage. Boudinage
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in sandstone lenses is common, and often the lenses are thinned out

completely, as in the southern part of the srea,

(ii) Distribution of Fold Elements Fig. 3-2(b) shows the orienta-
tion of the fold-hinges and axial planes from Ares B. Twenty-seven
fold~-hinges were measured, and the folds have all formed earlier than
the cleavage, except for 2 folds which have a dextral vergence and
which are associated with the refolding of the thin sandstone layers at
the nose of the fold in the middle of the field-sketch., These two
folds are marked by crosses. The distribution shows that the average
fold-axis for the area is 62°/228°, and thus the plane~table map is an
oblique profile-projection at 62° to the fold-axis. Although accurate
measurements can not be made on such a profile, the obliquity is not
sufficient to cause any serious errors in qualitative interpretation.
Moreover, the orientation of fold-hinges is guite consistent throughout
the area, and shows that despite the contorted nature of the profile,
most of the deformation can be considered to have occurred about a2 con-
stant kinematic axis. The axial planes have an average orientation
90°/str. U4T° and the bedding in the straight-bedded zones averages 85°/
308°,

Fig. 3-2(c) shows the cleavage in the slate as circular dots
and that in the sandstone as squares. The orientation of the cleavage
ir the slate averages 80°/311°, whereas the cleavage in the sandstone
has an average orientation, 83°/301°. This 10°-divergence between the

cleavage in the sandstone and in the slate is interpreted as caused by
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the rotation of the common limbs of coupled folds after the formation of
an all-pervading plenar cleavage, since most of the cleavage in the

sandstones was measured on this common limb.

(d) AREA C

(1) General Description Area C covers the core region of one of

the larger synclines in the Sulphur Creek section. It is shown in
Fig. 3-4(a), which is a horizontal plan and represents a cross-section
60° to T0° oblique to the average fold-axis. The ratio of sandstone to
slate is very low, and the pelitic metrix can be considered the dom-
inant rock type. Indeed, on the northwestern and southeastern flanks
of the fold immediately adjacent to the plane-table area there are
thick bands of slate with no markers at all. The core may thus be con-
sidered to be "floating" in a mass of slate. There are several
important features to be noted.

(1) The isoclinal nature of the main fold.
This syncline is probably one of the tightest folds in the Pl group.
The dihedral angle is very small, less than 10°, so that the limbs on
either side of the hinge are essentially parallel. In fact, the only
way that a major fold-axis can be easily recognized in parts of the
shore platform is by the reversal of the direction of sedimentary
younging.

(2) The refolding in parts of the fold.

The refolding can be seen in this sketch in the southwestern part and
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in the northeast around the nose of the main syncline. Later folds with
a constant dextral vergence have folded both the limbs and the apical
regions of the main syncline. In places the axial surfaces of the early
folds have been rotated to a position almost perpendicular to the
general trend of the fold axial surfaces.,

(3) The discordant cleavage.
Throughout most of the Sulphur Creek region the cleavage approximates
to an axial-surfeace cleavage, although it lies distinctly closer %o the
common limb of a pair of dextrally coupled folds than to the outer limbs,
It is only in places of refolding such as Area C that the cleavage can be
seen distinctly cutting from one limb across to the other, thereby pro-
ducing a transected core. The cleavage itself may ©be bent slightly
indicating that some movement continued after cleavage formation. As a
general rule the cleavage approximates more closely to a plane than do
the axial surfaces of the early folds.

(4) There are numerous faults parallel to the cleavage, and these
have a predominently sinistral displacement.
These faults have formed late in the movement sequence, and are reverse
to the sense of displacement indicated by the generel, dextral fold
couple, They may indicate an overall extension slightly oblique to the
plane of the cleavage, or even be related to & later phase of deformation.

(5) There has been an overall extension of the region.
There are many sets of faults all of which extend the rock mess in a
direction approximately parallel to the cleavage. Boudinage, such as in

the northeastern part of Area C, is common, and the long axes of boudins
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appear to be parallel to the fold-axes. It was not possible to deter-~
mine whether there was also extension in the direction of the fold-
axes.

(6) The sandstone lenses exist as sheared-off blocks
surrounded by slate.,
In Area C the strip along the axial surface of a large syncline has
been mapped, and the beds around the hinge are terminated before they
pess out of the diegram. This is because they could not be traced
further, and they disappear into a mass of dislocated pelite through
which there are no traceable merkers. It seems that there are zones
of intense shearing bounding the core region and giving it the form
of a tectonic lens. Reference.to the location map shows that this

dissection into slices is typical of the whole Sulphur Creek region.

(ii) Distributicn of Linear Folc Elements Seventy-three fold-
hinges were measured in Area C. The outcrop is excellent and the
sandstone beds are ecasily excavated to permit direct measurement with
a clino-rule, of pitch of the hinge on the axial plane. The style of
folding varies considerably from the overall shape of the main syncline,
which is an isoclinal similar fold in profile, to the individual para-
sitic folds which tend to be concentric. Nevertheless, two classes of
folds can be recognized. Folds on which the cleavage has been super-
posed are termed early Pl folds, and folds which have cleavage parallel
to the axial surface, or which fold the cleavage, are grouped as late

Pl folds. In general, the early folds are isoclinal and similer in
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broad profile although sandstone layers meintain their orthogonal
thickness. The later folds seem to be associated with, or slightly
later than the development of cleavage in the pelite. They are more
open than the early folds, and although the overell profile is more
or less similar, the sandstone layers tend to maintain their ortho-
gonal thickness.

Fig. 3-4(b) shows the distribution of the early fold-hinges.
The equal-density contours of orientation are slightly elongate along
the mean early-fold axial plane, 75°/323°. The main concentration of
late folds [Fig. 3-4(c)] is slightly steeper in the mean late-fold
aexial plane, T0°/307°, than are the early folds, and shows quite a
prominent asymmetriceal distribution along the axial plane. Consider-
ing that some of the folding has occurred before the cleavage formed,
and some after, it is remarkable that the early fold-hinges show less
scatter than the hinges of the later folds. The explenation is thought
to lie in the concept of heterogeneous "stiffening” of the slate during
cleavage formation. It is important to remember that all these folds
are measured in sandy layers which are usually surrounded by a consid-
erably larger volume of slate, The hinges of the early folds show a
much more regular distribution than those of the late folds, and are
thought to have developed in an essentially homogeneous stress system.
After cleavage formation, which seems to have occurred as a definite
episode, the folding movement still continued along more or less the

same kinematic axes, but the slate seems to have become much "stiffer"
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or more viscous than before, and movement seems to have been concen-
trated along certain zones between more rigid blocks.

Heterogeneous folding caused by drag between these blocks is
believed to have caused the asymmetrical tail to the late fold-hinge
distribution. Certainly superposed similar folding could not have
caused this smearing out of hinges because the late folds are more
concentric than the early folds. Furthermore, there can have been
little rotation between the blocks as this would have disoriented the
early fold~hinges.

To consider the possible effects of rotation during folding
within & single bed pairs of adjacent fold-hinges have been plotted on
stereograms in Fig. 3-4(d) and (e). Tie-lines connect coupled pairs.
The maximum divergence of any coupled pair is 30°, and this is in an
early-fold couple. The average of all coupled pairs measured is 13°,
although this value has little real significance. Nevertheless, it
can be seen that the early-fold couples show a somewhat larger diver-~
gence than the later ones.

De Sitter (1939) noted that there was a relation between the
amplitude of folds and the thickness of the layers involved. Currie
et al. (1962) found that in areas of very open, concentric-style
folding there appears to be a constant relationship between the wave-
length of the fold and the thickness of the effective layers. It is
not necessary at this Juncture to consider whether or not concentric
folds are elastically induced, but the empirical evidence of Currie

et al. that there is some constant relationship between the thickness
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of the layer and the amplitude of induced folds may be accepted for the
purpose of logical extrapolation. It can readily be seen that a layer
with a variable thickness (i.e. a lens) will have folds of variable
wavelength induced in it.

Consider a wedge [Fig. 3-5(a)] which is rectangular in one sec-
tion but lenses in a direction at right angles to this profile. Let
the thickness, t, at one end of the wedge become At at a distance, 4,
from the rectangular profile, Let the ratio of the wavelength of an
induced concentric fold to the thickness of the layer be K. Then the
wavelength will be XKt at one end of the lens and AKt at the other end.

Suppose that these folds become very tight or even isoclinal,
but still maintain a constant arc length between their respective
hinges. ©Such a model corresponds closely to the folds at Sulphur Creek
vhere the overall style is almost isoclinal, and the sandstone layers
maintain their orthogonal thickness.

Thus, in Fig. 3-5(b), AR = Kt and A'B!' = AKt.

As a first approximation, since the profile shapes at both ends
of the lens are likely to be comparable, it may be assumed that the
amplitudes of the folds are proportional to the distance between the
adjacent hinges, and in very tight folds are approximately equel to
this distance.

Therefore, a = Kt, and a' = AKt.

The problem may now be considered in an axial-plane projection

where the trapezium, ABB'A' [Fig. 3-5(c)], represents the geometry of



(b)

FlG: 3_5 (0) Lens with a rectangular end-section, (b) Folded lens with
folds of different amplitude dependent on the lens thickness, (c) Axial-surface
profile of divergent fold-hinges. (d) to (g) Distribution of fold-hinges from
Area C measured for one fold form in different beds. Hinges in adjacent beds
are connected by Llight lines, 20°-sectors of equal-area stereograms are shown
The heavy dotted line is the mean early-fold axial plane. (d) is a syncline;
(e) a syncline; (f) the main syncline; (g) an anticline,
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the divergent fold hinges. AB and A'B' are proportional to the ampli-
tudes of the folds and d 1s the distence separating the two profiles,
The angle, o, is the angle of divergence.

Hence, o = tan” }(1-A) Kt/d.

In the area considered (and indeed in most cases) the maximum
slope between the upper and lower boundaries of a lens is likely to be
less than 1:1i0.

Therefore, (1-A) t/d is less than or equal to 0.1,

whence a is less than or equal to tan"} (K/10).

K, as determined by Currie et al. is 27. Whether this value
is valid is debatable, but it is probable at least that the order is
right, This permits a maximum possible divergence of adjacent
coupled fold-hinges of up to 60°, a value which seems unduly high.
Probably the model in which adjacent fold-hinges at the thick end of
the wedge become adjacent fold-hinges at the thin end of the wedge is
not valid, Subsidiary folds develop in the thin end of the wedge
between the main fold-hinges, taking up the strain and greatly reducing
the divergence. It is apparent, however, that quite considerable
divergence of adjacent coupled fold-hinges can be accounted for on the
basis of primary lensing.

In Area C the meximum divergence between adjacent fold couples
is 309, It was not possible to determine whether there was lensing of
the bed along the axis. There are, nevertheless, at least two other

explanations which can account for this divergence.
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Firstly, a fold couple which formed early in folding of the
sandstone-mudstone sequence would be a heterogeneity in the surrounding
pelite so that later movements might cause some rotation increasing any
divergence already present.

Secondly, if the sandstone-mudstone sequence had a considerably
higher water content during the early folding, the difference is vis-
cosity between the sandstone and mudstone would have been much larger
than it was during the later folding. The heterogeneity caused by
divergent hinges in & fold couple would be far more easily accommodated
during the early folding than in the late folding where the sandstone
beds would be confined by stiffer surroundings.

The syntaphral folding at Port Moresby (Chapter 2) which has
occurred under very low confining ?ressures with high water content
shows very large divergences between coupled folds, It is not possible
from available data to favour one or other of the hypotheses and it is
guite possible that any or all of these three mechanisms may have been
operative in any particular case,

Figs. 3~5(d) to (g) show the variation in the orientation of
the hinges of individual fold forms along the trace of the axial sur-
face in the profile-projection. The hinges from adjacent sandstone
layers are connected by light tie-lines. 20°-sectors of an equal-area
net are shown and the thick dotted line is the mean early-fold axial
plane for Area C, Figs. 3-5(d) and (e) are synclines; Fig.3-5(f)

represents the main syncline and Fig. 3-5(g) is an anticline. It can
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be seen that quite large variations, up to 40°, can be expected for
one fold form as it passes into different layers. This indicates,

(a) that the folds are not ideally cylindrical, and

(b) that there must be quite a large amount of differential
movement between the adjacent sandstone beds in the direction of the
fold-axis.

Any one layer may have a curvilinear hinge, and the slate
between this layer and the next has been able to take up the strain
apparently without affecting the orientation of the fold-hinge in the
adjacent layer. It was not possible to excavate along the fold-
hinges so that these diagrams are prepared from a random profile-

plane,

(1ii) vistribution of Planar Fold Elements Figs. 3-6(a), (b)
and (c) show the orientations of the early- and late~-fold axial
planes, and the cleavage in the slate. Fig. 3-4(d) is a composite
diagram with the 8% contours of the early- and late-fold axial surfaces
being shown as well as the 20% contour for the cleavage planes. The
overall distribution of these plenar elements is markedly elongate
along a partial girdle perpendicular to the mean late-fold axis.
Furthermore, the three different planar elements are arranged in a
progression along this girdle the order of which correlates with the
succession of everts deduced from field relationships.

If it is assumed that the axial surfaces of the early and

late folds, and the cleavage, represent a certain orientation in the
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(d) Composite Diagram showing 8% Contour
from.{a) and (b),and 20°% contour from (c)
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instantaneous stress field (viz. the plane of flattening perpendicular
to the maximum stress), then it can be seen

(a) that the early fold elements have been rotated about the
late fold-axes, and

(b) that the rotation has been in a clockwise or dextral
sense, the early planar elements having been rotated furthest from the
position of the late-fold axial surfaces.
Such a pattern of rotation could be caused by either a continuous
variation of the stress field or continuous deformation about a con-
stantly oriented couple.

On the basis of lerger-scale mapping up to regional-map scale
Gee (pers. comm., 1966) has recognized that all these fold elements
are part of one "phase’ of folding, fl. Although this small area
shows many excellent examples of refolding and cross-cutting rela-
tions, the refolding does not continue on the larger scalegs. Profiles
on scales greater than 1,000:1 show little, if any, evidence of the
refolding that occurs on smaller scales. This suggests that the
external stress system maintained a constant orientation thréughout
the duration of deformation, and that continuing strain on a con-
stantly oriented couple has caused the axial surfaces to become dis-
oriented. The sense of rotation, as deduced from both the field-

sketches and the stereograms, is a clockwise or dextrel movement.



(e) AREA D

(i) General Description Area D is dominated by a thick sandstone
lens which is folded by a dextral couple (Fig. 3-7). There are some
thinner sandstone beds immediately above and below this sandstone lens,
and the whole band is bounded by thick blocks of slate on the north-
western and southeastern mergins. In the northeastern part of the area
the sandstone band has been faulted along the cleavage, and the sand-
stone blocks are completely surrounded by pelite,

The folding has the characteristic dextral vergence of the Pl
phase, and there is refolding in the southwestern part where the sand-
stone layers have lensed-out to a few thin beds. Folds which have
formed before, and others which have formed after the slaty cleavage
can be distinguished, and at the hinge of the main anticline there is
a thin sandstone bed which has been rolled off the nose and refolded.
The style of folding in the sandstone layers is essentially concentric
with a varisble amount of flattening, but similar folds occur in the
slate where slight textural variations can be used as markers.

The cleavage is quite intensely developed and penetrative in
the slate, and also penetrative to the scale of centimetres in the
sandstone, It is planar in the slate bands except in the southwestern
portion where there has been folding after cleavage formation. The
cleavage in the sandstone shows a small fan, since the cleavage in the
common limb between coupled folds is essentially parallel to the

cleavage in the slate, whereas the cleavage in the outer limbs has
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a divergence of about 20°. The common limb itself appears to be
thinned, and in the nose of the syncline where the bedding is at a
high angle to the cleavage, there is oversteepened cross-bedding which

suggests that there has been some flattening in the axial plane.

(ii) Distribution of Fold Elements Fig. 3-8(a) shows the dis~-
tribution of fold-hinges which have been divided into early and late
categories on field evidence depending on whether they formed before
or after the cleavage. Twenty-five early fold-hinges and T late fold-
hinges were recorded, and there does not appear to be any significant
difference in orientation,between the two groups. However, when the
axial planes are plotted in Fig. 3-8(b) it can be seen that there is a
divergence of 25° between the orientations of the average early-fold
and late-fold axial planes.

Twenty-four cleavage planes, mostly from the slate, are
recorded in Fig. 3-8(c) and the mean cleavage plane is 79°/312°,
Fig. 3~8(d) is a composite diagrem showing the approximaete 20% contours
for the early- and late-fold axial planes, and the cleavage, and these
lie along a great circle perpendicular to the average fold-axis,
53°/237°. The order of progression along this great circle correlates
with the succession of events deduced in the field and is interpreted,
as in Area C, as indicating rotation caused by continuing strain about

a constantly oriented dextral couple.
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(f) AREA E

(i) General Description Area E, north of Howth railway station,
is in a zone of interbedded sandstones and mudstones which are sand-
wiched between a series of more massive, straight-bedded sandstones
(Fig. 3-9). The rock type is considerably different from the rocks at
Sulphur Creek where there is a larger proportion of slate, Sandstones
varying from greywackes to coarse-grained guartz-wackes are the pre-
dominant lithic types, with less than 30% interbedded pelite, and some
of the individual sandstone beds are up to 4 metres thick. The whole
zone is less than 100 metres wide, and relatively undeformed, straight-
bedded rocks on either side are several hundred metres thick. It
appears that the folded zone was less competent than the surrounding
rocks, and that stress on the surrounding area was relieved by strain
in this zone. This style of deformation, where folded zones separate
much thicker, relatively undeformed, straight-bedded sequences, is
typical of the Burnie Quartzite and Slate from Sulphur Creek to Burnie.

The folds are part of the Pl phase, and the sense of coupling
is dextral, In the sandstones the folds are concentric with variable
amounts of flattening., Cleavage is quite intensely developed, and is
mesoscopically penetrative in both sandstone and slate, but whereas it
is essentially plenar in the slafe, it forms fans with divergences
up to 40° in the sandstone. In contrast to some of the areas further
east at Sulphur Creek, the cleavage in Area E is essentially parallel

to the fold axial surfaces, and there are no zones of refolding.
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The whole folded zone appears to have been extended in the plane
of the cleavage. Pairs of conjugate faults with small dihedral angle
and opposite sense of displacement, cut the limbs of individual folds
and extend the sandstone layers along the axial surface. In the north-
eastern part of the sketch the thin sandstone layers around the nose of
the thick folded lens are concave towards the axial surface, The
cleavage in the slate around the nose of this fold is also strongly con-

vergent.,

(ii) Distribution of Fold Eiements Twelve fold-hinges with the
same number of axial planes were measured in Area E and their orienta-
tion is shown in Fig. 3-9(b). The average fold-axis is 54°/252° and
the average axial plane is T4°/316°. The orientation of the cleavage
is shown in Fig. 3-9(c) where cleavage in the slate is represented as
round dots, and that in the sandstone as crosses. As has aslready been
noted, the cleavage in the slate corresponds closely with the orienta-
tion of the axial surfaces. The sandstone-cleavage, on the other hand,
is rotated up to 20° from the slaty cleavage in a clockwise manner
sbout the mean fola—axis. One of the problems is whether the sandstone-~
cleavage has been rotated out of the axial-plane direction, or whether
the axial surfaces themselves have been rotated. Since the cleavage in
the sandstone is essentially planar throughout the relatively undeformed
straight-bedded zones, and has the same orientation as in the folded

zone, it is likely that either,
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(a) the cleavage in the slate had an initially different
orientation from the cleavage in the sandstone, or

(b) the orientation of the cleavage in the slate has been
modified subsequent to its formation,
It‘is not likely that the orientation of cleavage in the bounding
straight~bedded sandstones has been changed by rotation because of the
relative scales of the two structural domains. The problem will be
discussed more fully in a section on cleavage, and it is sufficient to
note here that the refraction of cleavage from the sandstone to the

slate is adequately explained by differential compaction.

(g) INDIVIDUAL FOLD DESCRIPTIONS

(i) Fig. 3-1s Fig. 3-10(a) is a profile photograph of a Pl
fold core in a saﬁdstone layer just west of Area D. The sandstone
layer is 20 to 30 cms. thick and surrounded by thicker bands of slate.
The steep, westward-dipping cleavage in the slate is moderately well
developed and is 10° more steeply inclined than the axial surface of
the fold. The poorly developed cleavage in the sandstone forms a fan
of L0°, and in the field appears to be non-penetrative. Analysis of
the orthogonal thicknesses of the outer half of the sandstone band
indicates a uniform flattening of 15% perpendicular to the axial plane,
with an additional 15% differential flattening in the hinge region.

Fig. 3-10(b) is a profile photograph of a tighter Pl core in a

sandstone layer just west of Area D. The sandstone layer is thinner
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Fig., 3 - 10 (a). Prefile photograph of a Pl fold core in a
sandstone leyer just west of Ares D, Six-inch rule shown.

Section is oriented southeast-northwest looking towards the southwest.

Fig. 3 -~ 10 {b). Profile photograph of a tight Pl fold core just
west of Area D. Six~inch rule shown. Section 1s oriented

southeast - northwest looking towards the southwest.
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than the sandstone layer in Fig. 3-10{a), and is surrounded by & thick
band of well-cleaved slate. The orthogonal thicknesses of two bands
within the sandstone layer were measured to determine the percentage

of flattening. The outer band (i.e. the band on the convex side of

the folded layer) shows 5% to 10% uniform flattening in the core'region
with greatly increased flattening in the limbs. The southeastern limb,
which is the common limb with an adjacent coupled anticline, shows
uniform flattening greater than 40% while the northwestern limb is
uniformly flattened by about 20%. The inner layer approaches & uniform
flattening of 35% for all parts of the fold.

It appears that different parts of the folded layer have
suffered different amounts of strain. The outer part of the layer in
the core region could be interpreted as having been thinned slightly
by stretching on the convex side of a buckled elasto-~viscous body
before having been flattened., The inner part of the layer has been
more tightly compressed and flattened, and the spparently increased
flattening in the limbs, in particular in the common limb between two
coupled pairs, may be caused by stretching in the sandstone layer
between two fold cores which have a fixed position relative to the slate,
The cleavage in the common limb is generally parallel to the bedding,
anc this provides a mechanical surface which may have facilitated
stretching of the sandstone layers as the distance between the adjacent

coupled fold cores was increased by flattening in the slate.
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(ii) Fig. 3-11 Fig. 3-11(a) shows a folded isoclinal fold from
Ares C, and this fold which is one of the earliest.-formed folds of the
Pl group, has been folded by a late Pl fold. There is no cleavage
associated with the early fold, and a weak cleavage has developed in
the slate parallel to the axial surface of the late fold (lower part of
the photograph). Although the fold is isoclinal, and when unfolded is
similar ipn overall profile, there has been no thickening of the sandy
lgyers at the hinge of the fold. The thicker sandy band adjacent to
the six-inch rule is continuous although there is incipient boudinage,
but some of the thinner sandy layers have been completely dislocated
and exist as discontinuous rods in a pelitic matrix., The mudstone has
been almost completely squeezed out of the core and this movement has
probably caused the disjuncition of the thin sandstone layers. There
can have been little, if any, stress difference transmitted along any
of these sandy layers, and this type of folding may have occurred when
the sediments were only partially consolidated and had a high water
content which imparted a low viscosity to the pelite.

Fig. 3-11(b) shows the complexly folded nose of a sinistral
fold couple of the early Pl group, and is located on the southeastern
limb of the main syﬁcline in Area C. The fold form is marked out by
thin sandstone bands which are interleyered with mudstones. There is
no cleavage in the mudstone in the core although there is a moderately
well-developed cleavage near the six~inch rule, The sandstone bands,

particularly the layers less than 1 cm. thick, are disjunctive, and
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in Area C. Six-inch rule shown.



exist as rods or tablets in the mudstone, The common limb between the
fold hinge shown and the adjacent hinge (just off the lower part of
the photograph), is much thicker than the straight-bedded 1limbs, and
there is a strongly developed movement zone near the hinge of the rule,
this zone being marked by a very finely laminated slate.

The complex fold structure is interpreted as having been
formed by a continuing sinistral couple acting on partially consoli-
dated sediments. The water in the rocks imparted a much lower viscosity
to the pelite than to the psammite, and this permitted the intricate
flowage of the mudstone during the continuing refolding of the structure.
The fold core appears to have acted as a somewhat stronger block com-
pared with the surrounding slate, and the refolding may have been
caused by the drag of the faster-moving slate around the thinly bedded,

more sandy core.

(iii) Fig. 3-12 The sinistral fold couple in Fig. 3~12(a) in
a finely banded sandstone lens is one of the early Pl folds from
Ares, B. It shows the typical characteristics of sinistrally coupled,
early Pl folds with thin straight limbs and a thickened common limb
between the adjacent fold cores. Dextrally coupled, later Pl folds
tend to nave a thinned common limb, The style of folding is markedly
disharmonic, and thin sandstone layers on the convex side of the nose
of the fold in the thick sandstone lens have been "slipped-off" and
commonly refolded. The fold profile as a whole has been considerably
flattened, and this accounts for most of the thickening in the common

limb which is at a high angle to the regional plane of flattening.
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a superimposed planar cleavage. Six-~inch rule shown.
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hes slipped off the more massive fold core in Fig. 3 - 12 (a).

Six--inch rule shown.

Disjunctive fold in a thin sandstone band which



The cleavage in the sandstone lens is planar and penetrative to
the scale of centimetres, but it deviates up to 20° from the axial
surface which has a more variable orientation. This planar cross-
cutting cleavage indicates that the present fold profile was formed
before the cleavage, and that the cleavage has only an incidental
relationship to the fold, In other examples it can be shown that
rotation of the outer limbs towards the axial surface after cleavage
formetion has probably caused the cleavage fan, but it is quite
apparent that all such rotation was compieted in this fold before the
cleavage was formed, and the sandstone. acted merely as a very viscous
block in the pelite.

The fold core in Fig. 3-12(b) is located on the nose of the
fold couple in Fig. 3-12{(a). It shows the disjunctive style of folding
often associated with these thin pinched-off layers. The sandstone
beds ere lensoid in lateral extent, as shown by the inner lens which
pinches out near the hinge of the =six-inch rule. The layers maintain
their orthcogonal thickness but consist of disconnected blocks or rods
between which the pelite has intruded. Some of the blocks have been
displaced across the trend of the bedding and are welded into the
pelitic matrix, There is no clegvage associated with the esarly folding,
but there is an incipient cleavage in the mudstone parallel to the
axlial surface of the later fold. This late P1 fold is very open but
it has a dextral vergence which is opposed to the sinistral couples in
this part of the section., UNevertheless, the sinistral coupling is con-

gruous with the genereal dextral couple for the entire Pl deformation
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because the early folds are perasitic folds, probably induced by layer-
parallel slip on the eastern limb of a larger syncline which is part of
the overall dextral couple. When the later folds were formed the early
structures were incorporated in the bedding, so that the menifestation
of the later deformation is one of many minor folds with dextral ver-
gence transecting the whole area. The pattern of large coupled
synclines and anticlines typical of the early folding, is not developed

in the late Pl folding.

(iv) Fig. 3-13 Fig. 3-13(a) is a profile photograph of a late
Pl fold in one of the cleaner sandstone beds in Area C, near the nose
of the main syncline. The sandstone bed is relatively uniform in
thickness, but is boudined along strike and terminates in a series of
rods of elliptical cross-section, the long axis of the rods being
parallel to the general fold-saxis.

There is no cleavage visible mesoscopically in the sandstone
layer, but there is a series of non-penetrative joints which fen out-
wards. Some displacenment of the blocks has occurred along fhese
fractures which are most intensely developed on the concave side of the
bed. These fractures are not the same as the cleavage in Fig. 3-12(a),
and are probably conjugate shears developed by interlayer slip. In
the slate there is a weekly developed, penetrative cleavage which is
approximately parallel to the axial surface of the fold.

The essential style of this fold is concentric, with uniform

flattening of 20% on the lower limb but only 10% to 15% on the



Fig. 3 -~ 13 {a). An essentially concentric fold in a quartzose

sandstone bed in Area C,. Six-inch rule shown.,

Fig. 3 - 13 (&), 'Tight, small-amplitude crenulations which occur
in the pelitic bands on the concave gide of concentrically folded,
thick sandstone beds as in Fig. 3 - 13 (a). Location:- Area C.

Six-inch rule shown.
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upper limb. This fold core belongs to a coupled pair with dextral
vergence, and the lower 1limb is the common limb. Calculations made
on subdivisions of the sandstone layer (i.e. by dividing the layer
into three units - the concave, neutral and convex bands) were not
satisfactory as there appears to have been primery lensing of indivi-
dual sublayers, although the whole layer was of uniform thickness,
However, there is an indication that the sublayer on the concave side
of the bed has been flattened more than the sublayer on the convex
side.

The thick sandstone layer appears to have been the controlling
layer in the formation of the fold. The leyers of thinly bedded,
fine-grained sandstone and mudstone on the convex side are folded in
&n almost perfectly concentric manner, and may have been stretched
slightly. ©Such stretching is not large because the increased distance
around the outer perimeter of this fold is almost wholly compensated
for by the decreased distance on the concave side of the adjacent fold
core,

Nevertheless, there is some local flattening on the concave
side of the sandstone bed., Fig. 3-13(b) shows the tight, small-
amplitude crenulations that occur in the predominantly pelitic band on
the concave side of such a fold. The folding in this photo is not
located on the concave side of the fold in Fig., 3-13(a), but in a com~
parable position with respect to another fold from Area C. The rock

is composed of very thin, fine-grained sandstone bands in a slaty matrix.
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Folding is almost perfectly similar in style, and there is a well-
developed slaty cleavaege along which displacement has occurred during
the folding. The shape of the fold curve is not sinusoidal, but it
resembles a distorted square wave. If a model of movement parallel to
the cleavage on & set of uniformly thick slices is used to account for
the shape of the folds, there are two types of movement involved:-

{a) Minor displacements between adjacent slices producing a
continuous quasi-sinusoidal curve, and

{v) Larger displacements between groups of slices.

The width of the blocks involved in (a) is finer than can be
observed in hand specimen 30 that it can be considered penetrative
flow. The width of the blocks taking part in (b) is 1 cm. to 2 cms.

They may be thus considered as ‘macrolithons'.

(v) Fig. 314 The folé couple in Fig. 3-14(a) is located in
Lrea C., It is one of the larger perasitic folds on the eastern limb
of the main syncline, and has a sinistral vergence. The pair of folds
belong to the early Pl group, and there is no cleavage in the sandstone,
the only fractures being some irregular joints shown in the photograph.
Cleavage in the mudstone is very weak and was superimposed on the fold.
The sandstone layers are lensoid in shape as may be seen in the
sketch (Fig. 3-U4) and in the photograph. The layer in the centre of
the photo thins very rapidly to the left-hand side, and likewise the
thick layer on which the hinge of the ruler rests, also lenses towards

the upper fold.
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Fig. 3 -~ 14 {a). Profile photograph of one of the larger
parasitic folds in Area C on the eastern limb of the main syncline,
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Fig. 3 - 14 (b). An oblique profile-photograph of one of the
more common parasitic folds in the regions of thinly bedded
sandstones and slates, Location:- Area C. Six-inch rule

shown,



The style of folding is markedly different between the upper and
lower folds. The upper fold is very tight with a narrow, well-defined
hinge area which has been flattened. The sandstone beds in the uppexr
straight limb are much thinner than they are in the lower fold, and the
mudstone between the two limbs of the upper fold has been squeezed
right out of the core. The lower fold is more open, and essentially
concentric in the sandstone band on the right-hand side of the photo.
Orthogonal thicknesses show that any flettening parallel to the axial
plane is less than 5% in this thick layer. The sandstone layers on its
concave side, however, appear to have been considerably flattened.

Such variation in fold style from bed to bed is a necessary consegquence
of concentric folding.

Fig. 3-14(b) is a somewhat oblique photograph of one of the more
common parasitic folds in the finely interbedded, sandstone-slate
regions. The fold is located in Ares C and belongs to the early P11
phase, The style of folding is disharmonic although the profile is
projected along the axial surface to successive layers. The fine-
grained sandstone layers maintain their orthogonal thicknesses and the
spaces 1n between are occupied by slate. There is no cleavage in the
sandstones but a weak penetrative cleavage, not parallel to the
axial surfacc, is developed in the slate.

The “slipping-off’ of thin sandstone beds on the convex side
of a fairly open fold to form a tight, or even isoclinal nose is

typical of the early Pl folds. Later Pl folds such as in Fig. 3-13(a)
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do not show the same characteristics,and this is interpreted as indi-
cating that there was only & small amount of friction between adjacent
sandstone beds in the early stages of the Pl movement. The difference
in viscosity between the psammites and pelites decreased during the
deformation, so that in the late stages disharmonic and disjunctive

folds did not form.

(vi) Fig., 3-1L Fig. 3-15(a) is a somewhat oblique photograph

of the nose of the anticline in the middle of Area D. The fold limb
in the upper part of the photo is the common limb of the main dextral
couple in Fig. 3-7. The main sandstone lens is Jjust to the right of
the photograph and the sandstone layers depicted are thin in comparison
with it. They have been "slipped-off” or "rolled-off" the nose of the
main fold in such a manner that the orthogonal thicknesses have been
maintained except on the common limb where there has been stretching
and boudinage.

The isoclinal nose is regarded as an early P1 fold and the
more open fold which folds the nose of the early fold is one of the late
Pi group. There is no cleavage in either the slate or the sandstone
that can be recognized as reiated to the early fold, but a quite promin-
ent penetrative slaty cleavage has developed with the later fold. This
cleavage shows a small fan but is essentially parallel to the axial
surface of the fold.

The refolding is one of the many structures indicating contin-

uing movement in a heterogeneous rock b5dy. The mein sandstone lens
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Fig. 3 - 15 (a). Oblique photograph of the refolded, slipped-

off nose of the main anticline in Area D. Six~inch rule shown,

vl

Fig. 3 - 15 (b). Intraformational, opcn-cast slump folds folded

by an early PLl fold, Location:~ Area D. S1x-inch rule shown.
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has remained relatively simply folded in its thickest parté (Fig. 3-T),
but at the thin margins of the lens there is complicated refolding.

A1l the structures can be accounted for by dextral movement about a
constant fold-axis. In the early stages folding seems to have devel~-
oped with equal intensity in all parts of the rock. Thus the early Pl
folding is distributed evenly throughout the whole mass. Later, prob-
ably at about the time of cleavage formation, movement became localized
in certain zones where the sandstone lenses were thinnest. The amount
of deformation and refolding of early structures in these zones appears
to be proportional to the extent of the adjacent relatively stronger
sandstone lenses, This situation is what would be expected is there
was a homogeneous stregs distribution over the rock body considered on
a broad scale. FEach small area would tend to deform by a certain con-
stant amount. If, at some time during the deformation, some parts of
the rock body resisted deformation more strongly than others, then the
strzin, homogeneous on the broad scale, would become heterogeneous on a
smaller scale, and the resigtant bodies would be encompassed by zones
of increased local strain., The larger the resistant block the greater
the strain around its margins.

In Fig. 3-15(a) the isoclinal nose of the anticline in the thin
sandstone layers is believed to have achieved, at some time during the
deformation, a fixed location both in the sandstone layers and in the
slate. Continuing dextral movement caused the lower (“stréight“) limb

of the fold to be rolled around the nose of the thick sandstone lens
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and to be refolded by the late Pl fold. On the upper limb { common with
the adjacent synecline) there has been stretching associated with flat-
tening in the slate.

Fig., 3-15(b) is located southwest of Fig. 3-15(a) in Area D in
one of the zones or more concentrated late Pl movement. The fold shown
is one of the early Pl folds, and in one of tha sandstone layers there
are many minor folds. These folds are erosionally truncated, intra-
formational slump folds and predate the Pl folding. They are quite
common throughout the region and are always layer-delimited. The beds
in which they occur are usually fine-grained sandstones less than
1¢ cms. thick, with the folding extending along strike for hundreds of
metres. It seems that these folds, some of which show erosional trunca-
tions at the upper surface, had been formed, and were reasonably well
consolidated before the Pl folding. Certainly the layers in which they
occur have acted in every way as normal sandstone layers during the Pl

folding.

(vii) Fig. 3-1o The fold in Fig. 3-16(a) is the detached core
cf the fold in the northeastern part of Area B. There is a surface
along which considerable movement may have occurred between the folded
layers and the straight-bedded zone in the lower part of the photograph.
The fold is one of the early Pl folds, as is indicated by the transect-
ing cleavage, the sinistral vergence and disjunctive style in the fold
core, and it is a parasitic fold on the eastern limb of the main syn-

cline, the hinge of which is in Area €, The sandy layers are folded in
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Fig. 3 - 12 (a). The detached core of a fold in the northeastern
part of Area B, A surface along which there may have been
considerable movement separates the fold core and the straight-
bedded strata in the lower part of the photograph. Six-inch rule

shown.

r‘ _"
Fig. 3 - 13 (b). A late Pl fold in the southwestern part of

Area C,. Six-inch rule shown.
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an essentially concentric manner, and in parts are broken into fragments.
The superimposed planar cleavage in the slate is poorly developed but
penetrative, and it diverges by 20° from the axial surface of the fold.
Fig. 3-16(b) is one of the late Pl folds in the southwestern
part of Area C and shows the characteristic similar style. The hinge
region has a small area, and the fold shape is angular Qith long
straight limbs. Late Pl folds are not ss tight as the early Pl folds,
and although both early and late folds are broadly similar in geometry,
the late Pl folds are not disharmonic, The similar-fold profile in the
eariy Pl folds is established by a series of concentrically folded sand-
stone leyers interbedded with slate which takes up the strain. Thus a
combination of two fold styles, Class 1B and Class 3 (Ramsay, 1967,
Fig. T7-26) produces a fold of Class 2. In the late P1 folds this
alternation of fold styles is much less marked. Orthogonal-thickness
neasurements from the sandy layer adjecent to the hinge of the ruler
indicate uniform flattening of 40% perpendicular to the axial plane.
There 1s & moderately well-developed penetrative cleavage in the slate,

and this cleavage is parallel to the axial gsurface of the late Pl fold.

{viii) Fig.-3~l7 Fig. 3-17 is a profile photograph of the main
syncline in Fig. 3-T7, Area D. The profile presented is from the concave
side of the thick sandstone lens so that the left-hand limb is the
common limb with the adjacent anticline. The rocks are composed of
finely bedded, fine-graeined sandstones separated by thin slate bands.

There are commonly small festooned cross-beds in the sandstone layers,



trace of axial surface

N.W.

(b)

FIG. 3-17. (a)
Area D. Six-inch rule shown.

Profile-photogra

(6)

(a)

(c)

(I :
Sy
L
¢’ 1
i
L
o o |
|
Nk \\‘
"
]
\ i
|
.
N
o
0,0 20 30 40 S50 60 70 60 90
e Xl
8 ﬁ
.\'\
7
RY \\ *\f'lb\
6 Neo
-5l " >
.
P L a
AN
%)
. o, \\G
R
2 l_ L 1&
OL
’ — -——1 ‘.
|
0 0 20 90 40 JF@O -
e S.E.Limb o’ x N.W.Limb

h of an asymmetrical syncline in
Tracing of the profile
Orthogonal-thickness

used to measure orthogonal thicknesses.

ratio diagram.

(c)




91

and these are locally oversteepened in the vicinity of the fold-hinge.

Analysis of the orthogonal-thickness ratios shows different
amounts of flattening on either limb. The thickness ratios for the
right-hand 1imb, which is the straight-bedded northwestern limb,
correspond to uniform flattening of 30% perpendicular to the axial
plane, The southeastern limb, however, indicates uniform flattening in
excess of 60%, and the thickness ratios correspond closely to a similar
geometry., This differential flattening is probably not caused by in-
herently different mechanical properties of the two limbs, but rather
by stretching in the common limb as the two coupled fold cores moved
apart during flattening in the slate.

There is a cleavage, characterized mesoscopically by anasto-
mosing fractures and penetrative to the scele of centimetres, which is
parallel to the common limb of the fold couple but which makes an
angle of 40° to 50° with the bedding in the straight-bedded outer limb.,
This cleavage has facilitated extension in the c¢ommon limb, and re-
presents a situstion typical of many of the Pl folds elsewhere in the
Sulphur Creek area, The cleavage is not parallel to the axial surface
of the fold from which direction it diverges by up to 15° but it is
noticeable‘that the sxial plane rather than the cleavage plane is the

plane of flattening.
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(ix) Fig. 3-18 Fig, 3-18 is a profile photograph of a small
fold in the thick slate band to the north of the main sandstone lens in
Fig. 3-7. It is outlined by one of the few thin, fine-grained sand-
stone layers which can be recognized in the generally highly dislocated
glate. The fold style is typical of the Pl group with a narrow rounded
hinge and long straight limbs. In broad outline the style could be
regarded as similar, since the same fold curve is projected up and down
the trace of the axial surface. However, the sketch of the fold from
the photo in Fig. 3-18(b) shows that the similar profile is composed of
alternating folds of Classes 1C and 3 in the sandstone and slate, res-
pectively.

The orthogonal-thickness ratios for the sandstone and slate
bands are shown in Fig, 3-18(c) and (d). The sandstone band shows a
fairly uniform flattening of 20% parallel to the axial plane, while the
slate band approximates closely to a perfectly similar profile. Because
the proportion of sandy layers in the slate is low, it is not recessary
for the slate bands to show thickness ratios far into the region of
Class 3 for the overall similar profile to be propogated.

There is no cleavage visible in the sandstone, but & moderately
intense, penetrative cleavage exists in the slate where it is parallel
to the axial surface of the fold. It was noted before that the slate
in these thick bands is very highly dislocated by anastomosing faults
ctatistically parallel to the cleavage plane. The geometry of this
fold and the implied plasticity of tﬁe slate during deformation indi-

cates that the folding occurred when either the strain rate or the
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viscosity was lower than during the formation of the faults. There is
no reason to propose a large increase in strain rate to account for the
transition from deformation by folding to deformation by fracture. The
largest amount of deformation (as measured by the early Pl structures)
was accomplished by flow, so that if the change in mode of deformation
was caused by an increased rate of strain, the later Pl folding must
have been accomplished in a relatively very short period of time,
Furthermore, the end of deformation must have been sudden, with no
gradual decrease in the rate of strain., A more satisfactory solution
to the problem may be that the viscosity of the rocks was increasing
during the deformetion so that a strain rate that was accommodated by
flow early in the movement, produced fracture later. The fold style
lends some support to this hypothesis, as there appears to have been

a convergence of viscosities in the psammites and pelites such as
would occur if the rock mass lost much of its excess water during the

deformation.

(x) Fig. 3-1@ Fig. 3-19(a) is a profile photograph of a fold
in the thick slate band 200 metres east of Ares A.' The rock is dom-
inantly slate through which a few thin, fine-grained sandstone bands
can be traced. These bands often contain small-scale, festooned
cross-bedding.

The characteristic style of folding is asymmetrical and sim-
ilar, with the ihin steeper limb usually a common limb with an

adjacent fold-hinge. The hinges of individual folds are more random
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Fig. 3 - 19 (a). Profile photograph of an asymmetrical similar

fold in the thick slate band east of Area A, Six-inch rule shown.
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Fig. 3 - 1% (b). Concentric fold in a thin sandstone bed at

the hinge of the main syncline in Area C. Six-inch rule shown.



in orientation in this region than further west, and the strong slaty
cleavage diverges up to 25° from the axial surfaces. In Fig. 3-19(a)
the cleavage in the profile section is almost parallel to the trace of
the axial plane, but it is oblique to the strike of the axial plane.
Orthogonal thicknesses were measured on the two slate bands
marked out by the thin sandstone beds, and the ratios show that both
slate bands coprespond closely to ideal similar profiles. Another fold
in the slate, just west of Area C, has an even more ssymmetrical
profile, Orthogonal thicknesses were measured to determine whether
there was any increase in flattening on the thinned limb, but the
curves show that the profile is essentially similar and corresponds to
an apparent uniform flattening of between 50% and 60%. There are no
thicker sandstone ands immediately adjacent which could have controlled
the movements in the slate. These similar folds in the thick slate
bands were probably caused by small differential movements in the slate
accompanied by considerable flattening perpendicular to the axial sur-~
face during tectonic compaction. Similer folds can also be produced by
simple shear parallel to the axial surface, but in the folds at Sulphur
Creek the thin sandstone beds tend to maintain their orthogonal thick-
ness, & condition which precludes simple shear as the dominant mechanism.
Nevertheless, both simple-shear and pure-shear mechanisms of fold
formaetion would account for the large spread of fold-hinges in the

slate bands in a girdle which is the mean axial plane.
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Fig. 3-15(b) is one of the thin sandstone beds in Area C at the
hinge of the main syncline. The overall geometry of the main syncline
is isoclinal and similar, but the thin sandstone bands are folded in an
essentially concentric manner. Orthogonsl-thickness measurements show
little uniform flattening parallel to the axial plane and the outer
limbs have been rotated towards the axial surface without any increase
in flattening. This rotation may have been caused by flattening in
the slate without any appreciable flattening in the sandstone layer,
There is a moderately well-developed cleavage in the slate, and at this
location it is more or less paréllel to the axial surface of the fold.

There is no mesoscopic cleavage visible in the sandstone.

(xi) Fig. 3-ci Fig. 3-20(a) is a profile photograph of an
asymmetrical enticline from Area E, This asymmetrical, angular style
with a strong penetrative cleavage in the sandstone parallel to the
thin limb and making a variable angle with the thicker limb, is typical
of many of the Pl folds between Sulphur Creek and Burnie.

The reeconstructed profile used for orthogonal-thickness
measurements is shown in Fig. 3-20(b). The thin limb is the common
limb with an adjacent syncline, the two folds forming a dextral couple.
Thickness measurements indicate little more than 10% uniform flattening
parallel to the axial plane on the thick limb, with almost 40% uniform
flattening on the thin limb., The increased flattening on the common
limb 1¢ interpreted as caused by stretching between the coupled fold

cores during flattening in the surrounding slate. Another core, part
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of the same fold but further along the trace of the axiel surface,
appears to be uniformly flattened by 15% with increased flattening to

25% on the common limb,

(xii) Fig. 3-21 Fig. 3-21(a) is a profile photograph showing
similar folding in the slate in Area C, Sulphur Creek. The fold form
is the same as the parasitic fold in Fig. 3-14(a) which exists as s
slightly flattened concentric fold in the sandstone bands. The rock
is not strictly homogeneous slate but consists of thin bands of fine-
grained sandstone embedded in a slaty matrix. Fig. 3-21(b) outlines
both a sandy mnd a slaty layer traced from the photograph, and this
profile has been used to calculate smounts of flattening.

The sandstone layer is folded in an essentially concentric
fashion, and there is no flattening parallel to the axial plane,
The slaty band has acted incompetently and belongs to Class 3.
Fig. 3-21(c) depicts the orthogonal-thickness ratios for the combined
thickness of the sandstone and slate layers, and the distribution
corresponds closely to an ideal similar fold up to a certain point on
the 1limbs where the thickness curve changes abruptly, and the ortho-
gonal thickness remains constant for increasing angle. This is inter-
preted as indicating that although the main profile is ideally similer,
the outer limbs have been bodily rotated towards the axial plane with-~
out decrease in the orthogonal thickness. Physically this interpreta-
tion implies that there has been either slipping-off of the oﬁter

layers from the nose of a fold, or a decrease in the volume of the core.



Since there is no reason to suppose that the volume of the slate in the
core should decrease more than the volume of the slate in the layers
outlined, it seems likely that there has been slipping-off of the outer
layers of the fold, with concomitant rotation of the outer limbs
towards the axial surface.

There is an important contact parallel to the lower part of
the photogreph near the hinge of the rule. This contact is a "welded"
contact along which considerable movement may have taken place., There
are no slickenslides or complementary fractures, and the layers which
run obliquely into the contact are firmly stuck to it., The welded con-
tact in its present staete is as strong as the main slate mass, and &
poorly developed, superimposed cleavage in the slate transects the fold
core and the welded contact at an angle of 25° to the axial surface.
Such welded contacts are interpreted as evidence that the slate was
initizlly much different in character from its present state, since it
was capable firstly of lubricating the slip surface so that no stria-
tions or complementary fractures were formed, and later welding the
sides together so that the structural weainess no longer existed. A
relatively high water content in a partially compacted pelite could

provide the necessary conditions.
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3. DESCRIPTION OF CLEAVAGE

(a) GENERAL STATEMENT

The two dominant rock types from & behavioural point of view
are sandstone and slate; the sandstones being competent layers, the
slates incompetent. Cleavage occurs in both rock types but varies in
its nature, intensity and distribution. The cleavage in the slate is
everywhere penetrative to the naked eye and the intensity of its devel-
opment generslly increases westward; at Sulphur Creek there are places
where there is no cleavage in the slate. lThe slaty cleavage 1is more
planar than the axial surfaces of the major folds and tends to be
parallel to the common limb of dextral fold couples, although in places
a cleavage surface cuts both limbs producing a transected core. In
isolated outcrops rock fragments are oriented with their long axes
_paerallel to the cleavage.

In the sandstone the cleavage is poorly developed in parts of
the Sulphur Creek region, and in places (e.g. Area B) there is no
cleaveage mesoscopicelly visible. As with the slate-cleavage, the
intensity of development of the ssndstone-cleavage increases westward.
It is penetrative to the scale of a centimetre, and below this scale
there appear to be narrow zones of more strongly developed cleavage
separated by weskly cleaved, or non-cleaved blocks. The cleavage in
the sandstone is relatively planar, and shows no constant geometric
relationship to the bedding in the fold-hinges. In many folds it is

parallel to the common limbs of dextral fold couples, and makes an
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angle up to 40° with the straight-bedded outer limbs, but in other folds
this relationship does not hold. There have been displacements along
cleavage surfaces in some folds, but these movements do not occur gen-
erally, and are considered %o be displacements subsequent to the

cleavage formation.

(b) MESOSCOPIC DESCRIPTION

Figs. 3-22 and 3-23 are photographs taken from Area E which
is about 1 kilometre west of the main areas considered in this study.
Yevertheless, the cleavage is congruous between Area E and Sulphur Creek,
the only difference being that it is more intensely developed in the
sandstones in Arsa E than at Sulphur Creek.

Fig. 3-22(a) is a profile photograph of an anticline near
Area E, and there is a six-inch rule in the foreground. The cleavage
in the sandstone is quite strongly developeZ, and the rock is charac~
teristically divided into blocks of non-cleaved material separated by
thin zones with intensely developed cleavage, The cleavage is essen-
tially planar end parallel to the axial plane of the fold, although
there is some refraction of the cleavage surfaces as they pass through
the dark zone near the top of the sandstone bed. This dark band is more
pelitic than the rest of the bed and has been a zone of bedding-plane
slip during the folding.

Fig. 3~22(b) is a close-up view of the right-hand limb of the

anticline in Fig. 3-22(a), and shows a number of important features:-



Fig. 3 - 22 (a). Profile photograph of an enticline near Area E,
showing non-penetrative cleavage in the sandstone, There is a

six~inch rule in the foreground,

Fig. 3 - 22 (b). Close-up of the right-hand limb of the anticline
in Fig, 3 - 22 (&), Width of the photograph is approximately

15 ems.
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(a) The main cleavage zones are darker in colour then the sand-
storne bed., This is because the cleavage zones contain pelitic material
which has a penetrative slaty cleavage parellel to the boundaries. The
pelitic material is thought to have been introduced from adjacent slate
bands.

(b) The first-order cleavage blocks themselves are subdivided
by smaller cleavage zones, usually into 3 or 4 sub-blocks. These
cleavage zones have the same character as the major cleavage zénes but
do not penetrate as far into the sandstone.

(c) The cleavage zones tend to decrease in width and branch
out as they pass from the pelitic materiel into the sandstone. Thus a
f'ew sharply defined cleavage zones at the lower contact with the pelitic
zone branch out and reticulate through the upper part of the sandstone
bed.

(d) There have been displacements along the cleavage zones with
the sense of displacement always such that the block nearest the axiel
surface moves transverse to the fold-axis towards the convex surface
of the fold.

(e) The irregularities in the lower surface of the sandstone
layer along which the cleavage zones enter the sandstone were probably
originally sedimentary load casts. However, their plane of symmetry
commonly remains parallel to the cleavage from one limb to the other,

so that they must have been reoriented during cleavage formation.



Fig., 3 - 23 (a). Left-hand limb of the anticline in Fig. 3 - 22 (a).
Width of the photograph is approximately 15 cms.,

Fig. 3 - 23 (k). A slate tand immediately below Fig. 3 - 23 (a).

Approximetely 1 inch of rule is shown in the lower right-hand corner.
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Fig. 3-23(a) is located on the left-hand limb of the anticline
in Fig. 3-22(a). It shows the strong development of cleavage zones in
the sandstone separating relatively non-cleaved blocks which in this
example are less than 1 cm, wide. Discrete congruous displacements
have occurred along the cleavage blocks. In the slate the spacing of
the cleavage zones is much smaller and the cleavage appears penetrative
to the naked eye.

Fig. 3—23(b) is located immediately below Fig. 3-23(a). It
shows the cleavage extending from one sandstone bed through a thin
slate layer into another sandstone bed. Individual cleavage zones
can be traced right through, and although there is a refraction of
about.25° from the light-coloured part of the upper sandstone bed to
the slate there is no doubt that the cleavage is the same phenomenon
in both rock types. Displacement of blocks along these cleavage zones
can be seen in this light-ccloured band, and in the slate there are
many more, smaller digplacements shown on thin sandy laminstions. It
is noteworthy that the cleavage transecté a relatively undistorted
flame structure in the middle of the photograph showing that,

(1) the cleavage formed after load casting, and

(2) the cleavege can not have formed as a layer-confined, shear

cleavage induced by bedding-plare slip.
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(¢) THIN-SECTION DESCRIPTION

In thin-section the cleavage can be divided morphologically
into two types.

(a) A non-penetrative cleavage resembling anastomosing veins,
which occurs in the sandstones, and

(b) A cleavage which is penetrative to the scale of grains
and which occurs in the slates.

This division corresponds broedly to the distinction between
fracture and flow cleavage. However, both cleavages are intimately
related in mode and place of occurrence, and in layers exhibiting
refracted cleavage one type may grade into another.

The non-penetrative cleavage forms in those beds in which there
is a predominance of roughly equidimensional grains, although these
grains may be angular and extremely poorly sorted. The érain-size
varies from medium-grained send to fine siltstones, and the grains are
mostly quartzi. Particularly in the coarser sandstone sorting is
extremely poor, and the cleavage is formed of ribbons of dark pelitic
material up to 0.1 mm, thick. These ribbons wend their way through
the matrix around the larger quartz grains, and are the surfaces along
which the rock cleaves, Individual ribbons are spaced at intervals of
2 to 4 mms. apart, and smaller branches spread through the matrix which
is weakly recrystallized and shows no marked reorientation of particles
parallel to the cleavage surfaces. The rock as a whole may be described
as non-clesved blocks of sendstone separated by thin ribbons of pelitic

material.,
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Fig. 3 - 24 (a). (33341) Non-penetrative sandstone-cleavage.
Ribbons of dark pelitic material anastomose through the sandstone
producing a fracture cleavage. The width of the field of the |
photo is approximately L4 mms.

' -
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Fig. 3 -24 (b). (33342) Penctrative slaty cleavage. Cleavege
ribbons spaced on the scale of the larger clastic grains produce &
strong planar cleavage in which most platy particles are oriented,.

The width of the field of the photo is approximately 0.8 mms.
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Discrete displacements along the cleavage surfaces éan be
recognized, Bedding, marked by mineralogical banding, and quartz veins
which cut the bedding, are displaced by movements along the cleavage.
These displacements are in a congruous sense such that the block near-
est the axial surface moves towards the convex surface of the fold.

In most sections showing this non-penetrative type of cleavage the
large quartz grains are quite severely fractured.

The penetrative cleavage forms in those beds where there is a
predominance of platy particles, and these are the fine-grained rocks.
The cleavage in the slate is distinectly different from the non-pene-
trative type in that the spacing of cleavage surfaces is on the scale
of the clastic quartz grains. The diameter of the detrital muscovite
flakes is slightly larger than the diameter of the quartz grains with
which they are associated, and almost all the mica flakes are oriented
parallel to the cleavage surfaces which are marked by dark pelitic
material, However, the cleavage ribbons in the pelitic rocks are
neither as wide or as widely spaced with respect to the scale of the
detritel greins, as the ribbons in granuler rocks. There has been
some recrystallizetion of the finest material dbut this is too fine to

be examined by normal microscopic methods.

(d) CONCLUSIONS
(1) The type of cleavage which forms in a rock depends not so

much on grain-size as on the shape of the grains. If the rock is
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composed predominantly of equidimensional grains a non-penetrative
cleavege is formed, whereas if the rock has a preponderance of platy
minerals a penetrative cleavege results. In this particular area the
coarser rocks happen to be composed of equidimensional grains, the
finer rocks of platy particles.

(2) Although there are discrete congruous displacements along
the cleavage they are thought to be incidental to, and to have occurred
after the formation of the cleavage. The overall mesoscopic geometry
does not support a shear origin for the cleavage, and all mesoscopic
displacenents can be related to rotations associated with the tightening

of local fold-hinges.

L, ORIGIN OF CLEAVAGE

(a) GENERAL STATEMENT

In broad terms there are four mechanisms commonly suggested
whereby a flow cleavage can be developed in phyllosilicates in very low-
grade rocks.

(a) Physical rotation by flattening.

(b) Physical rotation by simple shear.

(¢) Mimetic recrystallization.

(d) Crystallization of new phyllosilicates.

To consider the sapplicability of these hypotheses in detail

to the Sulphur Creek rocks it is convenient firstly to draw several
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generalized conclusions about the nature of the cleavage based on the
foregoing descriptions.,

(1) The cleavage in both the sandstone and the slate has formed
at the same time. The detailed mechanism of formation may not be the
same for both cleavages, but the intimate spatial relationships through-
out the whole region support this contention.

(2) Both cleavages are planar and probably formed in the plane
of flattening, although there may not have been any appreciable flatten-
ing during cleavage formation. Such fanning and refraction as exists in
some folds is localized, and not general in comparable positions through-
out the region. The disorientations from a planar orientation are there-
fore thought to be caused by continuing deformation after cleavage form-
ztion.

(3) The cleavage was formed after the main Pl folding at Sulphur
Creek and has only an incidental relationship tc¢ individual folds. On a
larger scale it is parallel to the common limb of the regional dextral
fold couple.

(4) There was only a small amount of deformation about the
dextral couple during cleavage formation, and this may indicate a rela-
tively short time of formation,

(5) Displacements along the cleavage are later than, and inci-
dental to its formation. They are either movements geometrically
related to the position in a fold which has continued to develop after

cleavage formation, or late-stage sinistral movements along the cleavage.
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{6) The general style of folding and flattening indicates that

there may have been a considerable amount of water present in the rocks.

(b) DETAILED CONSIDERATIONS

(i) Physical rotation oy flattening Consider an element of
rock with a random orientation of platy particles. Let it be subjected
to uniform flattening as defined earlier. It is simple to calculate
the percentage of particles that lie between the plane of flattening
and any chosen angle; for 50% flattening just under 40% of all particles
will lie with their basal planes oriented within 10° of the plane of
flattening, while for 75% flattening the figure is 80%.

The amount of flattening generally associated with folding in
sandstones and slates is less than this, being of the order of 30% to
40% in the sandstones and slightly higher in the slate. If a muddy
sediment is assumed to have an initial water content of T0% (Weller,
1959), then compaction to a shale with less than 10% water will corres-
pond to a flattening of between 40% and 50%. Yet there is usually no
cleavage produced by normal compaction, and when a cleavage does occur
it is only a rudimentary parting parallel to the bedding. The
fissility of slaty cleavage associated with folds is much more pro-
nounced than the bedding-plane fissility of shales, indicating that
there is a different type or degree of orientation of the platy par-
ticles. Hence the orientation of platy particles that produces slaty

cleavage can not be accounted for simply by homogeneous flattening.
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Nevertheless, numerous writers (Sorby, Sharpe, Leith, Cloos and
many more recent workers) have arrived at the conclusion that slaty
cleavage is formed in the plane of flettening, and the formation of
slaty cleavage is usually loosely ascribed to the phenomenon of “flat-
tening”. If flattening, whether or not homogeneous, is considered as
a necessary, and perhaps dominant process in the formation of slaty
cleavage, there are at least two anomalous features which must be ex-
plained.,

(a) The effect of preferred orientation of platy fragments
before cleavage formation.

Collette (1958, p.121) noted that there is no reason why a
random orimntation of platy particles could be expected in a mudstone.
Settling during sedimentation would tend to orient the basal plates of
the micas and clays parallel to the bedding, and this would enhance the
considerable orientation caused by compaction. This initial preferred
orientation is perpendicular to the plane of flattening in the hinge
region of the fold and tends towards parallelism in the limbs. Thus
slaty cleavage should be more strongly developed in the limbs than in
the hinge region, and immediately adjacent to the axial surface there
should be a narrow zone of poorly developed cleavage where the initial
preferred orientation is perpendicular to the plane of flattening.
Homogeneous flattening would not change this orientation. In point of
fact, the cleavage in the hinge zone is generally the most intensely

developed cleavage,
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(b) The flattening perpendicular to the cleavage may be very
small., |

It has been argued up to this point that the overall amount of
flattening in the cleavage plane is generally less than 40%, which in
turn is less thén the flattening involved in normal compaction. Not-
withstanding this, in the Sulphur Creek foldsit seems that the amount
of flattening in the cleavage plane may be much less. Consider the
fold in Fig. 3-25(a), which is a profile photograph of a fold couple
in a thick slate band near the main syncline in Area C. The very
thin sandy bands have acted only as markers, and the orthogonal-
thickness ratios were claculated using the axial plane of the fold as
the to position. It was initially thought that the cleavage would be
the plane of flattening, and that the angle for a particular ratio
would have to be corrected by adding 29° on one limb and subtracting
29° on the other in order to give a symmetrical distribution of thick-
ness ratios. Such is not the case. Figs. 3-25(c) and (d) show the
orthogonal-thickness ratios for the anticline and syncline, respectively,
using the axial plene as the plane of flattening. The anticline indi-
cates uniform flattening of 50%, and the syncline uniform flattening
~f at least 60%. If there had been any sppreciable flattening in the
cleavage this would have distorted these curves. This phenomenon is not
restricted to this one example as in &ll the folds on which flattening
has been calculated, the axial plane was found to divide the orthogonal-

thickness ratios symmetrically, whereas the cleavage plane did not.
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It can only be concluded that there is less than 10% uniform flattening

'

in the cleavage plane,

(ii) Physical rotation by sinmnle shear Physical rotation of
platy particles by simple shear can not have produced the preferred
orientation of phyllosilicates in the slateg of Sulphur Creek. As
C'Driscoll (196k4) noted, the long axis of an originally spherical body
distorted by simple shear is oblique to the shear surfaces, and its
orientation depends on the amount and sense of displacement. If such
shear planes exist, they must necessarily be parallel to the axial sur-
faces of the folds with opposed sense of rotation in either limb,

Hence the cleavage in the slate should form a fan convergent towards
the axial surface on the convex side of the layer. These fans do not
exist gt Sulphur Creek as the cleavage in the slate is essentially
planar. Furthermore, in the transected cores the cleavage cuts from
one limb to the other without distorting the profile of the fold.

It msy be argued that large amounts of simple shear will bring
the long axes of the strain ellipses almost parallel to the shear sur-
faces, and that the divergence would not be detected. This has not been
the case at Sulphur Creek, for the bedding acts as a marker indicating
the possible strazin transverse to it, and there is no relation between
either the intensity of the cleavage development, or the possible
fanning, and the amount of simple shear indicated. In point of fact,
there is no cleavage associated with the early Pl folds in which the

amount of simple shear would have been greatest, The cleavage is more
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closely related to the late Pl folds, and some of the best development

of cleavage is in the most open folds.

(iii) “imetic Crystallizatior Mimetic crystallization under
differential stress during diagenesis could be invoked to explain the
formation of cleavage in the slate. Ionic migrations in accordance
with Reicke's Principle and dissolution of minerals metastable in the
sedimentary environment would cause clays and micas in favourable
directions to grow at the expense of minerals in other orientations.
However, it is important to note that mimetic crystallization will not
change the orientation of the basal plates of a micaceous mineral,
since any cvergrowth must either increase the size of the basal plate
or add further layers to the already existing sheet structure. Thus,
if there is only weak recrystallization it will not affect the overall
distribution of crystallographic directions, and any method of measuring
particle orientation equally weighting each particle will not detect
the increased bulk heterogeneity. On the other hand, if the recrys-
tallization is strong whole particles may disappear to form overgrowths
on others with more favourable orientations. This mechanism becomes
increasingly important with increasing temperature, pressure and time,
and is probably one of the most common mechanisms of cleavage formation
in metamorphic rocks. However, in the Sulphur Creek rocks recrystall-
ization is weak, and many of the larger micas which facilitate the
penetrative cleavage in the pelites can be recognized as detrital

particles by their cloudiness and ircon-stained margins.
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(iv) Crystallization of nes phylicsiiicates Quite distinct from
mimetic crystallization is the development of new phyllosilicates. It
is frequently guoted that any new platy minerels will crystallize with
their flat faces perpendicular to the greatest principal-stress axis
{e.g. Billings, 1554, p.341l). New minerals develop during metamorphism
and the rclationship between temperature, confining pressure and the
new minerals is reasonably well known. However, much less is known of
crystallization during diagenesis and in the lower grades of meta-
morphism, and whether there are any distinct mineral facies similar to
the facieé in the high-grade rocks, is not certain.

Maxwell (1962) claimed that the phyllosilicate facilitating
cleavage in the Martinsburg slates was illite rather than sericite, and
that overgrowths could be recognized on the detrital illites. 1 have
attempted to treat the problem of whether sericite or illite would
develop in diagenetic and low-grade metamorphic conditions in terms of
the free energies of formation, but the results are not very satisfactory,
Reesman and Keller (1965) have calculated the apparent free energies of
formation of various minerals from experimentally determined solubility
data. Calculations of the apparent free energy of formation of illite -
using their figures do not agree with the experimentally determined free
energy from Beaver Bend quoted by the same asuthors (<bid., p.1732), and
it appears that the effects of colloidal suspension and surface reactions

may be very important in any perticular environment.
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Nevertheless, although the dark material in the cleavage at
Sulphur Creek has not been identified, it does not appear to be the same
as either the large detrital micas or the small, newly crystallized
sericites. The detrital micas are cloudy and commonly iron-stained
around their margins or along their basal cleavage. The size of‘the
flakes is a little larger than that of the detrital quartz grains,
and they have commonly been bent by intergranular movements. The small,
newly crystallized micas are clear, almost colourless flakes, an order
of size smaller than the detrital mica flakes. They are evenly dis-
tributed throughout the sandstones, and do not appear to have a strongly
preferred orientation. From these considerations I have concluded that

the crystallization of new phyllosilicates has not caused the cleavage.

(v) “ater-movement hypothasis I consider that explanation of
the formation of cleevage at Sulphur Creek in terms of any of the four
previously mentioned hypotheses, or any combination of them, is not
satisfactory. Apart from the points already discussed, none of the
hypotheses explains the formation of the narrow cleavage zones in the
sandstone separating relatively non-cleaved blocks. This phenomenon,
and all the others observed, can be explained by considering the
cleavage to have formed by the movement of water out of the sediments
under the influence of differential stress.

It has been shown through consideration of the style of folding
that the Sulphur Creek rocks may have been only partially compacted at

the time of deformation. A muddy sediment, if it is composed
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predominantly of clay-sized platy particles, may be considered as a gel
with a carchouse or network pack, i.e. it has an open-framework structure
with a low yield point which when exceeded, permits large amounts of flow
(Kruyt, 1952 and ven Olphen, 1963). The weight of the overburden is
borne by the framework structure, and during normal compaction the rate
of application of load is slow enough to allow the excess water to
escape through the open voids to the surface. The pressure on the water
is approximetely hydrostatic, while the totai pressure on the sediment
is lithostatic, and in effect the open framework must bear the excess
load, Thus, as the sediment is buried more deeply the pressure on the
framework increases, and the chances of disrupting it are reduced.
However, if the rate of application of load is so rapid that the
water can not escape, whether this be caused by sealing-off of the
formation or the action of tectonic forces,.the pressure of the water
will increase rapidly until the whole load is borne by the water.
The friction between the platy particles will be removed, and any small
deformation will cause the gel to become unstable., If the mass is
squeezed slightly the water in the card-house structure of rlaty par-
ticles will tend 0 move perpendicular to the maximum compressive stress,
Since the platy particles are hinged to one another by electrostatic
forces, the mo&ement of the water out of the muddy mass will cause them
to become strongly oriented parallel to its motion, irrespective of

their original orientation,
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The layers composed chiefly of equidimensional grains, the
sandsfones, hehave differently. They do not develop a card-house struc-
ture, end hence when the card-house structure in the pelite collapses,
the water pressure in the sandstones is not nearly as high, The water,
escaping along the newly developed cleavage surfaces in the pelites,
enters the sandstones along channels which branch out and anastomose in
the general plane perpendicular to the maximum stress. Residual fluids
from the pelite, bearing argillaceous material, move along these channels
thereby equalizing the water pressure. As the water migrates out of the
sediments along these newly formed cleavage ribbons, overgrowth and
recrystallization occur thereby enhancing the cleavage. This mechanism
is the same as the mechanism proposed by Maxwell (1962), with an exten-

sion to account for the cleavage in the sandstones.

5. REFRACTION OF CLEAVAGE

(a) GENERAL DESCRIPTION

Refraction of cleavage is the change in attitude of cleavage as
it is traced through beds of different physical properties (Hills, 1963,
p.297). Refraction does not occur in the hinges of folds, and the
amount of refraction increases as the limbs approach parallelism with
the axial surface, The cleavage in the pelitic bands is always more
closely parallel to the axial surface than is the cleavage in the
psammitic layers, and in graded beds the cleavage may form a continuous

curve through almost a right-angle.
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Fig. 3-26(a) shows refracted cleavage on the limb of a fold in
Area E, as the cleavage surfaces pass from a thick sandstone layer into
a slate band. The angle of refraction is 3C°, but whereas the cleavage
in the sandstone forms s small fan divergent outwards from the core of
the fold, the cleavage in the slate is slightly convergent. In the slaty
band itself there is some grading from very fine sandstone to argillite
and the cleavage is continuously curved.

Fig. 3-26(b) illustrates refraction on the limb of an adjacent
fold where there is an slternation of fine-grained sandstone layers and
graded beds. The cleavaege is planar in the beds of uniform composition
but curves in the graded beds. The spacing of the main cleavage sur-
faces along which there has been some displacement in the sandstone, is
fairly regular; and the blocks are about ¢.2 to 0.5 cms. wide. In the
pelitic bands the spacing decreases, and movements are taken up by
smaller displacements on an increased number of surfaces so that non-
penetrative movements along discrete surfaces can not be distinguished

mesoscopically from penetrative flow.

(b) ORIGIN

The origin of refracted cleavage has not received much attention
in the literature, but there are a number of ways in which it can poss-~
ibly be formed,

(1) By varying the angle of intermal friction depending on the

rock type.
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Fig. 3 -2 (a). Refraction of cleavage in a thin slate band
betwe 1 two thick sandstone beds, Areea E. The width of the

photogr~rh is approximately 15 cms.

W
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Fig. 3 -25 (). Refraction of cl. vege in an interbedded
sandstone-slate sequence on the 1limb of e fold from Area E, Sulphur

Creek. The width of the photograph is approximately 30 cms.
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(2) By continuous generation of a new cleavage in pelitic layers
rotating in & constantly oriented stress field.

(3) By interlayer shear,

(4) By differential compaction,

In order to consider which, if any, ot these mechanisms has
operated at Sulphur Creek a brief statement of the nature of the refracted
cleavage 1s necessary. Firstly, the refracted cleavage is the same
cleavage as has been described earlier in this chepter - & penetrative
cleavage in the pelites and a non-penetrative cleavage in the sandstones.
Secondly, the amount of refraction is geometrically related to the posi-
tion of the cleavage in the fold. There is no refraction in the hinge
region, and refraction increases as the limbs approach parallelism with
the axial surface. Thirdly, refraction is most common in the western
parts of the Bulphur Creek area, and because the cleavage'can be traced
eastwards to where there is no refraction in comparable fold situations,
it i¢ reasonable to assume that the refracted cleavage was initially
planar.

This last criterion eliminates the possibility of refraction
being caused by different angles of internal friction in sandstones and
slates since if the refraction is caused by an inherent property of the
different rock types, it should have equal development in all comparable
fold situations. Furthermore, for the different angles of internal
. friction to have any influence on the orientation of the cleavage,
the cleavage must be formed as a shear plane, and this possibility has

been rejected for the Pl cleavage at Sulphur Creek.
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Voll (1960) proposed a mechanism of cleavage formation in which
there is a continuous generation of a new cleavage in a rotating body.
If there were continuous generation of cleavage in the pelitic bands,
each new generation obliterating the old cleavage while there was only
one generstion of cleavage in the psammite, it is possible that refrac-
tion could be produced. However, no examples of a relict early cleavage
have been found in the Sulphur Creek area, so that if such a mechanism
operated, the successive generations of cleavage formed at very small
angles to the old cleavage and completely reoriented the platy minerals,
Yet the rotation of the planar fold elements in Areas C and D (Figs. 3-6
and 3-8) indicates that the cleavage formed while a relatively small
amount of deformation was accomplished. On the basis of these consider-
ations the continuous-generation mechanism can be dismissed.

In competent-incompetent folding interlayer shear accompanied by
rotation of the competent layers towards the axiel surface, is one of
the dominant mechanisms of deformation. The strain is concentrated in
the slaty bands. Thus, if at a certain stage a planar cleavage is formed
throughout the fold, continuing deformation will cause,

(i) the cleavage in the sandstone to rotate out of parallelism
with the axisl plane, forming & fan divergent outwards from the core,
and

(ii) the cleavage in the slate to rotate in an opposite sense
to the sandstone cleavage under the influence of shear parallel to the

bounding layer.
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This is essentially the mechenism outlined by Hills (1963, p.297-8), and
could account for all the observed phenomena,

It has been shcown that a planar feature developed in a folded
sandstone-mudstone sequence which is only partielly compacted, will
become curved by the subsequent dewatering (Fig. 1-7). The dewatering
may occur in any geographical direction {usually parallel to the local
plane of flattening) but because the surface area of the competent
beds remains approximately constant, loss of water results in a uniform
loss of thickness of the layer perpendicular to the bedding, irrespec-
tive of the orientaetion in the stress field., A planar feature which
transects the bedding will therefore change its orientation depending
on the amount of compaction (Fig. 1-8).

In the case of a folded sandstone-mudstone sequence with
occasional graded beds such as at Sulphur Creek, some of the refraction
in the limbs can be aecounted for by differential compaction. It was
noted before that refraction does not occur at the hinge and is most
marked in the limbs., This is because at the hinge the cleavage is per-
pendicular to the bedding and therefore there is no change in its
orientation caused by loss of watcr. On the limbs the cleavage forms
an acute angle with the hedding so that refraction caused by differ-
ential compaction is to be expected. However, if differential
compaction alone caused refraction at Sulphur Creek, it is implied
that when the cleavage developed there was more water in the western

part of the section than in the eastern part. This is unlikely as the
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western part of the section was the most deeply buried part, and there-
fore might be expected tc have had a lower water content than the

eastern section.

(c) CONCLUSIONS

From the gross geometry of refracted cleavage it is not possible
to distinguish between interlayer shear and differential compaction as
possible causes of refraction., The style of folding indicates that there
may have been considerable water in the sequence at the time of deform-
ation., Nevertheless, the style of folding also warrants that interlayer
shear was one of the dominant modes of strain, and that such strain was
concentrated in the pelitic bands. Thus it is concluded that both inter-
layer shear and differential compaction may have contributed to the

formation of the refracted cleavage.

6. : THE NATURE OF TriE Pl DEFORIMATION AT SULPHUR CREEK

Up to this point the main structural featupes of the Sulphur
Creek region have been individually described and interpreted. It is
intended here to set out a general synthesis of my interpretation of the
events which caused these features from the time of sedimentation tc the
end of the Pl deformetion. In this respect four phases can be distin-

guished.
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(a) THE EARLY DIAGENETIC PHASE

This phase embraces the time from sedimentation until the first
deformation as a result of the Pl movement. The sedimentary environment
has been fully documented by Gee (unpub., Ph.D. thesis, 1967), end it is
sufficient to note that during this period of normal accumulation of
geosynclinal sediments, load casts, flame structures and other features
were formed., Intraformational open-cast slumps such as in Fig. 3-15(b)

were also generated.

(v) THE EARLY P1 PHASE

The exact stage in the diagenetic history when the first Pl
movement occurred is not certain. The Sulphur Creek sediments are the
highest exposures in the Burnie Slate and Quartzite which is séparated
from the Ordovician by an almost right-angle unconformity. It is not
possible to calculate a depth of burial., However, it is clear that the
deformation occurred some time after the open-cast slumping, probably
‘when the sediments were under some load, and the style of deformation
indicates that there may have been & considerable amount of water _
present,

The whole Pl deformation at Sulphur Creek is caused by a persis-
tent dextral couple. During the early deformation the foiding was
homogeneous in orientation and distribution throughout the sediments.,
The major synclines and anticlines with their congruous parasitic folds,

were formed in the sandstone lenses, and in parts (e.g. Area A) the
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sandstones were broken up and surrounded by pelite, The style of folding
in the sandstones was concentric but the pelites were extremely ductile,
and the overall shape of the profiles is similar. There is no cleavage

associated with this early movenent.

(¢) THE CLEAVAGE FORMATION

The cleavage phase is thought to have been initiated when the
water pressures in the pelite greatly exceeded the hydrostatic heed and
approached the lithostatic pressure, This was caused by sealing-off the
sediments in such a manner that the water could not move out quickly
enough to relieve the pore pressure developed during the deformation.
When this pressure reached the lithostatic pressure there was rapid de-
watering, which caused the platy particles in the pelites to orient
parallel to the flow channels forming s penetrative slaty cleavage.
The water pressures in the sandstcnes were lower than those in the
pelites, and the pelite-bearing water intruded the sandstones forming a
non-penetrative cleavage along the channels of intrusion. This cleavage
formed perpendicular tc the applied maximum compressive stress, and cut
across the rocks independently of the existing structures. The volume
of the pelites was reduced more than that of the sandstones, and the

whole mass probably became stronger and more viscous than before.



(d) THE LATE Pl PHASE

After cleavage formation the dextral couple continued to act
on the rock mass. However, the slate was much more viscous than before
and the deformation became confined to narrow zones separating larger
blocks'which did not deform. This heterogeneity can be observed in the
southwestern parts of Areas € and D, Folded folds, roteted cleavage,
and displacements along the cleavage were formed. The slate being
considerably more viscous than before cleavage formation, deformed by
fracture and the larger slate areas were completely dissected into
small lensen elongate in the cleavage plane, The style of folding was
more open and heterogeneous with an increased Variation in hinge
orientations caused by drag between adjacent blocks. The sandstone
beds were “fixed” in the slate after cleavage formation, and thus as
the slate continued to compact the common limbs between adjacent hinges
were uslretched, The straight-bedded outer limbs away from the fold
hinges were fractured and at their detached ends were stretched into

boudins as they rotated closer towards the axial surface,
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CHAPTER 4

FOLDING Il IHTERBEDDED SANDSTGNES AND SLATES AT
TULLOCHGORUN, NORTHEASTERN TASHANIA.

1. INTRODUCTION

The "ullochgorum section is on the conave side of a broad
corner on the Esk Highway at the 16-miles post from St, Marys to
Couara, The section was photographed in a continuous strip, and
the photographs were enlarged and used as a base map for all
measurements.

The strip can be divided into two parts. The northeastern
part is composed of 60 metres of interbedded sandstones and argillites,
overturned and dipping steeply to the southwest, which are separated
by a vertical fault of unknown displacement from more gently dipping,
right way~up strata at the southwestern end of the section. In the
northeastern part there is a folded zone, stratigraphically 10 to 15
metres thick, with a series of three anticlines and three synclines,
and it is this zone which has been examined in most detail. These

folds are coupled in the sense of an overall drag of the northeastern
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side upwards, and Fig. 4 - 1 (a) is a block-diagram showing layers
stratigraphically 10 metres apart. In the southwestern part of
the section there are some open flexures, one syncline being sufficiently
well exposed to be examined in detail.

The composite fold data for the whole section is shown in
Fig. 4 -~ 2 (a). The fold-axes were calculated from bedding-pole
distributions, and the bedding / cleavage intersections were
calculated stereographically for each point of measurement. Axial
planes were estimated both in the field and from stereographic
reconstructions for each fold. There 1is some spread of the fold-
axes, although no more than is normal for one phase of folding.
Bedding / cleavage intersections give consistent axes except in
one case, Syncline 3. The fold-axes on different sides of the
fault zone diverge, and this is probably caused by a small amount of
rotation of the fault blocks.

Fig. 4 - 3 (a) is a cross-section reconstructed from both
photographs and field-measurements. The rocks are composed of
two lithic groups, medium-grained sandstones and argillites, and
the sandstones which wedge out laterally form 75% of the exposed
section. The environment of deposition appears to have been
deltaic lagoons where the argillites were formed in bodies of
protected water into which the sandstones were sporadically
sedimented., Visual estimations of grain-size show that the

folding occurred in the zone with the highest proportion of argillite,
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but within this zone there is considerable variation in the proportion
of sandstone.

The style of folding is related to the particular location in
primarily concentric folds which occur in the thickest sandstone bands
(e.g. Anticlines 1 and 3, and Syncline 1). On the concave side of
these concentrically folded bands the thinner sandstone layers have
been flattened perpendicular to their exial surfaces and form concertina-
style folds such as Anticline 2 and Syncline 3. Both these fold

styles are genetically related.

2. STRUCTURAL CES5CRIPTICNS

(a) ANTICLINE 1 AND SYNCLINE 1

Anticline 1 and Syncline 1 [Fig. 4 - 3 (b)] are a pair of
coupled folds, and Figs. 4 - 4 and 4 -~ 5 show the structursl elerments.
Both the fold-axes calculated stereographically from bedding-plane
measurements, and the axial surfaces are essentially parallel.
The style of folding is concentric although primary variations in
the thickness of layers are too large to permit useful field-
measurement of orthogonal thicknesses. One bed in particular
shows large lateral variation in thickness from the anticline
to the syncline, and on the steep limb of Syncline 1 it has been
thickened to several times its original thickness by a preconsolidation

disturbance. Bedding surfaces within this layer are very hard to
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trace but are highly contorted and form the structure shown in Fig. 4 - 3
(b).

The core Anticline 1 is disjoined, and the bed that has broken
is a fine-grained sandstone layer which is finely laminated in its
upper part. There is no evidence of slickensliding, granulation
and polishing, or any other indication of brittle-rock fracture, and
the broken layer seems completely welded into its surroundings. The
cleavage in and around the disjoined core is not refracted or
otherwise disturbed, and it appears that this structure formed when
the rock was only partly consolidated and capable of welding such a
fracture.

The distribution of cleavage in the folds is shown in Figs.
4 - 4 (¢) and (d) and Figs. 4 -~ 5 (c) and (d), after the fold-axes
have been rotated to the horizontal. The cleavage in the sandstone
in Syncline 1 appears to be reasonably symmetrical sbout a small
circle coaxial with the fold-axis, but in Anticline 1 the small circle
is rotated 10° clockwise. The cleavage in the slate does not show
any unusual relation with the fold-axis and is approximately parallel
to the axial surface. Bedding / cleavage intersections in the
sandstone layers give axes showing good agreement with the bedding-pole
fold-axes, but the bedding / cleavage intersections in the slate show
a variable distribution, probably because of the very small angle
between the bedding and the cleavage. Large sigmoidal quartz veins

occur throughout these two folds and their significance is considered
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in the section on Jjointing.

(b) ANTICLINE 2.

The tracing from photographs of anticline 2 is shown in Fig. 4 - 6
(a). It is the same anticline as figured by Williams (1965, p. 231,
Fig. 2), and is composed of interbedded slate and sandstone layers,
the latter being 20 to 30 cms. thick., The fold has a small apical
angle, and is overturned and facing towards the northeast. It is
symmetrical about its axial surface, and the exposed core region is
flanked by massive sandstones on the outer arc. The individual
sandstone layers have folded to the 1limit of concentric folding
permitted by their proximity to the adjacent competent layers,
and flattening in the sandstone layers perpendicular to the
axial surface of any particular layer reaches 30% in the hinge
region. It is noteworthy that the axiel surface is not planar,
and changes orientation as it passes from sandstone to slate. The
plane which divides the orthogonal-thickness ratios symmetrically
in the sandstones is the axial plane of the particular layer, and thus
the apparent flattening is not perpendicular to the mean axial plane
for the fold.

The geometry of the structural elements is shown in Fig. 4 - 7,
The fold-axis defined by the poles of bedding [ Fig. 4 - 7 (a)] plunges
23°/15L°, which is in good agreement with the calculated bedding /

cleavage intersections in Fig. 4 - 7 (b). The small apical angle
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is reflected in the restricted spread of the bedding poles. The
cleavage in the sandstone [Jig. 4 -~ T (c)] is distributed reasonably
symmetrically about a great circle coaxial with the fold-axis,

but the mean cleavage in the slate appears to be inclined to the
average axial plane, 57°9/229°, at 12° in a clockwise sense of .~
rotation [rig. 4 - 7 (a)].

An interesting phenomenon is the small segment of sandstone
which has been detached from the crest of the folded bed. This
piece of sandstone appears firmly welded into the slate filling, and
rmust have been detached when such a fracture was capable of being welded.
Detachments of this type have not been noted in any other part of the

section so that is is probably related to the folding process.

(c) SYNCLINE 2

Syncline ¢ [F.g. 4 -~ 6 (b)] is a tightly compressed, overturned,
northeastward ~ facing fold with the sandstone layers of the outer
arc folded in an essentially concentric fashion. The sandstone
layers in the core of the fold on the concave side of the concentrically
folded layers have been flattened perpendicular to the axial plane,
and Fig. 4 - 1 (¢) is & tracing of the core made in the field.
The pelitic layers have deformed to fill the interspaces between
the competent beds, and in the limbs faults caused by extension parallel
to the axial surface are termingted in the pelite where strains that

are relieved by fracture in the sandstone are accommodated by plastic
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flow. The small faults on the southwestern limb are caused by
squeezing against the adajcent Anticline 3 which is composed of stronger,
massive sandstones [Fig. 4 - 3 (a)].

The geometry of the structural elements is shown in Fig. 4 - 8.
The fold-axis defined by the bedding poles which are clustered
in two groups reflecting the long straight limbs and narrow hinge
region, plunges 33°/171°, and is in good agreement with the bedding /
cleavege intersections in Fig. 4 - 8 (b). The poles of the cleavage
in the sandstones are distributed symmetrically asbout a great circle
coaxial with the fold-axis, and the poles of the cleavage in the slate
are remarkably planar and parallel to the pole of the axial plene,
56°/235°,  The cleavage in the slate in this syncline is the best
approximation to a cleavage parallel to the axial plane of a fold

in all the folds examined.

(a) ANTICLINE 3

Anticline 3, in contrast to Anticline 2 and Synclines 2 and 3,
is a more open, concentric fold asymmetrical about its axiel surface.
It is composed of thick, massive, medium-grained sandstone beds with
little or no interlayered pelite. Stratigraphically, it lies
above the pelitic beds in Anticline 2 [Fig. 4 -~ 3 (a)], but below
the pelitic layers in Synclines 2 and 3. The sandstone beds appear
to have bent without fracture, and the overturned northeastern limb

has been thinned in a zone of extension.



STRUCTURAL ELEMENTS, SYNCLINE 2

EQUAL-AREA PROJECTIONS
(b) T.N.

>|< = Fold-axis ¢ = Sandstone-cleavage

« N.E.Lmb, o SWLimb * = Slote-cleavage

(C) d)

Fold-axis Fold~ axis
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horizontal,11 pts. Great circle is coaxial with the fold-axis.




The geometry of the structural elements is shown in Fig. 4 - 9.
The poles of the bedding in Fig. 4 ~ 9 (a) show e more even great-
circle distribution than in any of the other folds, and give an
axis plunging 28°/173°. The calculated bedding / cleavage intersections
in Fig. 4 - 9 (b) show a close agrecment with this fold-axis, the tail
towards the southeast being caused by the effect of Syncline 3 on the
western limb. The poles of the cleavage in the sandstone in Fig.
4 - 9 (¢) have a symmetrical distribution between a small circle of
84° and a great circle, both coaxial with the fold-axis.  There are
too few cleavages measured in the slate to be important, although it
mey be significant that they show considerable scatter. The axial

plane is estimated as 60°/235°,

(e) SYNCLINE 3

Syncline 2 is shown in Fig. 4 - 6 (c) and Fig. 4 - 1 (b), and
is the same syncline as figured by Williams (1965, p. 234, Fig. 5).
In field-outcrop the fold is overturned, but it is symmetrical about
its axial surface and has a tightly compressed core of interbedded
sandstone and slate, with the outer arc composed of massive sandstones.
These massive sandstones on the outer arc in either limb have acted
as strong blocks causing most of the deformation in the fold to be
localized in the pelitic core. Flattening perpendicular to the axial

plane in the core has reached 30%.
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(d) Poles of slate-cleavage rotated as the fold-axis is rotated to

the horizontal, 5 pts. Great circle is coaxial with the fold-axis.
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The geometry of the structural elements is shown in Fig. 4 - 10,
and in many weys this fold is a..omelous compared with the other five
folds considered. The fold-axis defined by the poles of bedding
plunges 12°/141°, and this direction lies 20° away from the direction
defined by the grouping of the other five fold-axes. The bedding /
cleavage intersections in the sandstones, which in each of the other
five folds show good agreement with the fold-axis calculated
stereographically from bedding poles, are even further divergent from
the mean fold~axis than is the bedding-pole fold-axis,

The scatter of the bedding / cleavage intersections is not random
but has a distinctly planar trend [Fig. 4 - 10 (b)]. This is caused
by rotation between the limbs of the fold about an axis normal to
the exial plane. Figs. 4 - 11 (a) and (b) illustrate the disorientation
of a B-lineation by rotetion of one of the limbs. If one 1limb is
held fixed and the fold-axis rotates through an angle, a, then the
lineation on the other limb will rotate through the angle, 2a.

The lineation in this case becomes a folded lineation and may be
treated as outlined by Ramsey (1960).

In Syncline 3 the amount of rotation is not large and is
scheratically indicated in Fig. 4 - 11 (c) where the northeastern
block has been rotated anticlockwise with respect to the southwestern
block. Which block has remained fixed, or whether both blocks have
rotated is not known and could be determined only by regional

considerations. The parallelism of the bedding / cleavage intersections
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with the fold-axes in the other folds indicates that almost all of

the rotation in the section was accomplished in this syncline.

This scissor-like rotation also accounts for the somewhat anomalous
distribution of the poles of cleavage in the sandstone [ Fig. 4 - 10 (¢) ]
where the cleavage in the northeastern limb is markedly inclined to

the axial plane, 55°/231°. The cleavage in the slate is also

inclined to the axial plane at 15° in & clockwise sense of rotation,

(f) SYNCLINE 4
Syncline L4 is an open, asymmetrical fold in the southwestern part
of the Tullochgorum section where the folding is not as intense as in
the northeastern part and the beds are generally gently dipping
and right way-up (Fig. 4 - 1). Syncline U4 is the best developed
fold of a series of open flexures in this part of the section and the
axes of these folds are plotted as open circles in Fig. L - 2 (a).
The fold is composed of interbedded sandstones and slates with essentially
the same fold style as in the northeastern part of the section where
more massive sandstone layers form the outer arcs of the concentric
folds. However, in Syncline U4 there has been little or no flattening
perpendicular to the axial surface which dips gently to the southwest.
The geometry of the structural elements is shown in Fig. 4 - 12,
The bedding / cleavage intersections in the sandstone [Fig. 4 - 12 (b)]
are in reasonable agreement with the fold-axis, 16°/1L9°, determined from

the poles of bedding. However, the bedding / cleavage intersections
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in the slate show no symmetrical relationship with the fold-axis,
and are much more randomly distributed than intersections in the
slate in the folds from the northeastern part of the section.

The orientation of the cleavage in the sandstone after the
fold-axis has been rotated to the horizontal is shown in Fig. 4 - 12 (c).
A small circle of 84° coaxial with the fold-axis is marked, and the
cleavage is symmetrically distributed about this surface. However,
the cleavage in the slate iayers [ig. 4 - 12 (d) ] is not only
non-coaxial with the fold-axis but also distributed about a small
circle of 82°, the axis of which is 19° oblique to the fold-axis in a
clockwise sense of rotation. Although in other folds examined the
cleavage in the slate is non-coaxial with the fold-axis, in all
cases it is an essentially planar feature. The distribution about
a small circle indicates that the cleavage in Syncline 4 has been
folded with the bedding. The cleavage maintains a varishie , though
always acute angle with the bedding throughout the fold, and in the
core region it is almost perpendicular to the axial surface. In
order to understand this orientation it is necessary to consider
the deformation of a pre-existing slate-cleavege in a concentrically

folded, interbedded sequence of psammites and pelites.

(g) TFOLDED SLATE-CLEAVAGE
When a pre-existing cleavage in a slate in an interbedded

sandstone-slate sequence is deformed during cylindroidal concentric
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folding of the sandstone layers, the resulting distribution of poles
of cleavage may be non-coaxial with the poles of bedding. Hannan
(1961) and Stauffer (196L) have considered the geometry of conical
folds, Stauffer considering two cases;

(1) pure rotation of the surface with no strain component in the
folded plane, and

(2) flattening of a circular conical fold.
In the case under consideration there is a strain component in the
folded plane, and no flattening perpendicular to the axial surface.

The orientation of the cleavage in Syncline U suggests that it
is an early developed cleavage, and I have assumed by analogy with
the straight--bedded 1limbs in the northeastern part of the section,
that the cléavage had a constant orientation with respect to the
bedding before the later folding. The interlayer slip necessary
for the concentric style of folding in Syncline U4 was accomplished
by layer~-parallel shear in the slate bands. Hence deformation
of the pre-existing cleavage in the slate during the later folding
can be divided into two components.

(1). Strain within the layers parallel to the layer boundaries,
and

(2). Rotation about the late fold-axis.

Fig. b - 13 (a) shows an idealized concentric folding of inter-
layered sandstone and slate with the trace of a pre-existing planar

structure marked in the slate. The sandstone layers may be considered
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elastic for the purpose of the argument, so that all lines perpendicular
to the original‘layer boundaries in the sandstones will remain
perpendicular during the folding. The slate is considered ductile,
and deforms by homogeneous simple shear parallel to the layer
boundaries. The resulting simple-shear couple in the slate is
anticlockwise on the right-hand limb, and clockwise on the

left-hand limb and there is a point of no strain at the fold-hinge.
During the folding the orientation of the trace of the early cleavage
in the slate is altered significantly, as the angle between the
bedding and cleavage is increased in the left-hand limb and decreased
.in the right-hand limb.

In three dimensions [Fig. 4 - 13 (b)] the problem of intralayer
strain of the slate may be reduced to simple shear in a direction.:
A, inclined to the plane of cleavage. The direction of movement
is perpendicular to the fold-axis of the layer and parallel to the
layer boundaries. The angle, o, which the strike of the plane of
cleavage makes with A, remair constant, and all deformation occurs
in the vertical plane. The resultant distribution of the poles
of cleavage for different amounts of deformation is along a great
¢ircle containing the original poles of bedding and cleavage before
deformation [Fig. 4 ~ 14 (a)]. In general the angle, o, between
the directrix, A, and the great circle is not 90°, Since the pole
of the bedding is fixed, the cleavage in the limb where the bedding /

cleavage angle decreases has poles which lie in the smaller segment
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of the great circle containing P and @, and the cleavage in the other
limb where the bedding / cleavage angle increases has poles in the
larger segment of the great circle [Fig, L4 - 1L (b)].

Stauffer (1964) has shown that the distribution of poles of
a surface rotated about an axis oblique to it is a small circle
coaxial with the axis of rotation. Thus, if the cleavage were
merely rotated with the bedding, the poles of the cleavage would
be distributed about a small circle coaxial withk the bedding fold-
axis [Fig. 4 - 1L (c)}.  Furthermore, since the angle between the
bedding and cleavage has been shown to increase on one limb and
decrease on the otber during the folding, the small-circle distribution
of cleavage poles will be distorted by rotating one segment of the
small circle away from the poles of the bedding, while rotating
the poles on the other segment towards the poles of the bedding.
If the effects of both strain in the layer and rotation about the
bedding fold-axis are combined, the resultant distribution of poles
of the cleavage will be of the general shape of Fig. U4 - 14 (d).
Thus, where there is both strain and rotation during folding of
a slate band which contains a pre-existing cleavage, the poles
of the early cleavage will be distributed about an axis non-coaxial
with the bedding fold-axis.

In Syncline L4 [Fig. L4 - 12 (d)] the poles of the cleavage lie
on @ small circle of 82° which is coaxial with an axis that diverges

by 19° from the fold-axis. The original angle between the bedding
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and the cleavage was small (less than 20°)and has decreased in the
gently dipping northeastern limb and increased in the steep south-
western limb, This angle is too small to enable accurate calculation
of bedding / cleavage intersections, and thus the calculated bedding /
clegvage intersections in the slate in Fig. 4 - 12 (b) have little
significance,

(h) JOINTING

The Tullochgorum section contains & large number of Jjoints and
quartz veins. Fig. 4 - 2 (b) shows a composite plot of the attitude
of all joints end veins measured, and the symmetry is triclinic with
no simple relationship to the regional fold-axis. There are,
nevertheless, two distinct trends:-

(1) A girdle of poles perpendicular to the fold-exis, and

(2) A broad spread of poles which shows no obvious relationship
to the fold geometry.

The girdle of poles perpendicular to the fold-axis 1s largely
representative of sigmoidal quartz veins, while the broad spread of
poles represents persistent, generally planar gquartz veins which tend
to cut across the bedding irrespective of itg orientation. The girdle
of poles perpendicular to the fold-axis is not as prominent as the
other distribution because of the smaller number of sigmoidal veins
measured. Furthermore, because of the orientation of the section
very few joints perpendicular to the fold-exis have been measured.

Thus it appears that although 211 joints have been measured, this number
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is probably not a good mample of all joints present, and any
interpretation of the d&istribution must be of a broad nature.

The sigmoidal quartz veins are interpreted as having formed as
shear fractures which were rotated during folding by eontinuing
deformation towards the tension direction in which they dilated.
The relationship of the oblique joints to the folding is not clear.
In places the sigmoidal veins appear to cut across them, but in
other places the oblique joints transect the sigmoidal veins. On
this basis it would appear that the oblique joints are probably
contemporaneous with the sigmoidal veins, yet they do not have the
geometry of a known fracture system. Their origin nas not been

determined from existing data.

3. FLATTENING

William's method of calculating flattening in originally
concentric folds (1965) was developed from a study of the Tullochgorum
folds, and is specifically suited for concertina-style folds in which
the non-flattened profile in the hinge fits circular arcs.

Although for some situations the method has certain advantages over
the orthogonal-thickness-ratio method, it is subjected to the same
problems of obtaining a good profile section and of being able to
orient the inscribed flattened semicircle accurately perpendicular to

the fold-axis. Furthermore, the position of the centre of curvature
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nust be known. Errors involved in the practical application can
be serious, and the accuracy of # 2%% quoted by Williams (Zbid,
p. 232) may be optimistic.

Ramsay's method of calculating flattening from orthogonal-
thickness ratios is not entirely suitable where the layers
are thick compared with their radius of curvature and there is
some uncertainty about the position of the concave side of the
buckled layer, There may also be substantial primary variations
in the thickness of layers. Syncline 1 appears to have been
locelized by a preconsolidation disturbance, and the sandstone
layers in both Anticline 2 and Syncline 3 show irregular primary
variations of thickness. It was found that by using both Ramsay's
and William's methods of calculating flattening, as well as by
plotting thickness against distance from the fold-hinge (Ramsay, 1962,
p. 311), the following generalized distribution of flattening can
be inferred.

(1) The largest percentage of flattening in the sandstone
layers occurs in the hinge region.
Williams estimated 20% uniform flattening perpendicular to the axial
plane in the hinges of Anticline 2 and Syncline 3, and these measurements
were verified as approximately true. Orthogonal-thickness ratios
from Anticline 2 indicate a uniform flattening of approximetely 30%
perpendicular to the axial plane on the southwestern limb and

approximately 20% on the northeastern limb. In Syncline 3 [Fig. 4 -
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J.S(c)] orthogonal-thickness ratios correspond to a little more than
30% uniform flattening on the northeastern limb and 20% uniform
flattening on the southwestern limb, In both folds these amounts
of flattening apply only to the immediste hinge region.

(2) The flattening decreases away from the axial surface.
There is differential flattening in any layer with the greatest
amount in the hinge zone. Fig. 4 - 16 (a) shows the variation
of orthogonal thickness in the lower sandstone layer of Syncline 3.
There is approximately 30% uniform flattening in the hinge zone and
this decreases to less than 8% & short distance away from the hinge.
Detailed measurements on the thickness of groups of sandstone layers
away from the hinge zones show that despite sedimentary lensing
of individuel beds, there is no recognizable variation of thickness
irrespective of the orientation of the layers. Furthermore,
sedimentary structures such as cross-bedding, flute marks, pseudo-
nodules, etc., do not appear distorted away from the core regions, as
would be expected if there had been overall flattening of the
folded zone.

(3) The percentage of uniform flattening varies in different

There is no measursble flattening perpendicular to the axial

surface in the hinge residns of either Anticlines 1 and 3 or
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flattening perpendicular to the axial surface occurs in the
concertina~-style folds which are located on the concave side of the
concentric folds. Fig. 4 - 16 (c) is a composite style diagram
in which the dependant relationship of the concentric and concertina
folds is shown. The compression on the concave
side of the concentric folds by the thick sandstone layers has
caused the flattening in the concertina folds. When the flattening
is considered on this scele it is non-uniform.

(L) Some of the flattening is not parallel to the axial plane.
The axial surfaces in both Anticline 2 and Syncline 3 are kinked
where they pass from sandstone into slate. The cleavage fan in
the slate, convergent towards the convex surface of the fold, is
symmetrical about the local orientation of the axial surface, Just
as 1s the divergent fan in the sandstones. The most likely plane
of flattening which could form the kinked axial surface without
destroying the symmetry of the cleavage, is one parallel to the bedding
in the straight-bedded bounding zones, A larger amount of flattening
in the slate than in the sandstone would cause the originally planar
axial surface to rotate further towards the plane of flattening
in the slate than in the sandstone, thereby producing the kinked
axial surface.

How much of the flattening is of this type has not been
determined., It is possible, as Williams suggested (ibid, p. 236),

that the flattening in the sandstones occurs parallel to the axial
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plane only where the cleavage is parallel to it, and that the local
plane of flattening in the sandstones is everywhere reoriented
parallel to the cleavage. This type of flattening would not
reorient the plane of symmetry of the cleavage fan or change the
symmetry of the orthogonal-thickness ratios about the axial plane in
the sandstone layers. However, this mechanism alone does not

account for the kinked axial surface.

L, CLEAVAGE

(a) GENERAL DESCRIPTION

Two types of cleavage can be distinguished in the Tullochgorum
folds, and these have been designated sandstone-cleavage and slate- opr
mudstone-cleavage, depending on the rock in which the cleavage occurs.
In hand--specimen ‘the séndstoné-tleavage appears to be:a non-penetrative
fracture type of cleavage. It characteristically makes a large
angle with the bedding in the fold limbs, thereby producing a fan
which is divergent towards the convex surface of the fold. The
sandstone~cleavage is most intensely developed in the vicinity of
the fold hinges, but is not res*ricted to such localities and is
found in straight-bedded massive-sandstone units well away from any
fold-~hinge. The cleavage surfaces anastomose producing lenticular

slices elongate in the general plane of cleavage, and there is often
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an argillaceous or micaceous coating along these surfaces. Structures
such as flames, load casts and pseudo-nodules, which are usually
regarded as formed in relatively unconsolideted rocks, tend to be
elongated parallel to the cleavage irrespective of its orientation with
respect to the bedding. Since there is no apparent flattening

of these beds the present orientaticn of these structures must be
related to the development of the cleavage.

The slate-cleavage is a penetrative, typically slaty type of
cleavage which is approximetely parallel to the axial surface although
it forms a small-angle fan convergent towards the convex surface of
the fold. Where thin fine-grained sandstone bands are interbedded
with cleaved argillites the sandstone bands are commonly completely
disrupted, with fragments oriented parallel to the cleavage. A
few plant stems in the pelite are also oriented paerallel to the
cleavage rather than the bedding. On fold limbs where slates are
interbedded with the cleaved medium-grained sandstones the angle of
cleavage changes abruptly passing from one rock type to another.
However, in the hinge regions on the concave sides of the sandstone
layers such as in the fold core of Anticline 2, thin slivers of
glate are interdigitated with the sandstone producing a jagged profile.

The distribution of the two types of cleavage collected from
all the folds in the section and rotated to a common horizontal axis,
is shown in Fig. 4 - 17. The sandstone-cleavage is distributed
symmetrically about a zone which lies between an 82° small circle

and a great circle ,
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both coaxial with the fold-axis. The somewhat asymmetrical
distribution is caused by the secondary scissornliké rotation in
Syncline 3, but despite this there is readily recognizable a
distribution corresponding to a fan coaxial with the fold-axis.

The slate-cleavage shows a markedly different distribution
which corresponds to an axial symmetry. However, the mean orientation
of the cleavage is not parallel to the axial plane but inclined
at an angle of 10° in a clockwise sense of rotation, It is
symmetrical about a great circle which is non-coaxial with
the fold-axis and diverges by 10°. Reference to the structural
elements of individual folds shows that this effect is not caused
by the cleavage in all the folds, but only in Anticlines 1 and 2
and Syncline 3, This rotation is interpreted as being caused by
the scissor-like rotation in the general axial plane, and as has
been shown was accomplished mainly in Syncline 3 but also in Anticlines

1l and 2.

(b) THIN-SECTION DESCRIPTION

In thin-section the sandstone~cleavage consists of lenticles of
recrystallized greywacke separated by ribbons of iron-stained argillaceous
or micaceous material, The ribbons are of several sizes; the
widest being up to 0.3 mms. across and enclosing lenticular slices
of greywacke up to 1 cm, wide. These lenticles are elongate in

the general plane of the cleavage, and thinner ribbons of pelitic
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material branch off the larger ribbons, anastomose throughout the
matrix sub-parallel to the cleavage, and enclose sublenticles 3 or
4 detrital quartz grains wide. On a granular scale some ribbons
form lenticular outlines around individual quartz grains, but there
are parts of the sandstone where the ribbons do not exist on the
scale of individual clastic particles.

The cleavage ribbons are severely iron-stained but appear
to be composed predominantly of micaceous material. If carbonaceous
material were originally present (cf. Sulphur Creek) it has
been removed by recent weathering. There are some detrital mics
flakes up to 0.5 mms. across which are always bent parallel to the
cleavage ribbons where the mica flakes pass into them. In other
places the mica flakes are kinked or bent around guartz-grains.
Very fine-grained recrystallized sericite which occurs throughout
both the ribbons and the lenticles, is parallel to the general
cleavage plane, and where the ribbons locally diverge out of this
direction the sericite remains parallel to the cleavage plane.
The mesoscopic cleavage is formed by the rock splitting along the
rivbbons rather than along the mineralogical cleavage parallel to
the basal plates of the sericite.

There is extensive evidence of shearing in the detrital quartz
grains which have undulose extinction, polygonization and areas of
fine-grained recrystallization. Some of the larger quartz grains

have been elongated into lensoid shapes with an indication of pressure
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shadows at the ends. A few sigmoidal porphyroclasts are evidence
that there has been some movement along the cleavage surfaces, but
the overall sense and distribution of this rotation has not

been examined.

These microscopic features agree in essence with Williams'
description (1966). It is, however, important to consider the
intensity of cleavage development with respect to location in
the fold. In general the shearing of clastic particles is
greatest in the hinge region, and more intense on the concave side
of the bed than on the convex side. The micaceous material in
the ribbons has recrystallized quite coarsely along the axial surface
with flakes up to 0.2 mms., across and the texture in the
coarsest-crystallized part is as drawn by Williams (<bid., p. 117
Fig. 2C). On the limbs the shearing is subcrdinate and the micaceous
ribbons enclose lenticles which have a relatively wunaltered
greywacke texture, Away from the fold core where the mesoscopic
cleavage becomes weak or indeterminate, the thicker micaceous
ribbons are absent and a network of thin interconnecting ribbons,
elongate in the general direction in which the cleavage is to be
expected, anastomose through a normal greywacke texture, Only
a few large, detrital grains show evidence of strain.

In the argillite the grain size is generally too fine to
enable individual particles to be distinguished microscopically,

although very thin sections show there is a strong parallelism of
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nearly all the platy particles. The argillites consist
predominantly of platy particles, and the ribbon structure which

produces cleavage in the sandstones is not developed.

(c) ORIGIN OF CLEAVAGE
(i) Review of dilliams' tHypotnesis In a series of papers,
Williams (1961, 1965 and 1966) has formulated an hypothesis of
cleavage formation in the Tullochgorum folds., Briefly, he
considers that the cleavage in the sandstones is caused by the
development of zones of open texture in granular layers during
folding, these zones being infilled with argillaceous matrix
and fine quartz particles produced by autogenous grinding.
Williams considers that the clcavage in the slate has developed
in planes of laminar flow as the slate moved towards the spaces
created in the fold crests between the competent layers. While
Williams' mechanism of cleavage formation accounts for many of
the observed features in the core regions of the folds there are
a number of difficulties which arise when the hypothesis is
extrapolated throughout the whole section.
Firstly, in consideration of the sandstone-cleavage, Williams

(1965, p. 233) states

"...that the cleavages are approximately at

right angles to the boundary at the outer arc

of the layers™.

This is true in the narrow hinge region although even in the
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reconstructed, unflattened profile (Zbid., p. 231, Fig., 2B),

the cleavage makes an angle of 80° with the outer arc on the
left-hand limb, 90° at the hinge and 87° on the right-hand

limb, This fold is Anticline 2 and further along the limbs

away from the hinge the bedding/cleavage angle decreases to

less than 50°. In general the bedding/cleavage angle in the
limbs of the folds averages 50° to 60°., Williams (Zbid., p. 235)
explains this as:-

7, ..a result of a general breakdown in texture
adjacent to the hinge area’” with

¥, ..movement of material in planes parallel to

those of cleavage in the hinge area while cleavage

planes are still being formed by granular

rearrangements in the flanks of the fold”.
Yet movement parallel to the cleavage will not change the
orientation of the zones of loose pack in the continuous
granular framework in the limbs of the fold since the zones
of loose pack are the cleavage zones.

Secondly, although it is accepted that the cleavage in the

hinge region is approximately at right angles to the surface
on the convex side of a layer, and also that there may be
considerable reorientation of the cleavage direction in the
limbs, the distribution of cleavage in Anticline 1 and Syncline 1
[Fig. 4 - 3 (b)] does not appear to be related to individual

beds. The cleavages in both the sandstone and the slate are

essentially parallel and planar throughout the pair of folds,
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and a rotation of 30° for the limbs of Anticline 1 and 15° for

the limbg of Syncline 1 is sufficient to produce a perfectly planar
cleavage throughout the fold couple. Furthermore, in the common
limb between the folds the bedding/cleavage angle is as low as

30°, which is difficult to explain on a model of granular
rearrangements. A simple explanation of the orientation of the
cleavage is that a planar cleavage was impressed on these folds
towards the end of their formation, and that a small amount of
deformation associated with the tightening of the folds subsequently
produced the existing configuration.

Thir dly, the model of equigranular spheres from which the
orientation of the cleavage is predicted, does not appear to be
Justified, The sandstones are generally poorly sorted greywackes
and no particular grain-size forms a closed framework, Admittedly
it is true that dilatancy is independant of grain-size, and it is
quite possible that dilatancy occurred in these beds during
deformation, but for the zones of loose pack to become propogated
laterally along the beds away from the fold-hinge it is necessary
that there is a continuous framework of some particular grain-size.
Such a framework does not exist, and in fact the best developed
cleavage occurs in layers which have up to 40% argillaceous matrix.
Thus, while there may be granular rearrangements with dilatancy during
deformation, it is not possible to predict the orientation of cleavage

by the geometry of individual granular arrangements.
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Fourthly, the cleavage in the slate can not have developed
strictly perallel to planes of laminar flow in the argillite.

The cleavage distinctly cuts across the slate bands in the limbs,
and is either terminated at each end against the bounding sandstones,
or passes into the sandstone. If the cleavage in the slate were
developed parallel to the planes of laminar flow, then such an
orientation implies flow across the sandstone layers, whereas

any flow of the slate towards the fold core must necessarily be
parallel to the bounding sandstones near the sandstone--slate
interface.

All the observed features, as well as these difficulties with
Williams® hypothesis, can be accounted for if the cleavage is
considered to have developed as an essentially planar structure
at some stage during the folding movement.

(ii) Geometry of a nlanar cleavage developed during folding.

The folded section reconstructed on the assumption that a
planar cleavage was developed at some stage during the folding,
is shown in Fig., 4 - 18. The section was reconstructed by taking
as the datum direction the present orientation of bedding and cleavage
in the straight;bedded region to the northeast of the folded zone
and rotating back to parallelism the cleavage in the limbs not
immediately adjacent to the fold-hinges. The amount of rotation
necessary for each fold varies, the largest rotation of approximately

60° occurring in Anticline 2 and Synclines 2 and 3, and the smallest
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rotation of 15° in Syncline 1. It is significant that the largest
rotations are on the concave sides of the thickest sandstone beds
where larger angular rotations are consequent upon any given angular
rotation in the more open, enveloping layers.

The rotation of the cleavage to a planar orientation produces
fairly uniform apical angles of between 70° and 90° for all the
folds, the only exception being Anticline 1 which has an apical
angle of approximetely 60°. This is in keeping with the idea that,
in the early stages of formation, folds in comparable structural
locations are fairly regular in style, and that variations in style
develop later when the limit of concentric folding is reached and
further deformation is accomplished by plastic flow.

Nevertheless, this reconstruction still produces a fan
in some of the fold-hinges. Non-uniform flattening can account for
this fan, but there is no direct proof that such a process has
operated in the Tullochgorum section. To prove that such a
mechanism has occurred it is necessary to take one mechanical
unit which has been flattened non-uniformly and to examine flattening
in different parts of the layer by means of internal markers such
as originally layer-parallel surfaces. Such markers are difficult
to obtain because slight variations of composition in a layer are
likely to localize strain along their boundaries and the layer
behaves as a group of thin sub-layers rather than a mechanical unit.

Nevertheless, there are a number of folds known in which there are
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originally layer-parallel markers that have not acted as separate
mechanical units.

Figs. 3 - 10 (b) and 3 - 13 (a) (Sulphur Creek), and Fig. 9 ~ 1
(Arm River) are examples of folds in which there has been non-
uniform flattening between the convex and concave sides of a folded
layer. In addition, Ramberg (1963, p. 16,Fig. 1h4) figures a fold
in which there are different amounts of flattening on the convex
and concave sides of a quartzite layer. Fig. 4 - 15(a) is traced
from Ramberg's diagram and shows the division of the quartzite
and concave (T,) subunits by

layer into convex (T middle (T

D ) ;

tracing round the basal plates of the micas. The orthogonal--
thickness ratios are shown in Fig. 4 - 15, and the layer as a whole
has a variation in thickness cOrresponding to a uniform flattening
between 30% and 35%. T, end T, correspond to approximately 15%

uniform flattening, whereas the shape of the orthogonal-thickness-ratio

curve for T, corresponds almost to a similar fold with an additional

3
amount of flattening at the hinge. There is little doubt that in
the early stage of folding this quartzite layer has acted as one

mechanical unit, as it is vastly different in composition from the
surrounding slate, but there has certainly been a large amount of
flattening in the concave side of the quartzite layer in the hinge
region, Therefore a reason must be found why the concave side of

this fold, as well as of other folds, has undergone an increased

amount of deformation whereas the convex side has remained



153

relatively undeformed,

It may be inferred from the pattern of non-uniform strain
that the layer was visco-elastic during folding, and a model
of deformation can be constructed as follows:- Initially the
sandstone layers are buckled elastically until the yield limit of
the granular fabric is reached and shear occurs between individual
grain contacts. Once a grain contact has been broken it is not
readily re-established so that the yield limit is progressively
lowered as more contacts are broken., In this way the granular
fabric in the concave side of the layer collapses and plastic
deformation occurs. There is no strain hardening and this permits
a large amount of plastic flow on the concave side of the layer
with little or no flow on the convex side.

There are two possible models of cleavage formation associated
with such visco-elastic folding. In one model the cleavage can
be regarded as geometrically related to the stress distribution in
the fabric of the buckled layer. The spatial orientation of stress
will change around the buckled layer (Ramberg,l1963, Biot, 1961 and others),
and consequently the cleavage will be fanned., However, the angular
relations between the cleavage and the layer will not be constant
for folds in different environments. The actual stress in any part
of the buckled layer is dependant on both the confining pressure
and the buckling stress, and if the confining pressure on the grain

contacts is sufficiently large, the contribution of the buckling stress
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may be negligible and a planar cleavage will result. All variations
between a cleavage which maintains a constant angular relationship with
the bedding, and a planar cleavege, are possible. Nevertheless,

in one outcrop the effect of the confining pressure should be
relatively uniform so that, if an essentially planar cleavage

is formed, such as in Anticline 1 and Syncline 1, there is no

reason to expect a cleavage fan to be formed in adjacent folds.

The other model is one in which the cleavage forms perpendicular
to the greatest pressure applied to the intergranular fluid.

This direction will be determined by the orientation of the
external forces causing the folding, and will be essentially
planar and parallel to the general axial plane, However, the
rclationship of the cleavage to individual folds is incidental,
and the cleavage may well be obligue to the axial surfaces of some
folds. Such a situation is indicated in Anticlines 1 and 2, and
Syncline 3. If, after such a planar cleavage forms, there is
non-uniform flattening of the type indicated in the hinge region
of Syncline 3 (Fig. 3 - 18), a cleavage fan will be formed in the
hinge as well as between the limbs.

There 1s one problem with this model as applied to the
Tullochgorum scection, and this is that the sandstone bands in
Anticline 2 and Syncline 3 have to be rotated further than the
thicker outer limbs in these folds to produce a perfectly planar

cleavage. There are a number of possible explanations, but it
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may be simply due to the fact that the cleavage is not formed
immediately throughout the whole folded zone. A certain amount of
rotation may be accomplished while the cleavage is being propagated
parallel to the axial plane, If this is so, the cleavage will
begin to form in the fold cores and move outwards into the layers
of smaller curvature. However, such an interpretation is only
speculation since availablz evidence can neither prove nor disprove
that there was a perfectly planar cleavage. The divergences
which exist ére relatively unimportant and do not conflict with
the idea of an essentizlly planar cleavage that formed throughout
the whole sequence at some stage of the deformation.

The mechanism proposed requires that the cleavage in the
slate also was planar and initially parallel to the cleavage in
the sandstone. However, the cleavage in the slate may have been
considerably modified in orientation by later movements. After
the planar cleavage had formed, continuing folding developed an
increasingly large space in the hinge region between the competent
beds, and this space was filled by slate from the limbs. This
movement could have been accomplished either by rotation and slip
of the cleavage in a manner similar to the slip of cards in a
pack between two boards, or by flow obligue to the cleavage. The
thinning in the slate immediately adjacent to the hinge is shown
in Fig. 4 - 16 (b), and it indicates that at least some bodily flow

from the limbs has occurred. Probably slip and flow along the
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early cleavage, as well as flow oblique to it, have operated.

It is significant that the slate-cleavage in the core is
symmetrical about the line joining the apex of one layer to the
cusp of the next, rather than about the overall axial plane. In
parts the plane of symmetry of the slate-.cleavage diverges up
to 20° from the plane of flattening in the interbedded sandstone
layers., Hence it can not be said that the cleavage in the slate
has simply formed perpendicular to the direction of maximum stress.,
Its initial orientation may have been perpendicular to the direction
of méximum stress, but the present orientation of the cleavage in
the slate has to be accounted for by later movements,

(iii) Hature of the cleavage. The cleavage in the sandstones
is produced by anastomosing micaceous or argillaceous ribbons.

In the core regicns of the folds these ribbons have recrystallized

as muscovite flakes of the same diameter as the detrital quartz
grains. However, in the limbs recrystallization is much less
pronouneed and it appears that when the micaceous ribbons were

first formed they consisted of very fine argillaceous or micaceous
material of the same composition as the argillite or the matrix of the
greywacke beds.

The spacing of these main ribbons on a scale larger than the
detrital grains indicates that their formation was not controlled
by individual granuler rearrangements, Thinner branches from the

main ribbons anastomose around detrital grains forming lenticles,
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and the spacing and distribution of these smaller ribbons has

been influenced by the individual detrital particles. However,
in parts of limbs of the folds even the smaller cleavage ribbons
are spaced on a scale larger than the size of individuel grains,
and small lenticles of undisturbed greywacke fabric are surrounded
by narrow cleavage ribbons.

If the cleavage were essentially planar when formed, it is
implied that the cleavage was formed while there was only a small
amount of deformation. The stage of rotation which the folded
zone (considered as a whole) would have reached at the time of
cleavage formation, is shown in Fig. 4 - 18 (a). In its present
configuration the folded zone has been rotated approximately 115°
from the orientation of the straight-bedded bounding zones, and the
planar cleavage would have been formed after 57° of rotation. The
intensity of cleavage developed can not be related to the amount of
rotation during deformation, although the cleavage is most intensely
developed on the concave side of the competent layers in the hinge
area where there has been increased shearing and plastic deformation.

The orientation of structures such as flames, load-casts,
pseudo-nodules and other features usually referred to as "sedimentary”
is always elongate in the plane of the cleavage. This orientation
could have been produced from original sedimentary structures if
there were considerable flattening or simple shear along the cleavage

surfaces. However, ripple marks and current cross-bedding do not
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appear to be grossly distorted, indicating that extreme smearing-
out has not occurred.

All these features which are not easily explicable by
conventional hypotheses of cleavage formation (see Chapter 3),
become meaningful if the cleavage was formed by the movement of
water out of the rocks during folding. The water-movement
hypothesis is outlined in the section on Sulphur Creek, and I
postulate that it could also have operated in the Tullochgorum folds.

Initially the sandstone layers were buckled elastically and
most of the strains were relieved by interlayer slip accompanying
concentric folding. The pore pressure of tiie intergranular water
did not equal the confining pressure so that most of the lithostatic
load was borne on the grain-to-grain contacts. However, during the
deformation an increasing proportion of the applied pressure was
taken by the intergranular water. When the water pressure approached
the lithostatic pressure there was a collapse of the card-house pack
of platy particles in the pelites, and the mud-bearing water
moved out of the section through both sandstones and argillites
parallel to the general axial plane thereby initiating a cleavage.

The movement of water, the formation of the argillaceous (ncw
micaceous) ribbons and the reduction in load pressure on the granular
fabric, facilitated shearing of the grain-to-grain contacts on the
concave side of the elastically buckled sandstone‘layers. Once the

shearing of grain contacts was initiated the rate of collapse
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increased since cohesive grain contacts were hard to re-establish.

The collapse of the granular framework proceeded from the
concave side towards the convex side of the layer, and there was
plastic flow parallel to the cleavage planes, -

When the excegs water was lost from the section the pore-
pressure decreased and the confining pressure on the granular
fabric increased, On the limbs where the grain-to-grain contacts
in the original granular fabric had not been disturbed by bending,
the sandstone beds were rigid with respect to the time of deformation,
and there was no flattening. In the fold-hinges where collapse of
the fabric had been alded by elastic buckling forces, the sandsgtones
became incompetent and continued to deform by intergranular plastic
flow. The field-tracing in Fig. 4 - 1 (c) represents a sandstone
layer in which the original granular fabric has been destroyed,
and a closely spaced, axial-surface cleavage has been arrested as
it was developing outwards from the fold core.

The intergranular shearing along the cleavage ribbons caused
fracture and polygonization of the detrital guartz, and there is
also crystallization of fine sericite throughout the matrix. Shearing
and recrystallization is greatest on the concave side of the sandstone
layers where the quartz grains display pressure shadows, and the
mica has crystallized into recognizable muscovite flakes. Snowball-
sericite rolls are evidence that there has been movement along

some of the cleavage ribbons.
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In the limbs the crystallization of sericite is weak or non-
existent, and some of the quartz porphyroclasts were strained and
fractured as the style of deformation became increasingly more
brittle. Continued deformation: of the folded zone from the
position of cleavage formation to its present position, was
accomplished by the rotations permitted by plastic flow in the
hinge regions, and the cleavage in the slate was reoriented as
thie pelite moved to fill the spaces formed between the competent
layers.

Nevertheless, there are some differences in environment between
the folding at Tullochgorum and that at Sulphur Creek. The
style of folding at Tullochgorum indicates that the rocks were more
consolidated when they were deformed than were the rocks of
Suophur Creek. Furthermore, there is a higher proportion of
sandstone in the Tullochgorum rocks which has influenced the style
of folding, and the cleavage appears to have formed half-way through
the deformation at Tullochgorum rather than towards the end as at
Sulphur Creek. The Tullochgorum environment probably corresponds
to the environment which existed near Howth at the time of the Pl
deformation, and the water content of the sediments would have been

lower than that at Sulphur Creek during the Pl folding.
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5. HISTORY OF STRUCTURAL [EVOLUTION

The structural evolution of the Tullochgorum folds can be

conveniently divided into four phases or stages.

(a) SEDIMENTARY AND EARLY DIAGENETIC STAGE

The interbedded sandstones and mudstones are characteristic of
a deltaic environment where the normel deposition was fine
argillite with sporadic influxes of medium-grained sandstone.
Load casts, ripple marks (mostly current ripples), cross-bedding,
graded bedding, disrupted shale beds and small-scale slumps
and other structures characteristic of this environment were
formed, The early stages of consolidation appear to have been

quite normal.

(b) EARLY FOLDING STAGE

At some stage during the progressive burial and compaction of
the sediments the folding was initiated. There appears to have
been less water in the sediment at the time of folding than at
Sulphur Creek, although the rocks were certainly not fully
compacted. In the early stages of deformation there were marked
differences between the sandstones and the mudstones, and the
sandstones were folded in a strictly concentric manner. These
folds may have been initiated by elastic instability. In

this early stage the pore pressure of the interstitial water was
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less than the lithostatic pressure though probably considerably
greater than the hydrostatic head to be expected for the particular
depth of burial. As deformation proceeded the. pore pressure
increased, and progressively more load was taken from the grain-

to-grain contacts onto the water.

(c) CLEAVAGE FORMATION

Yhen the deformation was about half completed the pore
pressure approached or even equalled the lithostatic pressure, At
this stage there was very little difference in strength between the
sandstones and the pelites, and the excess water was being forced
out of the sediments perpendicular to the maximum applied pressure
(i.e. parallel to the average axial plane of the folds). However,
the rate of loss of water was not large enough to prevent an overall
rise in pore pressure, and when the water pressure exceeded a certain
limit there was a rapid orientation of platy particles in the
pelites parallel to the direction of water movement. This
orientation greatly increased the permeability of the rock, and the
flow of water through both the sandstones and the mudstones out of
the section formed ribbons of argillaceous material which comprise
the cleavage in the sandstones.

At this stage many of the flame structures, convolute folds,
pseudo-nodules, etc,, were either formed or reoriented parallel to

the cleavage by the movement of water through the almost completely
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disaggregated sandstones, Elastic stresses in the hinge regions
of the buckled sandstone layers were also relieved by the collapse
of the granular framework, and considerable flattening may have

occurred.

(d) LATE FOLDING STAGE

When the cleavage ribbons were formed the excess water was
rapidly lost from the section, The loss of water increased the
friction between the sandstone layers and there was a general
rise of temperature which caused a weak crystallization of sericite
in the cleavage ribbons. The strongest crystallization occurred
in the fold-hinges where the granular framework of the sandstones
had been broken down, and deformation was proceeding by intergranular
shearing. Continuing deformation caused the fold limbs to be
rotated closer together until the present configuration of the
section was attained, During the latter part of the deformation
there was an anticlockwise, scissor-like rotation of the whole zone,
and this was accommodated meinly in Syncline 3, The open folds to
the southwest of the normal fault were formed after the cleavege,
thereby accounting for the folded cleavage in the slate. However,
the relationship of this normal fault to the folding can not be
clearly established except that it postdates the formation of the

cleavage.
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CHAPTER &

INTRAFORMATIONAL  STRUCTURES In THE PLEISTOCENE GLACIAL
MORAINE AT GORMAWRSTON, +/EST COAST OF TASHANIA.

1. INTRODUCTION

The glacial deposits at Gormanston, West Coast of Tasmania
are part of a terrestrial moraine at the head of the Linda Valley
[Fig. 5 - 1 (a)], and the rhythmites in the moraine were the
first of their kind recorded in Austrelia (Lewis, 1936, p. 30).
Bradley (1954, p. 196) suggested that the Gormanston deposits
wvere formed in a small lake between the nose of a distributary
glacier which was moving up Linda Valley, and "The Gap" (Just
west of Gormanston township) which was an overflow channel,
Subsequent workers (Carey, 1955, p. 176, Ahmad et al., 1959,

p. 15, and Davies, 1962) have supported this view. Radiocarbon
dating (Gill, 1956, p. 80) on fossil wood collected from towards

the base of the moraine gives an age of 26,480¢ 800 years B.P,
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My interest in these deposits was to study some of the many,
small-scale, intraformationel-fold structures. The study is
by no means exhaustive although the structures presented are
representative of most classes of intraformational disturbance
in the moraine. The method of analysis involved cutting (with
a shovel) profiles of folds perpendicular to the local fold-
axis, and washing and abrading the face with water; these
profiles were then photographed and sketched in the field,

Most of the structures I have considered in this chapter
were observed in the road cutting at the head of the moraine,
and some others were studied on the southern flank of Gormeanston
Spur. Till occurs up to 1360 feet and has been reported to a
height of 1400 feet just south of The Gap (Ahmed et al., ibid.,
p. 15). A small gully, a tributary of Linda Creck, has eroded
along the contact between the moraine and the underlying quartzites
and schists, and at the present time the stream has nct cut
into the bedrock.

The moraine consists of interbedded till, outwash sands and
rhythmites. Abmad et al. (Zbid., p. 15) have outlined a section
exposed in a gully near the Lyell Highway, but the sequence is
not simple. The lateral extent of any group of beds can not
be traced, and it appears that in detail the moraine consists
of small basins separated by outwash gravel deposits, rather

than a uniform succession of horizontal beds that extend laterally.
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Nevertheless, three main types of sediment can be distinguished,
VLZ, (1) White Clay, (2) Brown Clay, and (3) Outwash Sands
end Gravels.

The white clay (3L9Lk--5) occurs either as very thin
laminations (down to one millimetre thick) in the medium-grained,
yellow sand, or as bands of finely laminated clay several
metres thick. The finest white clay is very soft and plastic
to hendle, but there are variable amounts of very fine silt
admixed. The brown clay (34946) is not as plastic to handle
as the white clay, and occurs in thick bands of very finely
laminated material. It is not associated with the outwash sands,
although it does occur adjacent to thick bands of white clay.

The outwash sands and gravels are very coarsely stratified and
contain bands of pebbles and boulders, some of which are more
than two metres in diameter. Cross-bedding is very comuon,
and although there are a few thin layers composed wholly of
plastic white clay, there is no silt or clay fraction in the
matrix of the sands. A massive black or dark brown clay
(349L43) at the base of the moraine represents a peaty deposit
formed on the basement of Gordon Limestone.

The Vvarious coloured clays were washed to remove the
silt fraction and it was found that the darker the clay the
finer the particle size. The white clay settled through 50 cms

of water in less than ten minutes, whereas the black clay took
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two deys to settle through the same distance. Differential
thermal analyses carried out by third-year students show that
8ll the clays apart from the black peaty clay which is a

chloritic type, are composed predominantly of kaolinite.

2. STRUCTURAL DESCRIPTIONS

(a) GENERAL DESCRIPTION

The orientations of the fold-hinges of 30 structures were
measured, and the plot in Fig. 5 - 1 (b) shows that they tend
to be distributed randomly in the plane of the bedding which
dips 10° to 15° towards the northeast. The axial surfaces of the
folds are generally highly contorted and alsc appear to be
randomly oriented. The slight dip of the sedimeats is
probably caused by differential compaction, as the moraine thickens
sharply away from the head of the valley. The many different
structures have been classified into a number of categories.

(1) Compaction structures,

(2)  Diapiric folds.
(3) Convolute folds.

(4) Miscellaneous folds.

Compaction structures are formed by differential compaction
around boulders and pebbles which have been rafted into the clay.

They are usually quite simple in style, although irregularly shaped
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boulders produce complicated fold shapes. Diapiric folds

are very common in the interbedded cleys and sands, and the
sand is usually diapiricupwards into the clay. The folds are
characterized by broad, open synclines and narrow, tight anticlines..
Convolute folds are formed in the brown-clay bands and are usually
very complicated in deteil. These three categories account for
most of the observed structures, and other types of structures,

individually not common, are classed as miscellaneous.

(b)  COMPACTION STRUCTURES
Fig. 5 - 2 (a) (i) is a tracing of a phctograph of a simple
compaction fold over a quartzite boulder. The matrix is finely
laminated, brown clay with a small amount of fine sand admixed,
but there are no discrete sandy layers. The gquartzite boulder
has distorted the clay laminae from the horizontal in three ways.
(1) Under the boulder there is a broad, shallow depression
three or four times as wide as the boulder. The
depression is symmetricel, and the.leyers immediately
below the surface on which the rock was deposited have
been stretched and thinned without fracture.
(2) The legyers between the two surfaces which just wrap
eround the top and the bottom of the boulder are turned
upwards where they abut against the rock. The dotted

line shows the original level of the depositional
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surface extrapolated from the horizontal strata away

from the boulder, and assuming that the layer which

just covers the top of the rock was originally horizontal,
the clay has compacted to 55% of its original thickness.

(3) The layers above the boulder have been thinned by

gtretching during differential compaction. Measurements
show that the profile-area of the fold between any two
surfaces is the same as the cross--sectional area

the layers would have occupied if there had been no
boulder present. The amount of thinning of any layer
in the fold crest is directly proportional to the

amount of stretching of the layer during the formation
of the fold.

Fig. 5 - 2 (a) (ii) is a tracing of another compaction fold
around & quartzite boulder from the same outcrop as Fig. 5 - 2
(a) (i). The general form of the compaction structure is similar
to Fig., 5 - 2 (a) (i) except that the base of the rock is more
angular than the base of the boulder in Fig. 5 - 2 (a) (i), and
the dovmward projection has pierced the laminae closest to the
depositional surface. The discontinuous laminae abutting against
the boulder have the same upturned edges caused by adhesion of the
clay layers to the boulder socn after deposition and subsequent
stretching during compaction, Measurements show that the clay

in this fold also has compacted to 55% of its original thickness.
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(¢) DIAPIRIC FOLDS

Fig, 5 - 3 shows tracings from photographs of three examples
of intraformationael, diapiric folds., In Fig. 5 - 3 (a) there is
2 broad anticline over a pebble and the sediment is an alternation
of thick hands of structureless, medium-grained sand and thinner
leyers of fine-grained send and clay. The upper band of clay
layers has been disrupted, forming a series of small folds facing
away from the crest of the anticline, The upper surface of
these folds has been eroded, and the overlying sediment is a
sandy grit above which a medium-grained sand lies conformably.

The style of folding tends towards concentric in the broad tumour
and alsc in the fairly open synclines. However, in the anticlines
the folds appmwach a similar style, with diapiric intrusions of
medium~grained sand piercing right through the clay band to form
isolated synclinel pods that resemble pseudo-nodules.

Twc conslusions can be drewn about the origin of these folds.
Firstly, the folds have formed at, or near the sediment-water
interface. as indicated by the truncation of the anticlines -
and secondly, that the supratenuous, compaction fold over the
pebble must have been present at the time of erosion, although in
a8 diminished form. The latter conclusion is justified by the
symmetrical sense of slip of the cley laminae down either limb

of the anticline.
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The dissection of the clay band on the crest of the
anticline has caused the clay layers to slide down the fold limbs,
put this dissection is not likely to have been caused by erosion
from bottom currents. Firstly, the anticline could have had
only a very small closure when the clay band was deposited, and
secondly, it requires very strong currents to erode clay once it
has been deposited. When cley layers are eroded it is usually by
plucking of whole layers to produce intraformational breccias,
and none of these has been observed.

The most likely explanation is that the folding was caused
by excess water pressure in the sand. Brief experiments in the
field show that the clay layers are remarkably impermeable but
that the sand acts as a goocd aquifer. The distributary
glacier flowing up the Linda Valley was almost certainly a wet-
base glacier (Carey and Ahmad, 1961), and as such the water pressures
in the ground moraine would have been significantly greater than
the hydrostatic pressure expeécted at that level, This high-
water pressure would cause an unstable situation whereby there would
be & tendency for the water to move upwards through the sediments
to the free-water interface. In the tracing the sand appears
to have been digpiric upwards into the clay band. When the high-~
pressure water breached the crest of the anticline it would
have enabled the clay bands to slide off, producing a sense

of overturning of the folds down the limbs. A subsequent
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current eroded the tops of the folds and laid down the sandy
grit after which normal deposition proceeded,

Fig. 5 = 3 (b) is a tracing of diapiric folds from a
photograph shown in Fig. 5 - 4 (a). The medium-grained sand
(¢=2) appears to have been mobile and diespiric through a band
of light-yellow clay into a pebbly gravel. Many of the
pebbles in the photograph are not part of this overlying
gravel, but residual pebbles from the present erosional
surface, The style of folding is comparable with the style
in Pig. 5 - 3 (a) where broad, open, essentially concentric
synclines are separated by tight, similar anticlines along
which the medium-grained sand has penetrated, and in places has
broken right through the clay band,

The diapiric folds in Fig. 5 - 3(b) are considered to have
formed in essentially the same manner as those in Fig, 5 - 3 (a)
although the crests of the anticlines in Fig. 5 - 3 (b) have
not becen eroded, Yhen the relationship between the clay
bend and the overlying gravel is examined in detail, the contact
is found to be conformable except at the crest of each anticline
where the underlying sand has broken through. The diapiric
intrusion of the sand probably occurred after the gravel had
been deposited, and the anticlines have been extended upwards
by the flow of water out of the underlying sand. The crests

of the anticlines did not reach the sediment-water interface,
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although they may not have been far beneath it.

Fig. 5 - 3 (c¢) is a tracing from a photograph of another
diapiric anticline from an outcrop adjacent to those in Fig. 5 - 3
(a) znd (b). The clay band is composed of several thin clay
laminations with a layer of coarse grit in the middle. The
medium-grained sand intruded along the right-hand limb to
what was the depositional surface, and the upper part of the
right-hand limb was eroded. This diapiric fold formed at,
or near the sediment-water interface, and the sediment deposited
after the fold had formed is the uppermost clay band shown.

Fig. 5 - 2 (b) (i) is & sketch from & photograph of a layer
of lobate synclincs which are composed of finely laminated,
light-brown clay which wraps around cores of coarse gravel,

The isoclinal synclines which are separated by narrow, diapiric
anticlines are in the form of pods, elongate and narrowing
upwards, and are set in a layer of coarse gravel that peﬁetrates
between cach pod. Fig. 5 - 2 (b) (ii) is a tracing from a
vhotograph of one of the pods in which the gravel core is
elongated upwards. However, the clay layers maintain almost
perfectly concentric geometry indicating that the limbs have

not been stretched,

The origin of compearably shaped lobes in deltaic and
geosynclinal environments is commonly attributed to the sinking

of coarse sand into an underlying silty layer. The sand is
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supposed to have higher bulk density than the silt at the time
of deposition, and this density contrast provides the potential
energy (Emery, 1950, and Kaye and Power, 1954).

However, in this casc the matrix in which the clay layers are
located 1s a coarse gravel which certainly had a higher bulk
density than the clay at all times. Furthermore, measurement
of the length of the clay layers in the exposed section shows
that there has been overall lateral shortening.

The present configuration of the lobate synclines is thought
to have been caused partly by lateral movement of the clay band
from right to left, and partly by water pressures in the gravel
exceeding the normal hydrostatic pressure. The clay was
broken up into segments by the underlying gravel piercing the
anticlines, and the movement of the gravel up the anticlines may
have been caused by the upward flow of the high-pressure water.
There hes been considerable flow in the gravel to allow the

lcbes to be piled together in their present position,

(a) CONVOLUTE FOLDS

Convolute folding in which there appears to be a genuinely
randon distribution of fold-hinge directions and axial surfaces,
occurs quite commenly in the thick vands «f finely laminated
brown clay. The layers which have been disturbed usually contain

lenses of fine-grained sand, Larger-scale folds in the clay
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bands which bound individual convolute leyers may involve one
cr more disturbed zones, but even these more regular folds are
elways bounded top and bottom by undisturbed horizcntal beds.

Figs. 5 - 5 and 5 - 6 are photographs of convolute folds
in the brown clay. In Fig. 5 - 5 (a) the bounding layers have
been folded in a concentric menner into a series of broad, open
synclines and narrow, diapiric enticlines. The convolute folds
in the intervening incompetent layers are bulbous contortions
which have a core of very fine-graincd sand surrounded by a thin
skin of brown clay. There is some extension in the vertical
direction in the sharp anticlines caused by diapiric piercement
from below.

Fig. 5 - 5 (b) shows several bands of convolute folds
bounded top and bottom by essentially hcorizontal beds. In
the lower part of the photograph there is a box fold above which
is a zone of convolute bedding that passes laterally into
essentially undisturbed layers., In the upper, right~hand
part of the photograph the convolute bands have broken through
the intervening undisturbed layers and have formed a diapiric
structure. There is alsc g smell diagpiric anticline in the
upper left-hend part of the photograph.

Fig. 5 - 6 (a) is an .example of convolute folding where
more than one layer has been disturbed although the zone as a

whole is bounded top and bottom by straight-bedded, horizontal
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layers. In detail the folded zone consists of bands of finely
laminated, brown clay which is folded concentrically and
separated from the next vand by a highly contorted, lighter-
coloured band containing some very fine-grained sand.

In Fig. 5 - 6 (b) the deformation is not as intensc as in
Fig, 5 - 5 (a), and the interbcdded sequence of brown clay and
fine-grained sand has been folded disharmonically by movement from
left to right. The clay bands are folded concentrically and
separated from the adjacent bands by fine-grained sandy layers
in which there are many convolutions. These incompetent layers
have served as zones of décollement.

A1l the structures in Figs. 5 - S and 5 - 6 were caused
by liquefaction of the fine-grained sand. The cause of the
liquefaction is not epparent, although in Fig. 5 - 5 {a) and
5 - 6 {b) there has been local lateral movement. Nevertheless,
very fine-grained sand is the grain-size most liable to be
liquified (Terzaghi, 1957). Clay particles are held together by
electrostatic frrces, and hence bands composed predominantly of
clay cohere, end fold in a concentric fashion.

The open synciines and tight anticlines in the upper layers
are produced by the diapirié action of the quicksand. When
a layer is liquefied the whole load is placed on the intergranular
water which is forced from the layer through the high points.

However, the clay bands are almost impermeable, and thus a large
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Fig. 5 - 6 (a). Close-up photograph of convolute folds in a

silty band in the brown clays. Width covered by the photograph

is approximately 15 cms.
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Fig. 5 - o (b). Less intense folding in the brown clays where there
has been layer-parallel slip between bands of clay layers folded in
an essentially concentric fashion., The silty bands serve as zones
of décollement. Six~inch rule shown.
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amount of deformation in the quick band is possible before
the excess water escapes. Conuslderable lateral transport
can be sccomplished on such lubricated layers, although in many

cases little or no lateral movement has actuelly occurred.

(e)  MISCELLANEOUS STRUCTURES

Fig. 5 - 7 (a) is a tracing from photographs of a series
of intraformastional folds. The folded zone is composed of white
clay which handles like putty, and some very thin, fine-grained,
sandy layers that mark the original bedding. Above the white
clay is a band of fine-grained structureless sand that has acted
incompetently, and the folded zone is bounded top and bottom by
undisturbed, horizental layers.

The individual folds form a regular series of anticlines
and synclines, overturned and facing to the left, The overturned
common limb between the anticlines and the synclines is sheared-out
or thinned by f{lowage. The upper surface of the clay band has
been squeezed against the fine-grained send producing box-folds
- a style very similar to the intraformational folds in the Lisan
Formation in Israel (Chapter 6). The style of folding varies
from left to right, the folds on the left being open with an
essentially conccentric layer in the middle of the clay band,
Towards the right the folds become tighter with more closely

spaced axial surfaces, and the concentric charactcr is subordinate,



L-S:9Ol4d . ==

SWo S1/n0S .
250243y
0z R (3) AN . (q)
S/024S
ZZ19p20Y
—
/\/
/ T
JENSSIYS %—___Ppups kakp1d
WY3ILYT -~ ‘ pauiniB—auty ‘33 pm
= =~ pups moj1ak ‘wnipsly @ <<=———

Si8AD) AD1D uyl
513401 \Ac._u/./r AN...]L.)\
ajiym “uiyy Auap

‘Swo

Aoy 327

pups auig

NOLSNVIWY09 ‘SL11S0d3d WVIdV19
S3INLONYLS Q104 SNOIANVITIOSINW




178

The folded clay band increases in thickness from left to right
as the axial surfaces come closer together, but measurements
show that the axial-profile area of ecach fold remains spproximately
constant.

In the field, as one progresses further to the right the
folds becore even nore closely spaced and highly contorted,
until the layering is barely discernible. About 1.5 metres
to the right of the traced section the folded layer thins over
a very short disteance, then thickens and passes into another
series of folds facing away from the thinned region with fold-
hinges almost at right angles to the hinges of the traced folds.

These folds are interpreted as caused by liguefaction of the
clay beand in the region of the thinned zone. The lithostatic
load on the clay band is supported by

(a) the hydrostatic head of the water, and

(b}  the pressure remaining on the particle-to-particle

contacts of the clay fabric.

When the clay was ligquefied 211 the load was taken on to the
wvater, and thus the local water pressure was greater than the
water pressure further along the layer where part of the overburden
was still supported by the clay fabric. This caused lateral
movement of the water, together with suspended clay, and there
was local shortening and thickening in the layer adjacent to the

ligquefiecd region.
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The initial flexures formed in the c¢lay band adjacent to the
liquified zone were concentric, but as the water pressure in the
layer increased the clay fabric was weakened allowing flow
folding to prevail, However, since the wavelength of the initial
flexures was probably determined by the thickness of the mechanical
units, and these thicknesses were the same throughout the fclded
zone, the axial-prcfile areas remained constant. The flat crests
of the‘anticlines were caused by squeezing of the clay against
the fine sand as the high-pressure water moved out of the quick-clay
band, Thus, the highly contorted clay band adjacent to the
liquefied region passes into more open, concentric folds which in
turn pass inte undeformed hedding.

Fig. 5 - 7 (b) is a tracing from a photograph of an unusual
style of intraformational folding, and Fig. 5 - 4 (b) is a
photograph of one of the folds. The disturbed band is composed
of a white-coloured, fine-grained mixture of sand and clay which
handles like putty, and the surfaces marked represent very thin
layers composed wholly of cleay. The material between these
layers is the same clay-sand mixture as in the surrounding
disturbed band.

The style of folding indicated by the unshaded layer, is
essentially concentric with rather bulbous, balloon-shaped folds.
There has been considerable latersl shortening, and the length

of the unshaded layer is twice the horizontal width of the section.
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The limbs are characterized by many small, parallel faults with
g sense of displacement enabling the folds to assume a
mushroom shape. These faults fall into two groups: those making
a small engle with the bounding layers are Riedel shears, and those
making a high angle are reverse faults. The faults can be
recognized only by displacements of the three, thin clay layers,
a3 the silty-clay matrix itself is structureless,

The balloon-shaped folds are interpreted as having formed
by a combination of flow and fracture in a dilatant granular
body under shear. The couple that has operated is shown in
the idealized diagram below the tracing. A small strain on
a dilatant granular body tends to increase the volume of the
fabric (Brown and Hawksley, 1947, and Andrede and Fox, 1949),
and the deformetion can proceed either by allowing water to fill
the increased void space or, if the vold space can not be increased,
by fracturing and granuleting the grain-to-grain contacts in
the granular febric to allow the particles to move into a closer
pack, In the folded layer in Fig. 5 - 4 (b) the weter apparently
has not been able to seep through the impermeable clay layers to
relieve the pressures caused by dilatancy. The granular fabric
has been fractured mainly on two shear systems - Riedel
shears and reverse faults - aglthough there are also some small

extension fractures in the crest of the largest anticline.
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The fracturing of the granular fabric has not affected the
disturbed band as a whole since the shears, which are marked
only by displacements on the clay layers, do not pass from one
limb of the folds to another. The big displacement indicated
in the overturned, left-hand limb of the largest anticline,
has been accommodated in the core of tiae fold and does not
affect the other limb, The matrix hzs undergone considerable
plastic flow but the layer bounded by the thin clay laminations,
which layer has the same composition_as the matrix, has been
folded in a concentric style, and fractured on a regular pattern.

The lateral shortening indicated by the concentric layer
implies that the disturbed zone has locally increased up to
twice its original thickness. Since the deformation is closed-
cast this thickening implies that the superimcumbent sediment
has been uplifted with respect to the lower layers. This
uplift could heve been accomplished by lateral sliding of the
overlying sediment from a higher location so that, although
the folded layer has been thickened, the overall centre of
gravity has been lowered.

It is also likely that since the clay layers are so thin and
yet have prevented weter moving into the concentric band to relieve
the pressures caused by dilatency, the deformation has been
relatively rapid, and the silty clay probably behaved as a

fluid. It is quite possible that the silty clay in the
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disturbed band was liquefied so that the whole load was borne
by the ground water.

Fig. 5 - 7 (¢) is a tracing from a photograph of & conjugate,
box-type fold in the unconsolidated sands. The surfaces shown
represent very thin bands of white clay in medium- to fine-~
grained, yellow sand, The sand itself is structureless, and
the small faults can be recognized only 5y the displacement of
the clay bands, or by thin strips of clay which occur along
some of the sinistral shears.

The box fold has been produced by movements along conjugate
shears which meke an angle of 20° to 30° with the bedding.

The sinistral shears that make an angle of 20° with the average

bedding orientation, are developed as a few, prominent fractures

which extend through mény layers. The dextral shears are

less prominent but more numerous, and individuals do not extend
through many layers. The angle they make with the bedding is
30°, a little steeper than the sinistral shears.

This type of folding is interpreted as caused by lateral
pressure exerted along the bedding with the easiest relief in
a vertical direction. The fracturing in unconsolidated,
essentially cohesionless sand is caused by dilatancy. When
the lateral squeezing was initiated, the sand, heving a granular
fabric, tended to expand slightly, and the thin clay layers

prevented water moving in to fill the increased pore space.
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Before the water could seep in to relieve the stress, the granular
fabric was fractured on a normal shear pattern for lateral
compression of a solid body. Subsequent to the deformation,
there was sufficient time for water to move in, relieve the
intergranular stresses, and heal the fractures. The thin bands
of clay aligned along some of the sinistral shears may have been
brought in by the initial influx of water into the dilated fabric.
However, apart from where there are clay layers along them, the
fractures have ceased to become surfaces of weakness, and the

sand can be regarded as structurally homogeneous in its present

state.

3. INTERPRETATION

(a) ORIGIN OF THE CONTORTIONS

Despite the great variety of intraformational disturbances
present in the Gormanston moraine it is possible to generalize
the style of folding. In most cases the clay layers have
behaved as completely competent, coherent units, while the bands
of sand have been incompetent and cohesionless. The clay
layers tend to maintain their orthogonal thickness, while the
sand shows irregular variations in thickness. Nevertheless,
in the narrow, diapiric anticlines and a few bands of guick

clay, the clay layers have a geometry more allied to similar
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or flow folds, indicating that in places the clay has behaved
in & fluid manner.

I have interpreted most of the folds examined as having
been caused by excessive water pressures developed in the sandy
bands. Dilatancy in the granular bands together with local
lateral pressure, make a subordinate contribution to the style
of deformation. The uvltimate origin of these forces is a
matter for debate, and probably can not be solved unequivacally
without detailed experiments. Fairbridge (1947) has given
an excellent summary of the possible causes of intraformational
disturbances in glacial varves, and of the seven hypotheses
proposed he favours gravitational slumping as the cause for most
of the Austrelian Carboniferous examples that he examined.

Since 1947 the recognition of slumped sediments has become more
widespread, and Fairbridge's opinions on these examples appear
well founded. However, the type of glacial deposit Fairbridge
exemined is probably different from the Gormanston moraine since
terrestrial glaclal deposits are not likely to be preserved

for more than a few million years (Carey and Ahmad, 1961).

Gravitational slumping doeg not appear to be the main
cause of deformation at Gormanston. Despite the assertions
of some writers to the contrary, slumping associated with
lateral movement produces dimensional orientation of fold elements

(e. g. the syntaphral slumping at Paga Point). The random
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distribution of fold-hinges [see Fig. 5 - 1 (b)] indicates that
there has been little, if sny, consistent lateral movement in
the Gormanston moraine.

All the intrastral disturbances that have been observed
at Gormenston can be explained when it is realized that the
moraine was probably formed from a wet-base glacier. The
water percolating through the ground moraine of a wet-base
glacier supports much of the ice.load (Carey and Ahmad, 1961),
and sinece the height of the ice is usually considerably greater
than the level of the terminal melt water, there is an excessive
water pressure in the moraine, This high pressure causes
upwelling of the ground water and accounts for the diapiric
action of the sand.

Lateral pressure vwas a subsidiary, although operational
force in the moraine, The box folds, and some of the convolute
folds, have been formed mainly by lateral pressure or local
lateral movement, Sutton (1963), Bradshaw and Inglesmith (1963)
and many earlier workers have described structures caused by
alternate freczing and melting of ground water. Charlesworth
(1957, 1,p. 559) noted that the lower limit of frozen ground is
probably uneven owing to variations in the pattern of water
circulation. The water-ice transformation which involves
an increase in volume of approximately 9%, is suffieient

to cause the amount of lateral deformation observed.
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(b)  CONCLUSIONS

Three main conclusions can be drawn from this work.

(1)

The intraformational folds in the Gormanston moraine
are both open- and closed-cast,

There 1s a large range of fold styles but the clay
bands generally have been coherent and meintain
orthogonal thickness, whereas the sand has been
cohesionless and varies irregularly in thickness.

Most of the structures have been produced by excessive
water pressures developed in the sand. Dilatancy,and
lateral pressure caused by alternate freezing and
thawing of the ground, are subordinate causes of

deformation.
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CHAPTER &

EACLY-OIAGERETIC, IKTRAFORMATIONAL FOLDING 1IN THE
PLEISTOCENE LISAYN FORMATION, ISRAEL

1. INTRODUCTION

The Lisan Formation in Israel (Langozky, 1963) is composed
of 25 to 40 metres of Upper Pleistocene sediments which are
thought to have formed in a lacustrine environment, The Lisan
deposits are the only sediments which are well correlated throughout
the Rift Valley, and they overlie unconformably the Hamermar
Formation which measures 70 metres in its thickest outerop,
althcugh tihe base is not exposed, The sediments of the Lisan
are composed mainly of gypseous marls and sandstones, and are
virtually unconsolidated. Within the formation there are several
bands of contorted layers separ;ting almost horizontal, non-
contorted marls. Professor S. W. Carey took a series of
profile photograpvhs of these contortions at co-ordinates

1835/0545 (Palestine Grid) in a canyon, Nahal Parazim, which
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is a ‘tributary of the Pitulim. Mr. Y. Langozky of the
Geological Survey of Israel kindly collected samples from the
actual layers in the photographs, and these samples, together

with the photographs, form the basis of this study.

2. PETROLOGY

The Lisan Formation is light-coloured with elternate light
and dark laminations, The sediments collected by Mr. Langozky
were first dissggregated in 0.01 N solution of scodium oxylate,
and then washed in fresh water. Samples were mounted in
both glycerine and water, and were examined microscopically.

The clastic particles in the dark bands (34520, 34523,
and 34525-6) are predominantly gquartz, feldspar, green amphibole
and chlorite, with minor guantities of zircon, rutile and an
opague iron mineral. The larger grains reach 0.05 mms. diameter,
and are nmoderately well rounded, but there is a considerable proportior
of fine, aengular silt. In addition, 10% to 20% of the sediment
is composed of perfectly formed calcite rhombs,

The light-~coloured bands (34521-2 and 34524} are composed
almost entirely of aragonite needlss up to 0.01 mms, long and
0.002 mms. across. These crystals aggregate in a number of
ways forming crosses and spherules up to 0.02 mms. across.

Contacts between crystals are at the ends of the needles rather
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than along their sides. Brownian motion of the small crystals
suspended in water can be observed under the microscope, and it
is possible that such motion at the time of formation of the
aragonite crystels caused aggregation into crosses, spherules
and groups of spherules,

Longozky (1961, p. 155) notes that the ratio between
detrital and chemical sediments in the Lisan Formetion is 1:3.
The aragonite in the light-coloured bands is believed to have
been chemically precipated, as is also the calcite in the
darker bands. Bentor, and Vroman (160, p. 68) conclude that

"The lighter, more chalky and gypseous, varves

represent the swmmer deposits, while the darker

varves, which are richer in clay material, were

formed during the winter.'
Thus the light-coloured bands were formed predominantly by chemical
precipitation during the hot, dry summers; the dark bands by influxes
of silt in the wetter winters.

Picard (1943, p. 151), Bentor and Vromen (op. cit.) and
Langozky (op. eit.) have all concluded that the sediments of the
Lisan Formation (sensu. stricto) were deposited under lacustrine
conditions, Langozky has deduced that the waters were to 2 to 3
times more diluie than those of the lake in which the underlying
Hamarmar Formetion was deposited, and the Hamarmar lake

resembled the present Dead Sea in volume and composition, The

greatest thickness of sediment covering the contorted layers
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was probably about 20 metres, and certainly less than 50 metres.
However, it is not known what thickness of sediment overlaid the
contorted zones at the time of deformation, although the

structures are closed-cast.

3. STRUCTURAL DESCRIPTIONS

The folded zone in Fig. 6 - 1 (a) lies between undisturbed
beds., It consists of twec bands of light-coloured, relatively
competent layers which are separated, both from themselves,
and from the bounding strata, by dark incompetent material. The
four most competent layers, which are also the lightest coloured
layers, have been stippled. Layers 1, 2 and 4 (34524) are
rhythmically banded, aragonite-rich layers, while layer 3 (34525)
is more coarsely stratified and, in additicn, has a silt fraction
of 20% to 30%. The aragonitic layers have been competent
during deformation, end the incompetent layers are composed
predominantly of fine-grained sand.

Considered in its entirety, the folded zone faces towards
the left, which is towards the Dead Sea, Individuel folds vary
rom upright to asymmetric, overturned, and facing to the left.
The right-hand limbs of the anticlines are always longer than

the left-hand limbs, and the axial surfaces of some of the

folds are involuted.
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The lengths of the competent layers 1 to L4 were measured
with dividers in order to determine the amount of shortening
in the section. The ratios of the unfolded length to the
horizontal length for Layers 1 to 4 are as follows:- Layer 1 -
l.hg; Layer 2 - l.h8; Layer 3 - l.hY; Layer b - 1.5 It
is remarkable that these ratiocs corware so well in spite
of the thickening and thinning of parts cf the layers depending
on their position in the folded band. These ratios correspond
to a shortening of 33% in the horizontal direction.

In addition to lateral shortening, there has been
considerable movenent between the upper and lower bounding
layers. The folds in both the upper and lower folded bands
show suffiqient similarity in wavelength and shape to suggest
that initially each fold invclved both bands, and that later
during deformation the upper and lower groups of layers acted
inAdépendently. Fig. 6 - 1 (b) shows the probable correlation
between the folds in the upper and lower bends, and indicates
a lateral movement of about 1 metre in the middle incompetent
band.

Fig, 6 - 2 (n) is a tracing of the fold in Fig. 6 - 1 (c¢).
Ten individual laminae of gypseous marl have been stippled,
and individual surfaces are numbered as shown. Two surfaces
which ere associated with the thickest competent bands were

selected and have been marked in as thick lines in the overlay
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to Fig. 6 - 2 (a). Trom these two surfaces, one the upper surface
of the aragonite-rich silt layer [Surface 3, Fig. 6 - 1 (a)l,

anc the other the upper surface of an aragonite layer in the

fine silt between Surfaces 1 and 2 [Fig. 6 - 1 (a)], a

concentric profile has been constructed using an averaged

thickness for cach layer. When a comparison is made between

the reconstructed concentric profile and the actual profile,

a number of conclusions can be drawn.

(1) The reconstructed upper surface of the lower band of
layers fits quite well with the datum-surface used
in tne reconstruction of the upper band of layers
[Fig, 6 - 2 (b)].

(2) The crest of the anticline has been thinned in a verticel
direction, but extended hcrizontally. The geometry is
whet would be expected if the enticline had been squeezed
ageinst a rigid upper boundary while still able to extend
laterally.

(3) The cross-sectional area of the inner cores of the
folds in both the upper and lower bands has been reduced
in comparison with the reconstructed profile, The
geometry corresponds to the geometry that would occur
if the incompetent material were squeezed out of the
fold core or decreased in volume with respect to the

competent layers.
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(4) Despite the modifications noted, the geometry of the
folding is essentially concentric,
It should be noted that the reconstructed upper surface of the
lower fold [Fold (c¢) in Fig. 6 - 1 (b)] did not originally
fit into the upper fold [Fold (e) in Fig. 6 - 1 (b)]. Nevertheless,
the shape of Fold (e) in the lower folded band is almost identical
with the shape of Fold (c), and the comparison is justified.

Fig. 6 - 3 (b) is a photogreph of a series of small-scale,
nappe—like folds which are remarkable both for the regular
reproduction of style from one individual to the next, and for
the constant sense of displacement. These nappe-~like folds
are confined to one band of sediments which inveriably has a
fine-grained, structureless sand or silt at the top. The
beds above and below the folded zone appear to be undeformed,
and as no truncations of the upper layers has been seen in any
of the folded zones, the deformation was closed-cast. In
Fig. 6 - 3 (a) [a tracing of Fig. 6 - 3 (b)] four thin layers (1
to 4) have been stippled, and their lengths through the horizontal
width of the section were measured. A1l four layers are between
1.50 and 1.53 times as long &s the present horizontal width of the
section, which corresponds to e shortening of spproximately 33%.

Toe thrust faults along which the nappes have glided are
geniculate surfaces. Where each thrust cuts through the

originally horizontal layers it is inclined at 25° to 30°. At



SMALL-SCALE , NAPPE-LIKE FOLD
PLEISTOCENE LISAN FORMATION, ISRAEL

(a)

Unfolded length : length of section

£ 1.5

Incompetent zone »
CATALOGUE NOS A 34520, B 34521 X
C 34522, D 34523




194

the original top of the folded layers the thrust surfaces

extend horizontally up to the point where the overriding sheet
reaches the adjacent nappe. From this point the slip surface
steepens and the nose of the overriding neppe s crumpled and
shortened. Thus the sedimentary slices are arranged in a
series of open S-shapes separated by open Z-shaped slip surfaces,
In any folded band there is one particular layer along which

the nappces have glided and in the examples studied the mobile
layers are light-coloured - probably aragonitic silt.

Fig. 6 - 3 (c) is a tracing from a photograph of a folded
zone from a different branch of the wadi where the same nappe
structures as in Figs. 6 - 3 (a) and (b) are ®&veloped. The
lengths of the three layers, 1, 2 and 3, as measured with dividers
are respectively, 1.58, 1.50 and 1.32 times the width of the
present horizontal section, although the value for layer 3 may
be too low because c¢f many minor plications that could not be
adeguately taken into account.

Cne of the geniculate thrust surfaces is facing contrary
to the general direction, and as it is traced upwards it
terminates in a small fold the axial surface of which has been
involuted s¢ that the nose of the fold in the upper layer faces
in the same direction as the noses of the other nappe folds.
The origin cf this thrust is not clear, but it appears that

gsince its formation its upper part has been rotated by the
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general movement from left to right.

Fig. 6 - 4 (a) is a photograph showing a zone of box-type
folds above whichh there is a series of nappes with large
horizontal displacement, Both the bex folds and the nappes
face towards the right, but whereas box folds are closed-cast
anc confined to one band of sediment, the nappes cut across
several sedimentary layers. Both the nappes and the box folds
reflect a large amount of lateral shortening.

Fig. 6 -~ 4 (b) is traced off the layer of tox folds, which
is the same set of folds as in De Sitter (1964, p. 327, Fig. 250).
Four of the light--coloured layers have been stippled and are
numbered 1 to 4, The length of each of these layers is between
1.65 and 1,70 times the present horizontal width of the section,
which corresponds to a shortening of L40%. The transparent overlay,
constructed on the Buskian principle using the upper surface
of layer 2 as the initizl form, correlates closely with the actual
profile showing that the folding is essentially concentric.

The main deviations from ideal concentric geometry are

(1) Thinning of the troughs and crests of the box-shaped

folds, and

(2) Intricate contortion of the layers on the concave

side of the cusp in any fold. Layers on the top
and bottom of the folded band are contorted more

than those in the middle of the band.



Concentric Profile reconstructed on Buskian Principle from layer (2)
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The folded band is composed predominantly of alternations
of light- and dark-coloured layers, and the light-ccloured layers
have been most competent, The well-laminated, folded zone is
capped by an apparently structureless band of grey silt or
sand in vwhich there are some pebbles, and this layer has been
incompetent during the folding. The layer in which slip has
been accomplished at the base of the folded zone is also e
grey silt. The layers above and below the folded zone are

well bedded and epparcently undisturbed by the deformation.

b, ORIGIN CF THE INTRASTRATAL CONTORTIONS

Picard (1943, p. 155) commented that there were still two
unsolved prcblems in connexion with the Lisan sediments, one of
these being the origin of the intrastratal contortions, and he
suggested that perheps they could be explained by the hydration
of anbydrite. Such an origin can be dismissed on three counts.
Firstly, there is very little gypsum in the contorted layers.
Secondly, there are non-contorted layers both above and below the
folded zone with a higher gypsum content then the contorted
layers, and thirdly, the lateral shortening indicated by the
folding is approximately 33% which is the maximum that could

occur if the layers were 100% gypsum.
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The lateral shortening indicated by the concentric folding
could have taken place in either of two ways. In one model
there may have been a considerable horizontal movement between
the upper and lower blocks causing the overall length of the
contorted bands to shorten, and in the other model there may
have been alternate zones of stretching and shortening slong
any one contorted band. Which of these two mechanisms has
coperated can not be deduced from existing data, but could be
checked in the field as in the latter model the contorted band
should pinch and swell when traced laterally over a distance.,

Langozky (1966, pers. comm.) considers that the contortions
have developed by slump towards the Dead Sea graben-trough.
fle notes that the Lisan Formation dips easterly towards the
western margin of the Dead Sea at inclinations from 0.5° to 4°,
and that dip measurements in the Lisan sediments in the Pitulim
Valley do not always coincide with the regional dip of the Lisan
Formation. The occurrence of lacustrine sediments [Hamarmar
Formation (?)] 85 metres above the highest known level of the
"Lisan Lake” (Langozky, 1963), and also cn top of the
neighbouring Mt Sdom, are independent testimony of Late

Pleistocene or Recdent movemeénts in the graben,
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The development of individual folds is instructive. I
have demonstrated that most of the folds approximate closely
to a concentric style, but the distortions are significant.

In Fig. 6 - 2 (a) the crest of the anticline has been
thinned in a vertical direction, and extended horizontally.
This could not have been caused by simple gravitational
compaction of a concentric profile, since the ofiginal
thickness in the vertical direction which would be the same
in both the crests and adjacent troughs, should have compacted
to the same thickness in both locations, It appears that
the crest of the anticline has been squeezed against the
over--lying undeformed layer, and extended plastically in a
horizontal direction, A similar mechanism has operated
for other folds in Fig. 6 - 1 (a) and Fig. 6 - 4 (a).

All the structures must have been formed closed-cast
with respect to the uppermost deformed surface, for nowhere
is there a truncation of the folded layers; If the small-
scale, nappe-like structures had formed in an open-~cast situation
it is unlikely that they would not have been eroded. The
structureless, grey silt or sand which caps most of the deformed
layers appears to have been highly disturbed, and probably

acted as an upper décollement zone,
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The chemically precipitated, aragonitic layers have been
competent, and the detrital silt layers incompetent. The
forces which bound the aragonite needles into crosses and
spherules may have been sufficient to maintain cchesion
during deformetion. There were no corresponding intergranular
forces in the detrital layers which consequently were
cohesionless and incompetent.

In my opinion, the geometry of these contorted layers and
their mechanism of deformation can be explained best in terms
of the develcpment of relatively high water pressures in certain
zZones during creep towards the Dead Sea graben which was
actively subsiding. During the creep a stage was reached
in certain zones where grain-~to-grain contacts were disrupted,
and the overburden load - significant, although small, since
the maximum depth of burial of the folded zones is 25 to LO
metres - was taken on the pore water of the silty layers.

The intergranular forces between the detrital particles in these
silt layers were negligibly small, but the stronger intergranular
forces in the finer grained, chemically precipitated layers were
sufficient to maintain cohesion.

The loss of cohesion in certain zones reduced the effective
viscosity of the folded zone markedly, and thus the intervening
stratg behaved as rigid sediments. As well as the lateral

shortening indicated by the concentric folding, other horizontal



200

dicplacements were accomplished, as indicated in Fig. 6 - 1 (b).
The escape of the high-pressure water out of the folded zones
caused the crests of the anticlines to be squeezed sgainst the
undeformed bounding zones. Deformation continued until the
excessive water pressure was relieved, after which the contorted
zone gradually recovered a viscosity comparable with that of

the intervening undeformed layers. Movement did not necessarily

occur on all the deformed zones at the same time.

5. CONCLUSTONS

Five main conclusions cen be drewn from this study.

(1) The style of folding in the contorted layers is essentially
concentric.

(2) The zragonitic layers are competent; the detrital
silty layers incompetent.

(3) Leteral shortening of the order of 33% is indicated
in the folded bands, and slightly more shortening
is associated with the nappes.

(4)  The deformation is closed-cast, and probably caused
by slumping towards the Dead Sea graben,

(5) Both the modifications to the basic concentric style
and the mechanism of movement can be explained simply
by the development of high water pressures in the

incompetent layers.
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FOLDING I THE CORTACT AUREOLE OF A OQUARTZ-DIORITE
DYKE, ©ORTAEASTERY TAS.ANIA

1. INTRODULTION

On the coast of northeastern Tasmania, aboul one mile
north of Diana's Basin, near St Helens, there is a well-exposed
contact between quartz diorite and siliceous mudstones which
nay be part of the Scamander Slate and Quartzite (see Fig.

T~ 1). Walker (1957) has shown that the Late Devonian
(McDougall and Leggo, 1965) quartz monzonite intrudes the
Scamander Slate and Quartzite with sharp transgressive contacts.
Walker (Zbid, p. 32) noted that,
“Diorite porphyry apophyses, sills and dykes occur
within the granttic mass and penetrate the country rocks
up to 75 feet from the contact zone.  ...They
cut the aplite dykes, and therefore are slightly
younger than the quartz monazonite massif and
aplite dykes. "
and (p. 33),

"Plagioclase ig more basic than that in the quarts
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monzonite and usually approaches labradorite

in compostition.”
The quartz-diorite dyke sbout one mile north of Diana's Basin
is one of these dykes.

McNeil (1960) plane-tabled part of the area and incorporated

a preliminary report as an appendix to his Honours thesis.
The most notable features of the exposure are the plastic style
of folding immediately adjacent to the quartz diorite and the
occurrence of basic-plagioclase feldspars in the contact
zone. In order to study these problems a more extensive area
was plane--tabled by D, McP. Duncan and myself, and the map

agrees in all essential details with that of McNeil.

2. STRUCTURE

(a) GENERAL

Fig., T - 2 is an outcrop map showing the distribution of
meagsured folistions and fold elements. Three rock types
have been distinguished, viz. hornfels, quartz diorite and
quarty dolerite. The hornfels is dense and fine~grained
with slight textural and colour banding parallel to the original
bedding. The sediments are relatively unmetamorphosed away
from the quartz diorite, and to the south extend uninterrupted
for half a mile, dipping steeply on a constant strike of

138°, Small-scale cross-bedding is common in some of the
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layers, and indicates that stratigraphic top of the whole area
is towards the south. There are at least three zones

(two to three metres thick) south of the mapped area in which
there have been intraformational folding in the sedimentary or
early diagenetic stage.

The queartz diorite extends north and west for at least ¥
half a mile so that the area may be regarded as the southeastern
contact of a stock-like body. There is only one outcrop of
quartz diorite south of this area and this also extends
westward. In the mapped area the guartz-diorite outcrops are
all related to one main dyke with which the folding is associated,
and to the south there are two smaller dykes adjacent to which
there has been no folding.

Most of the folding is limited to a band of sediments
on the northeastern side of the main dyke. This zone does
not extend laterally out to sea, and all the folds are adjacent
t0 the main dyke or small guaertz-diorite pods connected to it.

The northeastward-striking, quartz-dclerite dyke is a later

dilational feature.

(b)  FOLDING
(i) orief Descrintien, Two classes of folds can be
distinguished in the field.

(1) Irregular, highly contorted folds, many in the form
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of envelopes around pods of gquartz diorite which are always
immediately adjacent to & larger mass of guartz diorite.

Fig. 7 - 3 (a) shows some guartz-diorite lobes from the northern
end of the outcrop where the sediments have been thinned and
expanded around each lobe. It is not possible to measure
accurately the orientation of these lobes because they are
small-scale and the tough hornfels does not allow excavation

of layers. Nevertheless, they do not appear to have a

strongly preferred orientation.

(2) More regular, larger-scale folds in which there have
been both competent and incompetent layers. These are the folds
bedding traces of vhich are shown in Fig, 7 - 2, The style
of folding varies from bed to bed and from one part of the
area to another. The sandstone layers furthest from the gquartz-
diorite dyke tend to maintein their orthogonal thickness,
vhereas those layers immediately adjacent to the dyke have
considerable variations in thickness. The essentially concentric
style of some of the layers is shown in Fig. 7 - 3 (p).

Figs. T - b4 (c¢) and (d) are tracings from photographs of
intraformational folds caused by the intrusion of a granodioritic
vein remote from the guartz-diorite dyke. The sandstone layers
have becn competent with respect to the granodiorite, If the
folds are to be regarded as pre--intrusive structures in which

certain beds have been selectively replaced by granodiorite, it
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Fig. 7 - 3 (a]. Quartz-diorite lobes from the northern end of the
outerop, The sedimentary layers enclosing each lobe have
expanded in surface ares and decreased in thickness. Main quartz-

diorite dyke is to the right-hand side. The hammer is approximately
30 cms. long.
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is anomalous that the zranodiorite has replaced the incompetent
siltstones rather than the more permeable sandstones. A more
likely interpretation is that the quartz..diorite veins lubricated
the bedding surfaces and accommodated the strain developed by
concentric fclding of the sandstone lsyers.

(ii) Ro:ation of the zedding. The bedding orientations
can be conveniently divided into two groups on a scale of metres.

(1) Those which are related to ihdividual fold--hinges, and

(2) Those which are not specifically related to individual
fold-hinges.

Fig. 7T - 5 (a) is an equal-area projection of 87 bedding
orientations which are related to individual fold-hinges. They
form & complete girdle about an axis 65°9/180°. Fig. 7 - 5 (Db)
is an equal-area projection of 32 fold-sxes, most of which
were calculated from the bedding readings by the 7 method.

The maxirmur: concentration is at 79°/171° which is in reasonable
agreement with the axis in Fig. 7 - 5 (a). A mean fold-axis
of T1°/175° is taken.

Fig. 7 - 5 (c¢) is an equal-area projection of 72 bedding
orientations which were not specifically related to individual
fold-hinges on the scale of metres. They form a partial
girdle ebout the mean fold-axis, The cross marks the
orientation of the bedding from the straight--bedded zone which

extends southward at a constant attitude for more than a kilometre.



STRUCTURAL ELEMENTS, DIANA'S BASIN

EQUAL—AREA PROJECTIONS
(b) TN.

32 Points

Contours 1-3-5 pts, per 1% area

>k Fold-Axis in (b)
Mean Fold-Axis
Fold-Axis in (a)

31 Points

Contours 1-5-10 pts. per 1% area Contours 1-3-5 pts. per 1% areq

F'G: 7"' 5. (Q) Poles of bedding specifically related to individual fold-hinges.
Pole to girdle 65/180°
(b) Fold-Hinges. Maximum concentration 79/171°
(C) Poles of bedding not specifically related to individual fold-
hinges. Mean fold-axis 71/1757 Cross marks bedding to the South.
(d) Poles of Axial Planes. '




206

The bedding in the folded zone mey be regarded as having

a polarity with respect to the constant orientation to the
south, and this polarity corresponds to a clockwise rotation
about the mean fold-axis. Fig. 7 - 5 (d) is an cqual-area
projection of the poles of 31 axial planes. These, too, form

a partial girdle about the average fold-axis in Fig. 7 - 5 (b).

3. PETROGRAPHY

(a) QUARTZ DIORITE

The nain body of quartz diorite (34955) e few hundred metres
north of the mapped contact is a coarse-grained, even-textured
rock with some dark enclaves. Many of the enclaves appear
to be xenoliths of hornfels, but there are several "basic clots"
composed mainly of mats of hornblende and plagioclase, The
quartz diorite contains T0% plagicclase and 25% quartz, the
renaining 5% consisting of biotite (with socme altcration to
penninite) and accessory zircon and magnetite. o potassium
feldspar hes been found in the slides examined, The plagioclase
occurs both as strongly zoned crystals and as albitic patches.
The zoned crystals show normal, reversed and oscillatory zoning
with an overall normal trend from basic-labradorite cores to
cligoclase rims. They form 30% to 40% of the rock, and
together with the gquartz and biotite are included in poikilitic

patches of albite. The basic-plagioclase cores are commonly



Fie, 7 -6 {a), (34951B) Quartz diorite from the main dyke.
Bmall, zoned labradorite crystals and biotite flakes are set in
more coarsely crystallized quartz and sodic plagioclase, The
width of the field of the photogreph is approximately U4 mms.

o3 4 05
L S |

Fig, 7 - o (&), (34961) Plastic folding in the hornfels
immediately adjacent to the gquartz-diorite contact. The banding
is original compositional banding in the hornfels. Scale is shown.
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altered to sericite, and more rarely to epidote and chlorite.
Patchy zoning also occurs in the zoned plagioclase,

The quartz diorite (34951) in the main dyke is considerably
darker and finer grained (average grain size 2 to 3 mms.) than
the main body. It is composed of 55% plagioclase, 25% quartz,
15% biotite (with some alteration to penninitc) and accessory
magnetite, zircon, and tourmaline. There are some dark, fine-
grained patches which are composed almost entirely of mats of
hornblende and plagioclase, with minor biotite and quartz.

The plagioclase in the dyke rock occurs both as well-formed,
zoned crystals and as irregular albitic patches. A1l types

of zcning are found, and there is an overall normal trend from
basic-labradorite cores to oligoclase rims. Albitic patches
form poikilitic textures in places surrounding hornblende,
quartz, biotite and zoned plagioclase crystals. The hernblende
is a common green variety, and the biotite is strongly pleochroic

from reddish brown to almost colourless.

(b) HORNFELS

The hornfels (34948, 34954 and 3k958) not closer than
10 metres to the quartz diorite is a very fine-grained, quartz-
sericite rock with some bioctite and small quantities of chlorite,
magnetite, tourmaline and zircon. Equidimensional, unstrained

gquartz grains, 0.05 to 0.1 mms. in diameter, form 60% of the
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rock and are set in a very fine sericitic matrix which surrounds
each grain and imparts a typical cement-like texture. In places
the sericite has recrystallized to recognizable muscovite flakes
with & maximum size of 0.1 mms. diameter. Biotite is much coarser
grained, up to 0.3 mms, diameter, and appears identical in

colour with the biotite in the quartz diorite. The biotite
commonly contains needle-like inclusions of rutile, and also small
magnetite crystals wich show hexagonel or octagonal sections.
Small grains of tourmaline and zircon appear to be rounded
detrital particles which have been included in the recrystallized
quartz.

As the hornfels is traced towards the quartz-diorite dyke
three important changes can be observed.

(1) The average grain-size of the quartz is progressively
coarser towards the quartz diorite, and tne cement-like texture
is almost destroyed.

(2) Well-formed plagioclase crystals up to 5 mms. across
occur within. 5 metres of the quartz-diorite contact, and the
crystals are complexiy zoned with an overall normal trend
from basic~labradorite cores to albite rims.

(3) Irregular patches of albite up to 5 mms. across and
containing inclusions of quartz and sericite from the matrix,

are found in parts of the hornfels.
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The boundary of the plagioclase-bearing hornfels is not
marked by any substantial lithic breask, and the contact is
irregular and transgressive to the sedimentary layers. The
original bedding has been almost completely obliteratéd in the
plagioclase-bearing rock which has an intrusive relationship
to the finer-grained host in the outer part of the aureole.

In polished hand-specimens (349L9) the contact is generally
sharp, although in thin-section (3L¢56 and 34957) both rocks
are typically hornfelsic.

The maximum size of the plagioclase crystals in the
hornfels decreases away from the gquartz diorite, but terminates
abruptly at a size of 2 mm. at a2 distance of not more than
five metres from the contact. As well as the individual,
zoned plagiocclase crystals in the hornfels there are also
patches of albite or oligoclase up to 5 mm, across which have
a poikilitic texture with respect to smaller inclusions of
quartz and basic plagiocliase. | In most parts the grain-size
of the sericite in the plagioclase-bearing hornfels is only
slightly coarser than that of the sericite in the fine-grained
hornfels, although in places individual muscovite flakes
up to 0.5 mms. diameter can be recognized. The presumed originally
equidimensional quartz grains set in a cement-like matrix
[Fig. 7 - 7 (a)] have been transformed into an interlocking

mosaic of quartz with scattered patches of sericite [Fig. 7 - 7 (b)].
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g, 7~ 7 (2). (34948) Cement-liKe texture in the hornfels
away from the quartz-diorite contact. The width of the field
of the photograph is 0.8 mms.

g, 7 - 7 {i). (3L4950) Hornfels texture irmediately adjacent
to the guartz-diorite contact. Quartz grains appear to have
recrystallized 2 to 3 times coarser than in Fig. 7 - 7 (a).
The width of the fiecld of the photograph is 0.8 mms.
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(c) GRANODIORITIC VEINS

Medium-to coarse-grained, thin granodioritic veins with
less than 2% mafic minerals cut through all parts of the
hornfels. They are composed predominantly of quartz and
pilagloclese with minor muscovite and some biotite, and have
chilled margins and disoriented xenoliths. The plagioclase
which is close to albite in composition has a completely
different form from the well--zoned crystals found in both
the main dyke and the hornfels, and occurs as ill-defined,
irregular crystals up to 5 mms. across. These unzoned crystals
are strongly altered to sericite in places, and have inclusions

of both quartz and muscovite,

(4) HORNFELS CONTACT ZONE

The hornfels contact zone is 2 narrow zone less than 50 cms.
wide, in which guartz--diorite lobes occur, In detail the
contact zone is highly contcrted, but the boundary between
the quartz dicrite and hornfels is a sharp interface. . Zoned
plagioclase crystals occur on both sidés of the contact, but
whereas the average grain-size of the quartz diorite is 2
to 3 mm3, in the hornfels the grain-zize is only 0.2 to 0.3 mms.
In thin-section the quertz diorite has an igneous, poikilitic
texture and the hornfels a recrystellized cement-like texture.

There are many, small irregular folds which indicate that this



Fig. 7 - 8 {a), Rock No. (34956) Zoned plagioclase crystal in the
hornfels contact zone. Variation of extinction angles is shown by
the dotted line in Fig, 7 ~ 9 (c), The altered core is the same size
as the quartz grains in the hornfels, and is believed to have been
intruded as & solid crystal. The outer zones have crystallographic

outlines and have grown in situ., The width of the field of the
photograph is 0.8 mms.
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Fig. 7 - & (L), Rock No. (34950) Zoned plagioclase crystal in the
hornfels contact zone. Variation of extinction angles is shown
by the dotted line infig., 7 - 5 (a), Diameter of the altered core

is 0.4 mms. The outer zones have inclusions of the hornfels matrix,
The width of the field of the photograph is 0.8 mms.
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zone has been plastically deformed [Fig. 7 - & (b)].

(e) ZONED PLAGIOCLASE CRYSTALS

Complexely zoned plagioclase crystals are found in the
quartz diorite and in the hornfels within five metres of the
contact. Extinction angles were measured on a normal microscope
stage from those sections which were cut approximately
perpendicﬁlar to (010), and some zone curves are presented
in Fig., T - 9. Each crystal was measured from its edge into
the core, and crystals were selected from three different
structural localities. Figs.T7 - 9 (a) and (b) represent
feldspars in a hornfels about three metres away from the contact;
Figs.'T - 9 (¢) and (d) are from feldspars in the hornfels
immediately adjacent to the contact, and Figs. 7 - 9 (e) and (f)
represent feldspars from the main quartz diorite.

The feldspars on which zoning was measured in the hornfels
are all less than 1 mm. in diameter although the largest plagioclase
crystals in these rocks reach 5 mm. across. This is because the
cores of the large feldspars tend 1o be severely altered to
sericite with some chlorite and epidote, whereas the smaller
crystals which have relatively small inner cores for their size
compared with the large feldspars, are less altered, However,
all the strongly zoned plagioclase crystals have altered cores,

and where the core 1s not completely altered, it is basic labradorite.
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Some zoned feldspars have extinction angles indicating cores of
composition An60 to AnTO.

Zoning from the basic cores outwards follows a normal
pattern, but the zoning is not smooth as there are many small
oscillations, and generally one marked reversal, between the
altered core and the outside rim, This outside rim is generally
thin with strong zoning of the anormal type &approaching albite
on the outer edge. Some cores show patchy zoning and have been
replaced by oligoclase; 1in a few cases this replacement is
complete,

The plagioclase crystals in the guartz diorite show a large
variation in size and in distribution of zones, and some of the
smaller crystals are as strongly zoned as the larger ones,

Fig. T - 9 (e) shows zoning in three medium-sized crystals which
can be divided into three parts. There is a basic-labradorite
core of variable diameter, an anulus of oscillatory zones with
one major reversel and a growth discontinuity along which small
inclusions are aligned, end an outer, thin normel zone, The
smaller crystals [Fig. T - 9 (£)] show the same range of
composition although the labradorite cores may be quite small.

The plagioclase in the quartz diorite shows a good
correlation of form in broad outline (Greenwood and McTaggart,
1957), although in detail the correlation is poor.  The

width of individual zones varies from one crystal to another and
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from one side of a crystal to another, and there is poor correlation
of value. The plagioclase in the hornfels also shcws a fair
correlation of form in broad outline, but very poor correlation

in detail. The correlation of value is reasonably good.

L, STRUCTURAL  INTEZRPRETATION

(a) INTRUSIVE NATURE OF THE QUARfZ DIORITE
There are no serious doubts that the guartz diorite is
essentially intrusive or heas replaced an intrusive, The
disoriented xenoliths [Fig. 7 - 10 (a)]), the terminated beds
[Fig. 7 -~ 10 (b)], the dilatant shape of the dyke in the southern
part of the mepped erea (Fig. T -~ 2), the expansion of layers
around the guartz-diorite lobes in the contact zone [Fig. T - 3 (a)],
and the discordant shape of the quartz-diorite outcrop in many places
(Fig. 7 - 2) are sufficient evidence, Nevertheless, there are
several points of controversy, two of which I have sttempted
to deal with.
(1) The relationship of the quartz diorite to the folding, and
(2) The origin of the basic-plagioclase feldspars in the

hornfels.

(b) ORIGIN OF THE QUARTZ-DIORITE LOBES
The quartz-diorite lobes are confined toc the plastically

folded contact zone immediately adjacent to the main bodies of
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Fig, 7 - 1D (a). Disoriented xenoliths in = quartz-diorite dyke
south of the main dyke. There is a narrow chilled margin. Six-

inch rule shown,

- -
R 3 i

— "

1
A

:” - = .w_ :.-ii - r
Y
N B
- - _ ‘ rl ] . ¥
. ;4
; P T
- - L
v - [R5 - 'J""' -]
| L )
'/%.'—
Y

Fig, 7 - 10 (b). Terminated beds in the middle of a quartz-
diorite dyke to the south of the main dyke. The fault which

terminates the main group of beds does not extend into the dyke

valls, The hammer is 30 cms. long.
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guartz diorite. Somc of the larger lobes at the northern end of
the main dyke are shown in Fig. 7 - 3 (a). Adjoining layers
bifurcate and can be traced around individuel quartz-diorite
lobes, proving that the lobes are intrusive bodies. Such

shapes are found nowhere else in the half-mile section south of
the quartz-diorite contact, so that there is no evidence to
suggest that they are not megnatic emplacements.

Empirically, it appears that the quartz diorite has
penetrated initially along a bedding surface or some other
weaXness in the wall rock, The embrycnic lobe then expanded,
plastically deforming the side adjacent to the main body of
quartz diorite and also squeeczing the layers laterally. The
side adjacent to the main mass of country rock, however, is
relatively undefornmed, This progression of events is outlined
diagremmatically in Figs. 7 - 4 (e) to (h).

Pig, 7T - 11 (a) shows = quartz-diorite lobe in the early
stages of formation with a thinned hand of layers encompassing it.
Fig. T - 11 (b) shows a lobe which has pushed back into the
main body of magma and has folded the layers on either side
by leteral pressure. Fig. T - 12 (a) is a somewhat oblique
section, but shows the dstail of a fold which has had pressure
exerted on it from the left, while Figs. 7 - & (a) and (b)
are tracings from photographs of other folds which occur

at the quartz-diorite contact. In both the latter folds there



Fig. 7 - 11 {a). A guartz-diorite lobe in the early stages of
formation with a thinned band of sediment encompassing it.

Six-inch rule shown.
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Fig. 7 - 11 {b). A quartz-diorite lobe which has pushed back
into the .main intrusive body and also pushed laterally causing

plastic folding. Six-inch rule shown,
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has been lateral pressure exerted, and this has caused the folds
to become globular shaped and almost detached,

An explanation of the formation of the quartz-diorite lobes

W

was sought in terms of increasing water pressure in a cooling
silicate melt. This phenomenon is caused by the increasing con-
centration of water in the residual fluid as the varicus silicate
phases crystallize out. However, the mechensim poses problems

when applied in detail, and does not provide a satisfactory solution.
Thus, the origin of the gquartz-diorite lobes has not yet been

determined,

{c) ORIGIN OF THE FOLDING

The main problem concerning the folded zone is whether
the folding was caused by the intrusion, or whether the quartz
diorite mer=ly intruded a folded zone. It has been shown in
Fig, T - 5 that the fold-axis defined by both the folded
beddinz and the individual hinges is the same as the axis of
rotation of the straight-bedded zonegs, ' This implies that
the axis of rotation of the bedding during intrusioq vas the
same as the axis of folding, which could be coincidental.
However, there is no record of folding-.on such a steep axis
in adjacent rocks where plunges rarely exceed 30°. Furthermore,
most of the folding occurs on the northeastern side of the dyke,

and it is clearly limited to a zone between two undeformed zones
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(Fig. 7 - 2). It seems unusual that the folding does not

extend either laterally along this zone, as would intraformational,
nontectonic folding, or into the adjacent bounding zones as would
metamorphic, tectonic folding. The simplest explanation :
consistent with ell the facts is that the folding has been
caused by the intrusion of the guartz diorite.

(a) NWATURE OF THE QUARTZ DIORITE DURING INTRUSION

N

There are three main lines of evidence which indicate the
physical state of the quartz diorite and the country rock during
intrusion.

(i)  The plastic folding in the contact zone,

(ii) The %basic plagioclase in both the quartz diorite and

the hornfels.

(iii) The nature of the ‘contact.

(i) The plastic folding in the contact zone.  The contact
zone in which the plastic style of folding occurs is a narrow
band surrounding the guartz diorite, and it is always less than one
metre wide. This type of folding in igneous contact zones
is usually attributed to one of three conditions.

(1) Intragranular plasticity of minerals at high temperatures

(Pitcher and Read, 1960 and 1963).
(2) Partiel melting of the rock (Spry and Solomon, 196k).
(3) The presence of an introduced interstitial melt {(Thomas

and Smith, 1932, p. 289),
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Intrsgranular plasticity of minerals at high temperatures is
the property commonly used to explain the complex solid-state
deformations in metamorphic terrains, and the rocks develop a
characteristic foliation and preferred orientation of minerals
as 1n schists and gneisses (Pitcher and Read, cp. ctt.). At
Diana's Basin there is no foliation developed in the plastically
folded contact zone, and the quartz grains are equidimensionsal
as in a typical hornfels. They have recrystallized to several
times their originael size, but the relict cement-like texture
is still recognizable,. Thus 1t appears that there was very
little intragranular deformation,

Partial melting of the hornfels can be dismissed because
there is no evidence of glass or, indeed, any mineral assemblage
which indicates a temperature in excess of 600°C, Sericite,
which persists right up to the contact, decomposes in the presence
of quertz at approximately 600° to 650° C., to form potassium
feldspar and sillimanite (Deer, Howie and Zussman, 1962, 3, p. 24),
neither of which minerals has been found. Nor is the presence
of an introduced interstitial melt likely. Apart from the absence
of potassium feldspar it is anomalous that the sericite should
have recrystallized so finely adjacent to the contact if a melt
hed been present. The muscovite in the adjacent quartz dlorite

is ten times as large.
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Tne texture of the hornfels in the plastically folded contact
zone indicates that deformation was accomplished by intergranular
movements. The style of deformation also indicates that there
was an almost complete lack of cohesion between the grains., This
cohesionless, intergranular style of deformation is typical of
folding in unconsolidated sediments in which there has been a
pore pressure equal to the confining pressure, Since the plastic
folding is strictly confined to the contact zone which in parts
transgresses the sedimentary layering, it is clear that the
disaggregation of the hornfels was related to the intrusion of the
quartz diorite,

A simple explanation of the plastic style of folding is
provided if there were developed in the contact zone a pore
pressure approximately egual to the lithostatic load. The
abundance of sericite implies that this pressure would have been
essenti;lly 2 high water pressure, and the deformation would thus
be caused by small stress differences in the disaggregated
hornfels. The pore pressure would decrease outwards from the
quartz diorite so that progressively more load would be borne
by egrein-to-grain contacts and the plastic behaviour would be
restricted to the zone in which the pore pressure approximately
equaled the confining pressure. As the load taken by grain-
to-grein contacts increased, the sedimentary layering would provide

a heterogeneous resistance to differential stress, and bedding-
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plane slip would become the dominant style of deformation.
Thus the folds become more concentric outwards from the quartz-
diorite contact.

(i1)  The basic plagioclase in both the gquartz ciorite and the

nornfels.

Strongly zoned crystals of plagioclase with basic-labradorite
cores occur in both the quartz diorite and the hornfels. The
overall correlation between the crystals in the guartz diorite
and those in the hornfels is not good since many of the crystals
in the quartz dicrite have large basic cores, whereas the size
of the cores in the hornfels 1s generally much smaller in
proportion to the size of the crystal. lowever, there is reasonably
good form and value correlation between the outer zones in both the
quartz diorite and the hornfels. The general form is a set of
oscillatory zones with an overall normal trend and one major
reversal, rimmed by an outer, thin though strong, normal zone.

This agreement in both form and value indicates that the
plagioclases have been subjected to similar variations of
environmental conditions in the latter stage of their history.
Inclusions of equidimensional quartz grains in some of the outer
zones of the plagioclases in the hornfels indicate that these
zones have grown in Sltu. ﬁéwever, no detrital inclusions
have been found in the labradorite cores which invariably show

good crystallographic outlines although they are considerably altered.
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The outer zones which reflect these crystallographic outlines
(Fig. T - 8) are quite fresh. Kone of these features is like
the features descrived from plagioclascs considered to have been
formed by metasomatismn,

Mish (1949, p. 387), an ardent wetasomatist, invcking a
metasonatic origin for granites of batholith size, writes,

‘Barly phases of the growth of plagioclase

porphyroblasts are present in cvery thin section.

These early crystalloblastic patches are

small, often still turbid, and have 7ll~

defined borders.  The porphyroblast has become

large but still lacks crystal form.  Finally

crystal faces begin to aevelop, but relict inclusions

of groundmass grains may still be preserved."”
At Diana's Basin the basic-plagioclase cores are well crystallized,
and although there have been more sodic rims grown there are no
turbid, early porphyroblasts, From these considerations I
conclude that the basic-plagioclase cores are not formed by
metasomatism of the hornfels, but were mecnanically emplaced,
and that the outer rims grew afterwards.

(iii)  Hature of tie contact.

The contact between the gquartz diorite and the hornfels is
quite regular in brozd outline (Fig. 7 - 2), and indicates that
the quartz diorite is a dilatant dyke. However, in detail there
are many perturbations, and pods of quartz diorite appear

throughout the narrow zone of plastic folding. In hand-specimen

there 1s no difficulty in distinguishing quartz diorite from
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feldspar-bearing hornfels; there is a sharp change in colour,
grain~size and texture. Nevertheless, there is no obviously
chilled margin immcdiately adjacent to the plastic hornfels,
although the middle of the quartz-diorite dyke is somewhat
coarser than its margins.

In thin-section, the gradual increase in grain-size of the
hornfels accompanied by progressive destruction of the cement-
like texture, can be traced in towards the quartz diorite,
but there is a sharp break 1in grain-size at the contact. The
coarsest hornfels at the contact has an average grain-size of
0.4 mms. whereas the grain-size of the adjacent quartz diorite
averages 2 to 3 mms, The plagioclase crystals reach 5 mms.
in diameter on both sides of the contact but the labreadorite
cores in the hornfels are generally less than 0.5 mms, across.

A possible explanation of the origin of the labradorite cores
is afforded by the high water-pressure hypothesis, If the water
pressure in the gquartz diorite approached the lithostatic load,
and this pressure decreased outwards from the quartz diorite
into the country rock, then outward-moving hydrous fluids might
carry some smell pleagioclase crystals a limited distance
through the disaggregated country rock. As Martin (1952,

p. 323) noted,

“The walls can not be regarded as firm or in
any way stationary.”
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The passage of plagioclase crystals would be inhibited where the
pore pressure was not large enough to overcome grain-to-grain
contact loads and thereby allow the granuler fabric of the
hornfels to dilate. Thus the plagicclase crystals are restricted
to within 5 metres of the quartz-diorite ccntact, and the
feldspar-bearing hornfels has an intrusive or vein relationship

with respect to the outer, fine-grained hornfels,

(e) INTERPRETATION OF THE HISTORY OF INTRUSION

In my opinion, the quartz diorite at the time of intrusion
was a silicate melt conteining laebradorite crystals. Since the
most common rock in northeastern Tasmania is high-level intrusive
granite (sensu Zato),nand the regional grade of metamorphism is
low, the level of intrusion at Diana's Bgsin was probably within
a few kilgpetres of the surface. Nevertheless, the somewhat
basic composition of the quartz diorite when compared with the
graiites indicates that the quartz diorite intruded from a lower
level, and a fairly rapid ascent could have caused local high
water pressures. The sandstones and mudstones, essentially
vertical at the time of intrusion, were rotated and folded
about an axis plunging steeply to the south. The larger-scale
concentric folding was accomplished in the early phase of intrusicn.

As the melt cooled and crystallized the water pressure

increased until it was approximately equsl to the lithostatic
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pressure on the country rock. The penetration of this high-pressure
fluid into the midstone caused loss of cohesion between the grains,
and the contact hornfels beczme z disaggregated, granular mass
susceptible to plastic deformation. Nevertheless, the pressure

was not totally hydrostatic as therc was a gradient from the
approximetely lithostetic pressure in the gquartz dicrite to a
pressure cleser to the hydrostatic head in the pores of the more
distant country rock.

This pressure gradienf ceused aqueous solutions, together
with some small, solid particles, to filter through the plastic,
disagpregated country rock immediately adjacent to the contact.

The basic-plagicclase cores were thus solidly emplaced in the
hornfels within five metres of the contact, and the quartz-

diorite lobes, with accompanying plastic folds, were formed. There
was no partial melting of the hornfels, and complete mixing

with the guartz diorite was prevented by the outwardly directed
pressure gradient,

As the melt continued to ccol and crystallize the water
pressure was gradually reduced, and more of the load was borne
by grain-to-grain contacts in both the hornfels and the quartz
diorite. In the latter stages of crystallization the quartz
diorite, being a granular body, was susceptible to dilatancy upon
any small deformation [Fig. 7 - 12 (b)], and the hornfels was

reset firwly in its sericitic matrix. In the very late stage,
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Fig. 7 - 12 {(a). An oblique section showing some of the detail of
the plastic folding along the margins of the quartz--diorite dyke.
Pressure has been exerted from the left. The width of the photo

i cowmroxd e T e

1]
Fig. 7 - 12 (b). Intrusion of sediment back into the quartz
diorite, probably caused by dilatancy in the quartz diorite

in the late stages of crystallization. Six-ire¢h rule shown.
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as the guartz dicrite continued to settle, quartzo-feldspathic
fluids passed into tihe country rock in veins, and also throughout

the matrix, forming diffuse albite crystals.



225

FULDLCC 14 A CIORIFELS ALJACEMT TO A COLERITE COMTACT,
REARRA-LE CAVE, 5. E. TAS.ANIA
: INTRODUCTIOH

Remarkable Cave is a blow-hole about three miles south
of Port Arthur on Tasman Peninsular, formed by weathering along
a set of strong, vertical joints which trend southeasterly.
At high tide the water reaches the northern entrance to the
cave, but at low-water it is possible to walk right through.
Geologically, Remarkabie Cave is located in Lower Triassic
sandstones immediately above a sill--like intrusion of Middle
Jurassic dolerits, and the horizontal contact is well expoged
200 metres east of the cave. Apart from a few, open domes
and basins within 2 metres of the dolerite, the sandstones

east of Remarkable Cave are essentially horizontal and undisturbed.



k

Fig. 8 - 1 (a).

)

Northeastern side of Remarkable Cave where

horizontal sandstones (right-hand side) have been downstoped
(left-hand side) into mobilized sediment which overlies

dolerite.
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Fig. 2 -1 {&). Southwestward-facing wall at the southern
opening of Remarkable Cave. Irregular folding of originally
horizontal layers is outlined by chaotic banding in the

mobilized sediment.

The Lemmer is approximately 30 cms. long.
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In contrast the rocks at Remarkable Cave itself are highly
contorted, & feature which atypical of contacts between dolerite
and sandstone in Tasmenia (McDougal, 1962, p. 28L4).  The contact
hornfels can be divided into two types of rock, one lying above
the other. The upper rock type, which is conformable with the
overlyirg, undisturbed sandstones has retained its original layering
and is folded in a concentric fashion. It is underlain by a
coarser-grained, almost structureless, grey rock which contains
meny irregular, "flow' folds. The contact between the dolerite
and hornfels can not be seen at Remarkable Cave, but by
extrapclation from the exposed contact to the east it lies

Just below sea-level,

2 PETROGRAPHY

The upper part of the hornfels gppears to have been a
nedium - to fine-grained sandstone composed predominantly of
quartz with some sodic plagioclase and minor quantities of
zircon and opaque iron minerals. There are no argillite bands,
and the fTine-grained, dark layers were originally quartzose
silts., Although the quartz appears to have recrystallized,
and new mincrals such as zeolite and margarite have formed,
some relicts of the scdimentary texture are still recognizeble,

and the cverall grain-size has not been changed markedly.



The unmetamorphosed sandstones above the hornfels are medium-
to ceoarse-grained and have well-developed cross-bedding.

The underlying, highly contorted hornfels appears to have
undergeone more radical changes. It is medium- to ccarse-
grained with quartz crystals up to 0.5 mms. diameter, and
patches of zeolite several times as large. The original
sedimentary texture can not be recognized and in places there
is graphic intergrowth of gquartz and potassic feldspar.
Hevertheless, the overall texture is not igneous and the rocks
are remarkable for the unusual, low-grade metamorrhic minerals.

Zeolites occur in all the thin-sections examined. Three
separate varieties can be distinguished of which stilbite and
heulandite have been positively identified, and other zeolites
may also be present.

Stilbite. Optically negative with a medium 2V; dispersion
r<V; optic plane parallel tc the one good cleavage;
perzllel extinction.

Heulandite. Occurs more rarely than stilbite in crystal
aggregates up to 5 mms. across. Optically negative with

a large 2V, very low refractive index znd birefringence;
optic plune perpendicular to cleavege; parallel extinction.
X-rey diffraction (R. J. Ford, 1967, pers. comm.) on a
crystal showing herring-bone intergrowth (34967) showed

the three main peaks of heulandite.

Zeolite {possibly jerrierite (7)) (34964)]. Optically
positive with a medium 2V; dispersion r<v; optic plene
parsllel to the one good cleavage with a weak parting

perpendicular to it; extinction almest paralleil,

Other zeolites may alsc be present.



Fig. & -~ 2 (a). (34572). A zeolite patch showing the intricate
twin structure in the zeolite and the rational crystal faces
on the quartz facing into the zeolite in the lower part of the
photograph. X 150. Crossed polaroids.

Fig. & ~ 2 (b). (3496k4) Fuhedral quartz crystel and a chlorite
spherulite surrounded by zeolite. X 250, Crossed polaroids.
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The brittle micea, margarite, is particularly common and
widespread, It occcurs as pale-yellow crystals and has an extinction
engle of 13° with the good basazl cleavege. Cancrinite is
also present and is distinguished from guarts by the lower
refractive index, slightly higher birefringence and uniaxial
negative, interfercnce figure. In parts the cancrinite has a
yellow alteration product along the weak cleavage.

Chlorite is very common throughout the hornfels., It is
nostly & common green veriety but some penninite and serpentine
have been identified, There are a number of distinctive forms
in which the chlorite {or serpentine) occurs.

(1) As radisting crystals in small spherulites. The
chlorite is generally colourless and the spherulites are
everyvhere surrounded by zeolite although in some places they
are arrangsed along the margins of brown biotite flakes.

(2) In large clumps as a green or brown alteration product of-
e. ferromagnesian mineral, The fibrous mineral has @ radiating
structure and is probably serpentine.

(3) As scattered, green or yellowish-green crystals
which in places have a pseudo-hexagonal form.

(4) As colourless, pale~yellow or green encrustations on
biotite flakes. The chlorite appears to have nucleated on the
(001) surface of the biotite and grown away from it at a constant
angle, Such overgrowths are generally associated with zeolite

patches.
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There are two varieties of biotite present. One is
pleochiroic from deep reddish-brown to pale pinkish yellow or
colourless, while the other is pleochroic from olive green to
pale yellow, The reddish-brown biotite is scattered throughout
the hornfels and is Tour or five times as large as the quartz
grains in the relatively unmetamorphoscd sediments. In places
it has grown partly around the quartz grains, which indicates
that it has been formed during metamorphisnm. The olive~green
biotite is rarer end does not appear to be spatially related
to the reddish-brown variety although both occur in 34965,
However, whereas the brown biotite is scettered throughout the
rock the olive-green variety is restricted to small patches
where the grain size of the quartz is threc or four times larger
than the surrounding host rock.

The colour of the reddish-brown biotite is not always
constant. The shade in the direction of the basal plates varies
from & dark brown with no red tinge to a much lighter, alwmost
reddish, chocolate~brown hue. Furthermore, the reddish-brown
biotite exnibits a variable amount of alteration to chlorite,
and there may or may not be overgrowths. The olive-green
biotite does not show any alteration, overgrowth or variation
in colour.

The quartz is remarkable for its unusual form. In the

finer-grained, upper hornfels the quartz exists predomirantly as
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equldimensional grains, cormonly rounded, though sometimes angulear.
However in the lower horufels the grain.size is 2 to 3 times larger,
and the quartz grains are very heavily embayed [Fig. & - 3 (a)l.
Close examination reveals that the protuberances between the
enbayments are cormmonly beunded by straight, rational,
crystallographic faces [Fig. 8 - 3 (b)].

I have interpreted these embayment shapes as growth
forms, nct resorpticn textures, for two reasons, Firstly,
resorption of grains would not be expected to produce re-entrant
angles Ttetween adjacent rational faces, and secondly, the
embayments are best developed where the grain-size of the
gquartz is largest. Even in & single thin-section where there
is some variation in grain-size, the embayments are best

developed in the coarsest parts.

3 FOLDING

(2) GENERAL STATEMENT

=1

The style of folding is quite variable, although most
structures have scme element of concentric folding. In general,
the large folds tend to be more concentric than the smallef
ones, and 1in several places & broad, open, concentric fold
may have small, similar-style parasitic folds associated

with it. Nevertheless, all the folds are disharmonic, and the
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Fig. & ~ 3 (a). (3k496k4) Typical growth form in heavily erbsyed quartz

X 100. Crossed polaroids,
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Fio, 8w 3 (h). (3496k4). Re-entrant, rational, crystallographic

faces in quartz. X 300. Crossed polaroids.
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incompetent zones are cormposed of highly contorted sediment which
is slightly coarser grained than the competent sandstones
and mudstones.

In the upper part of the hornfels the folds are characterized
by comnpetent beds which maintain their orthogonal thickness,
separated disharmonically from one another by tongues of
mobilized sediment. In places thin layers are cdetached from the
main sheaf of foliae, and folded in a very irregular, disjunctive
fashion resenbling folds normally formed in sedimentary or
diagenetic environments, The Tolds nearest the dolerite contact
are the most chaotic and irregular. The proportion of highly
contorted, "mobilized” sediment increases towards the dolerite
contact so that in the lower part of the cave individual bands
of sandstone, approximately maintaining orthogonal thickness,
are surrounded by coarscr grained material in which original
layering can not be recogniged, At the bottom of the cave wall
the original layering has been so completely obliterated that
the mobilized sediment has the appearanhce of a homogeneous crystalline
rock.

The 33 fold-hinges measured (Fig. & - 4 (a)] are distributed
in a subhorizontal girdle which is the attitude of the overlying
undeformed sandstones. Although the distribution within this
girdle is not completely random, there is a broad sprecad and

the preferred orientation may be a function of sampling rather
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then reality. In the lower part of the hornfels, the few
fold-hinges measured appear to be almost completely rendomly
oriented. The axial planes do not show any significant
grouping although the distribution shown is not random. In
the upper part of the horufels the axial surfaces tend to be
vertical, or almost vertical, while lower in the outcrop they

are much more rencdor, and many are involuted.

(b) DETAILED DESCRIPTIONS
Fig. 8 -- 5 showe several profile sketches traced from
photographs. All the sketches are oriented with the vertical
up the page. Fig. 8 - 5 (a) is a hinge-fold between the
undisturbed horizontal (upper) sandstones and a group of
strata, two or three metres thick, which has been rotated
dovnweards into the mobilized sediment and (?) dolerite by
partial stoping. The two outer bands of sandstone in the
sketch are folded concentricelly, but they are separated from
each other, somewhat disharmonically, by a zone of mobilized sediment
in which there are numcrous irregulsar, small--amplitude contortions.
Fig, & - 5 (b) is located on the eastern wall of the
northern entrance to Remarkable Cave. It indicates how
layers, individually folded concentrically, are separated
by mobilized sediment which has penetrated along bedding

surfaces. Within these bands of irregular thickness nmarked
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as mobilized sediment, there cre several very thin sandstone
layers which have been peeled--off the thicker layers and folded
disjunctively on a very small scale,

Figs. 8 - 5 (c¢) to (f) are sketches of folds located
closer to the dolerite contact than those in Figs. 8 - 5 (a)
and (b). The style of folding is more irregular, and there
has been considerable thickening and thinning of the sandstone
layers. Fig., 8 -~ 5 (¢) is an inverted, lobe-shaped structure
with its lower limbs pinched right out. It appears to have
been formed by stretching the limbs in the vertical direction,
Fig. 8 ~ 5 {d) is part of a sandstone layer which is almost
involuted, t 1s located close to the base of the cave
wall at the southern entrance shown in Fig. 8 - 1 (b). The
sandstone layer has maintained its orthogonal thickness but is
completely detached from other sandstone layers. The axis
of folding is horizontal, but an adjacent hinge is almost
vertical. Fig. 8 -5 (e) is located a metre or two south
of Tig. 8 - 5 (d), and is completely involuted. The axis
of folding is sinuous and the structure is suitably described
as o balled-up, ‘comma” fold. Fig. 8 - 5 (f) is loceted in
the same part of the cave wall but is folded on a more
regular style and has a relict concentric geometry.

Figs. 8 - 5 (a) and (b) are profile sketches traced from

photographs of smell-scale, intraformational folds located
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further away from the contact than the folds in Fig. 8 -~ 5.

The disturbed layers occur between thicker bands of undeformed \
\.

horizontal sandstones. In Fig. 8 - 6 (a) 2 one of the main
groups of layers, AA' - BB' has been divided into thin slices \\
parallel to the axial plane, The thicknesses parallel to the

trace of the exial plane are shown in Fig. 8 - 6 (a) 3
with the lower surface, AA', straightened out. The geometry
is not similar, and orthogonal-thickness ratios correspond to
g uniform flattening perpendicular to the axial surface of less
than 10%. Thus the style of fclding is essentially concentric.
In Fig. 8 = 6 (b) 1 the fold form is more angular. Axial
thicknesses were measured on the band, CC' - DD', and are shown
in Fig., 8 - 6 (b) 3 where the lower surface, CC' is straightened
out. The variation in axial thickness is considerable, and as
with the fold in Fig, 8 -6 (a) corresponds closer to concentric
rather than similar folding. Orthogonal-thickness ratios
correspond to uniform flattening perpendicular to the axial plane
in the hinge region of between 20% and 30%. However, since the
axial thickness at the hinge is approximately equal to the average
thickness of the layer away from the core region, there has
actually been no flattening, and the equivalent effect is caused
by simple shear of a concentric profile parallel to the axial

surface.
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In total aspect there has been no shortening in the folded zone.
In any part, shortening in one layer is accommodated by stretching
in the layers above or below, and when any layer is traced laterally
it passes into alternate regions of shortening and stretching.

The hinge regions appear to be loci of weekness and incipient
mobilizaetion, and there appears to have been some similar (flow)
folding as well as tiie basically concentric mode, The geometry
is almost what would be expected if there had been a series of
small convection cells developed in the folded zone, and this
style has many similarities with the expansion fold figured by
Hills (1963, p. 69, Fig. III - 21).

Fig. 8 - 6 (c) is a photograph of a polished hand-specimen
from which a large thin-section (349T4) was made, and the style of
folding is comparable with that of Figs. 8 - 6 (a) and (b).

The orthogonal--thickness ratios in the hinge region correspond
to a uniform flattening of 20% to 30%, yet the axial thickness
at the hinge is not significantly different from the average
thickness of the layer away from the ninge, Thus the present
fold shape is produced by simple shear parallel to the axial
surface in the hinge area together with a concentric profile,

In thin-section the rock is remarkably homogeneous in both
texture and grain-size; the grains show no strain related to
the folding, and zeolites pervade the whole rock,. The grain-~

size of the quartz has increased by growth in scattered patches,
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and the grain boundaries are very angular, re-entrant shapes.

There is little doubt that in its present textural state
this rock would deform homogeneously under directed stress.

There would be neither layer~parallel slip which must have
occurred to produce the concentric profile, nor the irregular thick-
ening and thinning on the limbs of the fold adjacent to the

crest. The heterogeneity of deformation implied by the style

of feclding must have existed before the present texture, and
perheps minerzlogy, developed. Nevertheless, when all factors
are taken into account, there is no evidence to suggest that the
middle layer in the photograph was ever markedly different
texturally or mineralogically from either the upper or lower layer.
It seems likely, then, that folding occurred when the rock was

in a condition such that small, even minute, stress differences
were capable of causing relatively large deformations.

Fig. 8 - 6 (d) is a photograph of a polished surface of a
gsomewhat angular, disjunctive fold in which the more competent
layers have broken at, or near the fold-hinges. In thin-section,
these competent layers do not appear different in either texture
or compositicn from the incompetent layers, and it is concluded
thet in this example also the folding must have cccurred before
the present texture was developed.

Fig., 8 ~ 7 is a photograph of a very lerge thin-section

(34975).  The photograph is  smaller than natural size, the
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width of the thin-section being approximately 20 cms. The
disjunctive style is characteristic of the folding caused by local
intrusion of coarse-grained, zeclite-bearing rock which is the
light-coloured material in the photograph, into the upper hornfels.,
The darik hands are finer grained than the light-coloured bands,
and have been broken-up in a menner resembling “quickstone"
folding. The shape of the mobilized sandstone in Fig. 8 - 7
indicates that the folding was caused by bodily intrusion from
left to right. |
Zeeclite occurs throughout the rock, and the only differences
between sdjacent layers are variations in grain-size and
proporticns of dark minerals. Detrital plagioclase grains
can be recognized in the intrusive rock by their sharp angular
boundaries which commonly transect compositional zones and

polysynthetic twins.

i INTERPRETATION

he rheomorphism of the country rock at Remarkable Cave is
unusual for the Jurassic dolerite contacts in Tasmania.
McDougall (1942, p. 284) notes that,

W, wmobtlized country rock has been found with the
Red dill dyke...”

and that,
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Y. near Port Arthur on Tasman's Peninsular...
numzrous rheomorphic veins intrude the roof

of « well-exposed dolerite sheet.  These are the
first recorded cases of rheomorphism associated
with the Tasmanian dolerite intrusions?®.

The rheomorphism can not be attributed to either partial

melting of the rock, or the presence of an introduced interstitial

nelt. The sanmce arguments as applied at Diana's Basin can be
used to exclude temperatures in excess of 600°C, Likewise,

e

as at Diana's

a

wsin the absence of & metamorphic foliation excludes

w

the possibility of intragranular plasticity to account for the
mobilization of the rock.

The peculiar, zeolite-rich mineralogy associated with
clilorite, serpentine and olive-green biotite, indicates
tenmperatures probably below 300°C (Coombs et al., 1959).
Stilbite, margarite, cancrinite and chlorite are all indicators
of e hydrous, calcium-rich environment. The temperature when
some of these minerals formed may have been well below 300°C,

The style of folding in the lower part of the hornfels
testifies to the extreme plasticity of the rock, whereas the
characteristic concentric, disharmonic and disjunctive folds
in the upper part indicatc increasing competence away from
the dolerite. Disjunctive folds as in Fig. 8 ~ T are formed
by the intrusion of the mobilized lower part of the hornfels
intc the upper parts. In my opinion, this rheomorphism is
satisfactorily accounted for by the development of

jntergranular water pressures equal to the load pressure.,
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The water was probably not connate water of the sedinments

several reasons,

]
]
P 9

(1) The sandstones above the hornfels are quite permeable
and would have been uulikely to retaln pore water during a
gradual increase of temperature accompanying a dolerite intrusion,

(2) 'The dolerite has many other contacts with the sandstones
and all these contacts are knife-sharp (McDougall, op. cit.).
Thus, whatever caused the high water pressures at Remarkable Cave
can ncot have been a general property of the sediments.,

{3) The presence of both reddish-brown biotite and an olive-
green biotite, together with the alteration of the reddish-brown
biotite to chlorite and serpentine, indicates that there has
been a change in environment since the initial metamorphism, The
reddish-brown biotite is a normel product of thermal metamorphism,
whereas the olive-green biotite indicates hydrothermal, low-
grade conditions (Schwartz, 1953, p. 167).

From these consideraticns I have concluded that initially
the sandstones were beked into a normal, contact hornfels with
the developnment cf reddish-brown biotite, and that later a
quantity of calcium-rich, hydrous residuum was locally disgorged
from the cooling dolerite sheet causing the folding and

peculiar nmineralogy.
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CHAPTER 5

" ISCELLANEGUS  FOLLS

1 A SMALL-SCALE INTRAFORMATIONAL FOLD FROM

ARM RIVER, NORTHERN TASMANIA

0

(2) INTRODUCTION.

Fig. 9 - 1 is a tracing from photographs (Fig. 9 - 2)
of a large thin-section of an intraformational fold from the
Howell Group quartzite in a road cutting on the main road to
Rowallan at approximately 41°4O' 2" 8§, 146°13* 2" E, which is
a little more than & mile north of the junction of the Arm and
Mersey Rivers, northern Tasmania. The specimen was collected
by Dr. A. H. Spry (1966, pers. comm.) who attributed the fold
toc the F2 phase in the Precambrian, although he noted that no
earlier F1 folds have been found at this location. Spry

(1962b, p. 142) noted that the road cutting
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...exposes a number of isoclimnal folds,  The

folds are all of the same style and their axial

planes are parallel but aves only a few feet

apart plunge west at angles ranging from 5°

to 45°.%
The folds are intraformational, snd each folded zone is
separated from adjacent folded zones by apparently undisturbed,
straight-bedded strata. There is a strong lineation, which
is 1G° divergent from the fold-axis in the specimen examined.

Unfortunately the relationships between the Howell Group

and the Precavbrian in other parts of Tasmania are not clear.
It is entirely possidle that the Howell Group was deposited
after the ¥l phase of folding had affected the Older Precambrian,
and thus 1t is not yet possible t¢ correlate between the
deformational surfaces developed in this fold and the metamorphid
surfaces 51 and 52. Nevertheless, I shall attempt to show
that the charscteristics of this particular fold are what would

be expected from the deformation of =z partially lithified

sediment in which the pelitic layers contained up to 60% water.

This fold may thus be representative of a group of early diagenetic

folds in the Precawbrian of Tasuania.

(b)  STRUCTURAL DESCRIPTIONS
(i) Fiattening. 1In the tracing of the fold (Fig. 9 ~ 1)
the layers have been classified as psgermitic, semi-pelitiec and

pelitic, the psammitic layers having been closely stippled,
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the semi-pelitic layers more openly, and the pelitic layers are
not stippled at all. The pesammitic layers contain greater
than 90% of quartz, the pelitic layers less than 20%, and the
semi-pelitic layers contain varying intermediate proportions
of quartz and platy minerals, From both the tracing and the
photograph it can be seen that although the fold profile is
propogated along the trace of the axial surface in the manner of
a similar fold, the psammitic layers tend to maintain their
orthogonal thickness and the pelites fill the interspaces.
7The style of folding is thus strongly disharmonic from layer
to layer, with deformation concentrated in the pelitic layers.
Orthogonal -thickness ratios were measured on the main
psammitic layer which is composed of 95% of quartz, and which
appears to have acted as a single mechanical unit. Thin .
strings of platy minerals mark originally very thin., layer-
paraliel, pelitic laminae and enable the psammitic layer to be
divided into subunits. These have been designated Tl, T2
and T3, as shown in Fig. & - 1, with Tl the uppermost layer,
T3 the lowest. Although the sedimentary facing of the fold
has not been determined, I have assumed for the purpose of
this analysis that the tracing nas been oriented right way-up.

Thue the upper fold is referred to as the antifcrm and the

lower fold as the synform,
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It can be seen by ingpection that the upper and lower limbs
cf the antiform end synform, respectively, are thinner than the
common limb between themn. The orthogonal - thickness ratios for
the whole layer around both the antiform and the synform, and also
the ratios for the subunits of the synform, are shown in Fig.
¢ -~ 3. The equivalent flattening perpendicular to the axial
surface is approximately 30% in the antiform and is slightly less
in the common lirk, slightly greater in the upper limb. In the
synform the amount of equivalent flattening is larger, being
between 40% and 50% on the common limb end approaching 60%
on the lower limb.

The percentages of equivalent flattening in the sublayers
of the synform are shown in Figs. ¢ - 3 (c) and (d). Tl is on
the concave part of the layer; T3 the convex side, The geometry
of Tl is very close to perfect similar geometry, whereas
T3 has an equivalent flattening of a little less than 403%.

This increase in equivealent flattening on the concave side of the
psammitic layer is readily seen in the fold tracing, and around
the antiform Tl is flatteneda less than T3, although the effect

is not as prominent as in the synform. This pattern of
equivalent flattening mey indicate that elastic strains induced

by buckling are relieved by increased plastic flow on the

concave side of the layer (See Fig. L4 - 15).
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(ii) Microsconic Structure. [Large thin-section (34979)
and three orthogonel sections (349804), (34980B) and (34980C)].

Up to 95% of the psammitic layers is composed of an
interlocking mosaic of quartz 0.02 mms. to 0.05 rms. in
diameter. There are some small grains of albite up to
0.1 mms. across which may be detrital, and rounded, detrital
grains of zircon, tourmaline and an opaque iron mineral glsc
reach 0.1 mms. diameter. Small flakes of muscovite the same
size as the quartz grains are scattered throughout the quartz
mosaic, The pelitic bands are composed of unidentified,
very fine-grained, brown material which is probably iron-
stained clay or sericite. The amount of quartz in the pelitic
bands is variasble, and the irregular, angular outlines
indicate that the quartz may be original detrital grains.

The cleavage 1s produced by parallel ribbons, up to
0.1 mms. wide, composed of pelitic material which has intruded
through all except the thickest psammitic bands, In places
the pelitic material is crystellized into sheaves of light-~
browvn mica up to 1 mm. long, and this nica is distinctly
different from the small, colourless muscovite flakes scattered
throughout the psammite.

Fig. 9 -~ b (a) [Locaticn (15.5, 2.5) in Fig., 9 - 1] is
a photograph of a thin psammitic layer in a thicker band

of semi-pelite, The psammeitic layer i1s composed of almost
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Fig. 9 - 4 (2).(34979) Location (15.5, 2.5) in Fig, 9 - 1.

Cleavage ribbons which transect a fold core in a thin psammitic
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100% quartz which, in its present state, is & continuous
interlocking mosaic. In the semipelite the quartz is more
angular, and each grain is usually surrounded by dark,

pelitic material, The parallel cleavage ribbons are 0.02

to 0.05 mms, thick, and are spaced at distances_an order larger.
The ribbons pass right through the quartz-rich fold core and
continue into the semi-pelite. In places the pelitic material
in the cleevage has crystallized as a mica slightly pleochroic
in pale browns,

Two important conclusions can be drawn from the
configurations in Fig. 9 - & (a).

(1) The cleavaée in both psammite and pelite is the same
phenomenon, and probebly formed synchronously in both materials.,

(2) Any hypothesis of cleavege formation invoking a layer-
delimited cause is exclucded.

Fig. 9 - 4 (b) [Location (19.5, 3.7) in Fig. 9 - 1] depicts
another fold ccre in which there has been an intense development
of cleavage ribbons. The psarxmitic layer has been almost
complevely dissected, and there has been considerable displacement
in the profile section along some of the cleavage ribbons.,

The psammitic band which nas an element of concentric geometry
when considered as'an entity, must have behaved incompetently
well before the deformation was finished. In many of these

micro-folds it appears that initially the folding proceeded by
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layer slip which decreased in importance during deformation

as simple (and pure) shear parallel to the axial surface
predominated. In the case of the cleavage in Fig. 9 - 4 (b),
there can have been no deformation transverse to the

pelitic ribbons since their formation, as they are essentially
planar. The concentric geometry must therefore have been
produced by layer-parallel slip before cleavage formation
after which &1l deformation was either,simple or pure shear
parallel to the cleavege surfaces.

Fig. 9 - 5 (a) [Iocation (14.5, 3.8) in Fig. 9 - 1]
shows a very thin, ptygmatically folded, psammitic layer in
a pelitic hand. Despite the intense crenulation in the
psammite, the bounding surfaces of the enclosing pelite appear
relatively straight. The sense of coupling of these parasitic
folds is congruent with drag of the upper layers towards the
adjacent hinge, dbut the crenulations are just as intensely
developed in the fold core, so that they were not caused solely
by drag.

Most examples of ptygmatic folding are recorded.in localities
where quartzo-feldspathic veins appear to have intruded
rheomorphic country rock. The viscosities of the intruding
and intruded materials are thought to be very similar, If
the folding in Fig. 9 - 5 (a) is of a comparable mechanical

nature, 1t may indicate that at some stage during the
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formation of the fold there were very similar viscosities in
all rock types. High water pressures approaching the
lithostatic lcad could cause this condition.

. Fig. 9 -~ 5 (b) [Location 20.0, 3.4 in Fig. 9 - 1] shows
the remnants of a thin psammitic layer which has been broken
up into sigmoidal folds. At first sight it might appear that
shearing along the gleavage surfaces produéed the sigmoids,
but this is not the case. Any reconstruction must begin with
the psammitic layer parallel to the overall layering which runs
from the upper left tc the lower right in the photograph.
Because of this the couple which has produced the sigmoidal
shapes must have been a dextral rotation; yet the displacement
along the cleavage is sinistral.

This apparent anomaly can be explained by considering

the deformation in its successive stages. Initially deformation
wag predominantly layer slip which produced a series of dextrally
coupled buckles or drag folds in the psammitic layer. Later
the cleavage ribbons parallel to the axial surface of the
parental fold were propogated throughout the rock disrupting
the buckled psammitic layer. After cleavage formation the
style of deformation changed and all simple-shear movement was
parallel to the newvly created cleavage surfaces.. This later
movement reversed the sense of displacement between adjacent

sigmoids as the shear fold continued to develop. There may
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alsc have been some flattening perpendiculsr to the cleavage.

(¢)  INTERPRETATION
Spry (1962b, p. 148) suggested

... that mineral assemblages of chlorite to garmet

grades were produced...during F1 and that these

were folded into large recumbent folds during

F2 at garnet grade. "
Fl is the designation applied to a phase of movement which
occurred along a foliation while garnets were growing. No
folds have been positively identified as belonging to Fl,
although there appear to be some folds which predate F2.
Nevertheless, even if there are folds which predate F2,

and which may have axial surfaces parallel to the surface S1,

it can not be proved that Fl and the formation of S1 were

synchronous. All that can be shown is that there was movement
along S1 while garnet-grade minerals were growing. It is

entirely possible that S1 had been formed at an earlier stage
of deformation and at a different grade of metamorphism, and
that at a later stage there was movement along the surface while
the garnet grade of metamorphism was reached.

There is no evidence that this particular fold was formed
at the chlorite or garnet grade of metamorphism. Firstly,
there are no minerals that indicate a grade of metamorphism

above the lowest greenschist facies. The unidentified clay
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or sericitic material has crystallized in part only to recognizable
micas, and the albite grains are probably detrital. Secondly,
the cleavage appears identical in geometry and gross composition
to the cleavage at Sulphur Creek and Tullochgorum which developed
in very low-grade conditions. Where the ribbons have
recrystallized to relatively coarse sheaves of mica, the
crystoallization clearly postdates the initial formation of
the ribbons. Thirdly, the fabric of the quartz mosaic which
is reasonably well developed and can be recognized by rotating
the thin-sections beiween crossed polarizers, appears to be
homogeneous throughout the fold. There is no obvious variation
in preferred orientation related to the position of the very -
tight fold-hinges. .A rock folded so tightly and.intricatel&
in the chlorite or biotite grade of metamorphism would be
expected to have a preferred dimensional or optical orientation -
related to the local fold geometry. Hence I have concluded
that .the fabric of the quartz mosaic is clearly superposed. .

Apart from these considerations there are several features
which suggest that deformation may -have occurred when the
pelite contained a considerable -amount of water.,

(1) The fold limbs in regions where there is a high
proportion of pelite are convex towards the axial surface.
This somewhat unusual configuration is to be expected if there

was dehydration of the pelite after folding (See Chapter. 1l).
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(2) The disharmcnic style of folding between layers of
different composition indicates marked differences in viscosity,
as well as ease of layer-boundary slip. Such conditions are
characteristic of early diasgenetic folding (See Sulphur Creek).

(3) The apparent identity of the cleavage ribbons with
those at Sulphur Creek and Tullochgorum indicates that a
comparable, very low-grade environment may have existed at
the time of cleavage formation.

(4) The folded zone thins where the amount of pelite is
largest, and this is to be expected if the pelite had compacted
after deformation.

The tracing of the thin-section in the upper left-hand
part of Fig. ¢ - 1 shows the outline of two layers as well as
the outline of the main psammitic layer. Six traverses,
numbered as indicated, were made across the profile and the
thicknesses of pelite and psammite were counted microscopically
with a graduated ocular,

If the conclusion that there was considerable water present
in the pelite at the time of deformation is valid, it should
be possible to expand the pelite and reconstruct a geometrically
more simple profile than the existing one, It is a characteristic
of such intrafcrmaticnal, early diagenetic folds that the
upper and lover bounding surfaces of the folded zone are

parallel after deformation. To make this reconstruction the
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present thickness of pelite has been expanded by various

factors, and the restored upper surfaces drawn. An expansion

of the pelite to 2.5 times its present thickness produces an
approximately level upper surface, and this implies that

60% of the volume of the pelite has been lost by dehydration
since defcrmetion, Nevertheless, there are a few complicating
factors, Firstly, such a calculation assumes that the psammitic
material has not been compacted, as the expansion of the

pelite is relative to an unchanging psammite thickness. The
psammite may well have compacted up to 10% so that the reconstructed
thicknesses are minimal, Secondly, there may have been some
thinning over the psammitic parts during compaction, Thinning
accomplished by stretching occurs over bhoulders during compaction
at Gormenston, Thirdly, there is a possible error in the
estimation of the relative proportions of compactable and
incompactable meterieal, The pelitic layers are generally too
fine for individual grains to be distinguished, and there may

be variation in the proportions of platy and granular minerals.
In view of these complications I consider that the approximation
of the reconstructed upper surface to a planar bounding surface

is remarkably good.
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(d4)  CONCLUSION

The main conclusion of this analysis is that this
intraformational fold has the geometry of & fold which may have
developed when there was up to 60% of water in the pelite.
There are no immediate repercussions on the structural evolution
of the Precambrian of Tasmania as deduced by Spry, although
several conclusions could be drawn if, and when, these folds

are correlated with the deformational episodes resclved elsewhere.

2. FOLDS IN  THE MARTINSBURG SLATE, PERNSYLVANIA

The rocks from which Maxwell (1962) developed his hypothesis
for the formation of slaty cleavage by water movements during
folding, are the Martinsburg Slate of the Delaware Water Gap
ares of Pennsylvania and New Jersey. Behre (1933) compiled
a comprehensive report, entitled "Slate in Pennsylvania’,
in which he included several drawings of fold profiles exposed
in guarry faces. I have used some of these drawings to
determine the equivalent amount of flattening, and to compare
them with some Tasmenian folds.

In general, Behre describes the folding as of “similar™
type wilth noteworthy thickening of troughs and thinning in the
limbs. The folds have variable apical angles, and there

is a marked tendency toward northward overturning which varies
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from & few degrees off the vertical to a nearly horizontal position.
Behre (ibid., p. 157) considers there are strong reasons to

believe that most of the folds were firstly formed with essentially
vertical axial surfaces, and were rotated to various attitudes
later during the dlastrcphic history. He cleims that the
thickening in the hinge regions is the same irrespective of

the orientation of the axial surface of the fold, and has

concluded (ibid., p. 29) that the cleavage surface (a flow or

slaty cleavage) formed perpendicular to the direction of

maximum compression. In my calculations I have used the

axial piane as the datum~plane for estimating apparent

flattening, end in all cases except one (ibid.,ﬁi 320, Fig. 79),
the cleavage is parallel to the axial surface.

Fig. 9 - ¢ (a) {Behre, 1933, p. 22, Plate 58). Orthogonal
thickneseses were measurcd on the band between the marked lines
which is just bclow the knee of the man in the photogreaph. The
ypper limb shows thickness ratios approaching an almost perfectly
similar geometry which, if caused by uniform flattening
perpendicular to the axial surfacc, represents an amount of
at least T0%. The lower limb corresponds to uniform
flattening of between 35% and L0%. Since there is no reason
tc suppose that the mechanical characteristics of the band
are markedly different on the upper limb from the lower limb,

the difference in apparent flattening is probably caused by simple
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shear of the upper limb parallel to the axial.surface.

Fig. 9 - ¢ (&) (<bid., n. 321, Fig., 79). Measurements

2

on the sharp overturned anticline in the southwestern wall of
the Leligh Gap quarry were nade on the layer of ribboned slate
fifteen feet thick,. The cleavage diverges 10° from the axial
plane, but the apparent flattening is symmetrical about the
axial plane and not the cleavage. Both limbs have orthogonal-
thickness ratios corresponding to 30% uniform flattening,
but the amount of flattening in the hinge region sppears to
be less - 20%. This increase in apparent flattening in the
limbs is probably caused by stretcining or simple shear of the
limbs parallel to the axial surface,

Fic. $ - 6 (d) (Zhid., Fig. 48). Measurements were made
on two lsyers in the syncline &t the northern end cf the eastern
well of the Fureke quarry, near Slatington, This apparently
ig the same fold as in Plate 54 (Behre, p. 22). The orthogonal-
thickness ratios of the layer irmediately adjacent to the core
in the photo, correspond to fairly uniform flattening of 20%
perpendicular to the axial plane, although the overturned southern
limb may be flatlened slightly more than the right way-up northern
limb, The layer adjacent to the convex side of this bed
shows a smaller percentage of flattening; 5% to 10% on the
northern limk and 15% snd on the southern limb. This indicates

that there may te a small amount of differential and nonuniform
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flattening in the hinge region end is comperable with some of the

distributions at Sulphur Creek and Tullochgorum. The adjacent

anticline to the south was not measured because there seems to

be some irregularity in the layers, perhaps primary variation.
Fin, 9 - G (¢) {ibid., p. 155, Fig., 46).  Orthogonal

thicknesses were measured between the two Big Beds in the

northeastern wall of the Manhatten quarry, near Slatedale.

The northern limb appears to he flattened uniformly perpendicular

to the axial surface by 30%, the southern limb by a slightly

larger armcunt, perhaps 40%.

CONCLUSIONS

(1) The overall style of folding is not similar, but lies
epproximately half-way between the similar and concentric end-
members, This implies at least some layer-parallel slip during
deformation,

(2)  The emount of apparent flsttening is comparable with
measurements in the slates at Sulphur Creek.

(3) The crthogonal-thickness ratios are symmetrical about
the axial surface even where the slaty cleavage diverges from
it, thereby implying that there has been little flattening
related to the formation of the cleavage.

(4)  Apart from the different scales of folding, there is
no significant difference between the geometry of these folds

and that of some of the folds in the slates at Sulphur Creek.
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(5) It appears that whatever mechanism of cleavage formation
cperated in the Martinsturg slates could equally well have

operated at Sulphur Creek, and vice versa.

3. RECUMBENT, ZIG-ZAG  FOLRS IN THE
FRANCISCAN  CHERTS, CALTFORNIA

Fig. % - T is a tracing from a photograph on the cover
of a ipecial Report published by the California Division of
Mines (Goldmen, 1959). The folds are in interbedded cherts
and argillites which form lenses up to several hundred feet thick
in the Frunciscan Chert, California, In the tracing, the competent
chert layers are light--colourcd, and the incompetent argillite
is black. Horizontal is parallel to the length of the page
end, although no scale was given, Goldman (Zbid., p. 9) states,

"The chert layers are half an tnch to six inches thick,
but average about 2 inches’,

which makes the tracing approximately one tenth natural size,

The folding is a typiczsl concertina style, and the fold form

is propogated along the trace of the axial surface in the

profile almost uncheanged from one chert layer to the next,

In the fold~hinges, the chert layers are rounded on the convex

side and have a sharp angular cusp on the concave side,
Messurcments of thickness parallel to the trace of the axial
surface show that there has been considerable flow of the argillite

into the hinge regions.
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Orthogonal-thickness ratios were calculated for three hinges,
and these have been numbered 1, 2 and 3 on the tracing. The
layers adjacent to Hinge 1 are shown as Fig. 9 - 8 (2), and
the orthogonal~thickness ratios in Fig. 9 - 8 (d). It can be seen
that the geometry of Hinge 1 approximates closely to a similar
fold, or to a concentric fold that has been uniformly flattened
at least 50% perpendicular to the axial surface. Hinge 2
also has similar geometry, but in Hinge 3 the orthogonal-thickness
ratios correspond to an apparent uniform flattening of between
35% and 40% perpendicular to the axial surface. Inspection of
other hinges (e.g. on the convex side of Hinge 3) shows that all
varistions between concentric and similar folds exist. Neverthe-
less, most hinges have some degree of similar geometry.

In order to test whether the similar geometry was produced
by simple shear or by flattening, a reconstruction of the region
of Hinge 1 was attempted [Fig. 9 - 8 (»)]. In the concertina
folds, the only part used in the orthcgonal-thickness calculations
is the narrow hinge region, and since the long limbs are
straight it is not possible tec say what the originel thicknesses
of the layers were, Nonetheless, because there is a thickening
of the argillite in the hinge region if it is measured parallel
to the trace of the axial surface, there was at least some
concentric folding. There appear to be two possible modes
of deformation which combined with the concentric folding, could

produce the existing geometry.
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In one model, it is possible that after a certain amount of
concentric folding, heterogeneities between layers became
negligible, and further deformation proceeded by simple shear
parallel to the axial surface. In the other mcdel there was
collapse of the hinge region of the folded layer after, or
during the concentric folding, and flattening in the hinge region
perpendicular to the axial surface was accompanied by rotation of
the limbs.

Fig. 9 -~ 8 (b) shows a reconstruction of the region of
Hinge 1 by the simple-shear mechanism, The convex surface of
the layer in Hinge 1 was taken as the datum-surface, and the
layer was reconstructed to a concentric profile by simple
shear parallel to the axial surface, The effect on the adjacent
layers is st:iking. The layer‘on.the concave side of the
datum-layer still shows a certain amount of similar geometry,
and the apical thickness is almost one and e half times the
orthogonal thickness in the limbs, On the convex side of the
datum-layer there are many irregularities of thickness which were
not present before the reconstruction. In addition, the hinge
region tends to be thinner than the limbs, which is opposed to
the thickness distribution in the layers on the concave side of
the detum-layer. Thus, while it is possible to reconstruct a
concentric profile from a partly similar profile for one layer

by simple shear parallel to the axial surface, the adjacent layers
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are deformed into complicated shapes., Simplicity demands that
any reconstruction preserves the uniformity of fold style in all
parts of the profile, and thus this simple-~shear mechanisnm is
precluded as a possible origin of the similar gecmetry,

The alternative to simple shear is pure shear. It is
well to note that hypotheses of either wniform or differential
flettening satisfy the geometrical requirements of any one layer.
However, as noted before, different layers have different
amounts of eguivalent flattening along the same axial trace, and
one or two layers are folded in an almost concentric fashion.
Thus uniform flattening of the whole section parallel to the
axial surface can be dismissed,

The best explenation of the fold geometry is in terms of
differential flattening involving a collapse of the hinge region
with concomitant rotation of the undeformed limbs, Fig. 9 - 8 (¢)
shows the reconstruction of Hinge 1 from its present form to
a concentric fold. The layer has been divided into a hinge
region and two limbs which have been simply rotated undeformed
while the hinge region was flattened by 50% perpendicular
to the axial surface. It is interesting to note that in this
reconstruction it is not possible to fit the layer on the concave
side without first flattening it. | This is in accordance with
the idea that the hinges on the concave side of the thicker chert

layers are flattened more than those on the convex side, and the



notion is borne cut by ingspection of the many hinges in Fig., 9 - T.
It is alsc important to rote that this reconstruction can be
repeated ad infinitun éo produce uniform concentric profiles in all
e hinges in the profile.

There is a marked similarity between the style of deformation
in this example from the Franciscan cherts, and some of the later,
recumbcnt folds st Paga Point, Port Moresby. As in this example,
the mode of deformation at Page Point also appears to have been
interlayer slip in the limbs with some flattenimz in the ainges
producing an overall similar, concertina-style fold which is a
combination of Ramsay's Class 1C in the chert layers and Class 3
in the argillite.

The Franciscan cherts are thought to have been chemically
precipitated (Taliaferro, 1934, and Goldman, op. cit.), and
Taliaferro (zhid., p. 225) concludes that the chert layers
becane brittle soon after deposition. Honetheless, it is
gquite clear that in the folding in the tracing the chert maintained
its cohesion, and was capable of deforming plastically with time.
Elastic stresses were concentrated at the hinges during folding
and were relieved by flattening. The cracks which are arranged
perpendicular to the layer toundaries do not increase in intensity
in the hinge regions, and I interpret them as contraction cracks

formed by dehydration of the silica gel.



261

CHAPTER 10

VARTATION IN FOLD  STYLE

1. INTRODUCTION

Pold style is a term which refers to both the form of folds
and thelr mode cf formation. In most studies of folding the
style is considered in terms of the gecmetry or morpholegy of the
folds, but there have been scme attempts (Beloussov, 1960) to
consider fold style in terms of the kinematics and mechanics of
formation., In this final chapter, I shall attempt to show that
although there is a wide variation in the geometry of folds,
tanis variation can be interpreted fairly readily in terms of only
a few mechanical principles,

Very early in the history of structural geology, at the turn
of the century, two hasic gstyles of folding - similer and
concentric - were recognized, These two geometrical types have
been considered by many geologists as end-members of o comtinuous

series of real folds. This is only partially true, for as Ramsay



(1967, in press) noted,

Teoothe two models ... are but twe unique types in
a whole field of poseible geometrical models...”

Ramsay nhes extended the continuous series beyond both the concentric
and similar end-members, and divided the spectrum into five categories,
viz. Classes 1A, 1B (concentric), 1C, 2 (similar) and 3.

Although all fold shapes cannot be described in terms of this
classification (e.g. disjunctive folds, irregular ‘flow folds",
detached cores, etc.), it is possible to give a general indication

of fold style in most cases.

PO

GEOMETRICAL ANALYSIS OF FOLDS

(a) THE BEHAVIOUR OF GEOLOGIC MATERIALS IN DIFFEZRENT ENVIRONMENTS
Inspection of the range of fold styles from a variety of

environments reveals that the relative competence of certain materials
varies depending on the conditions at the time of folding. In
deformations in sedimentary and early-diagenetic environments the
order of competence is generally

pelite > limestone > psammite,
while in most late-diagenetic, and low- and medium-grade metamorphic
environments the order is

limestone = psammite > pelite,
and in high-grade metamorphic environments the order of competence is

psammite >  limestone > pelite.
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Apart from the structures in the contact aureoles, the folds I
have considered in this thesis have all formed under sedimentary,
diagenetic or low-grade metamorphic conditions, and the main
transition is the change in relative competence of the pelites
and psammites. The folds in the contact zones have also been
considered because they have meny similarities with folds formed
in sedimentary or diagenetic environments,

Mthough it is generelly true to say that argillites are more
competent than sandstones in sedimentary or early diagenetic folding,
& great range of fold styles is possible even in a single layer.
for example, in the intrafcrmational folds in the glacial varves
at Gormanston, the clay layers are folded in a concentric style
in the broad, open synclines, but in a similar style in the adjacent,
tight anticlines. It is true that in both the synclines and
the anticlines the interbedded sand has been incompetent, but
in rocks more consolidated at the time of deformation, such as
those at Sulphur Creek and Tullochgorum, adjacent folds in any
particular layer tend to have comparsble fold styles, in
superficial deposits fold styles range through gll five Classes,
1A to 3, whereas in the more consolidated rocks the range of
styles is restricted to the concentric - similar series (Classes
15 to 2).

Pelite is not always the most competent material in sedimentary

or early diagenetic folds. In the folded cherts and argillites



264

at Paga Point, and also in the Franciscan chert of California,

the most competent material during the folding was the chert (or
silica gel, as it must have been soon after precipation). At
Paga Poirt vhere there has been progressive syntaphrsl sliding,

it is significant that the sandstones involved in the recumbent
folding at the western end of the section were competent with
respect to the argillite, This may imply that at least the
latter part of the folding occurred when the rocks were reasonably
well consolidated.

In the intraformational folding of the Pleistocene Lisan
Formation of Israel, the most competent bands are composed of
chemically precipated aragonite bands, and the fine-grained,
detrital ssnds were incompetent. In the diagenetic or low-grade
metamorphic conditions exemplified at Sulphur Creek, Tullochgorum,
Arm River and Piper's River, as well as in the Delaware Water
Gap area, U.5.A., the pelite is everyvhere incompetent with respect
to the sandstones, although the sandstone dykes along the cleavage
surfaces in the Martinsburg Slate (Maxwell, 1962) indicate that

the sandstones were not competent at all times during the folding.

(v) VARIATTION OF STYLE IN A SINGLE FOLD
One of the most important properties of folds is that the
Told style must vary in different parts of a fold, except in the

special case of ideal similar folding. Thus a concentric fold
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must pass along its axizl surface into a décollement or a zone of
different fold style. Even in folded psammiteg and pelites where
the upper {or lower) surfaces of successive layers of the same
rock type have identical shapes thereby producing an apparently
similar profile, there are different fold styles in the different
rock types. Thus the concertina-style folding at Tullochgorum,
which has an overall similar shape, is formed by folds of Classes
15 or 1C in th: psammite alternating with folds of Class 3

in the pelite, and the concertina folds themselves are situated
on the concave sides of concentric folds.

Told style is not necessarily constant for a particular rock
type in any one locality, even in late diagenetic or low-grade
metamorphic environments. Wiere there is a range in tiiickness

£ the layers of cne particular type of material, it is possible
to have a range of fold styles depending on the relative positions
of the thick and thin layers. Thus, at Sulphur Creek and Tullochgorum
the thick sandstone bands are folded in a concentric fashion, and
the thin sandstone beds on the concave sides of these folds have
been flattened by variable amounts to form folds of Class 1C,
Similarly, in the Pleistocene Lisan deposits of Israel the thin,
white, aragonite-rich layers are curved brosdly around the
convex sideg of the intraformational folds, but are highly contorted
on the concave sides. This variation in fold style is not random,

and is dependent on the position of the competent layers in the
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larger-scale folds.

The dependence of fold style on relative position within a
fold occurs on all scaleg down to the scale of grains, as is
shown by the large thin-section from Arm River, Thus, although
it is true that the parasitic folds on the concave side of a
thick competent layer sre tighter, and perhaps flattened, when
compared with parasitic folds on the convex side, this generalization
holds only for the scale of the larger fold. Smaller folds which
are parasitic with respect to the first-order parasitic folds have
the same type of variation in style as the first-order folds,

and this relationship may extend through many orders of scale.

(c) VARIATION OF STYLE IN DIFFERENT ENVIRONMELTS
It is quite commonly assumed that the style of folding in

superficial Geposits indicates flowage; that with increasing
compaction and lithification the style tends to be concentric, and
that as the grade cf metamorphism is increased the style tends
toward "flow folds”. Rickard (1963, p. 52, Fig. 1) uses this
ides to disagree witi Bradley's suggestion that

“...2tg-aag folds in greywackes are due to

mase seaiment slip towards the geosynelinal

trough. - (ibid., p. 52).
In the sequence of fold-style development assumed by Rickard,
zig-zag folds develop at slightly higher metamorphic grades then

concentric folds whicn belong to the lowest metamorphic grades,
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and thus zig-zag folds can not occur before induration of the
sediments. The recumbent zig-zag folds at Paga Point and in
the Franciscan cherts vitiate this reasoning!

A1) styles of folding occur in unconsclidated sediments.
Ho particular fold shape is unique to one environment. Thus
most stvles of folding which occur in metamorphic rocks can be
found in the glacial moreine at Gormanston. If a generalization
is to be made about fold style, it could be said that the range
of fold styles decreases with increasing grade of metamorphism.
flence, while all five classes of folds, 1A to 3, are present
in superficial devosits, low-grade rietamorphic rocks generally
have only folds of Classes 15, 1C and 2, depending on the rock
types present. In rocks of higher metamorphic grade folds of
Class 1 are rare, and most folds formed under mediun-grade
metamorphic conditions belong to Classes 1C and 2. In high-grade
conditions irregular folds which do not fit iﬁto this classification

may occur, tut there is little range of style.

3. MECHANICAL  AMALYSIS OF FOLDS

(a) GENERAL STATEMENT
One of the more usual approaches to the mechanical interpretation
of folds is based on the concept that a certain mechanism will give

rise to a certain geometry, so that by recognizing the geometry of
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the fold the mechanism of folding can be specified. Thus Carey
(1962, p. 95) considers that,

“Similar folding is not jJust a more intense

deve lopment from concentric folding; the two

types are at the opposite ends of a behaviour

speatrum. -
This is correct, but although it is true that a certain mechanism
produces & certain geometry, a given geometry may have been
produced by many different mechanisms.

One of the best known dilemmas in this respect is the
impossibility of distinguishing between simple and pure shear merely
from the shape of a deformed body. Additional information is
needed to discriminate between the two modes of deformation, such
as knowliedge of the symmetry or orientation of the deformed body
with respect to its originel position or the deforming movement,

For this reason the 'flattenings” I have determined from orthogonal-
thickness ratios can not, in mcst cases, be ascribed unequivocally

to pure, rather than to simple shear, However, there are sufficient
examples in which pure shear can be demonstrated as the mode of
deformstion, to justify a tentative suggestion that, in this thesis,
mest of the folds with partisel similar geometry have been deformed
by pure, rather than simple shear, In this conecluding section I
shall attempt to consider briefly some of the basic mechanical

Tactors influencing the style of folding.
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(b) BCALE 1IN MECHANICAL INTERPRETATIONS

Mechanical interpretations of deformed rocks are usually

formulated for two fundamental scales.

(1) The scale of layers, and

(2) The scale of grains.
The layers important in deformation are the layers that act as
mechanical units, and they may range in thickness from fractions
of a millimetre, as postulated in the formation of crenulation
cleavage (Rickard, 1961), up to hundreds of metres (Currie et
ab. 1962). Commonly, but not necessarily, sedimentary beds
are the mechanical layers during deformation.

Granular deformation may be considered as either movement
between grains, or movement within grains. In this thesis, I
have considered folds in which the layers have been both active
and passive mechanically, but most of the deformation has been
intergranular. Intragranular deformation is typical of higher-

temperature and higher-pressure environments.

(c) THE ROLE OF LAYERING IN DEFORMATION

One of the most intriguing problems of structural geology is
why layers act as mechanical entities in some folds, and are
merely passive markers in others, Concentric folding requires
that the material to be folded consists of discrete layers or
lenses separated by surfaces along which considerable movement

can occur. The cohesion across the layer boundaries must be
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lower than the internszl cohesion of the competent layers. By
contrast, in ideal similar folding the cohesion throughout the
msss 1s homogeneous, and the rocks behave isotropically.

This difference in the behaviour of layers poses a problem
on the granular scale. Why should tlie cohesion between grains
in a sandstone be greater than the cohecsion between platy mieca
flskes in one environment, and yet less in another? Clearly there
are factors cther than inherent properties of the rocks, which

cause the diverse behaviour of layers.

(a) POSSIBLE MECHANICAL CAUSES OF VARTATION I FOLD STYLE

I have shown empirically that in general the range of fold
styles decreases with increasing depth and grade of metamorphism,
Carey (1962, p. 117), reasoning from a theoretical standpoint
writes,

“The important point ig that rising temperatures
and fluid pressures carve bigger slices from the
viscosities of the riore 'competent' rocks than
from those whose viscosities were already low,
leading thus to « convergence of viscosities...

and similar folding.”

A7,

Convergent viscosities in adjacent layers is prcbably the fundamental
reason why the range of fold styles in any one environment decreases
with increasing depth of burial and grade of metamorphism.
Nevertheless, convergent viscosities do not explain why the

fold style may vary in similarly situated environments., There

are four principal factors that control the variation of fold style.
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¢ (i) . The rate of apnlicetion of stress difference.

In general, for a givern situation, if the rate of application
of the stress difference is very slow, similar or hflow” folds
are produced; if the rate of application is more rapid, concentric
folding cccurs, and if the rate is even grester fracture rather
than fliow prevails. The rate of strain must be considered
relative to the rock viscosities, for although a particular strain
rate will cause a certain style of deformation in one situation,
the same rate of strain may cause an entirely different style in
another environment.

(ii) Temparature. The commonly postulated effect of
temperature is that increasing temperature lowers both the
viscosities, and the range of viscosities of the rocks. Thus,
under a given stress difference an increase in temperature will
cause a greater rate of deformation, or, conversely, under a
given strain rate a style of folding more allied to similar or
“flow' folding will occur. On a granular scale an increase in
temperature increases the “plasticity” of the constituent minerals,
and intragranular movements are a larger proportion of the total
deformation.

(iii) Confininc pressure. The effect of increasing the
confining pressure is to increase the strength of the rock
slightly. This effect acts in the opposite way to the effect of

temperature, but since an increase in pressure is usually accompanied
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by an increase in temperature, the effects of confining pressure
alone can rarely be cbserved. Nevertheless, in general the
effect of increasing confining pressure doriinates in the shallower
levels of the earth’s crust, and the effects of temperature are
increasingly important with greater depths.

(iv) Pore pressure;

The effect of varying the pore pressure is to vary the
load borune on the granular fabric of the rock. Pore pressure
equal to the confining pressure enables the whole weight of the
superincumbent rocks to be taken on the interstitial fluid instead
of the granular fabric of the rock. Thus , heterogeneities in the
strength of the fabric, so necessary for concentric folding, are
eliminated, anrd the rock is capable of behaving as an isotropic
medium with respect to any applied stress difference.

Jo decide which of these factors has been operative in any
given case is difficult, and commonly impossible. Temperature,
confining pressure and strain rate are well-known and accepted
controls on the style of deformation, but the role of pore
pressure is often neglected. In the interpretation of each
deformed area in this thesis, I have attempted to show difficulties
in explaining all the observed configurations in terms of temperature,
confining pressure and strain rate, and I have outlined the possible

role of pore pressure.
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In particular, I have attempted to show that high water
pressures may be the significant factor in deformation in sedimentary
or early diagenetic enviromments such as in the glacial moraine at
Gormanston, and the intraformational slumps 1in Israel. L have
attempted to show that the development of high water pressures
may be the only plausible explenation of cleavage formation
in the very low-grade rocks 2t Tullochgorum, Sulphur Creck and
divers other places, and I have zlso attempted to show that the
plastic, intergreanular style of folding in the contact aureoles
at Diana's Basin and Remarkable Cave may, too, have been caused
by hiigh water pressures.

It 1s almost impossible with our present state of knowledge
to prove the one-time existence of a departed, high water pressure.
Detailed exemination of the geometry of individual folds may at
least throw doubt on some of the more conventional hypotheses of
cicavage formation, and trace-element studies on the pelitic
ribbons which line_the cleavage surfaces in the sandstones are a
possible future line of research. Let it suffice for me to
conclude that in these studies in folding I have been able to
interpret more features in terms of pore pressure than in terms

of any other factor, or combination of factors.
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APPLIDIX 1
DEFINITION OF TERMS

Throughout this thesis I have used many technical....'
terms related to folding, and in this appendix I have set
out the meaning I import to each term. The greater part of
this list has been prepared by Professor S.W. Carey in an
unpublished synopsis onr folding, and I have used this material
verbatim., However, not all the terms prepared by Professor
Carey are contained in this appendix, and & few extra terms
that I have adopted are marked with an asterisk. German (G),
Dutch (D), French (F) and Russian (R) equivalents of many of

the terms are given in brackets.

General Terms

A fold is a deformation of a pre-existing surface within
a rock to become a continuous curved surface convex in a single
sense (G. Falte, D.plooi; F. pli; R.Ckiagxa). Folding is the
process whereby folds are produced (G. Faltung; D. plooing;
F, plissment; R.CkiamyatocTh). The deformed surface is called
an s-surface (G. s-Fléche; S-TOBEPXHOCTH). The folded rock may
or may not be & sediment. The s-surface need not be bedding,
nor need it have been a plane surface., Faults, unconformities,
foliations, veins, in fact any pre-existing surfaces may be folded.
A fold produces a continuous curve; discontinuity implies rupture,
which is not folding. The fold is limited by the <nflection line
where the convexity changes to concavity, and the adjacent fold
begins. :

Differential curvature., The curvature at any point of an
s-surface has a maximum radius of curvature R} and a minimum
radius of curvature Rp. Three limiting cases occur where
(i) Ry = Ry and the curvature at tne point is spherical (ii) Ry
is infinite and the curvature at the point is cylindrical
(iii) R} and Ry are both infinite and the curvature at the point
is planar,
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The hinge of a folded s-surface is the locus of minimum
Ry. Where Ry has a minimum value over an area (i.e. the fold
profile is a circular arc in the ncighbourhood of the hinge),
the hinge is the locus of the mid-point of the circular arc.
Note that the hinge mey or may not be straight or confined to
a plane, and that the minimum radius of curvature is not necess-
arily constent.

The profile of & folded s--surface through a point is
the line of intersection of the s-surface and a plane through
the point ncrmal to the hinge.

The apex of a folded s-surface in any section of it,
is the point of intersection of the hinge and the section.

The axis of a fold traditionally has been used in the
sense of hinge as defined above., It has also been used for the
locus of the apex in sections end on plans. More recently it
has been used in a statistical sense (from m or B diagrams) to
express the mean Girection of the hinge throughout the fold. All
other uses of the term axis arce now covered by adequate properly
defined terms and the statistical usage is growing, hence I adopt
this usage. To be consistent the terms axial surface and axial
trace should be replaced by ninge surface and hinge trace, but
the former terms have priority and are quite firmly established
and universally used.

The axis of a fold is the statistical mode of the
directions of the hinges within the fold. (G. Achse, D. aslign;
F. axe; F.ocb CKIAIKA) .

Textbooks of structural geology mostly use the term
“axtial plone” to specify s median surfece within the fold. This
"axial plene” is not necessarily nor even commonly a plane.
Hence this uszge should be discontinued in favour of “axial
surface”., The idea behind the concept of axisl surface is
intuitively simple - it is the surface which divides the fold as
symmetrically as possible. But it is not easy to define that
surface rigorously, and few have attempted to do so, However the
axial surface can be defined uniquely in terms of hinge.

The axial surface of o fold is the surface generated
by the hinges of the s~surfaces of the fold, (G. Achsenfliche;
D. assenvlak; F. surface axiale: R.CceBasg NOBEPXHOCTH).

The axial plane of a fold at a point on the axial surface
is the plane tangential to the axisl surface at that point.
(G. Achsenebene; D. assenvlak; F. plan axial ).

The awxial trace of a fold with respect apother surface
(such as the ground surfoce or som: reference plane) is the line
of intersection of the axial surfrce and the given surface.
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The core of a fold is that part lying nearest the axial
surface,

The envelope of a fold is the part farthest from the
exial surfacec.

Toms referred 0 Stratigragnic gatum

An anticline (Gr. xvi, opposed xAnvo bend) is a fold in
which the convexity is towards the younger strata. (G. Antik-
linale; D. anticlinaal, F. anticlinal; R. adTVKIMHAID).

A syneline (Gr. ouv together xAnvo bend) is a fold in
which the convexity is towards the older strata. (G. synklinale;
D. synelinaaly F. synclinal; R.CUHKIMHAJL).

The Iimb of & fold is the part bounded between adjacent
exial surfaces. (G. schenkel; D. vleugel; F. flane; R.KpsuO).

Terms referred to oori Datal datum

The plunge of a fold at & point on its axial surface is
the angle between the horizontal and its hinge, measured in the
vertical plane including or tangential to the axial line at that
point. (G. Abtauchen; D. onderdutking; F. plongement). The
pitch of a fold at a point in its axial surface is the angle
between the horizontal and the hinge, measured in the plane
tangential to the axial surface at that point. (G. Gefdlle,
Einschieben ; D. duitking. F. chute RuageHue). The rake of a
fold at o point on its axial surface is the angle between the
hinge of the fold and the strike of the s-surface, measured in
the plane tangentiel to the s-surface at thet point. The term rake
is rarely used in relation to folds, but is sometimes useful for
some other structures. In summary:

The angle between the axis and a horizontal line is:

plunge, if measured in the vertical plane

pitch, 1if measured in the axial plane
razke, if measured in the s-surface.

Himeaisions of folds

The amplitude of a fold in a given s-surface in a given
profile is half the distance measured along its axial trace in
that profile from the apex to the intersection with that axial
trace of the straight line jolning the apices of the adjacent
folds. (G. dmplitude; D. amplitude; F. amplitude; R.aMUMTyAs)
(For cxample, in an anticline, measurement from the apex along
the axial trace to the line joining the apices of the adjacent synclines
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The wave-length of a fold in a given s-surface on a

given profile is the sum of the normals from the two adjacent
apices to the axial trace of the fold. (G. Wellenlange;
F. longeur d'ondes; R.mwHA SomHp). (For example, in an anti-
cline, draw the axial trace to the profile, and draw normals to
t his trace from the apices of the adjacent synclines. The sum
of these normals is the wavelength of the anticline) -

Hinges of folds

The hinge of a fold may be reetilinear, plane-curved,
or non-planar. The axial surface of a fold may be plane wniaxial
(where it has a rectilinear generator) or polyaxial where there
is no rectilinear generator. A plane axial surface may occur with
a rectilinear or plane-curved hinge. A uniaxial surface may occur
with a rectilinear or non-planar hinge. Rectilinear hinges are
pencetrative, curved hinges are not., The contradictory term “plane
fcld™ for a fold with a plane axial surface should be dropped.

A uniaxial fold is usually called a cylindrical fold.
(G.zylindrische, D. cylindrische; F. cylindrique;
R IAIHIPKHIECK: ) |

A cylindroidal fold approximates towards a cylindrical
fold. (G. zylindroidale; R.UAMHIDOVZHEM).

A paraboloidal has parabolic profile and parabolic hinge
or approximates to these shapes. (G. paraboloidale; F. parabol-
otdal; R.n2apaGoJOULHRA) .

Most diapiric (Gr. Sia through, meipo pierce) folds are
of this form.

A paraboloidal fold has a medial line whieh corresponds
to the axis of the coaxial parabolas which make up the fold, hut
doesn't correspond to the axis of a cylindrical fold. It is
analogous to the diretrix of a similar fcld as defined by Hills,
but does not correspond to the diretrix of the parabolas in the

gecmrtrical sense.

Sigmotdal folds. The horizontal axial traces of
sigmoidal fclds are inflected like an elongated sigma or its
mirror imasge. They are normally doubly plunging and cormmonly
occur en echelon (from F, échelle, ladder). (R.CUIMOMZSIbHHU).

Attitudsz of folds

The attitude of a fold is the dip of its axial surface.,
(G. 4nordnung; D. stand, F. allure) A fold is said to face the
stecper (or most rotated) limb. The direction in which a fold
faces is called its faecing.

-
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Vergence* (Wood, 1963, p. 654) is the sense of rotation
implied by the shape of the fold, and may be designated "sinistral"
(anticlockwise) cr "dextral™ (clockwise).

A polycliral fold shows a variety of attitudes in different
parts of the fold., This may simply meem that it is non-cylindroidal
or it may be due tc the superposition of unrelated movements.

Some have urged the use of appropriate letters of the
alphabet which resemble the fold profile to describe the shapes
of folds end their attitudes, particularly Z, S, M, A, N and V.
Z has been widely used for flat-~limbed folds with an overturned
middle limb, but Fleuty (1564) would still use Z or S when the exial
surface is steep like an ¥ or a u. Fleuty considers sense of
coupling (sinistral or dextral) the importent criterion and would
uge Z or S for the above irrespective of attitude. Others however
consider the distinction of horizontel over-riding and upward
differential movement more important than a dextral or sinistral
couple which in both these cases is reversed by looking at the
profile form the other side. For my part I will mean by Z-fold
a steep middle limb in larger flatter limbs.

A fold is upright if its axiazl surface is a vertical
plane. (G. aufrechte Falte, D. rechtopstaande plooi; TF. pli
droit; R.mpamas c.).

A fold is symmetrical if its axial surface is a vertical
plane and its limbs form a mirror image about the axial plane,
(G. symmetrische Falte, D. symmetrische plooi; F. pli symétrique;
R.crzameTeuunas C.). Some authors use symmetrical for all upright
folds but Fleuty (1964, p. L482) has observed that an upright fold
may be asymmetrical when one limb is thinned.

asymmetrical 1f its axial surface is inclined
and the limbs dip in opposite dirsctions. (G. asymmetrische Falte;,
D. asymmetrische plooi; F. pli dissymétrique; R.aCUMMETDHYHASR).

overturned if the dip of both limbs is towards
the same side of the fold, cne limb having been rotated through
more than a right angle. (G. Uberkippte Falte; D. overbellendé
plooi, F. plt renyersé; R,OnpoxvHyTasl cxuazxa). ('Overfold" is
a synonym).

recumbent 1f the axial surface approximates
tc horizontal. (G. begende Falte; F. pli couché; R.Jexauad
CHIALKE,) .

tnverted if progressively younger strata occur
down dip elong the anticlinal axial surface. {R.nepepepHyTas
cxnazxa). Note that a fold limb is inverted in an overturned
fold, the strata having been turned through more than a right angle.
A fold is inverted if its axial surface is turned through more than



a right angle,
tnvoluted if its axial surface is itself folded.

reclined when the line in the axial surface
normal to the hinge is approximately herizontal and the hinge has
a significant dip. Fleuty (1964, p. 488) suggests 10° as the
upper limit for "approximately™ and the lower limit for significant.,

An antiformal syneline is an inverted syncline. The
feld is convex towards the older strata, hence it is a syncline
but the strata are arched upwards as an antiform.

Similerly = synformal anticline is an inverted anticline,

Mutual relations of fold limbs.

The angle of a segment of a fold is the dihedral angle
between the tangent planes at the ends of the segment.

The angle of o fold at a pcint is the angle, measured
in the profile through that pcint, between the tangent planes to
the limbs of the fcld at the pcints of inflection where the fold
pesses intc the adjacent folds. (G. Faltenwinkel; D. plootingshoek;
F. angle du pli) This angle reduces from a limiting 180° in the
gentlest folds to 90° in moderate folding to zero in isoelinal
folding end box folds and to negative values in fan folding.

Thie terms cpen and closed are used by many authors to
indicete the magnitude of the fold angle, but there is no consistent
definition. According to Longwell and Flint (1955, p. 283) a
fold is closed when the angle and the axial surface is less than
about L45°, but according to Stoces and Wahite (1935, p. 119-121)
the fold is not closed until the limbs cease to diverge from the
axial surfacc, i.e. the fold becomes isoclinal. According to
Bailey and Robyn Willis (1934, v. 62) the fold is closed when the
limbs cannct bend closer withcut distorting the bedding, and
according tc Billings (1942, p. 42) = fold is closed when the
deformation is sufficiently intense tc cause flowage of the more
mobile beds, so that the beds thicken and thin. The concept
closed (3akpeiTast) is used in the same sense in the Russian
literature.

Fleuty*(1964) uses the fold angle to define open T70°,
close 30°, and tight 0°, and this is the way in which I have
used the terms. An objection may be raised that a closed fold
has another quite different meaning in that a fold is said to be
closed if a horizcental planecuts one cr mcre s-surfaces of the
fold in a closed trace. However, the horizontal datum has little
significance in the type of analysis with whicn I have been
invelved, so that no confusion arises.

# between the tangent plane
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A fold is angular if the wngle of 2 short sesment near
the hinge is much smaller than the angle of long segments in
the limbs. (G. scharf, spita; D. spits; F. aign; R.KpyTad
cKanaKa yriosatas C.).

A fold is rounded if the angle of segments ineluding
the hinge do not differ greatly Crom other segments of similar
length,

A fold is iZsoclingl if the limbs are approximately
parallel, (G. Isoklinalfalte; D. <soclinale ploot; F. pli
isoclingl, R.MscKkmMHANBHAA). Note that the term is not used
where the parellelism is transient at the inflections. A
significant length of limbs must be parallel (ef. Fleuty, 1964,
p. L71).

A fan-fold has limbs convergent towards the axial
surface. (G. Facherfalte, D. waaterplooi; F. pli en evontail
K.BeepooSpaszuas) .

A box~fold is = composite fold and consists of two
adjacent anticlines each approximately 90° without an intervening
syncline, or e similar pair of synelines. (G. Kofferfalte;

D. Kofferplooil; F. pli coffré R.KOpOGUATAs).

Chevron folds are repeated angular folds with limbs
of approximately equal length, and alternate limbs parallel,
(F. pli en chevron, R.y~00pasHad C.).

Zig-zag folds are repeated angular folds with adjacent
limbs of unequal length and alternate 1limbs approximately equal
and perallel. (G. Zickzackfalte; D. zigzagplool; F. pli en
zigzag)

Kink folds are very angular folds of small size
(mesoscopic) with persistent planer axial surfaces.

A kink band is the common linb between two close
parallel complenmentary kink folds the distal limbs being parallel.

Corgjugate folds are a fold system consisting of two
convergent sets of kink bands. (G. augeordneten Falten;
F. plic conjuguds; P.compsxernas C.).

Reiation of successive S-Surfaces

In concentric folds the corthogonal thickness of beds
remuins constant. (G. parallele Faltung, konzentrische Faltung;
D. concentrische plooing; evenivijdige plooiling, parallele
plooting; F. plissement parall®le, R.KOHUSHTPWUECKAS, NapalesbHAasd).
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The trace of s-surfaces on a dip section 1s a continuous curve

made up of tangential circular arcs. In the limit, by taking
segments short enough, any curve can be ccnstructed from tangential
circular arcs by continuously varying the radius of curvature.

A normal to one s-surface is also normel to all other s-surfaces
until a cusp is reached where tihe expanding arcs intersect

enctier family of arcs of an adjacent part of the fold.

In similar folds the displacement of a folded s-surface
ir e definite direction causes 1t to colncide in turn with the
other s-surfaces in succession. (G. ghnliche Faltung, Kongruente
Faltung: D.geligkformige plooiing, kongruente plooing: F. plisse-
ment semblable, plissement similaire: R.NOZOOHAd CKIALKA,
KOHIDY3HTHAA CrJAZKA). The folded s-surfaces are thus all similar
in form., The direction of displacement is ealled the diretric
(Hills, 19Y51). !The thickness of any bed or interval between
s--surfaces remains constant if measured in the direction of the
diretrix, but not if measured orthogonally. The line normal to
the diretrix in the plane tangential to the shear surface is
the axis of shear ( (B), o0y, null vector).

Concentric and similer folds are ideal limiting forms,
and real folds mey epproximate to either or both. The physical
end genetic conditions relsted Lo these forms will be discussed later.

The terms concentric and similar folding were introduced
by van Hise (1895). He nlso used parallel folding as a synonym
for concentric folding in the sense that in such folding & normal
to any stratum is normal to other strata above and below it. Hence
the normals scee all beds ss parallels. This usage has crossed
dircetly intc French (Goguel, 1952, p. L40O). However Stoces and
White (1935, figs. 203 and 205) misquote van Hise and use parallel
folding &s a synonym for similar folding, the idea being that 1f
cne feided stratum is displaced parallel to itself in the direction
of shesar it will coincide with the next stratum. In view of this
contradictory usege, and as van Hise defined concentric and
similar folding unambiguously and merely added parallel folding
as a synonym it would be best to drop the term parallel folding.
More recently, the terms flewure folding and shear folding have
been substituted for concentric end similar folding respectively
ad these terms have geined wide currency. However as both types
of folding involve shear to a comparative degree, and as both types
cf folds are flexures etymologically and in ordinary English, these
substitutes should be dropped on grounds both of priority and
precision. Flexure was defined by Powell (1876, p. 10-11) for
bends cesused primerily by vertical wmovement in contrast to folds
due to horizontel pressure. This usage was followed by Bailey
Willis (1934, p. 77). Wevin (1949, Chapter III) ’
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uses flexure in a quite general sense with its ordinary English
meaningz. If the term flexure is used at all it should be used in
this sense.

Bedding-plane slip (G. Gleitung der Schichten langs der
Schichtflachen, F. glissement dang les plans des couches).

A fold is carinate (L. carina, keel) if one bed or member
closes isoclinally on itself so that the next bed fails to enter
the pinched fold, which then forms a xeel or carina. (R.KMIEB/IHAA.
cxIazKa) .

by - ) b

- A carinate fold may contain a detached core which-is separated
from the rest of the formation and completely surrounded by the

continuous formation. Such tear-drop-shaped detached cores are

more common in carinate synclines than in anticlines. (G. abgeschnur-
ter Kern, abgequetschter Kern, D. abgeswverde kern; F. noyau
étranglé) .

Ptygmatic folds (Gr. mTuypa, contorted) are a specific type
of disharmonic fold found in guartzofeldspathic veins in migmatitic
environments. They are small-scale (mesoscopic), rounded, lobste,
continuous, commonly cylindroidal but usually lack cognate penetrative
tectonic surfaces.

Folds are disharmonic when one part of the fold is
defodmed independently of a succeeding bed separated from it by a
weak bed which has deformed substantially more freely. (R,
VerapyorEnudas). Salt and quickstones are commonly the weak
formation.

Digjunctive folds are produced when relatively brittle
thin beds are separated by relatively fluil layers, so that the
former break up into tablet-like blocks following the general arrange-~
ment of the fold. Such folds belong usually to the sedimentation
cycle, and the fluid layers are commonly quickstones.

Intraformational folding (G. synsedimentare Faltelung,
F. contournement intraformationel). Folding confined to a stratum
between two non-folded strata.

Convolute folds literally are those with convolute axial
surfaces. (G. Gekrdsestruktur; D. kronkelstructuur; F. structure
eonvolute) The term is continuously used for small-scale, often
disharmonic folds confined to a single bed with strongly curved
hinges, and involuted, whorled or branching axial surfaces. The
folds tend towards concentric cylindroidal and die out towards
top and bottom of the bed.

A supratenuous (L. supra, above tenuis, thin) fold
shows thinning of beds over arches and thickening in the troughs, due to
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rising of the arches during sedimentation, or to the differ-
ential compaction of sediments over buried ridges in the basement,
This term was introduced by NWevin (1931). (Rk. Criazxa
YIJOTHEHUS ) .

Drape folding is a synonym for supratenuous fold.

Bald-headed anticline: an anticline whose culmination
has buen deeply eroded prior to later deposition. (G. Struktur
mit fehlenden Dachschichten; D. structuur met ongedekte
culminatie, R.paswmitasc). Scalped anticline is almost synonymous,
although supretencous, baldheaded and scalped may be regarded as
successive degrees. In the first there is noticeable thinning
on top but all layers may be present. In the second one or
more layers are absent. In the third the baring has been more
severe!

Diapirice folds (Gr. §yw through, meypo pierce) are
plercing folds where & highly mobile formation breaks through
higher strata towards the surface. (G. Durchspiessungsfalte,
diapire Falte; D. diapyrploot; F. pli diapir; R,mmammposad C,
npoTeKayas) . The piercing formation 1is commonly salt or
guickstonec.

Where a dlapir increases its dlameter upwards it is called
a mushroom fold. (G. Pilzfalte; D. paddestoelvormige kern;
F. champignon).

Diapirs are cormmonly surrounded partially or completely
by a rim syncline (G. Randmulde;, D. randsynclinaal; F. synelinal
bordier).

Competent and incompetentX These terms were first used
t¢ describe folded layers by Willis (132, pp. 247-50). Willis
defined competent layers as those layers which when bent into an
znticlinal fold, are rigid enough to support the load of the
overlying streta., (G. kompetente Schict; D. competente laag;
F. couche compétente ; assise rigide; R.KOHKYPEHIUMRIJIACT).
Incompetent layers are those which are incapsble of transmitting
such stresses to the adjacent strata. This concept is long out-
moded, but the words competent end incompetent are well entrenched
in the literature (e.g. Williams, 1961). I use the tern
competent to describe those layers which maintain, or tend to
maintain their orthogonzl thickness during folding, and the term
tneompetent to describe those layers which undergo large variations
in orthogonzl thickness during folding. Competency is a relative
property, and a rock which is competent in one situation may
be incompetent in another.
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Autwal Reletions of Folds

Folds may be groupsd together to form larger folds,
and the lotter in turn may be part of a still larger fold.
Where the sizes of folds in such composite folds fall into two
or more sets, the folds are called first, sccond and third
oréer folds, and so on, the first order being the greatest.

A fold system is a group of folds which occur together.
(G. Faltemsystem; D. plooisysteem; F. systeme de plis). A
group of cognate folds is a fold generation (Turner and Weiss,
1963).

Congruous folds are major and minor folds in the same
rocks, and which mutually conform in directions of axial surface
and hinge. (Main fold: G. Hauptfalte; D. hoofdplooi; F. pli
principale; R.ruasHaf). (Minor fold: G. Nebenfalte; D. secund-~
aire ploot; F. pli secondaire;, R,BTODVUHAS, BTOPOCTENEHHAdA).
Vhere the folds do not conform they are tmcongruous. Care must be
taken not to misread foreign texts in which this root (congruous)
is usually applied to "congruent” folds in the sense of similar folds.

Crumpling (also called puckering or plication) refers to
close small..scale folding which is usually penetrative and
congruous. (G. Faltelung; D. kreukeling; F. plissotement,
R.MeJKasl, CKJIANK, CMATWS).

The faltenspiegel is an enveloping surface which is tangential
to successive antiformal or synformal hinges of a generation of
folds. The faltenspiegel may form a higher-order fold,

Scala of Folgs

Hesoscopie folding is a scale term introduced by Weiss (1959)
to include folds which can be seen on the outcrop, including folds
best studied with a hand lens. The term contrasts with microscopic on
the one hand and macroscopic which includes all folds too big
to be seen in single outcrop.

An orocline (Gr. opo , mountain; xAyvo, bend) is a fold where
the deformed unit is the orogen itself. BSuch fclds are necessarily
neutral folds.

o~ s

fenetic Nomenclature

The following terms involve interpretation in respect
to genesis of the folds or the controlling condition or mechanism.
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Superposed folds are folds developed in rocks which
have suffered prior folding (G. zusammengesetzte Faltung;
D. camengestelde plooiing; F. plissement composé).

Refolded fold: synonymous with superposed fold.
(G. wiedengefaltete Folte; D. herhaald geplooide plooi; F. pli
repligsé; R,IOBTOPEHHAA) .

Pos thumous folding (L. postumus = last of all) almost
synonymous with superposed folding, but some authors imply that
the posthumous folding involves revival of the earlier stresses
or constraints, which therefore relate the last folding to the
earlier. (G. FNachfaltung, posthume Faltung; D. naplooiing;
¥. plissement tardif, pliscement posthume; R. NOCTYMHAS
CKNAIYATOCTE ) .

Flow folding is folding in which the rocks have behaved
as fluids. (G. Fliessfaltung; D. vloeiplooiing, F. plissement
fluidal;, R.cxynamka TEUEHs) .

Rheid folding (Gr. pew, flow) is flow folding in which
the rocks have remained sclid or crystalline but have deformed as
fluids because the duration of the loading was much longer than
the relevant deformetion time constant (i.e. the rheidity). It
is characteristic of folds in salt, gypsum, ice, and (on appropriate
time scales) of all crystalline rocks.

Shear folding results from penetrative minute displace-
ments along closely spaced fractures or cleavage planes. (G. Scher-
faltung; D. schuifplooiing; F. plissement cisaillant;

R.CKJIAIKE CKAMBBAHVA) .

Drag folds are congruous asymmetric minor folds on a
major fold limb whose facings indicate the simple shear suffered
by that limb. Drag fold is thercfore a genetic term. (R,CKIaxa
BOJIOUEHVIS)

Bedding-plane slip is the slippage of beds along bedding
planes during folding. (G. Gleiten der Schichten liéngs den Schicht-
flachen; D. glijding der lagen over de laagulakken; F. glissement
dans les plans des couches).

Compressed fold (synonym appressed fold): fold whose
axial width has been reduced by compression normal to the axial
surface. (G. Quetschfalte, Komprimierte Falte, D. sammengedrakte
plooi; F. pli comprimé; R.nepewxaTas C., CIUIONEHHAas C.).

Cleavage *

Cleavcage is the facility of a rock to split along
definite, parallel, closely spaced surfaces, and it is caused either
by mechanical fracturcs or parallel orientation of certain miner--
als. (G. Schieferung; D. splijtung; gesteentessplijtung; Fr.
clivage; R.CJOVCTOCTD). .
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A cleaw.ge 1s penetrativ: or non-penetrative on a certain
scale depending on whether or not the rock will split into slices
thinner than the given thickness. Clecavage penetrative to the
scale of the constituent mineral grains is flow cleavage, whereas
cleavage non~penetrative to the scale of grains is fracture
cleavage. Slaty cleavage is a variety of flow cleavage produced
by parallel orientation of mica flakes. However, there are so
many definitions of slaty cleavage that depend to some degree on
its mode of formetion that I prefer to use the terms slate-cleavage,
sandstone~cleavage, ete. to mean the cleavage in the slate, sand-
stone, ctc. These terms are descriptive, and may embrace more
than one genetic type.
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APPENDIX 2

THE TERMS SEDIMENTARY AND TECTONIC AS
APPLIED TQ ROCK STRUCTURES

The terns sedimentary and tectonic are often used by geologistis
to describe structures. A sediment (the Shorter Oxford English
Dictionary - S.0,E,D.) is matter composed of particles which fall
by gravity to the botter of a liguid., In geology, sedimentary
rocks are formed by the deposition of particles from the atmosphere
and hydrosphere., Teetonies (8.0.E,D.) is the actual structure of
the earth's crust, or general changes affecting it. In geolegy,
there are a variety of ways in which the term tectonics is used
and its definition is usually vague. Structural geology is the
study of rock structures,

A brief survey of the literature shows that whereas there is
reasonable agreement over the use of the term sedimentary,
the © term tectonic 1s used in many different, often conflicting
ways. Tectonic is used variously'to describe structures which
nay have formed:-

(a) larger than a certain scale {(Carey, 1962),



(b) after lithification (Goguel, 1962), or

(c) by the action of forces originating outside the deformed
body (Belcussov, 1962),

The confusion which results from the different usages of
tectonic is well illustrated by Billings (1960) who writes
(p.1),

", ..tactonice and tectonic geology are terms that are
synonymous with structural geology.”

Yet on p. 226 he writes,

*...Folds as well as faults, are often classified
as tectonic or nontectonic in origin.,  Those of
tectonic origin result more or less directly

from forces operating within the outer shell

of the earth, Those of nontectonic origin

are largely the result of movements under the
influence of gravity near the surface of the

earth, although the ultimate cause in many cases is
tectonic.,

Billings proliferates his confusion by writing,
?...the Jura Mountains, formerly believed to
be tectonic, have been recently considered to be
nontectoniec,
De Sitter (196k, p. 3) introduces tectonic without definition,
but in & sense wvhich implies tectconics as t@e gross structure
of the esrth, i.e. as a scale terﬁi De Sitter's béokdis concerned
with structural geology and the word tectonics is not used, except
in a vague way. Hills (1963, p. 2) states that,
.. traditionally the wider aspects of continental

and oceanic, and eventually of global structures,
are referred to as tectonics and geotectonics.'’
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Hills uses the terms diastrophic and non-diastrophic to

distinguish thcse structures which are forned by the action

of deep-seated earth forces from those which are formed by

gravitational forces. Both diastrophic and non-diastrophic

structures can be tectonic if they are sufficiently large.
Goguel (1962, p.2) considers,

I3

v . Tectonics 18 concerned with the examination
of ... dbfbr@atione and with the study of deformed
rock masses.’
He regards (p. 101),
i, . .non~teetonic displacements of beds may
be produced either at the time of deposition
or shortly thereajter,”
The use of tectonic in this sense is based on the state of
lithification of the sedinent.
This brief summary shows clearly that at present there is
no uniformity in the use of the tern tectonie. In its
literal sense, tectonic is synonymous with Structural geology,
but literal usage makes the term tectonic redundant as applied
to structures. Moreover, there is a tendency in the literature
for tectonic to be attributive to the larger-scale structures so
that 2 division of structures into tectonic and non-tectonie
on the basis of scale should be acceptable.
Carcy (1962, p. 98) has suggested that the realm of

structural geology is a scale from 10 metres to 10 kilometres,

and that of tectonics from 10 kilometres to 10,000 kilometres,



Striet subdivision in terms of scale is not entirely satisfactory
as it is convenient to classify those small-scale structures
that reflect, or are part of a large-scale structure, in the

sene category as the large-scale structure, Thus, if a small
fold or a cleavage is genetically related to a structure large
enough to be considered tectonic, it is convenient to call

the fold or cleavage tectonic.

These considerations lead to the definition of a tectonic
structure as any geologic structure that is larger than 10
kilometres, or that is genetically related to a geologic structure
larger than 10 kilometres.

This arbitrary division of size at 10 kms. should not be
regsrded as inflexivle. The size of structures should be related
to a logarithmic, rather than a linear scale, so that a structure
of 1 km.size bears the same relationship in scale to a structure
of 10 kms. size, as the 10 kms. structure bears to a 100 kms,
structure. A subsidiary problem is the definition of the "size"
cf a structure, and by this term I usually refer to its largest
dimension, Thus, a fold 100 kms, long, 10 kms, wide and 1 km.
deep is regarded as heving a “size” of 100 kms. for the purpose
of clasgification.

There is no implication of the causal force or the state
of lithification in this definition:; a structure can be both

sedimentary and tectonic, as these are two different types of
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clasgification. A division of structures according to the
environment in which they have formed and their size is set out
as follows:~

A sedimentary structure is a structure formed in a sediment
at, or soon after the time of deposition. Sedimentary structures
(sonetines referred to as penecontemporaneous structures) are
open-cast, i.e. the structure has been formed before the next
layers of sediment have been deposited. Open-cast structures
are conmonly recognized by erosional truncations of the uppermost
layers. Diagenetic structures are formed after penecontemporaneous
structures up to the time of final lithification. They are
closed~cast, i.e. the uppermost layers of the structures are
overlain by a variable thickness of sediment at the time of
deformation.  Metamorphic structures are structures formed
when the rock is at temperatures and pressures indicated by
characteristic metamorphic-nineral assemblages, and similarly
igneous structures are formed when there is a silicate melt
present,

Where one deformation simultancously affects rocks in a
range of environments, different parts of the structure are
named according to the environment in which they are produced,
Thus, in the case of a large-scale gravity slide involving
partially molten basement in depth and submarine slumps on the

sea floor {cf. Alpine neppes) all four classcs of structure may
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be developed, and they are named accordingly. As in petrology,
the same problem cxists of deternining the onset and completion
of diagenesis, and rather than fit structures into rizid categories
they should be classified in a flexible fashion, e¢.g. early - and
late - diagenetic, or high- and low-grade metamorphic. There

is an anomaly in that a rock which is “finally lithified” may

be deformed and yet not have reached a significant metamorphic
grade. I heve tried to cover this gap by extending diagenesis
and metamorphisn, and I have used terms such as late-diagenetic
and very low-grade metamorphiac. I am not satisfied with this
usage, and it may be better to define a completely different

new tera. Table 1 outlines the classification of structures I

have used in this thesis, and a few, general examples are given.
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APPENDIX 3

CRITIGUE OF 35C:& ASPECTS OF
HODERi  STRUCTURAL  AWALYSIS

1. PREFZRRED ORIENTATION OF FOLD-HINGES

An assumption sometimes made about soft-sediment slumping
is that the fold-hinges are randomly oriented (Bryan and Jones,
1962, p. 230). The orientation of the fold-hinges in the
syntaphral slumping at Paga Point is certainly not random, and
the concentration is as dense as many recorded in metamorphic
rocks. I have been unable to find any published data which
support the contention of random fold-hinges in soft-sediment
slumps, and there is no philisophical reason to expect fold-hinges
to be random. Perhaps the geologists who have looked at soft-
sediment deformations have been impressed by the complicated
polyclinal nature of the axial surfaces, and it is true that

the axial surfaces of metamorphic folds are more plansar.
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2. HETERCGENEITY  AND  HOMOGENEITY

One of the basic methods of analysing deformed rocks is to
divide the whole area, which is usually heterogeneous, into homogeneous
sub-areas, All that this method does, in fact, is to find a
scale on which & series of measurements ot & particular structural
element can be divided into reasonably homogeneous domains., The
same structural element may be heterogeneous on either a larger
or smaller scale. Although structural geometricians do not state
so explicitly, there is an underlying implication in many of
the analyses that structural elements measured over a region can
always be divided into homogeneous domains, and that these domains
remain homogeneous on successively smaller scales. This concept
is unsound, as such domains are homogeneous only on the scale for
which they have been determined, and then only for the particular
element involved.

At Sulphur Creek, Gee (1967, pers. comm.) has shown that the

Y

Pl deformation is homogeneous when mapped on the scale of 1:10 ,
When this deformation is mapped on scales of l:lO2 or 1:103, the
orientation of fold-hinges is homogeneous, but the axial surfaces
are quite variable in attitude.

Structures and events deduced on one scale may not persist

on larger scales. Means (1963) recognized this problem with

the two sets of folds, F. and F2, in the Otago schists., The

1

relationship between the two sets is uncertain, for although
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is overfolded by F,., in some places F, folds F,.

in most places F 1 o

1 2’

As Means noted, no unique conclusions can be made about the order
of development of the major structures from these minor structures.,
It may well be that the two sets of folds are essentially
contemporaneous, although developed in different order from

place to place. There is a parallel case in palaeontology

wvhere valid time correlations beiween widely spaced areas can

be made on the basis of species and subgenera, yet correlations
based on finer subdivisions of the taxonomy may give conflicting

answers.

3. NON-CONTEMPORANEITY OF PARALLEL STRUCTURES

One of the most pervasive assumptions of structural geologists
is that if a structure develops parallel to the axial surface
of a fold, the folding and the development of the structure are
contemporaneous. Justification of this assumption is sought in
Occam's razor, and a classical example of the dilemma which this
concept occasions is the controversy between Fourmarier (1956)
and Rutten (1955 and 1956) on the relationship of slaty cleavage
to folding in the Carboniferous of the Rhenic Massif and the
Ardennes.

Fourmarier, presenting the conventional ideas on cleavage
formation, contended that since in most cases glaty cleavage is

parallel to the fold axial surface, the few examples in which the



N T

cleavage transects the fold cores can be disregarded as local
divergences. Rutten disagreed with this reasoning, maintaining
that the parallelism of the cleavage and fold axial surfaces
was incidental, and that the few disoriented folds show that
there is no genetic relationship between the cleavage and the
folding. Fourmarier claimed that cleavage and fold formation
were synchronous, whereas Rutten concluded that the cleavage
may have formed considerably later then the folds. I have
mapped a comparable set of folds at Sulphur Creek, and it is
clear that the cleavage, though related in a general way to the
Pl deformation, is not genetically related to the formation of
individual folds. In fact, the cleavage appears to have developed
after most of the folding was accomplished.

Parallelism of structures does not prove contemporaneity,
and esny ccrrelation which uses this criterion may be invalid.
For example, parallelism or similarity of cleavage or schistosity
from diffsrent areas is often used to correlate ‘'phases’ of folding.
Thus, if at area A the fold X has a cleavage parallel to its
axial surface, and the same cleavage is thought to occur at area B,
there is a tendency to draw conclusions about the time relations
vetween a fold Y in area B, and the fold X. In particular,
if the cleavage in area B transects the fold core Y, the conclusion
is reached that X is younger than Y. This is not valid

reasoning, for the fold X may be younger, older or the same

age as the fold Y, and the cleavage may be later than them both.
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L, T™HE IMPLICATION OF FOLD-STYL: VARIATION IN METAMORPHISH

If the conclusion is valid that varistion in pore pressure is
an important cause of the diversity of fold style in metamorphic
rocks, there are some interesting implications about metamorphic
processes. One of the assumptions usually made in considerations
of metamorphic reactions is that the pore pressure (in most cases
the water pressure) equals the confining pressure. Yoder (1955),
outlining the role of water in metamorphism, nointed out that
there is no valid reason to justify this assumption, and the
variation in fold style supports his criticism. Where intergranular
movement is the dominant mode of deformation, concentric folding
indicates pore pressures significantly lower than the confining
pressures, whereas similar or "flow” folding implies pore pressures
approximately equal to the confining pressures.

The diversity of fold styles in diagenetic and low-grade
metamorphic rocks may indicate that there has been a large range
of pore pressures. In particular, the common occurrence of
concentric folds in such locales signifies that the pore pressure
during most of the deformation, and perhaps metamorphism, was
considerably less than the confining pressure. Rocks deformed
at higher grades tend to have been mechanically more isotropic,
and this could be interpreted as either that the pore pressure was
approximately equal to the lithostatic load, or that the deformation

was intragranular, Thus it appears that at least in diagenetic
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and low-grade metamorphic environments, pore pressure as well
as temperature and confining pressure, may have controlled the

mineral facles developed,

2. ROTATIONAL AND IRROTATIONAL ELEMENTS

IN KINEMATIC  ANALYSIS

In any set of geometric data of a deformation, there are
soue elements which have undergone rotation, and others which
have maintained a constant orientgtion during the movement.
There is no problem in assigning the geometric relationships
of the irrotational elements at the time of their formation
to the postulated stress or strain field, but with the rotational
elements it is necegsary to determine:-

(1) at what stage of the deformation they formed, and

(2) what their geometry was at that time,
An element which forms early in a deformation may be distorted
or rotated by the continuing deformation, and the determination
of its true relationship to the principal axes of stress, strain
or movement involves careful reconstruction.

This problem of reconstruction, simple enough in theory,
is nonetheless commonly neglected in practice. Kinematic
analyses of folds are usually presented in the form of a sketch

of the fold and the various structural elements, together with
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he generalized directions of inferred movement or stress.. Little
or no account 1s taken of whether the elements have rotated
during the deformaticn, and rarely is tne deformed body reconstructed
stage by stage back to the undeformed state. Thus Badgley
(1965, p. 68, Fig, 3 - 23), considering possible hypotheses for
the deformation of oolites in the South Mountain area, Maryland,
U.5.A., proposes three alternative hypotheses but neglects to
consider the effect of the changing orientation of the oolites in
the external stress field as the fold limbs are rotated towards the
axial surface,

I have attempted to treat the proklem of rotation in the
structural reconstructions in this thesis. In particular, I
have sought to explain the origin of the cleavage fans in the sandstone
layers at Tullochgorum and Sulphur Creek in terms of rotation
of the fold limbs after a planar cleavage has been formed throughout
the rocks at a certain stage in the deformation. This explanation
of cleavage fans is simpler than any which appeals to inherent
properties of the rock, because the angle of divergence of the
cleavage fans is quite variable from fold to fold and bears no
recognizable relationship to variations in the rock type. Williams
(1965) has attempted to explain the cleavage in the sandstone
as caused by granular rearrangements within the sandstone layers
during bending. In his hypothesis, the angle between the bedding

and cleavage should show some consistent geometric relationship
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both within any particular fold, and also from one fold to another,

My measurements have shown that neither of these conditions prevail,

6. INFLUENCE OF PRE-EXISTING MECAHANICAL SURFACES

ON THE DEVELOPMENT OF 'S~-SURFACES

The most common type of analysis of a deformed region involves
plotting all the structural elements, including fractures, on a
point diagram such as a stereographic projection, recognizing the
overall symmetry, and finally postulating the relationships with
inferred movement or stress directions. No account is taken
of the areal distribution of the particular elements, or the
possible interrelations between subsets of the whole population,
The problem at hand is whether the orientation of a fracture is
controlled by the orientation of pre-existing mechanical surfaces,
or whether its orientation is influenced only by the external forces.
In the former case the deformed body is regarded as heterogeneous;
in the latter it is homogeneous. As Whitten (1966) pointed out,
the spatial distribution of the orientation of the elements is
equally as important_as their statistical orientation,

When this concept is applied to individual folds, the picture
is not clear. Donath (1961) has shown how the orientation
of shear fractures formed during experimental deformation of the

Martinsburg Slate i1s strongly regulated by the orientation of
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the cleavage. It appears thet once a mechanical surface has
developed, as long as the shear strength across the surface is
different from the shear strength of tie unaltered rock, the
surface will influence the orientation of any fracture developing
adjacent to it, Furthermore, if the orientation of the early surface
is changed with respect to the external movement or stress field
by progressive deformation, the early surface may assume different
chareacters. In this way, en echelon, sigmoidal, tension Jjoints
commonly develop as en echelon shear joints inclined at a low -
angle to the main zone of movement, The portion of each shear
joint in the movement zone is rotated during the deformation so
that it finally becomes oriented in the tension direction, thereby
producing a sigmoidal fracture,

In general, surfaces forming in the plane of maximum elongation
will not be affected by pre-existing mechanical surfaces unless
these surfaces re--orient the principal stress directions. Nevertheless,
shear, and perhaps tension fractures are susceptible to disorientation,
Thus, in any hypothesis of fold formation where fractures purported
to be shear surfeces develop, cognizance must be taken of the pre-

existing mechanical surfaces.
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