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The control of ductility on the deformation of pebbles and conglomerates

By N. C. Gay
Bernard Price Institute of Geophysical Research, University of the Witwatersrand,
Johannesburg, South Africa

AND R. E. P. Friprpr
Department of Geology, University of the Witwatersrand, Johannesburg, South Africa

[Plates 4 and 5]

Pebbles are commonly used parameters for the determination of finite strain in
deformed rocks. In high grade metamorphic environments, rocks probably behave
as viscous fluids and a theory exists which relates the deformation experienced by
a pebble to that of the host rocks. However, some deformed conglomerates are
found in low grade metamorphic rocks where the assumption of viscous behaviour is
unrealistic.

The deformation of artificial conglomerates made of geological materials, at room
temperature and varying confining pressure is described. In these experiments, pebbles
deform by cataclasis at surprisingly low applied loads and large finite strains are
achieved. The amount of deformation experienced by pebbles of different rock types
depends mainly on their yield strengths and ductility contrasts with respect to the
matrix. A theoretical analysis assuming that pebble and matrix behave as work-
hardening Bingham materials during deformation relates the strain experienced by
a pebble to that of the host rock.

The results suggest that significant pebble deformation can occur during gravita-
tional loading of sediments. An attempt is made to verify this idea by analysing the
shape of pebbles in conglomerates of the Upper Witwatersrand System. At some
sites the pebbles appear to have deformed during gravitational compaction while
at others a tectonic deformation has been superimposed upon the pre-tectonic strain.

INTRODUCTION

Pebbles in deformed rocks provide important deformation on the amount of deformation ex-
perienced by rocks and on the rheological condition of rocks during deformation. Their use as
parameters of finite strain is now well established and there exist reliable geometric techniques
for allowing for the initial shape and orientation of the pebbles in deducing the finite strains
(Ramsay 1967, pp. 202-221; Dunnet & Siddans 1971). However, to relate this pebble finite
strain to that experienced by the whole rock requires some assumption on the rheological con-
dition of the rock during deformation and Gay (1968) developed a theory to carry out this
correlation, assuming that during deformation, the pebbles and host rock behaved as viscous
fluids. Then, the factor controlling the relative amounts of deformation experienced by the
individual pebbles and rock respectively is dependent on the ratio of the coefficients of viscosity
of these components. The larger this ratio, i.e. the more viscous the pebble is compared to the
whole rock, the less deformation it experiences. If the viscosity ratio exceeds 10, very large finite
strains are required to cause significant changes in pebble shape.

The condition under which rocks behave as viscous fluids can be determined from the
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110 N. C. GAY AND R.E. P. FRIPP

published experimental work on the pseudoviscous flow of rock. This type of flow takes place
while the rock is in a solid condition but has an equivalent viscosity which remains constant
during specific deformation conditions and which changes with the shear stress and rate of
strain; i.e. the rock is not a Newtonian fluid but approximates to one under the given conditions.
Increases in temperature and stress difference cause a nonlinear decrease in this coefficient of
viscosity; increasing confining pressure may increase the coefficient. The limited experimental
data available (see, for example, Handin 1966; Heard 1976) suggest that temperatures of at
least 400-500 °C (approximately half the melting temperature of the rock) and confining pres-
sures of 300-400 MPa are required for rocks to deform by pseudoviscous flow at reasonable
geological strain rates. The onset of viscous flow would also be enhanced by the presence of
water to promote hydrolytic weakening.

These P, T conditions mean that conglomerates and other rocks containing pebbles must
experience metamorphic conditions at least equivalent to greenschist facies (cf. Robertson 1972,
p. 637) before the assumption of viscous behaviour during their deformation is valid. Many
deformed conglomerates described by previous workers (e.g. Flinn 1956; Oftedahl 1947;
Hossack 1968; Hasan & Sakar 1967; Gay 1969; Mukhophadhyay & Bhattacharya 1969) do
show evidence of having experienced at least low grade regional metamorphism. This evidence
includes the development of a schistosity and lineation associated with an episode of folding,
mineralogical changes such as the alteration of feldspar and the formation of sericite, and the
development of preferred orientations of quartz optic axes. In these examples, the assumption
of viscous behaviour of the rocks during deformation may be valid, but conglomerates in which
apparently deformed pebbles are found but which do not appear to be significantly meta-
morphosed may also exist. For example, in the Barberton Mountain Land, Transvaal, South
Africa, conglomerates of the Moodies Group have been deformed during several episodes of
folding (cf. Gay 1969; Anhaeusser 1974). Locally, some of the conglomerate outcrops have
been metamorphosed to albite-epidote-hornfels grade (7" = 500 °C, P = 200 MPa; Winkler
1967, p. 70) and others to upper greenschist grade, but there are regions, where no foliation is
developed in the rocks and the P, T conditions are unlikely to have been sufficiently large to
permit pebble deformation by viscous flow.

Occasionally, some pebbles in slightly metamorphosed conglomerates appear to have
deformed by viscous flow whereas others have not, depending on the composition of the
pebble. For example, figure 1a depicts an extremely attenuated chert pebble, the tail of
which is distorted around a slightly deformed granite pebble; no cleavage is visible in the
quartzite matrix. Similarly, in ﬁgure 15, weak limestone pebbles (L) are extremely deformed
while other, more competent pebbles are much less deformed and are cut by extension
cracks.

In this paper, some recent experimental work by Gay & Jaeger (1975) on the deformation
of artificial conglomerates, in which large finite strains are achieved by cataclastic flow is dis-
cussed; the experimental conditions are such as to preclude viscous flow. The term ductility is
used intsead of the more precise ‘ viscosity’ to describe the rheological condition of the deforming
materials and also the condition of naturally deformed pebbles, which have obviously not been
in a viscous state. Note that ductility is approximately equivalent to the reciprocal of vis-
cosity; the more ductile a material is, the less viscous it is. In order to facilitate comparison
between the ductility contrasts reported in this paper and viscosity contrasts reported else-
where, the ratios of the ductility of the matrix to that of the pebble are used.
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The results of the experiments suggest that significant deformation may take place at pres-
sures comparable to those accompanying diagenesis of sediments (7 < 200 °C, P < 200-
300 MPa). Also described is the variation in strain in conglomerates near the top of the Upper
Witwatersrand system as deduced from pebble shapes at localities on the northern edge of the
Witwatersrand basin and around the Vredefort dome; these strain results support the experi-
mental observations.
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Ficure 1. (a) Deformed chert and granite pebbles in the Moodies basal conglomerate, Eureka Siding, Barber-
ton Mountain Land, South Africa. (b) Deformed limestone (L), quartzite, chert and acid volcanic pebbles
in a conglomerate exposed along the Abercrombie River, New South Wales, Australia. (Sketched from
photographs.)
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112 N. C. GAY AND R. E. P. FRIPP

EXPERIMENTAL WORK
(a) Method

Gay & Jaeger (1975) have described the deformation of artificial pebbles of rock set in
a granular matrix during uniaxial compression of the pebble-matrix sample. The experimental
technique involved placing a layer of crushed matrix in a thick-walled rubber jacket, then
positioning the pebble (a sphere or 1:1 cylinder of rock 7 mm in diameter) in the centre of the
matrix and covering it with another layer of matrix. The composite sample, usually of dimen-
sions 50 mm diameter by 25 mm high, was placed in a compression testing machine and
deformed under uniaxial loads ranging from 0.2 to 4.5 MN, which were applied at a fast,
controlled rate. The matrix material was normally crushed Wombeyan marble but crushed
adamellite and a marble-salt mixture were also used. Pebbles were prepared from sandstone,
shale, Carrara marble, Solenhofen limestone, oolitic limestone, trachyte and quartzite. During
the initial stages of loading considerable radial flow of the matrix occurs but, in addition, a
layer of interlocked grains builds up on each platen which eventually forms a coherent, porous
friable cake at loads of about 0.02—-0.03 MN. The approximate dimensions of this cake are:
diameter 55 mm, height 15 mm. Further compressive loading results in a relatively solid cake
of compacted material which is friable at the edges and hard in the centre. The approximate
dimensions of this final cake are: diameter 60 mm, height 10 mm. On dissecting the cake, the
pebble is removed and found to have experienced a large, flattening strain.

The experimental method is essentially that of Bridgman’s (1937) ‘simple squeezer’, for which
the distribution of the stresses in the sample is not accurately known. Attempts to calculate the
stresses (e.g. by Jamieson & Lawson 1962) suggest that the normal stresses are highest at the
centre of the specimen, decreasing to atmospheric pressure at the jacket. This conforms with
the general appearance of the final cake, but Gay & Jaeger (1975) found that pebbles placed
some distance away from the centre of the specimen experienced equivalent strains to pebbles
at the centre and, from the displacement of markers in the matrix, that the strain in the central
region was homogeneous. These observations agree with Bridgman’s (1937, p. 393) original
suggestion that the pressure acting at any point in the sample approximates to the average
applied pressure, i.e. the uniaxial compressive stress is reasonably uniformly distributed over
the compacted cake. Use is made of this approximation later in the paper to calculate the axial
stress acting on the samples at various applied loads, assuming a constant area for the cakes
during loading. This assumption is supported by the very similar areas of the cakes at loads of
0.05 and 4.5 MN; an average cake diameter of 55 mm is used in the calculations.

(b) Results

The results of experiments on individual pebbles of different rock types in a matrix of marble
showed that the amount of deformation experienced by the pebbles depended upon their
relative strengths or ductility contrasts with the matrix. In particular, none of the pebbles
changed shape during the initial deformation of the sample until the applied load exceed an
apparent yield strength of the pebble and, after yielding, the amount of deformation experienced
by the pebble relative to that experienced by the sample depended on the ductility contrast
between the pebble and the matrix. Magnitudes of the apparent yield strengths are listed in
table 1 and figure 2 compares the axial shortening experienced by the pebble with that
experienced by the sample, after the initial coherent cake has been formed.
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DUCTILITY AND THE DEFORMATION OF CONGLOMERATES 113

The graphs show that weak pebbles such as shale and sandstone deform slightly more than
the composite samples do after yielding, possibly because of their very porous nature. By con-
trast, the more competent rocks such as marble and limestone deform slightly less and the
strongest rocks, the oolitic limestone, trachyte and quartzite deform very much less than the
matrix. Not evident on these graphs is the work hardening nature of the deformation process;
the initial strains of both pebble and sample are achieved at relatively low loads but as
deformation proceeds the load increment required for an equivalent strain increment becomes
larger.

TaBLE 1. YIELD STRENGTHS (Y) AND DUCTILITY CONTRASTS (R) OF THE
DIFFERENT PEBBLES

pebble matrix Y (MN) R
sandstone marble 0.02 0.90
shale marble 0.02-0.03 0.90
marble marble 0.03 1.15
Solenhofen marble 0.06 1.15
oolitic marble 0.04 1.45
limestone
trachyte marble 0.07 1.50
quartzite marble 0.09 2.00
Solenhofen adamellite 0.03-0.04 ?
Solenhofen marble salt 0.10 ?
401 sandstone ° shale e |-Solenhofen limestone e
[ ]

Carrara marble

oolitic limestone trachyte quartzite

pebble shortening (%)

201~

sample shortening (%)

Ficure 2. Graphs illustrating the deformation of pebbles of various rock types in a marble matrix during
unijaxial compression of the composite samples (after Gay & Jaeger 1975).

A very important point which emerges from figure 2 is the approximately linear relation
between the axial shortenings of the pebble and sample respectively, and the systematic de-
crease in the slope of this straight line with increasing strength. The slopes R of these lines
provide a measure of the ratio of the ductility of the matrix to that of the pebble. The values of R
computed in this way are also listed in table 1.

8 Vol. 223. A.
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114 N. G. GAY AND R. E. P. FRIPP

The influence of the composition of the matrix on a pebble of fixed rock type (Solenhofen
limestone) is illustrated in figure 3. The pebble in the adamellite matrix yields almost imme-
diately after the formation of the matrix cake (loads of 0.03-0.04 MN) but larger loads are
required before yielding takes place in the more ductile marble and marble-salt matrices (see
table 1). However, after yielding has occurred the pebbles deform at much the same rate in all
three matrices, which denies any further influence of ductility contrast on pebble deformation.
This surprising observation is thought by Gay & Jaeger (1975) to be due to the fact that all three
matrices are essentially similar granular materials, rather than rocks with different strengths,
at the low loads where much of the deformation occurs. The work-hardening nature of the
deforming samples is clearly illustrated by the contours of equal load which are also plotted on
figure 3.

pebble shortening (%)

J
0 20 - 40

sample shortening (%)

Ficure 3. Graphs illustrating the deformation of pebbles of Solenhofen limestones in matrices of (a) adamellite;
(6) marble; (¢) marble-salt. The dashed lines are contours of load (in MN). (After Gay & Jaeger 1975.)

Figures 2 and 3 express the strains in the samples in terms of axial shortening because no
estimates have been made of the elongations experienced by the composite sample. However,
axial ratios, /(A,/A;), and dilatations of individual deformed pebbles subjected to various loads
are listed in table 2. The importance of the work-hardening nature of the deformation is again
evident from the data, as is the large dilatation experienced by all the pebbles except those of
shale. These large volume strains indicate that deformation probably takes place by cataclasis
and evidence of this can clearly be seen in thin sections of the pebbles. The rocks made of strong
brittle materials such as quartz and feldspar are cut by extension fractures, grain boundary
fractures and shear planes. The carbonate rich rocks deform in a more ductile manner with the
profuse development of up to two or three sets of twin lamellae but extension fractures, parallel
to the axis of compression cut most grains and Liiders bands form in the very fine-grained
Solenhofen limestone at high compressive loads.
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DUCTILITY AND THE DEFORMATION OF CONGLOMERATES 115

The response of the different pebbles to the deforming forces is illustrated in figure 4, plate 4,
which shows a deformed artificial conglomerate. In this conglomerate, the shale pebble has
deformed homogeneously (except where it is intruded by an adjacent quartzite pebble), as have
the marble and limestone pebbles. The oolitic limestone is cut by several shear fractures and
some oolites have been elongated and wrapped around a quartzite pebble, which, by contrast,
is relatively undeformed except for being cut by extension fractures. The other quartzite pebble
has been flattened by collapse along a shear plane. In this conglomerate, the different pebbles
generally appear to have deformed in the same way as they do when deformed by themselves
in a composite sample; the presence of the other pebbles and the resultant high concentration
of pebbles to matrix does not appear to have influenced the strengths or ductility contrasts of

the pebbles.
TABLE 2
oolitic
sandstone shale marble Solenhofen  limestone trachyte quartzite
load A= = —r— —r— — —r —

MN R, D R, D R D R D R D R D R D
0.02 1.01 1.0 1.00 0.0 . .

0.03 118 85 1.05 20 103 45 . . . .

0.04 124 85 009 40 . . . . 101 35 .

0.05 1.28 8.0 132 50 111 75 100 0 1.04 75 1.00 0 .
0.06 . . . . . . 104 4. . 101 2 .
0.075 . . . . 124 110 1.03 2 110 100 102 2 1.00 0.0
0.09 . 101 35

0.10 141 13.0 133 35 1.31 140 116 15 118 13.0 1.07 9 1.03 7.5
0.20 1.60 18.0 152 7.5 139 170 125 12 124 13.0 1.20 14 1.10 14.0
0.35 1.68 15.0 1.58 45 1.53 12,6 136 15 140 23.0 1.28 20 1.16 17.0
0.83 1.69 5.0 173 2.0 160 12,0 1.47 21 1.52 235 132 22 125 30.0
1.65  2.02 20 184 03 175 140 160 15 1.60 23.0 138 23 129 21.0
2.50 . . 201 03 183 145 163 13 165 20.0 145 16 1.41 35.0

R, = \/(A;/A,), the axial ratio of the strain ellipsoid; calculated by averaging the observed maximum and
intermediate quadratic elongations; the difference between these values was normally small.
D, dilatation (%).

DiscussionN

(a) Theoretical considerations

This analysis of the experimental method assumes that both matrix and pebble behave as
Bingham substances; i.e. they have finite yield strengths. Once these yield strengths are
exceeded the matrix and pebble begin to deform independently at a rate of strain which
depends on the plastic coefficients of viscosity.

Figure 5a illustrates the rheological elements of an ideal Bingham substance which does not
work harden. The stress, o, is applied to the Saint-Venant element, with yield strength Y,
through the spring £, and the motion of the element is resisted by the dashpot ,,. If o < ¥
then the total strain is given by

e = o[E,.
If ¢ > Y, then at time ¢,

e = (oY) tlp,+o/E, (Jaeger & Cook 1969, p. 304).
For large finite strains the elastic component of strain can be ignored; i.e.

e = (o= Y)py. (1)
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116 N. C. GAY AND R.E. P. FRIPP

Consider the behaviour of the composite sample in figure 55, under increasing uniaxial com-
pressive load assuming that the sample and its components behave as Bingham substances.
The pebble, A, has a yield stress ¥, and a coefficient of plastic viscosity #, ; similarly, for the
matrix, B, the yield stress is Y and the plastic viscosity #y. The strains experienced by each
component are, respectively, €, and eg and it is assumed that the strain in the matrix is
equivalent to the strain experienced by the composite sample itself. Continuity of stresses across
the pebble—matrix interface and no slipping at the interface are-assumed and the analysis only
considers shortening strains parallel to the direction of maximum compression.

(@) I Y[
1]

V1

7
4

o
“ !

...................

Ficure 5. (a) Diagrammatic representation of the Bingham rheological body; o-applied compressive stress.
(5) Sketch of the ideal composite sample consisting of pebble A in matrix B; o-applied compressive stress.

TABLE 3. DEFORMATION OF PEBBLE AND MATRIX COMPONENTS DURING
INCREASING UNIAXIAL COMPRESSIVE STRESS

stress time strain in pebble strain in matrix
Yy ts 0 0
Y, N 0 (ta—tp) (Ya—Y5) /s
g ¢ (t=2t) (o= Yi) s (t—t5) (0~ Y5)[7s

Table 3 summarizes respective deformations of pebble and matrix with increasing stress and
time. When the stress is less than the matrix yield stress, no deformation occurs. At time ¢z, the
applied stress equals the yield stress, Yy, of the matrix which begins to deform. As the stress
increases to Y, the matrix experiences a finite strain which can be calculated from equation (1).
Similarly, at time £,, when o = Y,, the pebble begins to deform and when the applied stress
reaches its maximum value o at time ¢ the strains experienced by the pebble and matrix, re-
spectively, are:

€x = (t=1ty) (0—=Y,)[Ma, (2a)
ep = (t—ty) (=Y 1+ (s—ts) (Ya—Y5)/18
= (t—tg) (0~ Yg)/7s. (20)

The equations are depicted graphically in figure 6a4.
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Equations 2 can be rearranged to give the following equation relating the strain experienced by
the pebble to that experienced by the matrix or composite sample:

78 (ta—tp) (Ya— YB)' (3)

6‘ —
Ny ° N

€A

This equation is plotted in figure 65.

The strain in the pebble compared to that in the composite sample depends solely on the ratio
of the plastic viscosities (7, /9y) ; the larger this ratio, the smaller is the change in pebble shape.
This influence of viscosity ratio is very similar to that described by Gay (1968) for particle-
matrix systems of Newtonian fluids. However, the Bingham substances discussed here have
finite yield strengths and equation (3) shows that no pebble defermation occurs until the matrix
has been deformed by a finite amount which depends on the yield strength of the matrix and
pebble and on the plastic viscosity of the matrix. The straight line graph in figure 64 is similar
to those graphs in figure 2 for the deformation of spheres and cylinders of rock in a granular
matrix.

(@) matrix (8)

‘(t~_tB)
Ty

pebble €,

s
(t—tA) U

strain —

{ -
| €p
stress —

FIGURrE 6. (a) Graphs showing the stress—strain behaviour of matrix and pebble as calculated from equations (2).
(b) Graph showing the variation in strain experienced by the pebble (¢,) and matrix (¢3) as calculated
from equation (3).

Gay & Jaeger’s (1975) experiments showed that the lithic samples used by them behaved
in a more complex way than the ideal Bingham substances assumed in the above analysis. In
particular, the samples strain or work hardened and required increasingly larger load incre-
ments to obtain equal increments of strain. The rate of work hardening was approximately the
same in both the matrix and the pebble, so that the graphs relating the total finite strain in the
sample to that in the pebble are approximately linear.

This behaviour approximates to that of the generalized Bingham substance (Reiner 1969,
p. 278) in which the coefficient of plastic viscosity increases with increasing strain, a response
similar to that exhibited by flour dough (Schofield & Scott Blair 1933) and pitch (Trouton
1906). :

Some idea of the magnitudes of these changes in coefficient of viscosity can be obtained from
the Levy—-Mises equation of plastic flow:

3¢, —0¢; = Y(oy—03) (Ford 1963, p. 410),
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where 8€,, 6¢; are the increments in natural strain, o, and o, are the maximum and minimum
principal stresses, and 3 is the plastic proportionality constant. In the present analysis, o is
unknown and because we are concerned with changes in ¢ during increments in applied load,
it is logical to modify the equation to

8¢, — 88, = Yoo (4)

where 80 is the stress increment causing the strain increments.

For the experimental data, 8,, 8¢, are calculated from the axial ratios 4/(1,/4;) of the
deformed pebbles and 3o from the load increments (assuming constant sample area) listed in
table 2. The variation in  with load and total strain is plotted for three rock types in figure 74, b.
These graphs quite clearly show a marked decrease in ¢ from values larger than 10 to smaller
than 0.10 with increasing load and finite strain. There is no direct relation between 3 and the
coeflicient of plastic viscosity but by comparing the dimensions of ¥ and #,, it can be shown
that for a fixed time ¢ is proportional to (1/y,,). Thus, the observed changes in ¢ indicate
a hundredfold increase in the coefficient of viscosity of the composite samples during
deformation.

x x
10— —
x x
L] ®
x x
ox o e x
1.0 ° " | e x
’ [ ]
8 o o o
14 2 o x
x x
Ye o ®
0.1 ® o |— ] o
a o
e °
| x] I | L |
0.01 01 10 0 01 03 0.5 0.7
load (MN) natural strain (€ —¢€;)

Fieure 7. Graphs showing the variation of plastic proportionality constant () with
(a) applied load; and (b) natural strain. o, quartzite; e, Solenhofen; x , sandstone.

(b) Geological implications of the experimental results
(1) Yield strength of the pebbles

The experiments showed that there was a minimum value of the applied load below which
the pebble did not deform. This observation that a pebble has a finite yield strength, which must
be exceeded for deformation of the pebble to occur, is likely to be important in nature, and
probably explains the presence of apparently undeformed pebbles in moderately deformed
conglomerates.

However, more important are the small magnitudes of the loads at which yiclding begins.
The resultant apparent yield stresses calculated from these loads, assuming an average area
(2375 mm?, for a diameter of 55 mm) for all samples, range from 10 to 42 MPa. Because of the


http://rsta.royalsocietypublishing.org/

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

PHILOSOPHICAL
TRANSACTIONS

=

SOCIETY

Y B \

"_J‘i
NI
olm
M
= O
= O
= uw

\

OF

OF

[::) Transvaal and Karroo
Ventersdorp

Downloaded from rsta.royalsocietypublishing.org

DUCTILITY AND THE DEFORMATION OF CONGLOMERATES 119

porosity in the matrix, the pebble carrics more of this load than the surrounding material and
thus the calculated stresses underestimate the true stress at which the pebble is yiclding. How-
ever, the calculation of the average stress acting on the sample remains valid.

The apparent yicld stresses arc equivalent to overburden stresses at depths of less than 2 km
in the Earth’s crust. Even allowing for differences between the experimental conditions and
those in nature, it scems likely that pebbles will begin to deform under conditions of diagenesis
at relatively shallow depths. This supports Dunnet & Siddans’ (1971) conclusion that pre-
tectonic deformation may occur by gravitational compaction.

(11) Ductility contrast

The ductility contrast controls the rate at which the pebbles deform relative to the deforma-
tion experienced by the sample as a whole. For example, figure 2 shows that at 30 9, sample
shortening, a shale or sandstone pebble would have experienced a 25 9, axial shortening com-
pared with 10 9%, for a quartzitc pebble. Morcover, the values of R, the ductility contrast
between matrix and pebble, listed in table 1 are very similar to the viscosity contrasts between
pebble and matrix deduced by Gay (1969) from dcformed pebbles in natural conglomerates
assuming a viscous model. This suggests that at higher temperatures and pressures the viscosity
contrast will be the controlling factor in the deformation of pebbles.

However, the viscous theory developed by Gay (1968) predicted that with increasing pebble
concentration the average coeflicient of viscosity for the whole rock would incrcase and the
viscosity contrast between individual pebbles and the rock would tend to unity. Analysis of the
deformed pcbbles in the artificial conglomerate illustrated in figure 4, suggests that this
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Ficure 8. Simplified geological map of the arca south of Johannesburg (J); 1-5 are localities at which pebble
mcasurcments were made. (After Du Toit 1954.)
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reduction is not important in the present experimental conditicns. In the conglomerate (which
was subjected to a load of 4.50 MN, equivalent to a stress of about 750 MPa) the pebbles are
5-10 %, more eccentric than single pebbles deformed to approximately the same load. This
increase in eccentricity is probably not statistically significant, especially when it is noted that
some of the pebbles (e.g. quartzite) are much less deformed than expected and that the overall
deformation in the conglomerate is inhomogeneous.

(iii) Work hardening

The work hardening nature of the deformation is important in that it imposes a limit on the
amount of deformation which can take place during diagenesis. Examination of the axial ratios
listed in table 2 shows that a considerable change in pebble shape occurs under a load of
0.35 MN. This is equivalent to an average stress of 140 MPa on the specimen, which corre-
sponds to a depth of about 5-6 km. The next load increment 0.83 MN is equivalent to a stress
of 350 MPa or a depth of 14 km; this pressure is probably too large to be achieved during
diagenesis. The axial ratios of the deformed pebbles at these loads range from about 1.2 to
1.6 depending upon pebble composition and these seem to be reasonable values of the maxi-
mum deformation likely to be achieved by gravitational compaction. These numbers agree
well with the pre-tectonic strain of 1.3:1 reported by Dunnet & Siddans (1971) for a deformed

pisolite tuff.
(¢) Geological example: deformed pebbles in the Elsburg Reefs of the

Upper Witwatersrand System, South Africa

The localities at which pebbles were collected for strain measurements are shown in figure 9,
which is a simplified geological map of the area south of Johannesburg; all the sampling sites
were in approximately the same stratigraphic position.

The northernmost localities (1, 2, 3) were sited on the shallow dipping, right way up edge of
the basin and the southern sites on the overturned horizons around the Vredefort dome. The
sites on the northern rim of the basin were chosen because the host rocks are apparently un-
deformed and are unlikely to have had more than 7-8 km of cover rocks overlying them. In
other words the P, T conditions are unlikely to have been sufficiently extreme for the rocks to
have become viscous since deposition of the conglomerate. However, at least some of the pebbles
in the conglomerate have undoubtedly been through more than one cycle of sedimentation
and may have been previously tectonically deformed, or been derived from tectonically de-
formed rocks, lower in the Witwatersrand sequence. In particular, the pebbles from sites 2 and 3
have a provenance to the northwest of Johannesburg where the Witwatersrand sediments are
quite severely folded and faulted (Mellor 1913; Roering 1968).

The pebbles at all three localities are generally well rounded and comprise between 25 and
35 %, of the individual conglomeratic horizons. The majority of them are quartz or quartzite
in composition but a few chert pebbles also occur. They range in size from 20 to 120 mm in
diameter and are set in a coarse-grained quartzitic matrix with rounded to sub-angular grains
of quartz, much finer-grained secondary quartz and sericite or muscovite (figure 114). The rock
carries no tectonic or metamorphic fabric and, on the presence of sericite, appears to have
been metamorphosed to lower greenschist facies during diagenesis. Up to 20 9, of the quartz
grains show undulose extinction and may contain one or more sets of deformation lamellae;
presumably these structures reflect grain deformation during an earlier period of Witwatersrand
time.
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The two sites (4, 5) on the southern rim of the basin differ markedly from those described
above. The strata at these sites are overturned and dip southeast at 50-60°. A cleavage is
developed at locality 5 and at both localities the matrix is seen to consist mainly of quartz
grains, which are cut by sets of deformation lamellae and planar features. In addition, the
pebbles are much more deformed than at localities 1, 2 and 3, although there is no development
of a preferred orientation of long axes (cf. figure 9). The composition of the pebbles is normally
quartz or quartzite.

Ficure 9. Equal-area, lower hemisphere stercographic projection of pebble long axes in
relation to the bedding and cleavage planes; locality 5; 57 points.

The axial ratios of at least 28 pebbles were measured at cach site and at sites 3, 4 and 5 the
orientations of the pebble axes were also recorded. These data were used to compute the axial
ratios of the strain ellipsoid and the initial pebble, by Ramsay’s (1967, pp. 211-216) analytical
technique. The results of these calculations are listed in table 4 with values of Lode’s parameter
v, which is used to describe the symmetry of the strain ellipsoids, and is calculated from the
axial ratios by using the equation

v = [Ig (A/As) —1g (A/A2)]/1g (A4fs).

The results for each set of pebbles are plotted in figure 10 on a logarithmic deformation plot
(Flinn 1965; Gay 1969, p. 392).

The results are most complete for locality 1 where data for chert, quartz and quartzite pebbles
are available. All three types of pebbles have experienced essentially the same flattening finite
strain. The flattening nature of this strain suggests that some of it at least may be due
to compaction during gravitational loading. This is born out by the oblate shape of the pebbles
themselves and by some of the internal structures seen in thin section. Of the pebbles examined
under the microscope, some are made up of good recrystallized quartz polygons; others are
comprised of interlocking grains with sutured, boundaries and a preferred orientation of long
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axes; and in others the original grains are still visible. Deformation lamellae, bands and undu-
lose extinction in the quartz grains are also common; these structures presumably represent
earlier episodes of tectonic deformation. However, of importance here is the presence of small
healed cracks, marked by trains of dust and fluid inclusions, which cut grains or follow grain
boundaries and are aligned close to the direction of maximum shortening. These cracks re-
semble extension cracks which cut the experimentally deformed pebbles.

4 TABLE 4. TECTONIC STRAINS EXPERIENCED BY DEFORMED PEBBLES IN THE
ELSBURG REEFS i

/
S

::‘ locality ~ pebble type N JAA) NoW2 ) VA v
P 1 chert 28 1.35 1.62 2.18 +0.23
OH quartzite 264 1.37 1.67 2.28 +0.24
=) quartz 260 1.42 1.73 2.45 +0.22
- 5 2 quartzite 245 1.42 1.58 2.25 +0.13
= quartz 402 1.56 1.46 2.26 —0.08
@, 3 mixed 50 1.59 1.56 2.48 ~0.02
= 4 quartzite 47 2.80 2.69 7.53 ~0.02
El 7)) 5 quartzite 58 2.46 2.56 6.30 +0.02
Zz
%O N, number of pebbles measured.
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Ficure 10. Deformation plot of the strain ellipsoids calculated from the deformed pebbles at
localities 1-5. @, quartz; M, quartzite; A, chert; %, mixed.

DESCRIPTION OF PLATE 5

THE ROYAL A
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Ficure 11. Photomicrographs of samples from the Elsburg reefs; (scale bars = 1 mm;j all pebbles have short
axes perpendicular to the scale bar). (¢) Matrix from conglomerate at locality 2; thin section not
oriented; plane polarized light. (b)) Healed and open cracks in a quartzite pebble from locality 2; the
wide crack on the left hand side is filled with opaque material (plane polarized light). (¢) Healed cracks
cutting recrystallized quartz grains in a quartzite pebble from locality 3 (crossed polarizers). (d) Closely
spaced conjugate shear planes in a quartzite pebble from locality 5. New quartz is growing along some
of the shear planes (crossed polarizers). (¢) Closely spaced shear planes with associated feather fractures
cutting healed cracks in a quartzite pebble from locality 4 (plane polarized light). (f) New quartz de-
veloped along part of a healed crack in a quartzite pebble from locality 5 (crossed polarizers).
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(Facing p. 122)
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At locality 2, the quartzite pebbles indicate a flattening type strain but those of quartz lie
close to the line for a pure shear plane strain. As at locality 1, most of the pebbles seen in thin
section, contain evidence of previous deformation, such as lamellae and undulose extinction.
In addition, the quartz pebbles have a very strong fabric of recrystallized, elongated quartz
grains sub-parallel to the major pebble axis. This suggests that the observed pure shear strain
ellipsoid reflects not only the deformation associated with the diagenesis of the Elsburg reefs
but also a previous deformation history. However, healed cracks (figure 115) marked by bubble
trains and filled with iron oxides are visible in most thin sections (especially quartzite); these
cracks often cut across recrystallized grains and indicate a possible cataclastic deformation
during lithostatic loading.

Similarly, the strain at locality 3 is of a pure shear type and again the pebbles are made up
of recrystallized grains of quartz which define a planar fabric and contain deformation
lamellae and bands. The provenance of the pebbles is the same as that for locality 2 and the
observed symmetry of the strain ellipsoid may reflect a previous strain history. However, as
at localities 1 and 2, healed cracks (figure 11¢) cut across individual grains at high angles
to the maximum and intermediate pebble axes. Some of these cracks now contain new
quartz.

The finite strains experienced by the pebbles at localities 4 and 5 are of a similar pure shear
type to those at localities 2 and 3 but the magnitudes are very much greater. These sites are
situated on the overturned limb of the synclinorium around the Vredefort Dome. The over-
turning post-dates the lithification of the sediments and hence any pebble deformation
accompanying the diagenesis will have superimposed on it deformational features accompany-
ing the overturning.

On a microscopic and hand-specimen scale, these younger deformational features are in-
tense. Many of the pebbles at both localities are cut by conjugate pairs of closely spaced shear
planes, very similar to Liiders bands. In addition, at site 5, contiguous pebbles are often found
to be pitted by pressure solution at their points of contact. The shear planes are symmetrically
distributed about the long axes of the pebbles with the angles between them varying from about
60 to 130° in individual pebbles. In thin section, new relatively strain-free quartz is often
found along the shear planes (figure 11d) and feather fractures cut the grains immediately
adjacent to some shear planes (figure 11¢). Deformation lamellae and other planar features
are ubiquitous and normally two or more sets are present. Healed cracks, marked by dust or
bubble trains, are found in some pebbles sub-parallel to the long axes.

None of these features are likely to be compatible with deformational structures due to
gravitational loading but in some sections, healed cracks at angles of 0-30° to the axis of maxi-
mum shortening are seen. These cracks are marked by irregular trains of inclusions and are
normally discontinuous and slightly wavy in appearance. Displacement of the cracks across
shear planes can occasionally be seen and new quartz may be developed along them
(figure 11f) especially in pebbles which have shear planes inclined at large angles (120°) to
their long axes.

The correlation of these irregular cracks with extension fractures likely to beinduced in the
pebbles during gravitational loading seems correct in view of the fact that the later deformation
does not appear to have changed the relative positions of the pebbles; i.e. the pebbles still tend
to lie with their long axes in the bedding plane, as they would have been deposited during for-
mation of the conglomerates. The presence of the closely spaced shear planes or Liiders bands
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and the growth of new quartz indicates that the superimposed deformation took place under
conditions of fairly high confining pressures and temperatures which would preclude the de-
velopment of cataclastic features such as extension cracks.

CONCLUSIONS

The experimental work outlined in the first part of this paper suggested that it might be
possible to achieve fairly large finite strains in pebbles during gravitational compaction of
sediments at low pressures and temperatures. In these experiments, the samples of matrix and
pebbles behave as work hardening Bingham bodies; deformation only proceeds after the yield
strength of the pebble has been exceeded and the subsequent finite strain depends on the
ductility contrast between the pebbles and the host rock. Applying these results to natural
conglomerates, one would expect to find deformed pebbles in all conglomerates which have been
subjected to overburden pressures of 100-200 MPa, equivalent to a sedimentary cover of
4-8 km. Ideally, spherical pebbles should deform to oblate spheroids but because pebbles are
normally ellipsoidal in shape, it is more likely that after deformation they would be flatténed
in the bedding plane and have three unequal principal axes. Because of the work hardening
nature of the deformation during compaction, the deformations are unlikely to be extreme; the
experimental results suggest maximum pebble axial ratios of 1.2-1.6 for initially spherical
pebbles of varying composition. Microscopic structures which might be used to identify this
type of deformation in deformed conglomerates include extension cracks and grain boundary
cracks parallel to the short axes of pebbles of quartzite or other brittle rocks and twin lamellae
in pebbles of carbonate rocks.

The Elsburg reefs which crop out south of Johannesburg at the top of the Upper Witwaters-
rand System, appear to be suitable conglomeratic horizons in which to look for evidence of de-
formation of pebbles by gravitational compaction. These conglomerates contain pebbles of
quartz, quartzite and chert which have been derived from the underlying sediments and
conglomerates. Accordingly the pebbles may well have been deformed during earlier tectonic
events but after deposition in the Elsburg reefs they have probably only been subjected to
maximum temperature of 200 °C and overburden pressures of 200 MPa, compatible with a
sedimentary cover of 7-8 km. The finite strain ellipsoid deduced from the pebbles at locality 1
plots in the flattening region of the deformation plot as expected and in thin section healed
cracks can be seen sub-parallel to the short axis of the pebbles. However, the maximum strain
ratio, /(A4/Ag), is larger than expected from the experiments; this may be due in part to pre-
vious deformations. The pure shear type of strain and the larger axial ratios deduced from the
pebbles at localities 2 and 3 are also thought to reflect the influence of deformations in pre-
Elsburg times but, again, healed cracks which are compatible with deformation during dia-
genesis can be identified.

On the southern side of the Witwatersrand basin, at localities 4 and 5, the Elsburg reefs have
been deformed during post-lithification overturning of the sediments. This superimposed
deformation has resulted in the development of Liiders bands, deformation lamellae and
planar features in the pebbles and the growth of new quartz. However, still visible in thin sec-
tions of the pebbles are irregular, wavy, healed cracks which are sub-parallel to the short
pebble axis and which are thought to represent extension cracks induced into the pebbles
during the lithification of the conglomerates.
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These observations support the validity of the experimental results. It seems likely that
significant pre-tectonic deformations can occur during lithification of the sediments. The mag-
nitudes of these deformations will depend on the relative yield strengths of, and ductility con-
trasts between the deforming particles and the host rock.

Tectonic strains superimposed on these lithostatically deformed pebbles are likely to take
place at conditions of higher temperature (> 300 °C) and pressure (> 200 MPa). In this
environment most rock types will tend to behave like viscous fluids and deform by secondary
(steady state) creep (Heard 1976; Flinn 1965). The important factors controlling the relative
deformation of the individual pebbles and the host rock would be the long term yield strengths
(Price 1964) of the pebbles and the viscosity contrasts between the pebbles and rock once steady
state creep had been initiated.

J. C. Jaeger devised the experimental method used to obtain the results discussed in this
paper and made the deformed conglomerate illustrated in figure 4. L. O. Nicolaysen read the
manuscript and suggested some improvements.
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Discussion

B. A. BBy and M. L. Kovsuszewski ( Theory of Materials, University of Sheffield, Mappin Street,
Sheffield, S1 3JD). We should like to draw the attention of Dr Gay and other geologists to some
theoretical work carried out in this department on the slow deformation of inhomogeneous
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regions in incompressible viscous materials. We were first led to consider this problem in
connexion with the homogenization of glass melts, and some results obtained by Eshelby
on the deformation of an elliptic cylinder have already been reported briefly (Cable 1968).
Our general method is to use the analogy between slow viscous incompressible flow and linear
elasticity, together with the theory of the deformation of the elastic ellipsoidal inhomogeneity
(Eshelby 1957, 1960) to discuss the finite deformation of an ellipsoidal inhomogeneity having
a viscosity p, differing from the viscosity 4 of the matrix. In a forthcoming paper (Bilby,
Eshelby & Kundu 1975) the deformations of elliptic cylinders and prolate and oblate spheroids
under pure shear are treated. The progress of the deformation of the cylinder is conveniently
described by the parameter S = In (a/a,), where a is the major axis of the elliptical cross section
at any stage, and g, the value of @ when the cross section is a circle. If Sy is the value of § when
My = &, the relation between § and Sy indicates the influence of the viscosity ratio R = p,/p
on the deformation which occurs in the inhomogeneity. It is found (Cable 1968) that the rela-
tion between § and Sy is

S+1(R—1) tanh § = Sy (1)
which is not linear, but reduces for S sufficiently small to the linear relation (R+1)$ = 25y.
In contrast, Gay (1968) finds the linear relation (3 +2R)S = 55y. In fact, the method used by
Gay is appropriate only for the initial deformation of a circular inhomogeneity. If applied
correctly his method would give the linear relation with slope 2/(R+ 1), appropriate for small
S in our theory, but because of technical errors Gay obtains a linear relation with the wrong
slope. We believe, therefore, that some caution is necessary in deducing matrix strains from
measurements on inhomogeneities of different viscosity, particularly when the strains are
large. It is interesting to note that for large § the nonlinear relation (1) becomes
Sg = S+3(R—1). Such a relation resembles qualitatively the curves shown by Dr Gay at
this meeting, although it strictly applies to a much simpler geometry than obtained in his
experiments. The application of the general theory to more complicated geometries has been
further discussed by Brierley & Howard and by ourselves, and the results will be published
shortly.
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N. C. Gay. I would like to thank Professor Bilby and Dr Kolbuszewski for contributing to
the discussion of Mr Fripp’s and my paper. I was particularly interested to learn of the
theoretical results obtained by them and co-workers on the deformation of inhomogeneous
regions in incompressible viscous materials, a problem which I attempted to solve (Gay 1968)
in order to determine total finite strains in deformed conglomerates.

Bilby & Kolbuszewski point out that the linear relation derived by me to relate the strain
in the inhomogeneity with that in the surrounding matrix is incorrect and is really only
applicable for small strains. I have not been able to verify this statement of theirs nor have I
found any technical errors in my argument to which they allude. My attempts to do this have
been hampered by the fact that I have not been able to obtain copies of the papers by Cable
(1968) and Bilby et al. (1975) in which the results quoted by Bilby & Kolbuszewski are derived.
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In view of this apparent impasse, and because I was able to verify my equation experimentally
and have since used it to obtain reasonable values of finite strain in deformed conglomerates
(Gay 1969), I now intend to compare the different results empirically.

In figure 12, I have plotted graphs of the functions (Bilby & Kolbuszewski’s notation):

S+3(R—1) tanh S = Sy  (Cable 1968) (1)
(R+1)S = 25y  (Bilby & Kolbuszewski) (2)
(3+2R)S = 55y (Gay 1968) (3)

for R = 2.5. In these graphs, the strains in the inhomogeneity and matrix are plotted as the ratio
(alay), (alag) r—y and (a/b) where (a/a,) is the strain parameter used by Bilby & Kolbuszewski
and (a/b), the ratio between the major and minor principal axes of the elliptical inhomogeneity,
is the parameter used by me. These ratios are calculated from the natural strains §' = In (a/a,),
etc. I selected R = 2.5 because most pebbles in deformed rocks are probably less than 2.5 times
more viscous than their host rock during deformation. Also plotted on this graph are the
experimental points determined by me (Gay 1966, table Xb, p. 204) using ethyl cellulose —
benzyl alcohol solutions to represent the inhomogeneity and matrix.

10
R=25
°
g oot
o
o /.o -~
g . ® o
= d’ /
R= o <
k= g
g oA
§ ot A
7 e
'Y
®
1 1 1 1 1
1 2 3 4 5 10

strain in matrix

Ficure 12. Variation between the strain in an inhomogeneity and the surrounding matrix as calculated from:
equation (1), solid line; equation (2), large dashed line; equation (3), small dashed line. R is the viscosity
ratio between the inhomogeneous particle and the matrix. Dots are experimental points determined by
Gay (1966).

Quite clearly all three curves are similar at strain ratios < 3 and the curves for equations (1)
and (3) agree well for a matrix strain < 5. The scatter on the experimental results is sufficiently
large for the results to fit all three curves but they probably correlate best with equation (1),
the exact solution determined by Cable (1968).

The effect of changing the value of R is illustrated in table 5, in which are listed values of the
natural strains in the matrix, Sy, calculated from equations (1) and (3) for two different values
of S, the natural strain in the inhomogeneity. At the lower strain level (§' = 1) the differences


http://rsta.royalsocietypublishing.org/

A
2N

y
LY

/

S

<
—
o
e
=9}
om
-

SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

&

P

/|

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

128 N. C. GAY AND R. E. P. FRIPP

between the results from the two equations are insignificant for R < 5 although equation (3)
always overestimates the magnitude of the matrix strain. Similarly at the higher strain level
(§ = 2) equation (3) gives larger values of Sy than does equation (1), but here the differences
are certainly significant.

These observations indicate that although my equation may be incorrect, the strain values
calculated by using it do not differ significantly from those predicted by Cable’s (1968) equation
for matrix strain ratios as large as 5 (' &~ 1.6) and viscosity ratios less than 5. These conditions
cover most reported strains in deformed rocks known to me.

TABLE 5. MATRIX STRAINS, Sy, CALCULATED FROM EQUATIONS (1) AND (3) FOR
VARIOUS VALUES OF R, ASSUMING (a) $ = 1; (b)) § = 2

(a) ()

A A

— ) s Al
equation equation equation equation
R (1) ®3) (1) 3)
1 1 1 2 2
2 1.38 1.40 2.48 2.80
3 1.76 1.80 2.96 3.60
4 2.14 2.20 3.45 4.40
5 2.52 2.60 3.93 5.20
7.5 3.48 3.60 5.13 7.20
10 4.43 4.75 6.82 9.20

Bilby & Kolbuszewski also suggest that the form of equation (1) for large §, namely
Si = S+H(R—1) (4)

resembles the curves published by Mr Fripp and myself in the present paper. This equation is
for a straight line, the slope of which equals unity and is independent of the value of R. This
does not agree with our experimental observations or with equation (3) derived by us in the
paper. Furthermore, our reported results are for relatively small finite strains (§' & 0.7); by
contrast, equation (4) only holds for § > 2.7 (tanh §' > 0.99) which is equivalent to elongation
strains > 15. Such large strains are not common in geological environments.
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IGURE 4, An artificially deformed conglomerate: pebbles are (from left to right) Carrara marble; oolitic limestone and quartzite; Solenhofen
limestone; shale; quartzite; and Solenhofen limestone. The pebbles are set in a matrix of mica schist and plaster of paris with an outer matrix
of marble. (FFrom Gay & Jaeger 1975.)
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