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ABSTRACT

This study investigates the sedimentology and 
geochemistry of Permian glacial sediments cropping out in 
the Bacchus Marsh and Derrinal areas in central Victoria and 
in the subsurface beneath the Cainozoic Murray Basin in 
Victoria, New South Wales and South Australia.

Facies analysis of the Bacchus Marsh Formation, based 
on a critical review of literature on glacial sedimentary 
processes and environments, identifies the following major 
facies groups:

1. Subglacial tillites deposited beneath wet-based ice. 
Some of these tillites exhibit structures indicative of a 
number of subglacial processes such as frictional lodgement 
of large clasts, subglacial bed deformation, subglacial 
meltwater flow and subglacial size sorting of clasts. Other 
subglacial tillites are essentially structureless.

2. Bedded diamictites to sandstones deposited 
predominantly by ice-rafting of debris into standing water.

3. Fluvial outwash sandstone and conglomerate facies 
that are finer-grained than typical proglacial outwash 
facies.

4. Deltas and subaqueous outwash fans vary from sandy 
sediments deposited by proglacial and subglacial streams to 
coarse, poorly sorted complexes deposited as debris aprons 
close to the ice front. Abundant underflow deposits suggest 
that less than normal marine salinities prevailed in these 
water bodies, even if they were arms of the sea.

5. Supraglacial tillites consisting of sandy
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diamictites to pebble conglomerates.

Facies in the thickest sequence in the Bacchus Marsh 
area suggests that the area was covered by a major ice mass 
at least 8 times. Minor glacial advances took place during 
predominantly ice-free periods.

The Derrinal Formation consists of a basal unit of
predominantly subglacial tillite deposited in shallow
glacially excavated valleys overlain by a complex of

>
subglacial and supraglacial facies deposited by about 8 
minor advances of a small ice tongue. Facies relationships 
in this part of the sequence are confused by intense 
deformation of the sediment pile during the melting of 
buried ice and dewatering of saturated diamictons. A major 
ice advance then overwhelmed the area depositing thick 
subglacial tillite.

The Urana Formation, beneath the Murray Basin, is 
dominated by marine ice-rafted diamictite and mudstone. 
Rhythmically bedded siltstone and claystone, sediment 
gravity-flow deposits, traction-current deposits, and, 
possibly, subglacial tillites are also present. Facies 
assemblages in some drill holes indicate areas that were 
never covered by grounded glacial ice. Sedimento 1 ogical and 
palaeontological evidence suggests that the Urana Formation 
was deposited towards the end of the glaciation.

Ice motion indicators and ice sheet limits inferred 
from the facies assemblages in the Urana Formation are used
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to estimate the thickness of the ice over central Victoria 
during glacial maxima. These estimates support the 
conclusion drawn from the facies analysis that the ice was a 
large ice sheet. Comparisons of ice movement directions for 
central Victoria and formerly adjacent parts of Gondwana 
suggest that a large ice sheet was centred in North 
Victorialand.

Major and some trace elements analyses of the clay 
component of marine and non-marine diamictites were used to 
test a number of methods of distinguishing marine from non
marine glacial diamictites. None of the methods were clearly 
successful because sediment detritai mineralogy dominates 
the geochemical composition though V/Cr ratios may be useful 
in some circumstances.
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THE PERMIAN GLACIAL SEDIMENTS OF CENTRAL VICTORIA
AND THE MURRAY BASIN

PART 1

CHAPTER 1

INTRODUCTION
LOCATION AND SCOPE

This thesis is a study of the Late Palaeozoic glacial 
sediments in three areas in southeastern Australia. The 
three areas are the Bacchus Marsh and Derrinai areas in 
central Victoria and beneath the Murray Basin (Fig.l).

The glacial nature of these sediments has never been in 
doubt since their original description by Selwyn(1861) but 
many aspects of their sedimentology and stratigraphy have 
been poorly understood. Bowen(1959) interpreted the rocks as 
the deposits of a continental glaciation with subglacial and 
supraglacial tillites, fluvial outwash and minor lacustrine 
deposits. However, Garratt( 1969) and Thomas(1969) reported 
marine fossils from parts of the Bacchus Marsh sequence, 
suggesting that marine facies may be important in that area 
and Crowell & Frakesf1971a,b) questioned aspects of 
Bowen' s(19 59) facies interpretation. They suggested that 
glacial mudflow, lacustrine and marine facies were 
important. Since these studies were published, improvements 
in the outcrops and improvements in the understanding of 
glacial sedimentation mean that some problems of facies 
interpretation can now be resolved.

4



In this study, I seek to answer the following 
questions:

1. What processes formed the sediments now preserved?
2. What were their depositions! environments?
3. What was the nature of the ice that deposited most 

of them?
4. What was the climatic history during the glaciation? 

In particular, how many major ice advances took place and 
when did the glacial episode finally wane in southeastern 
Australia?.

METHOD OF STUDY

The study consists of four parts. Part 1 comprises this 
introduction and a review of glacial behaviour, engiacial j 
hydrology, glacial erosion, transport and deposition and 
glacial facies models which form a framework for the 
interpretation of the Permian glacial facies. This review 
takes a different approach to the usual review of published 
acies jnodeIs in that it emphasises glaciological models of 

ice behaviour^ and depositional processes. I have adopted this 
approach because it sometimes provides a means of developing
more sophisticated interpretations of glacial facies than 
existing models, particularly for subglacial deposits. Some 
of the models reviewed are somewhat speculative but they 
still provide useful physical constraints on facies 
interpretations. Also, I review a simple model of ice sheet 
profiles that is used later to estimate the thickness of the 
Permian ice sheet in central Victoria.
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Part 2 is the documentation and interpretation of the 
sediments themselves. Where possible, lithofacies are 
mapped, using large scale maps and outcrop profiles in an 
attempt to deduce the three dimensional relationships of 
sediment bodies. Generalized or composite sections are only 
used in areas of poor outcrop or for the sediments beneath 
the Murray Basin that are known only from drill holes. The 
lithofacies coding system of Eyles & others(1984) is not 
used because it would restrict the. presentation of
detailed variations between facies, unless one is prepared 
to define many new elements to the code. Such an approach 
would produce an enormous, unwieldy new system of jargon. 
Also, many lithof acies in the Permian glacial sediments of 
central Victoria consist of several intimately associated 
rock types so that the existing code of Eyles & others(1984) 
is inappropriate.

Part 3 consists of a test of some published methods of 
distinguishing between marine and non-marine diamictites. To 
provide a proper context for this test, the petrology and 
geochemistry of these diamictites are discussed using thin 
section data. X-ray diffraction and major element 
geochemistry.

Part 4 considers the palaeogeographic and 
palaeoclimatic implications of the facies analysis and 
summarizes the results of the entire study.

PREVIOUS STUDIES
The Late Palaeozoic rocks of central Victoria were
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amongst the first pre-Pleistocene glacial sediments 
correctly identified (Selwyn,1861) and amongst the first for 
which a Late Palaeozoic age was established (McCoy,1861; 
1875). Since their discovery, a steady stream of geologists 
has studied various aspects of these sediments. Most workers 
studied individual outcrop areas; for example Dunn(1889, 
1890, 1892, 1899) and Robbins(1983a,b,c, 1984a,b) examined 
the Derrinal area outcrops whereas Officer & others(1896). 
Sweet & Brittlebank(1893), David(1895, 1896), Jacobson & 
Scott(1937) and Davis & Mailet(1981) examined outcrops in 
the Bacchus Marsh area. Reviews of this work that included 
some new information have appeared from time to time 
(Summers,1923; Mahony,1937; Kenley,1952; Spencer-Jones,1969; 
Crowell & Brakes,1971a,b; Bowen & Thomas,1976; 
O'Brien,1981 ). Hamilton & Krinsley(1967) described sand 
grain surface textures in these rocks and Gravenor(1979) 
included samples from Bacchus Marsh and Derrinal in his 
study of heavy minerals in Gondwana glacial deposits.

The most extensive study of the Permian glacial 
sediments of Victoria is included in Bowen(1959), an 
unpublished PhD thesis. Bowen(1959) constructed composite 
sections of the outcrops then available and interpreted the 
sediments as subglacial tillites, supraglacial tillites, 
fluvial outwash sediments and proglacial lake deposits, 
drawing analogies with the Pleistocene continental glacial 
sediments of North America. Since Bowen completed this 
study, developments in sedimento 1 ogy, changes in outcrop and 
the discovery of marine fossils indicate a need to reasses 
the sedimento logy and stratigraphy of the glacial sediments
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in central Victoria* I have not included an examination of 
Bowen's(1959) conclusions in this thesis because a detailed 
criticism of a study undertaken without some of the best 
outcrops and before the great advances in glaciology and 
glacial sedimentology of the last twenty years seems 
pointless. However, some of Bowen's ( 1959) conclusions will 
be touched on and his section of sediments in the Coimadai 
Creek area near Bacchus Marsh will be used because these 
outcrops are now flooded by a water supply reservoir.

STRATIGRAPHY 
Nomenc1ature

Various informal names have been used for the glacial 
sediments of central Victoria. Those around Bacchus Marsh 
have been called Bacchus Marsh Glacial beds. Tillite or 
boulder beds (David,1896; Pant, 1949). Dunn(1889, 1890, 
1892, 1899) called the sediments in the Derrinal area both 
the Wild Duck Creek Conglomerate and the Derrinal 
Conglomerate. I will refer to these sediments as the Bacchus 
Marsh Formation and the Derrinal Formation. Appendix 1 sets 
out proposed formal definitions for these units.

The Late Palaeozoic glacial sediments beneath the 
Murray Basin have never been named though 0'Brien(1981) 
equated them with the Cape Jervis Beds of the nearby 
Troughbridge Basin. This usage has proved inadequate so I 
propose the name Urana Formation (Appendix 1, see also 
O'Brien,1985).
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AGE
McCoy( 1861,1875) recognised the Late Palaeozoic age of 

the Bacchus Marsh Formation when he described a macroflora, 
including species of Gangamopteris, from near the top of the 
Korkuperimul Creek section (see Chapter 8). Studies of 
palynomorphs by Virrik(1939), Pant(1949,1955), Pant & 
Mehra(1963), Douglas(1969), Kemp & others(19 77) and 
Truswel1(1981) and studies of marine invertebrates by 
Thomas(1969) and Garratt(1969) have confirmed this. Kemp & 
others(1977) and Truswel 1(1981) assigned the microflora in 
the Bacchus Marsh Formation to Stage 2 of their informal 
zonation of the Late Palaeozoic.

Derrington & Anderson(1970) and Ludbrook(1962,1963) 
list Stage 2 microfloras from the Urana Formation beneath 
the western Murray Basin, McLeod(1977,1978,1979) reported 
Stage 2 and Stage 3 microfloras from beneath the southern 
edge of the Murray Basin and Morgan( 1975a) and McMinn(1981) 
reported Stage 3 microfloras from the Urana Formation 
beneath the eastern Murray Basin.

There is considerable argument at present as to whether 
rocks of this age are Permian or Carboniferous. 
Palynologists argue that a marked increase in microfloral 
diversity at the Stage 2 - Stage 3 boundary correlates with 
a similar increase in diversity at the Permo-Carboniferous 
boundary in North America (Kemp & others,1977). 
Palaeontologists studying marine invertebrates argue that 
the association of Late Sakmarian ammonoids with a Stage 3 
microflora conformably overlying sediments containing a
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Stage 2 microflora in the Lyons Formation of the Carnarvon 
Basin, Western Australia means that both Stage 2 and Stage 3 
microfloras are Permian in age (Table 1; Archbold,1982). 
Resolution of ths dispute is beyond the scope of this study.
At present I favour the arguments of Archbold( 1982) and 
therefore these sediments will be referred to as Permian in 
age throughout this thesis.

TERMINOLOGY 
Sediment Texture

A problem in the study of glacial sediments is'the 
textural nomenclature for poorly sorted rock types. A range 
of different rock types fits within the original definition 
of diamictite (and diamicton in the case of unconsolidated 
sediment /Flint, Sanders & Rogers,1968a,b)) so that some 
qualification of the term is desirable in descriptions. Some 
system subdividing the central part of the triangular diagram 
with sand, mud and gravel apices into sandy, pebbly and 
muddy diamictites would be ideal but I have chosen not to 
use such a system in this study because it proved impossible 
to obtain absolute grain size measurements of the lithified 
diamictites studied (Appendix 2).

Instead, I have employed a field classification of 
diamictite based on visual estimates of the main grain size

i
components. Diamictites containing greater than 20 % I
of granules or coarser sized clasts are refered to as pebbly 
diamictites, those with matrix material that is essentially 
very muddy sandstone are called sandy diamictites and those 
with matrix material of sandy mudstone are called muddy or
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clayey, depending on the proportion of clay as estimated by 
the texture of the material when wet.

Genetic Terminology
Many authors have highlighted the need to restrict the 

use of the word til lite to sediments deposited directly from 
glacial ice without substantial intervention by running 
water (Boulton, 1972a; Dreimanis & Schluchter, 1985). This 
definition will be followed in this study. Where possible, 
the word til lite will be qualified by terms denoting the 
site or mechanism of deposition of the infered tillite (e.g. 
subglacial lodgement tillite). The term flow tillite will be

i________________________________
restricted to sediments that were deposited by mudflows 
derived directly from glacial ice. Where there is doubt as 
to whether the sediment was derived directly from glacial 
ice, such deposits will be called mudflow diamictites.

A number of terms have been proposed for till-like 
sediments deposited by ice-rafting in standing water (e.g. 
g1aciomarine drift, Flint,1971; paratili, Karl and & 
others,1966). However, I shall refer to them as ice-rafted 
sediments or facies to avoid any connotation of water 
salinity and to avoid use of the term till as part of the 
name used for sediments that are not deposited directly from 
ice and which are not always till-like in texture.

Many terms also exist for deposits and landforms 
associated with glaciation such as esker and kame that refer 
to landforms composed of ice-contact fluvial and lacustrine 
sediments. Most such terms are best used for topographic
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features and therefore will not be used in this study.

In glaciolacustrine deposits, the name rhythmite is 
applied to sediments composed of regularly recurring layers 
(Francis, 1975). Rhythmites should only be called varves when 
each repeated unit represents sedimentation over one year 
(De Geer,1912).

CLASSIFICATION OF ICE MASSES 
Thermal Classification

One of the ultimate aims of a sedimentological analysis 
of glacial sediments is to deduce the parameters of the ice 
mass that deposited the rocks. Therefore, several approaches 
to classifying glaciers will be briefly set out as 
background for the interpretation of the characteristics of 
the glaciers that advanced across central Victoria during 
the Permian. The first approach utilizes the thermal 
characteristics of the ice, the second, the size and shape 
of the ice mass.

Ahlmann(1935) first proposed a thermal classification 
of glaciers. He recognised Temperate glaciers that are 
approximately at the pressure melting point of ice 
throughout their thickness and Polar glaciers that are below 
pressure melting point throughout their thickness, except 
for some surface melting in the ablation zone during summer 
in some cases. The two groups of glaciers behave in 
significantly different ways. Temperate glaciers have water 
at their bases and slide on their beds and have subglacial 
streams. Polar glaciers are frozen to their beds and move
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only by internal deformation. Meltwater streams are confined 
to their upper surfaces.

Ahlmann's( 1935) classification is an idealized picture 
of glacier thermal regimes because few glaciers fit either 
category for their entire length (Paterson,1969; Embleton & 
King,1975). An important departure from the ideal 
classification occurs beneath thick Polar ice masses because 
of the drop in the melting point of ice with increasing 
pressure (Fig.2). If the thermal -gradient in the ice is too 
low to carry away geothermal heat and heat generated by ice 
deformation, the base of a Polar glacier may reach pressure 
melting point in places (e.g. Budd, Janssen & Radok,1971; 
Hooke,1977).

From a sedimento1ogica1 point of view, the basal thermal 
state of the ice influences many depositional processes 
(Boulton, 1972b; Shaw, 1977a,b) so the most useful distinction 
that can be made is between ice that is below its pressure 
melting point at its base and that which is at pressure 
melting point at its base. Therefore, in this study, I will 
classify ice as either wet-based or cold-based. The 
temperature regimes at the base of many glaciers change 
with position and the balance between precipitation and 
ablation in the particular glacier (mass balance). Such 
changes have important effects on sediment erosion, 
transport and deposition.

Size and Morphological Classification
Every text book on glacial geomorphology presents
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basically the same morphological classification of glaciers 
(e.g. Embleton & King, 1975; Sugden & Johns,1976). This 
classification is too detailed for the study of ancient 
glacial sediments because many of the distinguishing 
features cannot be deduced from the evidence available and 
the deposits of some high altitude glaciers are unlikely to 
be preserved (e.g. cirque and niche glaciers, (Embleton & 
King, 1975)). Therefore, the classification used in this study 

combines some categories and omits others in order to be 
applicable to the study of pre-Pleistocene glacial 
sediments.

From the study of ancient glacial sediments, it should 
be possible to distinguish between the following glacier 
types : -

Valley glaciers - Valley glaciers are confined by 
valley walls. They can be fed by alpine cirques or by an 
inland ice cap (Embleton & King, 1975). Many valley glaciers 
carry large amounts of supraglacial debris supplied by the 
valley walls (Eyles,1979; Fig.3). Their deposits are likely 
to be preserved in intermontane basins or over-deepened 
valleys. Where valley glaciers end in the sea, they are 
known as tidewater glaciers (Powell,1981,1983).

Piedmont Glaciers - When valley glaciers advance from 
their valleys and spread out on a plain, they are called 
piedmont glaciers (Fig.4; Embleton & King,1975). Such 
glaciers form broad lobes, much wider at the snout than in 
the valley part. They carry significant quantities of
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supraglacial debris and have broad proglacial fluvial 
outwash plains.

Ice Caps - Ice caps are domes of ice on flat plains or 
on mountain plateaus in which the ice flows radially. They 
are smaller and thinner than ice sheets. Modern ice caps are 
in the order of several hundreds of metres thick (Embleton & 
King,1975).

Ice Sheets - Ice sheets are accumulations of 
continental scale such as the Greenland and East and West 
Antarctic ice sheets. They overwhelm all but the highest 
mountains and reach thicknesses of several thousands of 
metres. Ice sheets may have simple curved margins or they 
may advance as a series of lobes (Flint,1971).

Floating Ice Tongues - A floating ice tongue is an ice 
mass that floats upon entering a body of standing water. 
This definition encompasses both tidewater glaciers that 
float and ice shelves, which are floating ice sheets. There 
are two types of ice shelf (Robin, 1979): shelves of inland 
ice that extends out to sea, and shelves consisting of thick 
sea ice held fast to the shore. I shall generally use the 
term ice shelf to mean the former type because they are more 
important agents of sediment transport and deposition.

Thus, in the light of this classification, the 
questions I shall address when considering the nature of the 
ice that deposited the Permian glacial sediments of central 
Victoria and the Murray Basin are: What was the dominant
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temperature regime at the ice bed, wet or cold based? Did 
the ice streams overwhelm the topography and did parts of 
them float during the glaciation?
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CHAPTER 2
GLACIAL SEDIMENTATION 

INTRODUCTION
This chapter is devoted to a review of sedimentation in 

glacial environments. It concentrates on processes and 
facies peculiarly associated with glacial ice. Glaciofluvial 
and g lacio lacustrine sedimentation will not be treated in 
the same detail because they are better understood and 
documented in the literature. Emphasis will be placed on the 
stamps which glaciation places on deltaic, lacustrine and 
fluvial processes and facies.

The discussion of glacial sedimentation will commence 
with a brief outline of ice dynamics, the behavior of 
englacial meltwater and glacial erosion and sediment 
transport processes. A vast literature exists on these 
subjects which falls into three categories: -

1. Observations of modern glaciers.
2. Physical modelling of processes.
3.Interpretation of ancient glacial sediments and 

erosion features.
Some processes are visible on glacier surfaces so that 

observations of modern glaciers provide good information for 
interpreting ancient glacial facies produced by these 
processes, but subglacial processes are rarely directly 
observed, so that insights into subglacial deposition depend 
heavily on theoretical models based on physical models of 
glacier dynamics, hence the need for a brief review of ice 
behavior and englacial hydrology. The vast literature on 
ancient, particularly Pleistocene, glacial sediments will be
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touched on where it provides good sedimentological data on 
specific processes and facies. However, a review of every 
observation, interpretation, and speculation published on 
ancient glacial sediments is a task well beyond the scope of 
this work ( Char 1 esworth, 1957).

ICE MOTION
Glaciers are driven by their weight. In the simplest 

model, that of a parallel sided slab of ice resting on an 
inclined plane (Fig. 5), the shear stress at the base (t) 
is given by the expression (Paterson, 1969).

t =d^ g h sin a Eg. 1
where d^ is the density of ice, h the thicknes of the slab, 
g the gravitational constant and a the slope of the plane. 
This simple analysis may be extended to a slab whose surface 
is not parallel to its base (Paterson, 1969).

= dj_ ghsin a Eg. 2
or
= d^gh.a Eg. 3
a is the surface slope of the ice. Therefore, if the

surface slope of a glacier is greater than the slope of its 
bed and in the opposite direction, the ice will flow up hill 
(Paterson, 1969). Equation 2 has been used to calculate 
shear stress at the base of many glaciers. Values usually 
lie between 0.5 and 1.5 bars (Nye, 1952).
(1 bar » 1 x 10 Nm“2).

Under the influence of this stress, glaciers move by 
two main processes, internal deformation of the ice and 
basal slip. Internal deformation is mostly by creep or
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mutual displacement of ice crystals relative to one another. 
This process may be described in the first approximation by 
Glen's Flow Law (Glen,1955) which can be written:

e = Btn Eq. 4
where e is the strain rate

B is a constant related to ice temperature 
t is the shear stress 
n is an exponent with a mean value of 3.

Recent studies have refined Glen's .low Law to a polynomial 
expressions which give more accurate descriptions of ice 
behaviour (Embleton & King,1978) but the simple model is 
adequate for the purpose of this review.

Glen's .low aw incorporates two features observed in 
glacier flow. Firstly, strain increases with stress so the 
ice deforms most in regions of high stress such as along the 
glacier sole and secondly B is temperature dependent. B is 
usually higher at higher temperatures, so strain rates are 
higher for a given stress at higher temperatures 
(Paterson,1969).

The role of incorporated sediment in modifying ice 
behaviour has been little studied, but is probably important 
in subglacial deposition. Swinzow(1962) noted that closure 
rates of a tunnel in the margin of the Greenland ice cap 
were faster in slightly dirty ice than in clean ice and 
slower in very dirty ice. These observations are supported 
by laboratory work by Hooke, Dahl in & Kauper(1972) who found 
that, under uniaxial compression, ice containing in the 
order of 0.01 to 0.03 volume fraction of fine sand, deformed
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more readily than clean ice, but that ice containing more 
than 0.05 volume fraction fine sand deformed less readily 
than clean ice. Hooke & others(1972) attribute the increase 
in strength at high debris concentrations to the mineral 
grains inhibiting movement along glide dislocations and the 
reduction in strength at low concentrations to the reduction 
of ice crystal size caused by the presence of mineral 
grains, though they admit that these effects are not well 
understood. The possible role of sediment-induced strength 
changes in subglacial sedimentation- processes will be 
discussed later.

BASAL SLIP

Glaciers move entirely by internal deformation if the 
bed/ice interface is stronger than the ice. This occurs in 

cold-based glaciers, but if the basal ice is not strongly 
frozen to the base, basal slip occurs. Several basal 
sliding mechanisms have been proposed which form the basis 
of models of subglacial erosion and sedimentation. 
Weertman(1957) postulated two processes: regelation slip and 
enhanced creep.

Regelation slip is supposed to occur in temperate ice 
where extra pressure on the upstream side of obstacles 
causes pressure melting of ice. The meltwater so produced 
flows to the lee of the obstacle where it re-freezes (Fig. 
6). Weertman(1957), using a model bed consisting of cubes of 
dimension L and spacing L' produced the expression for 
regelation sliding (Sa):
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Eq. 5Sa - C.D t.r2 

d^.H•L
where D is the coefficient of thermal conductivity of the 
rock,

t is the shear stress 
H is the heat of fusion of ice 
d^ is the density of ice 
r = L'/L the roughness factor 
C is a constant.

Equation 5 implies that regelation slip is small for large 
obstacles or large obstacle spacing.

Weertman(1957) describes slip by enhanced creep using 
Glen's Flow Law. Increased stress on the upstream side of an 
obstacle causes an increase in the strain rate so the ice flows

about the obstacle. Sliding velocity by this process (S^) is 
given by:

sb = B.L (0.5tr2)n Eq. 6

where B is the constant in Glen's Flow Law (Equation 4). 
This mechanism will be most effective for large obstacles.

These mechanisms have been explored theoretically for 
other idealized bedforms (e.g. Lliboutry,1959, 
Weertman,1964), but such modifications will not be discussed 
in this review as Equations 5 and 6 illustrate the 
mechanisms and form the basis of Boulton's (1975) model of 
subglacial lodgement which will be discussed later. An 
important parameter introduced by Weertman(1964) in
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considering sliding over rectangular obstacles is the 
"controlling obstacle size" (A) which is the size of 
obstacle for which Sa * S^* Ice flows around large obstacles 
easily by enhanced creep and flows around small obstacles 
easily by regelation slip. For the controlling obstacle 
size, however, neither mechanism is as effective, so that 
the obstacle experiences more friction from the ice than 
larger or smaller obstacles (Weertman,1957,1964, 
Hallet,1979 ).

ROLE OF MELTWATER IN BASAL SLIDING
Subglacial meltwater affects sliding by smoothing bed 

roughness and, in the case of ice moving on sediments, by 
causing the bed to deform. Weertman(1964) theorized that, 
given sufficient water pressure, a thin film of water 
develops between moving ice and the glacier bed and that if 
the film thickness was an appreciable fraction of the 
controlling obstacle size, the water would effectively 
smooth the bed and thus enhance basal slip. Similarly, 
Lliboutry(1959) suggested that water-filled sub-glacial 
cavities may exist which lift parts of glaciers off their 
beds and thus reduce bed roughness. He introduced the term 
effective pressure (P) where

P - d^gh - p Eg. 7
dj_ = density of ice
h = ice thickness
p = subglacial water pressure

Effective pressure may strongly influence subglacial 
deposition and bed deformation (Boulton,1975). 
Weertman(1966) considered the controls on the thickness of a



water layer beneath an ice sheet. He arrived at the 
expression

H = £Q.12u/fdieg.sin aj)1/3 Eg. 8

where H is the thickness of the basal water layer
Q is the amount of meltwater discharged in the

layer
a is the ice surface slope 
u is the viscosity of water

Boulton (1972b) extended this expression to include 
permeable beds:

H * (M.12u/fd±.g.sin a)- 12KDp/3 Eg. 9

where M is the volume of meltwater produced upstream of the 
permeable zone,

K is the bed permeability 
D is the thickness of the permeable bed.

ENGLACIAL MELTWATER

Meltwater not only affects basal sliding of wet-based 
glaciers, it is also a significant agent of sediment 
transport and deposition, particularly in temperate 
glaciers. Water percolates through temperate ice along ice 
grain intersections and in large passages (Shreve,1972).
The water flows in the direction of the gradient of the 
excess pressure above hydrostatic pressure, so the flow 
direction will be controlled primarily by the ice surface 
slope and secondarily by the shape of the glacier bed 
(Shreve, 1972, Weertman, 1972). This means that englacial and 
subglacial streams need not flow parallel to the direction
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of ice flow (Weertman, 1972).

To remain open against the encroachment of surrounding 
ice, passages must melt their perimeters as fast or faster 
than the ice flows into them. This is accomplished by heat 
carried down into the ice by the meltwater and by heat 
generated by the water flow by friction (Shreve,1972). 
Various workers have shown that larger englacial conduits 
will remain open more easily than smaller ones (Shreve,1972, 
Nye,1976, Walder,1982). If the rate at which a tunnel is 
able to melt its perimeter greatly excedes that of closure 
by the surrounding ice, the tunnel will tend to be broad and 
flat but if the closure rate equals or excedes the rate of 
melting, it will be more semicircular (Shreve,1972).

Because large englacial tunnels are better able to 
maintain themselves and, for the same reasons, better able 
to enlarge, they tend to grow at the expense of smaller 
tunnels (Shreve,1972, Nye,1976). Therefore, englacial 
drainage systems are not stable but tend to change as the 
melt season progresses (Shreve,1972). These systems will 
also change in response to short term changes in meltwater 
supply though Shreve(1972) argues that these changes will 
reflect fluctuations which occur over periods longer than a 
week rather than shorter term events. Certainly, englacial 
drainage systems suffer drastic rearrangement with seasonal 
climatic changes with many passages closing during winter 
and then new drainage networks developing over each summer 
melt season (Walder & Hal let, 1979, Hooke, Wolde & 
Hagen,1985).
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Weertman(1972) claims that subglacial water flows as 
either sheets, tunnels that do not erode their beds 
(Rothlisberger or R channels, Fig.7a) or tunnels which erode 
their beds (Nye or N channels. Fig.7b). Walder & 
Hallett(1979) document these features from a bedrock surface 
recently exposed by a retreating cirque glacier, and many 
glaciers have N channels issuing from their termini 
(Flint,1971, Sugden & Johns,1976).

CALCULATION OF ICE SHEET PROFILES
Before turning to glacial erosion and sediment 

transport, a method which employs a simple model of ice 
behaviour to estimate the profile of an ice sheet will be 
presented. It is set out in Nye(1952) and is the simplest 
means of estimating an ice sheet profile. It employs many 
approximations and assumptions but it does provide a means 
of estimating the thickness of ancient ice sheets. Figure 8 
shows the profile along a flow line of an ideal ice sheet. 
The assumptions used in the calculations of the profile are 
from Nye (1952):

1. The base of the sheet is horizontal.
2. The ice sheet is in a steady state, with

accumulation equaling ablation.
3. Factors such as ice temperature and bed roughness

which affect ice velocities are constant over the
ice sheet.

4. Mass balance is constant over the ice sheet.
5. Stress and velocities vary only gradually with

horizontal distance.
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6« The ice is a perfect plastic substance with a yield 
stress òf 1 bar, that is, it does not deform under 
stresses less than 1 bar but deforms infinitely 
when that stress is reached.

Using these assumptions, Nye (1952) obtained the 
expression:

H = (2h0.S)1/2 Eq. 10

where H is the ice thickness at the distance S from the edge 
of the ice sheet, and

hQ - t/(dieg) = 11.
using the assumptions of this model. This model gives 
results for modern ice sheets remarkably close to their real 
dimensions (Paterson, 1969), so it may be used to estimate 
ice thickness if the lateral extent of an ancient ice mass 
can be estimated.

GLACIAL EROSION AND SEDIMENT TRANSPORT
Glaciers erode their beds by the following processes:
1. Abrasion, whereby the substrate is ground into fine

particles.
2. Crushing, whereby substrate asperities or particles

in the ice are fractured by other particles moving 
in the ice or by stress imparted by the ice.

3. Plucking, whereby particles loosely held in the bed
are picked up by the ice.

4. Inclusion of very large slabs of substrate.
5. The mobilization of unconsolidated subglacial

sediment in response to subglacial shear.

Glaciers also acquire debris which washes or falls onto
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the ice from valley walls or nunataks. Such material is the 
product of frost shattering, fluvial erosion or mass 
movement. These processes and the characteristics of their 
products are well documented in the literature (e.g. 
Embleton & King, 1972), so they will not be discussed in 
this review except in considering the final characteristics 
of glacial sediments (pages 34 - 65).

ABRASION

Abrasion is the grinding of the substrate into fine 
particles by the ice. It is most effective beneath wet based 
ice which slides across its bed with both the ice itself and 
particles entrained in it acting as abrasives. It has been 
assumed that clean ice cannot abrade solid rock (e.g. Sugden 
& Johns,1976, Boulton,1979); however, Budd, Keage & 
Blundy(1979) found, in a laboratory experiment, that clean 
ice at pressure melting point was able to erode a clean 
granite slab, with surface asperities of up to 0.5mm high. 
They found that their data was matched by the expression

w * C. t2.N2/3 Eg. 11

where w is the abrasion rate per unit area in millimetres, 
t is the sheer stress at the interface in bars,
N is the pressure normal to the bed in bars, and 
C is a constant. Their data give G = 9.096 

The erosion rates in the experiments ranged from 2.5 mm year 
for N = 5 bars and t = 1.8 bars, to 55 mm year for N = 400 
bars and t = 5 bars (Budd & others, 1979). The abrasion rates 
at low normal pressure are of the same order of magnitude as
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those measured beneath debris laden glacial ice by 
Boulton(1979) though the rates observed by Budd & 
others(1979) were obtained on a fresh granite substrate 
whereas Boulton(1979) used plates of basalt, marble, 
limestone and aluminium. This suggests that abrasion by ice 
itself is a significant yet largely ignored component of 
subglacial erosion.

Mr N. Blundy allowed the author to examine the material 
eroded during the experiments reported in Budd & 
others( 1979). The sediment consisted largely of silt with 
some clay, very fine sand and flakes of biotite, 0.5 to 1 mm 
across. Biotite formed a large proportion of the coarser 
grain-size fraction of the sample, possibly because ice 
pressure against asperities in the slab caused failure of 
mineral grains along cleavage planes so that minerals with 
perfect cleavage are preferentially abraded. Thus, this 
process of abrasion may also depend on a certain degree of 
surface relief and the strength of the minerals making up 
the rock.

Abrasion by particles carried in the ice is the most 
widely recognised form of subglacial abrasion. A number of 
factors control its effectiveness. Boulton(1979) suggests, 
by analogy with other mechanisms of wear along shearing 
interfaces, that a theory of glacial abrasion would be of 
the form:

h Eg. 13
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where A is the abrasion rate
C is the concentration of particles in the ice 
N is pressure applied by the particle at the 

particle bed-contact,
Vp is the particles' velocity 
h is the hardness of the bed.

Therefore abrasion increases with greater concentration of 
particles, higher particle velocities and greater particle - 
bed pressure and decreases with greater bed hardness. 
Sugden & John(1976) also suggest that some means of removing 
fine abrasion products will also enhance abrasion by 
preventing clogging of the glacier bed and that a continuous 
supply of angular stones to the bed enhances abrasion by 
renewing the abrasive.

Two models of subglacial abrasion have been published 
(Boulton, 1974,1979, Hallet,1979,1981). They differ mainly
In their evaluation of the factors which control N in 
Equation 11. Boulton (1974,1979) uses the Effective 
Pressure (P » d^.g.h - p. Equation 7) whereas Hal let (1979) 
ases the viscous drag on a particle by the movement of ice 
towards the bed caused by basal melting or, for particles 
greater than 1m in diameter, the buoyant weight of the 
^article in ice. These differences lead to differences when 
these two theories are extended to model subglacial 
leposition.

:rushing

Crushing occurs when the stress imparted to an asperity 
Ln the glaciers bed exceeds the strength of the asperity.

29



causing it to fracture (Boulton,1974; Sugden & Johns,1976; 
Mutter & Olunloyo,1981). Crushing is accomplished by 
particles carried in the ice, by differences between the 
upstream and downstream sides of bed asperities and by 
stress imparted to the bed by ice motion when the ice 
changes from wet-based to cold-based.

When a particle moving in the ice comes into contact 
with the bed, it stops moving but the drag of the ice moving 
around the particle forces it against the asperity. The 
force exerted depends on the size of the particle and the 
area of contact between the particle and the asperity (Fig. 
9). These forces are often large enough to fracture the 
asperity (Sugden & Johns,1976). Boulton & others(1974) 
describe a similar process operating between clasts in a 
moving layer of subglacial debris beneath a glacier in 
Iceland.

Boulton(1974) suggested that the difference between 
pressure on the upstream side of a bed protrudence where the 
ice is pressing hard and the downstream side where the 
pressure is less, may be sufficient to fracture the rock 
(Fig.10). This process is favoured by small, irregular 
protrudences on the bed and high ice velocities 
(Boulton, 1974). Also, Mutter & Olunloyo(1981) estimate that 
stresses of the order of 200kPa /cm2 can

develop where wet-based ice changes downstream to cold-based 
and sticks to its bed. Such stress levels may be sufficient 
to fracture some rocks.
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PLUCKING
Plucking occurs when the bond between part of the bed 

and the moving ice is stronger than the bond holding the bed 
together. It depends on some pre-existing weakness in the 
bed such as joints. Plucking occurs beneath cold based and 
warm-freezing ice as the ice becomes frozen to the bed but 
it may also occur beneath temperate ice when regelation slip 
takes place. Pressure melting on the upstream side of an 
obstacle produces meltwater which flows to the downstream 
side and freezes along joints and cracks, prising loose 
joint blocks and sticking them to the basal ice (Embleton & 
King,1975; Boulton, 1979).

LARGE-SCALE BLOCK INCLUSION
Very large erratics, up to 4km by 2km by 120m 

(Price,1973) are sometimes entrained by ice sheets. 
Boulton(1976) and Moran(1971) discuss the main factors 
leading to large-scale block inclusion. They claim that it 
happens when an ice mass which is wet-based in its interior 
becomes cold-based near its outer edge and, at the same 
time, high pore-water pressures weaken planes in the 
substrate so that the ice/frozen sediment interface is 
stronger than these planes in the bed. A large block then 
adheres to the ice and moves with it (Fig. 11). This 
process is favoured by a substrata with alternating 
permeable and impermeable beds (Moran,1971).

BED DEFORMATION

An important mechanism of debris transport which has 
only recently received attention is the flow of subglacial
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sediment in response to shear imparted by the overlying ice 
(Boulton, Dent & Morris,1974; Jones, 1979, Boulton,1979). 
It happens beneath wet-based ice if high ice velocities 
impart high shear stress to the bed, and the strength of the 
bed is reduced by low effective pressure (Boulton, 1975) or 
high pore water content (Jones, 1979). Boulton & others(1974) 
report two styles of subglacial sediment deformation. The 
first style involves a moving layer of dilatant saturated 
debris some tens of centimetres thick beneath debris-rich 
ice (see also Kamb & others, 1979) and the second involves 
slow creep of relatively compact till for some distance 
beneath the glacier sole. Deformation beneath any particular 
glacier probably shows either or both deformation styles 
with the dominant style determined by a number of factors 
such as ice velocity and bed pore water pressure.

Jones(1979) developed a model of subglacial deformation, 
describing the bed material as a viscous fluid with 
viscosity controlled by the surplus water concentration. He 
found that the velocity of till at the till/ice interface 
varies as the 5/2 power of the surplus water concentration 
and from this model he obtained the velocity profile in 
deforming till shown in Figure 12. This velocity profile is 
very close to that observed by Bolton(1979) in till 
deforming by slow creep beneath an Icelandic glacier.

Boulton(1979) also found that subglacial creep 
deformation is not always parallel to the direction of ice 
movement but that flow lines tend to converge and diverge 
about a mean direction parallel to ice-flow. This probably
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results from variations in the viscosity of the bed material 
which cause parts of the bed to move faster than others in 
response to the same shear stress, so that low pressure 
areas develop in the till into which till flows from the 
side (Fig. 13). Creep bed deformation seems to be laminar 
and seems to take place without much dilation (Boulton,1979) 
so that stratified sediment inclusions are not destroyed but 
they may be subjected to compression and folding 
(Boulton,1979). Boulton(1979) showed that subglacial bed 
deformation may transport large quantities of material.

EROSION PRODUCTS
Glacial tills usually consist of the following erosion 

products.
1. Abrasion products, usually finer than 0.5mm. This 

includes rock flour.
2. Crushing products, usually coarser than 0.5mm. 

Boulton(1978) defines a "crushing to abrasion" ratio to 
determine the relative importance of the two processes in 
producing a till.

c . % weight > 0.5mm 
a “

% weight < 0.5mm Eq. 14.
Low values indicate that the sediment is largely the product 
of abrasion.

DEBRIS TRANSPORT
The path which debris takes through a glacier strongly 

influences the charactristics of sediments it deposits 
because the transport path determines the way in which
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particles are comminuted (Boulton,1978). Glaciers can be 
divided into three main transport zones (Boulton, 1978, Fig. 
14); the basal zone in which clasts come into contact with 
the bed, the englacial zone and the supraglacial zone. The 
relative amounts of debris transported in each of these 
zones that ends up in a particular glacial sediment sequence 
depends on the nature of the source area, the dominant means 
of sediment supply to the glacier and the pattern of flow 
lines within it (Boulton,1978; Eyles,1979).

Sediment placed on top of a glacier usually consists of 
coarse, angular talus, coarse fluvial and sheetwash material 
and atmospheric dust (Embleton & King,1975, Fig.15). The 
coarse debris comes from valley walls and nunataks so that 
large ice sheets, which overwhelm the topography, carry very 
little (Hooke,1971 ). Debris dumped on the glacier in the 
accumulation zone will move with the descending flow lines 
in the ice so that it is transported englacial ly or 
subglacially, whereas debris dumped on to the ablation zone 
of the glacier will travel supraglacially (Fig. 15), unless 
it is transferred to the glacier bed by falling into a 
crevasse or washing into a subglacial stream system. 
Supraglacial debris is subject to frost shattering and 
sorting and rounding by meltwater but, on the whole, clasts 
derived and transported supraglacially are from boulder to 
sand-sized because silt and clay are removed by meltwater, 
and are angular because they suffer little abrasion 
(Boulton, 1978; Ey 1 es, 1979 ). Likewise, clasts derived 
supraglacially and transported wholly on an englacial path 
will be little modified by the glacier. Some fracturing of
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clast due to shear in the ice is possible but probably minor 
(Boulton,1978).

In contrast to supraglacial and englacial transport, 
subglacial transport drastically modifies clast shapes and 
sediment size distributions. Subglacial abrasion produces 
the characteristic striated, faceted stones found in many 
tills (Holmes,I960; Flint, 1971). Some debris flow deposits 
contain pebbles and boulders with scratches similar to some 
glacial striae (Wintener & Von der Borch,1968) but pebbles 
with clear, linear scratches on facets (Fig.170) are very 
strong evidence for the glacial origin of a diamictite. 
Boulton(1978) argues that not every clast transported in the 
basal zone becomes faceted or flattened but that isotropic 
rock types which start with equidimensional shapes will tend 
to become rounded by rolling along the glacier bed. The 
debris assemblage will also become finer-grained as abrasion 
and crushing reduce the size of the clasts (Boulton,1978; 
Dreimanis & Vagner,1971).

Rounding, scratching and abrasion of clasts is 
accomplished much more effectively by wet-based ice than by 
cold-based ice (Boulton, 1978,1979). The ice is frozen to 
the bed beneath a cold-based glacier so particles in the 
basal zone are only likely to come into contact with the 
summits of bedrock protrusions. Therefore abrasion of both 
clasts and bedrock will be minor (Boulton,1972b,1978). This 
is demonstrated by the preservation of lichen on boulders 
over-ridden by cold-based glaciers (Elven,1978). Hence, 
sediment transported by a glacier which is entirely cold-
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based will contain a large proportion of relatively coarse, 
angular clasts with only small numbers of striated, faceted 
stones. In the basal zone of wet-based glaciers, however, 
debris undergoes repeated periods of abrasion because the 
flow lines in the ice bring clasts down to the bed where 
they are dragged along and abraded until the process of 
streaming disperses them a short distance above the bed 
(Boulton,1975, Fig. 16). Thus, sediment transported along 
a basal flow path contains a high proportion of faceted, 
striated clasts, rounded clasts with multiple sets of striae 
and a high proportion of fines generated by particle/bed 
abrasion (Boulton, 1978).

TRANSPORT PATHS IN GLACIERS WITH VARIABLE TEMPERATURE 
REGIMES

Weertman(1961) first discussed the role of a change 
from wet-based to cold-based ice in the transport path of 
sediment at the edge of the Greenland Icecap. Boulton( 1972b) 
developed this approach to cover the full range of possible 
changes in basal temperature regime changes. He defined 
four temperature regime zones:

Zone A - zone of net basal melting.
Zone B - zone of balance between basal melting and 

freezing.

Zone C - zone of net basal freezing but with freeze- 
thaw processes still active.

Zone D - zone where the ice is frozen to the bed. 
Figure 17 shows how combinations of the zones beneath a 
glacier affect the transport paths of debris 
(Boulton,1972b). Some of these combinations of temperature
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regimes cause basal debris to ascend to supraglacial 
positions and thus appear in supraglacial sediments. They 
are also thought to control patterns of subglacial erosion 
and depositon. Boulton's (1972b) theory has been used 
effectively to interpret patterns of erosion and deposition 
in ancient glaciers (e.g. Pleistocene: Genes, Newman & 
Brewer,1981; Permian: Von Brunn,1980).

GLACIAL SEDIMENTATION 
SUBGLACIAL DEPOSITION

Various processes have been invoked to explain how till 
is deposited beneath a glacier (Goldthwaite,1971; 
Boulton,1970,1971,1972a, 1975; Shaw,1977a,b; Muller,1983a,b).
The major subglacial depositional processes are:-

1. Frictional lodgement whereby bed-particle friction 
halts particles (Boulton,1975).

2. Lodgement by stress attenuation at the base of a 
moving subglacial debris layer or by dewatering of that 
layer (Boulton & others,1974; Muller,1983a,b).

3. Melt-out of debris from stagnant ice left by 
glacier retreat (Shaw,1977a,b).

4. Melt-out of debris from ice detached from the 
glacier sole (Boulton, 1972a).

5. Lee-side till deposition when debris is liberated 
by regelation around a bedrock bump (Boulton, 1971).
The following discussion will review the physical processes 
involved, and describe the characteristics of well 
documented subglacial till types and suggest the probable 
characteristics of those which are not as well documented.
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FRICTIONAL LODGEMENT
A theory of frictional lodgement was developed by 

Boulton(1975) who applied the theory of glacial sliding over 
obstacles, developed by Weertman( 1957, 1964) to a particle
sliding on a glacier's bed. Such a particle in traction will 
have a velocity relative to the ice (Vr) caused by the 
friction with the bed (Fig.18). The force retarding the 
particle (F) is:

F- (d±.g.h -p) AX.U Eg. 15
where: d^ is the density of ice.

h is the ice thickness 
p is water pressure
Aj_ is the apparent area of contact between the 

particle and the bed.
U is the coefficient of dynamic friction 

Boulton (1975) uses this in Equation 5 & 6, the equations 
derived by Weertman (1957) to give basal slip velocities, to 
give vr.

Vr = B(F/A2)3 .1 + CKF/(L.d±.l.A2) Eq. 16

where B is the constant in Glen's Flow Law (Equation 4)
C is a constant related to pressure 
K is the thermal conductivity of the obstacle.
1 is the length of the particle parallel to flow 
A2 is the apparent area of the particle normal to 

the ice flow.
L is the latent heat of fusion of ice.

Lodgement of a particle occurs when Vr* or Vr/V^ > 1. 
Boulton (1975) then extends this expression to give:
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(AX/A2r.i^B(diegh - pw)nj Un .

fd^gh - pi,U-(A1>^2-a))-CK/I« > 1
V.

Eg. 17

From this model, the controls on frictional lodgement are 
obtained by considering the groups of variables 
(Boulton,1975):-

1. Glaciological variables
a) High effective pressure (di-gh - -p) favours lodgement. 
Any small increase will greatly increase the tendency to 
lodge.
b) Higher ice velocities will discourage lodgement.
c) The exponenent in Glen's Flow l aw (n) depends on the 
crystalline structure of the ice. Ice with a strong crystal 
preferred orientation will have larger n values, the ice 
will flow more freely and particles will lodge more easily.
d) B, the constant in Glen's Flow Law, is greater at higher 
temperatures.

2. Particle variables
a) Size:- Large particles will lodge easily because ice 

will flow around them by enhanced creep, and small ones will 
lodge readily because the ice flows around them by 
regelation but those close t& the controlling obstacle size 
of Weertman( 1964) will lodge with more difficulty (Fig.19).

b) Shape:- Plate-shaped particles with large A1/A2 will 
have high friction from the bed and low drag from the ice 
and thus lodge easily, but spheroidal particles with A1/A2=l 
will roll.
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3. Bed Variables
The most important influence the glacier bed has is its 

permeability which controls subglacial water pressure (see 
Equation 9) which controls the effective normal pressure 
(see Equation 7). High bed permeability reduces water 
pressure thus increasing effective normal pressure favouring 
lodgement.

Another model which has implications for frictional 
.lodgement is the model of subglacial abrasion developed by 
Hallet(1979). This model differs from Boulton’s (1975) 
model in that Hallet used a Newtonian viscous approximation 
of ice flow, rather than Glen's Flow taw and regards 
particle buoyant weight and the viscous drag imparted by the 
flow of ice towards the bed which accompanies basal melting 
as the most important components of the vertical force on a 
particle on the glacier bed, as opposed to Boulton's use of 
effective normal pressure. Thus, simplifying Hallet's 
(1979) expressions,

F = A]yU[ z(dp - di)gcos6 + cr.n.A^] Eg. 18

u is the coefficient of dynamic friction between the 
particle and the bed,

9 is the slope of the bed. 
z is the volume of the particle, 
dp is the particle density
dj_ is the density of ice
o' is the drag force per cross-sectional area on the
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particle exerted by the movement towards the bed.
The force exerted by the ice parallel to the bed (F^) will 
be:

F^ * a2* °i Eq. 19
where is the drag per unit area exerted by the ice
moving parallel to the bed.

These two models of frictional lodgement make 
predictions which differ significantly. Boulton(1975) 
predicts that till will lodge under fast moving ice if the 
effective normal pressure is high enough, because of either 
low subglacial water pressure or large ice thickness. He 
also predicts that conditions may exist beneath a glacier 
whereby particles of a certain size, close to the

X.

controlling obstacle size of Weertman(1964), will remain in 
motion whereas particles coarser than and finer than these 
particles will lodge (Fig. 19). Hallet's (1979, 1981)
theory also predicts that clasts of a certain size range, 
about 11 cm, will lodge with greater difficulty than large 
or smaller clasts but it predicts that frictional lodgement 
will only take place when the vertical ice velocity caused 
by basal melting is close to the ice velocity parallel to 
the bed and that large particles will lodge more readily 
than small particles because the weight component in 
Equation 18 becomes large. Equations 18 and 19 also predict 
that particles with high A1:A2, that is blades or discs, 
will lodge more readily than rounded clasts.
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Features left by frictional lodgement
Features described from tills which indicate 

differential movement between particles and their substrate 
or matrix probably result from frictional lodgement. 
Boulton(1975, 1978) illustrates boulders with striated and 
bevelled upper surface which have lodged with their long 
axes tilted slightly up-glacier. They are common on upper 
surfaces of recently exposed subglacial tills in Iceland 
(Boulton, 1978). These boulders form groups on the bedding 
surface because a lodged boulder impedes the sliding of 
others (Boulton, 1975; Kruger, 1979). Some of these boulders 
exhibit "stoss and lee” topography with gently sloping, 
smooth, striated, up-glacier sides and angular, steep, down- 
glacier sides.

Other features probably formed during frictional 
lodgement are the thin bands of fine material in the till 
matrix which Kruger(1979) called smudges. He interpreted 
them as soft clasts which were crushed and smeared along the 
ice/bed contact. They usually parallel beding and, in plan, 
are elongate parallel to the direction of ice movement. The 
bands of Banded Tills described by Edwards(1975, 1976) are 
similar to smudges, only thicker. Kruger(1979) described 
thin, horizontal partings in till formed by parallel 
orientation of matrix grains associated with smudges and 
lodged boulders. These partings may be formed by shear at 
the ice/bed interface. He also described stones which 
deformed smudges as they ploughed through the till matrix. 
These features are thus criteria for recognising tills 
deposited, at least in part, by frictional lodgement.
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Recognition of deposits formed in this manner is important 
because they indicate wet-based ice during deposition.

LODGEMENT INVOLVING A MOBILE SUBGLACIAL LAYER
Subglacial till deposition by wet-based glaciers is 

caused by basal melting bringing debris down to the glacier 
bed, where it can be lodged. Frictional lodgement occurs on 
non-deforming beds (Boulton,1975). In case of a deforming 
bed, stress only affects a certain thickness of sediment 
beneath the glacier sole. The .factors controlling this 
thickness have already been discussed. As debris is added to 
the top of the deforming layer by melting at the glacier 
sole, the debris at the lower limit of deformation will 
cease to be affected by stress imparted by the ice. Another 
way in which lodgement may take place is for the mobile 
subglacial debris layer to undergo a rapid increase in shear 
strength in relation to the stress imparted by the ice. This 
might take place by the debris dewatering and so increasing 
its cohesion (Muller,1983a,b) or by an increase in effective 
normal pressure (Boulton & others,1974).

Where deposition takes place by stress attenuation at 
the base of a mobile subglacial layer, the depositional rate 
will be a function of the basal melt rate and the debris 
concentration of the ice. Nobles & Weertman(1971) obtained 
an expression for the till depositional rate under these 
conditions:-

D.m Q + J.V,.t Eg. 20
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where:
Dm is the thickness of till deposited in unit 

time,
C is the volume fraction of debris in the ice.
Q is the geothermal heat at the base of the 

ice.
J is the mechanical equivalent of heat.
Vj_ is the sliding velocity
t is the shear stress acting at the base of the ice
K is the thermal conductivity of ice
T is the temperature gradient in the ice.
L is the latent heat of fusion of ice.

This relationship will only apply where the amount of 
material removed from the site by bed deformation is 
balanced by material brought in from up-glacier. Where more 
material is removed by bed deformation than arrives from up- 
glacier, Dm will be reduced by the excess sediment removed, 
and thus the bed may erode. This seems to occur beneath 
some glaciers at points where the bed is just beginning to 
deform (Boulton,1979). The converse is also true in that Dm 
may be increased if more material arrives from up-glacier 
than is removed. Therefore, till sheets deposited by 
lodgement from a deforming debris layer will thin in an up- 
glacier direction if the ice front is static for a long 
period (Fig. 20). Retreat of ice depositing sediment in 
this manner will produce a uniform thickness of till. Nobles 
& Weertman(1971) discussed the importance of the ice 
temperature gradient in deposition by basal melting. They 
showed that changes in ice thickness over bed relief change
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the temperature gradient and hence the depositional rate. 
They found that, considering basal melting alone, Dm will be 
highest over depressions in the bed and lowest over 
prominences. Their model explains the tendency for 
Pleistocene till sheets to fill depressions producing a flat 
till plain.

Tills deposited by lodgement accompanied by bed 
deformation probably contain evidence of laminar flow such 
as folded sediment inclusions (Boulton, 1978, 1979) or they 
will be massive.

MELT OUT FROM ICE DETACHED FROM THE GLACIER SOLE
Debris-rich ice at the glacier sole sometimes halts and 

melts while the ice above remains active. This process has 
been described from beneath Spitzbergen glaciers by 
Boulton( 1970b, 1971, Fig. 21). In the described examples, 
bedrock bumps obstructed debris-rich ice which could not 
bypass the obstacles because its strength exceeded that of 
clean ice (Boulton, 1970b; 1971). The stationary ice masses 
are separated from the active ice above by a clearly defined 
plane of décollement, but the stagnant debris-rich ice 
masses still suffer shearing and folding. Boulton(1970) 
illustrated a mass of stationary ice cut by many sub
horizontal shear planes (Fig.22).

Detachment of debris-rich ice masses is similar to 
frictional lodgement in that it occurs when basal ice/bed 
friction retards the debris-rich ice, however, a plane of 
décollement develops above the basal ice instead of
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individual particle lodging. The development of the 
décollement plane may be controlled by the debris content of 
the ice. Hooke & others(1972) observed a decrease in ice 
strength with low debris concentration. Décollement planes 
might develop along such zones of low debris concentration.

Though the described examples of this sort of 
subglacial deposition are of relatively small deposits 
formed against local obstructions, such tills might be 
important along the base of a till sequence where they might 
fill in depresssions in the bed. It is not clear whether 
thick blankets of till form by this means, though some 
extensive moraine ridges have been attributed to 
superpositon of imbricated thrusts sheets of debris-rich ice 
separated by shear-planes, a process similar to subglacial 
detachment of debris—rich ice (Stewart & MacClintock, 1978, 
Weertman,1961).

Given the descriptions of debris-rich ice lodging 
beneath active ice (Boulton,1970a,1971), tills formed in 
this manner are likely to be local, lenticular units 
separated from overlying units by discontinuities which 
represent the overlying shear planes (Fig.21). The till may 
also contain partings coated with strongly oriented clay 
formed as shear planes within the debris—rich ice (Fig.22, 
Boulton, 1970a, 1971). Boulton( 1970a, 1971) also reported that 
such tills are compact because pore water is expelled by the 
pressure of overlying ice.
MELT-OUT OF STAGNANT ICE

Stagnant melt-out is here defined as the deposition of
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till by melting of stagnant ice. A distinction is drawn 
between this process and the melt-out of detached subglacial 
ice masses because melt-out tills formed beneath active ice 
have structures formed by post-detachment shearing, whereas 
stagnant melt-out takes place after the overlying ice has 
ceased to move. Stagnant melt-out tills are usually 
associated with ice retreat.

The formation and preservation of stagnant melt-out 
tills depends on the temperature gradient in the ice and the 
climate. Shaw (1977a, 1979) describes the formation of 
deposits in permafrost and arid, polar environments. In 
permafrost areas, melt-out initially takes place on the ice 
surface, until the layer of debris released on the surface 
is as thick as the permafrost active layer (Fig.23). Then 
melt-out virtually ceases except where the debris mantle 
slumps off the ice or meltwater streams cut through it (see 
next section). A slight warming of the climate may not 
produce significant surface melt-out but will start basal 
melt-out of the stagnant ice (Fig. 23).

If melt-water * is plentiful, stagnant melt-out tills are 
likely to be reworked by mass movement, and supraglacial and 
subglacial streams but in arid polar climates, temperatures 
rarely exceed 0# C so ice sublimates and few melt-water 
streams develop (Shaw,1977a,b). Under such conditions, 
englacial structures such as ice foliation are retained in 
the till and different tectonic facies in the glacier are 
reflected by till facies (Fig.24, Shaw,1977a,b; 
Lavrushin,1970a,b).
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Stagnant melt-out tills deposited in humid areas will 
preserve englacial structures such as stone orientations if 
they are well drained, otherwise saturated tills buried by 
other sediments or blocks of debris-rich ice will deform by 
dewatering, destroying primary fabrics and structures 
(Boulton, 1970b). Such tills will also be closely associated 
with supraglacial tills and the deposits of meltwater 
streams. ^Stagnant melt-out tills deposited in arid polar 
environments, on the other hand, show a two-fold subdivision 
reflecting the basal, poorly attenuated zone of debris-rich 
ice and the upper, highly attenuated zone (Shaw,1977a,b, 
1979). Shaw(1977a) describes the poorly attenuated facies as 
massive to poorly foliated till with high clast 
concentration and the highly attenuated facies as highly 
foliated till with former englacial folds, and augen 
structures preserved about large stones (Fig.24).

LEE-SIDE TILL DEPOSITION
Various authors describe the accumulation of till in 

subglacial cavities downstream of bedrock humps (e.g. 
Boulton, 1971 ). These tills form when pressure on the up 
glacier side of the hump causes pressure melting so that 
debris is freed from the ice and squeezed between the bed 
and the ice into the cavity downstream of the hump (Fig.25).

Some of this material may be re-incorporated in the 
glacier by regelation ice forming in the cavity, but some 
will remain in the lee of the obstacle. Such tills usually 
contain sorted laminae, formed by water washing the debris.
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Such laminae are folded and contorted as the material slumps 
down on to the cavity floor. These lee-side tills will only 
be found on the lee-side of rigid obstacles in the glacier 
bed.

SUPRAGLACIAL DEPOSITION
The deposition of supraglacial sediments is readily 

observed on modern glaciers and many recent studies have 
documented processes and facies,, therefore, this section is 
much less dependent on physical modelling and inference 
drawn from theory than the section on subglacial deposition. 
Studies of modern supraglacial process and facies such as 
Boulton (1967,1968,1971,1972a), Eyles(1979) and Lawson(1982)
show that the main controls of supraglacial sedimentation 
are the nature and thickness of the supraglacial debris and 
the amount of fluvial reworking of the sediments.

THE ROLE OF DEBRIS COVER
Eyles(1979) recognised two supraglacial facies whose 

differences stem from the different debris mantles found on 
glaciers. His Facies 2 forms when a retreating glacier is 
covered by debris which is too thin or too coarse to inhibit 
surface melting of underlying ice so that very little 
stagnant ice is preserved as cores of ice downstream of the 
glacier snout. In such a case, the ice retreats leaving a 
rubbly veneer over subglacial till. If the glacier carries 
medial moraines, dump cones and ridges are formed 
(Eyles,1979).

Where the supraglacial debris is thick and contains
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large amounts of fine sediment , much stagnant ice is 
preserved beneath the debris mantle (Facies 1, Eyles,1979, 
Boulton, 1972). This ice then melts by a combination of 
bottom and top melting, backwasting by lakes and karstic 
erosion by meltwater streams, so that the debris mantle and 
other supraglacial sediments are lowered on to the former 
glacier bed or subglacial tills. Figure 26 adapted from 
Eyles(1979) illustrates some of the processes. The major 
elements of the resulting facies assemblage are:-

1. Supraglacial melt-out tills:- Diamicton is lowered 
to the substrate with little disturbance of fabrics and 
structures inherited from the ice.

2. Flowtills:- Flowtills are debris reworked by 
slumping and flow. Bou1ton(1968, 1972a) recognised 
parautochthonous flow tills which slide gently downslope as 
a coherent mass and those which flow as slurries. The 
latter show variable degrees of sorting and commonly contain 
sorted laminae which are deformed into irregular slump 
folds.

3. Supraglacial lake deposits :- The hummocky, 
irregular topography created by differential ablation 
commonly develops lakes between the hummocks. These are 
important because they undercut ice-cored mounds so that the 
mound's debris mantle slides off and the ice core is 
destroyed (Fig. 27). These lakes are likely to contain 
flowtills and clays, silts and sands introduced by meltwater 
(Fig.26).
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4. Supraglacial and subglacial stream deposits:- 
Streams flowing through areas of debris-mantled stagnant ice 
flow in steep-sided channels and tunnels and carry large 
sediment loads. They are powerful agents of ablation of the 
stagnant ice producing karst-like erosion features such as 
tunnels which collapse forming depressions in the sediment 
surface called kettles.

Supraglacial sedimentation in an area underlain by 
stagnant ice is a chaotic affair in which topography may 
invert several times, and much of the sediment is 
remobilized by mass movement and fluvial processes. The 
final sediment complex will be characterized by abundant 
signs of slumping, water sorting and structures indicating 
collapse of the deposit caused by the removal of supporting 
ice.

Eyles(1979) recognised a third association of 
supraglacial facies; one dominated by fluvial erosion and 
depositon. This association is composed of relatively well 
sorted fluvial - sediments with subordinate amounts of 
flowtill and melt-out till. The fluvial sediments are 
similar to braided-stream deposits and commonly include 
poorly sorted, matrix—supported gravels deposited by flood 
waters which rapidly lose competence and dump their entire 
sediment load (cf. Stewart & LaMarche,1964). This facies 
association is present where the terminal area of the 
glacier is swept by periodic floods (Eyles,1979).
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GLACIOFLUVIAL SEDIMENTATION
Glaciofluvial systems can be subdivided into ice 

contact and proglacial environments. Because so much is 
known about glaciofluvial processes and environments through 
studies directed towards understanding braided streams, this 
review will concentrate on the peculiarly glacial 
characteristics of such streams, the major groups of facies 
formed and criteria for recognition of ice-contact drainage 
systems.

CHARACTERISTICS OF GLACIOFLUVIAL DRAINAGE SYSTEMS
The major characteristics of glaciof luvial drainage 

systems that distinguish them from other drainage systems 
are (Church, 1972; Church & Gilbert,1975):-

1. High sediment loads:- Increased water viscosity 
caused by low water temperature enables glacial meltwater to 
carry high suspended sediment loads (Harms & 
Fahnestock, 1965; Church & Gilbert, 1975). The erosive power 
of many glaciers provides an almost limitless supply of both 
bed load and suspended load (Church & Ryder, 1972).

2. Large, regular changes in flow:- Glacial outwash 
systems exhibit large annual and diurnal changes in 
discharge related to, but not necessarily in phase with, 
meltwater production. Most glacial streams have low 
discharge periods during winter, rising to peak discharge 
during the summer flood periods, before falling again with 
freezing during the autumn. Superimposed on this pattern 
are floods caused by storm precipitation and, in some
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drainage basins, very large floods (jokullhlaups) caused by 
catastrophic drainage of englacial lakes or by subglacial 
volcanic eruptions (Church & Gilbert,1975). Hence sediment 
transport in glaciofluvial systems may be viewed as a series 
of flood pulses separated by periods of quieter sorting and 
re-working of flood deposited sediments (Church & 
Gilbert, 1975). The resulting deposits are thus dominated by 
sediments deposited under upper flow-regime conditions.

DEPOSITS OF ICE-CONTACT STREAMS
Two sorts of channels are recognisable, open channels 

in which the water surface is in contact with air and 
tunnels which are filled with water. The different sorts of 
tunnels are described earlier, along with some aspects of 
the physical behaviour of englacial drainage systems. Both 
open-channels and tunnels differ from proglacial streams in 
that they are restricted laterally by ice and are unable to 
migrate sideways so, instead of building broad plains of 
coarse alluvium, ice-contact streams build linear deposits 
which appear as narrow ridges, once the supporting, 
restricting ice melts (Shaw, 1972; Banerjee & McDonald, 1975; 
Price,1966, Fig.'28 a & b). Other features common to ice 
contact deposits are faults and folds caused by removal of 
ice which supported the flanks of the deposits. Normal 
faults dipping away from the centre of the deposits 
accompanied by gentle folds trending parallel to it are the 
structures formed when an ice-contact deposit is lowered 
onto a flat substrate but more complex fault and fold 
patterns develop if the deposit is lowered onto an uneven 
substrate (McDonald 6 Shilts,1975; Eyles,1979;
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Boulton,1972a).

Facies deposited by open-channel, ice-contact streams 
are similar to normal braided streams except that the ice 
walls restrict lateral migration so that facies aggrade 
vertically. For example, Shaw(1972) described ice-contact 
stream deposits which consisted of central cores of 
vertically stacked, coarse, channel facies grading latteraly 
into vertically stacked overbank facies (Fig. 29). These 
sediments were also faulted consequent to the removal of ice 
support. Ice-contact, open channel deposits may also have 
flowtills interfingering with their marginal facies 
(Boulton, 1972a; Shaw, 1972).

Recognition of sediments deposited in englacial tunnels 
is difficult because there are no truly diagnostic criteria 
for identifying such deposits. Saunderson(1977) suggested 
that certain poorly sorted matrix supported gravels found in 
some ice-contact deposits may indicate tunnel flow, but such 
gravels may also form by flash-flooding in open chane 1 s 
(Eyles, 1979; Stewart & LaMarche, 19 64 ). McDonald & 
Vincent( 1972) found that flow in a pipe moved sediments in 
ripples, dunes or an homogeneous sheet as flow increased. 
They found that antidunes were suppressed so that antidune 
cross-bedding demonstrates that a sediment was not deposited 
in a pipe. This criteria is of limited use. Banerjee & 
McDonaldf1975) discussed some features in a Pleistocene 
deposit which suggest sedimentation in an englacial tunnel. 
They concluded that if a deposit is linear, and is enclosed 
by till deposited by one glacial event or is overlain by
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supraglacial facies which appear to have fallen in during 
tunnel collapse, then it is a tunnel deposit. They also 
suggested that tunnel deposits show little variability in 
palaeocurrent direction and that the maintenance of high 
stream competence downstream distinguishes the tunnel 
deposit they describe from associated deltas. Banerjee £ 
McDonaldC1975) were able to ascribe a tunnel origin to a 
deposit because they could demonstrate that it was an ice- 
contact deposit formed 105m below the surface of a 
proglacial lake. Unfortunately, such evidence is seldom 
available from pre-Pleistocene sequences, so ways of clearly 
recognising such sediments have yet to be developed.

PROGLACIAL DEPOSITS
Proglacial fluvial systems have been extensively studied 

because of interest in braided-stream sedimentation (e.g. 
Church, 1972; Church 6 Gilbert, 1975; Rust, 1972,1975,1978,- 
Williams 6 Rust,1969; Fahnestock,1963; Boothroyd & 
Ashley,1975; Boothroyd & Nummedal,1978) so this review will 
describe only broad facies grouping within proglacial 
fluvial deposits and the variation in such deposits with 
distance from their source.

Mi a 1 1(1977,1978), Rust(19 78) and Boothroyd & 
Ashley(1975) and Boothroyd & Nummedal(1978) draw heavily on 
studies of proglacial streams in their discussions of facies 
models for braided stream deposits. Two of Miai1's (1977, 
1978) six principal facies assemblages, his Scott and Don jek 
types, derive from proglacial streams. Table 2, adapted 
from Miai 1(1978), summarizes the lithofacies of braided
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stream deposits, all of which might be part of a proglacial 
fluvial deposit.

Proglacial alluvial plains show marked changes in facies 
assemblages with distance from the glacier. Boothroyd & 
Ashley( 1975), Boothroyd & Nummedal(1978) and Rust(1978) show 
that coarse longitudinal bar, linguoid bar and channel 
deposits are the dominant facies in the proximal part of 
proglacial outwash plains, giving way gradually to finer 
sediment downstream, usually with sand and gravel deposited 
in bars in active channel belts and fine sands, silts and 
clays deposited as overbank sediments in inactive parts of 
the outwash plain and on stable bar tops. Boothyroyd & 
Ashley(1975) describe meandering reaches and peat swamps on 
distal parts of outwash fans in Alaska.

GLACIOLACUSTRINE SEDIMENTATION 
Glaciolacustrine sedimentation is here defined as 

sedimentation which takes place where glacial meltwater 
streams meet stationary bodies of water. This definition is 
framed to include deposition where meltwater streams meet 
arms of the sea because the processes involved are 
basically the same; though water salinity may exert some 
influence on sedimentation.

DELTAS

Glaciolacustrine deltas are usually of the classic 
"Gilbert" type with well defined topsets, foresets, and 
bottomsets (Gilbert 1885; Church & Gilbert,1975, Fig. 30) so
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the processes and sediments of these deltas may be 
discussed under these headings.

Topset Beds

Topset beds on g1acio1acustrine deltas are deposited by 
braided distributary channels (Axelsson,1967; Gilbert,1978) 
and thus the facies deposited are the same as braided 
streams. The relative proportions of coarse and fine
grained facies depends on the ability of the stream to carry 
sand and gravel past the area of topset deposition to the 
delta front (Axelsson, 1967).

Foreset Beds

Foreset beds are those deposited with an initial dip and 
are deposited wholly below the lake surface (Gilbert, 1885). 
Foresets develop where bedload is transported right to the 
mouth of distributaries. The depositional dip of the 
foresets vary from the angle of repose of the sediment to 
only a few degrees depending on a number of factors. 
Axelsson(1967) lists the following factors which affect the 
dip of foresets: -

1. Foreset slopes are higher if the initial slope of
the lake bed is steep.

2. Foresets are steep where the distributary mouth
depth to lake depth ratio is low (Jopling, 1963).

3. Foresets are steepest for coarse sediments,
because coarse sediment tends to accumulate closer 
to the distributary mouth and then avalanche down 
the delta front (e.g. Shaw, 1977c). Fine sediments 
such as silts and clays are carried further into
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the water body by density currents, so foreset 
slopes of fine sediment tend to be gently sloped 
(Axelsson,1967).

4. Foreset slopes are reduced if density underflows 
develop from the inflowing water because these 
currents sweep foreset sediment further out into 
the water body. If the inflowing water is lighter 
than the lake water, it will form an overflow and 
leave its bedload at the distributary mouth where 
it will avalanche down into steep foresets 
(Axelsson,1967).

Sediments deposited on delta foresets of most 
g1acio1acustrine deltas are gravels, sands, silts and minor 
amounts of clay and show abundant evidence of currents 
moving down the foreset slope (De Geer,1941; Jopling £ 
Walker,1968; Shaw,1975,1977c; Shaw & Archer,1978; Gustavson, 
Ashley & Boothroyd, 1975; Orombelli & Gnaccolini,1978; 
Clemmensen & Houmark-Nie 1 sen, 1981). Graded sands and silts 
and climbing ripple cross-bedding are common and the 
seasonal fluctuations of inflow are reflected by cyclic 
repetition of sedimentary structures (De Geer,1941). Such 
rhythmites deposited on delta foresets may be true, proximal 
verves representing annual variations in inflow (De 
Geer,1941; Kuenen,1951).

Bottomsets

In glacial lakes, the bottomset beds are typically 
graded, rhythmically inter1aminated silts and clays (De 
Geer,1941* Ashley,1975). These sediments are deposited by
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density currents (Kuenen,1951) and by wind-generated 
currents (Gilbert & Shaw,1981).

Density currents may be of three types; underflow, 
interflow and overflow (Kuenen,1951; Gustavson,1975) 
depending on the salinities, suspended sediment 
concentrations and temperature distributions of the 
inflowing water and the lake water. Overflows and 
interflows occur when the inflowing water is less dense than 
part or all of the standing water body so that inflowing 
water spreads out along the surface or along a discontinuity 
in the lake water (Fig. 31). Underflows occur when inflowing 
water is more dense than the lake water and thus flows along 
the lake bed. Suspended sediment concentration and salinity 
contribute most to density contrasts, often overiding the 
effect of temperature on water density (Kuenen,1951; 
Axelsson, 1967), so that density currents tend to be episodic 
phenomena, controlled by run-off, weather conditions and 
sediment supply (Church & Gilbert,1975). However, the 
rhythmic bedding they produce often reflects seasonal 
changes in run-off, with coarse, graded silts deposited in 
summer and fine clays in winter. Such annual rhythmites are 
known as varves (De Geer,1941). This picture may be 
complicated by slump generated turbidity currents which 
introduce extra coarse laminae into fine winter layers (Shaw 
& Archer, 1978).

In fresh water lakes, underflows are believed to be the 
prime agent of rhythmic deposition because suspended 
sediment concentrations are the most important influence on
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density contrasts, but in the sea, salt may make the water 
more dense than the inflowing meltwater (Kuenen, 19 51/ 
Axelsson, 1967). Thus, rhythmites deposited in sea water may 
be deposited by flocculation and settling of sediment from 
an overflow plume (Kuenen, 1951 ). Sauromo(1923) recognised 
two different types of rhythmites resulting from the 
differences in sedimentation in fresh and salt water. 
First, there are diatectic varves which show clear 
separation between silt layers and clay layers, and 
secondly, there are symmictic varves in which the individual 
layers grade continuously from silt to clay. Sauramo(1923) 
thought that symmictic varves form because clays flocculate 
in sea water so that much of the clay settles as silt-sized 
floes, so the two size grades are deposited together.

Not all graded layers in lake bottomsets are deposited 
by inflowing meltwater. Shaw & Gilbert(1980) described 
graded sand and silt layers formed by wind generated 
currents in a glacial lake. In this case, strong catabatic 
winds flow off the glacier during the day, generating 
currents powerful enough to entrain bottom sediments which 
are then deposited overnight. These layers do not show the 
proximal-distal variations seen in sediments deposited by 
density currents or s1ump-generated turbidites (cf. 
Ashley,1975; Shaw,1977c).

SUBAQUEOUS OUTWASH FANS
Subaqueous outwash fans differ from the typical, 

Gilbert-type, deltas formed on the edge of glacial lakes. 
They form where englacial streams leave the ice front below
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the level of the standing water body in which the glacier 
terminates (Rust & Rominelli,1975; Saunderson,1975, Banerjee 
& McDonald, 1975; Rust, 1977). Such subaqueous fans typically 
consist of a core of coarse sediment, deposited near the 
tunnel mouth by a rapid drop in stream competence, flanked 
by finer-grained facies carried further from the tunnel 
mouth (Fig. 32). The final product is a fan of sediment with 
foresets that grade rapidly from coarse to fine sediments 
passing out into rhythmically bedded bottomsets. Subaqueous 
fans preserved by ice retreat do not prograde continuously 
but, as the ice retreats, they form complex ridges or mounds 
of overlapping fans (Fig. 33; Banerjee 6 McDonald, 1975; 
Rust & Rominalli,1975). Also, Rust(1977) describes channel 
structures filled with sand deposited by mass flow which he 
considers to be diagnostic of subaqueous outwash fans.

FACIES VARIATIONS & MODELS FOR TERRESTRIAL GLACIAL
ENVIRONMENTS

From the proceeding discussion of subglacial, 
supraglacial and proglacial sedimentation, facies models and 
their variations associated with the glacial regimes and 
settings may be considered. Edwards(1978) presents a basic 
model for a single advance and retreat of a terrestrial ice 
sheet (Fig. 34). It is necessarily a highly simplified 
picture, more so than for facies models of other 
depositional environments because of the enormous range of 
variables which may drastically alter glacial sedimentary 
processes. The following section describes how the 
depositional model shown in Figure 34 changes for different 
types of glaciers using the thermal regime combinations
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presented by Boulton(1972d).

WET-BASED GLACIERS
The principal source of variation in the till facies 

deposited by wet-based glaciers is the amount of 
supragl acial debris placed on top of the ice (cf. 
Boulton, 1978; Eyles,1979). If this is small, the resulting 
sequence will consist largely of subglacial till with 
supraglacial facies thin or absent (Boulton,1972b, 1978). 
The subglacial tills will be deposited principally by 
frictional lodgement, if subglacial water is easily removed, 
or lodgement from a deforming subglacial layer, if 
subglacial water is not easily drained. If subglacial 
topography causes isolation of stagnant ice masses during 
déglaciation, subglacial melt-out tills will also form. 
Subglacial tunnel deposits may also be present.

The resulting vertical facies sequence will consist of 
subglacial till overlain by proglacial outwash. If the ice 
retreats down a slope, proglacial lake sediment may be 
present in the outwash sequence. Such sequences are more 
likely to be deposited by large ice masses not confined by 
valley walls and with few nunataks.

If abundant material is supplied to the top of the 
glacier by debris cones coming off valley sides or nunataks, 
the resulting sequence will contain a significant 
supraglacial unit overlying the subglacial tills 
(Eyles,1979 ), and coarse angular clast transported 
suprag1 acia11y or englaciall will be abundant
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(Boulton,1978). Such a facies association is more likely 
deposited by valley glaciers.

COLD-BASED GLACIERS
Shaw(1977a,b, 1978) developed a facies model for cold- 

based glaciers in arid polar environments. The main elements 
are illustrated in Figure 3S.. The lowermost unit is 
proglacial outwash, and wind blown material. The second is 
material deposited at the front of the glacier in a ramp by 
slumping, ice block falls and_ meltwater and over-ridden 
during ice advance. The upper two units are subglacial 
tills formed by melt-out or sublimation during ice retreat; 
the lower corresponds to the poorly attenuated facies and 
the upper, the highly attenuated facies (Shaw,1977a,b). 
Shaw’s (1977a,b) facies model for cold-based terrestrial 
glaciation is based on glaciers with little supraglacial 
debris. The addition of large amounts of supraglacial 
debris would produce a blanket of coarse angular debris on 
top of the highly attenuated till.

GLACIERS WITH WET-BASED INTERIORS AND COLD-BASED MARGINS
Several authors have described the facies produced when 

a glacier changes from wet-based in its interior to cold- 
based at its margin (Weetman, 1961; Boulton, 1972a,b). The 
primary result of such a change is that debris carried in 
the basal zone of the ice is carried up into an englacial 
position either by the fast moving, wet-based ice 
overthrusting the slower moving cold-based ice at the margin 
or by continual addition of subglacial melt-water and 
debris to the sole of the glacier in the zone where there is
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net freezing (Fig. 17c). The facies association deposited 
in such circumstances will be similar to that Boulton(1972a) 
described from the margins of Spitsbergen glaciers (Fig. 
36). There will be minor amounts of till deposited by melt- 
out of ice bodies detached from the glacier sole and the 
melt-out of stagnant ice overlain by a thick accumulation of 
supraglacial melt-out, flowtilIs and ice contact stream 
sediments. Subglacial geology and pore water pressure 
conditions may combine to form large scale block inclusions. 
Addition of large quantities of supraglacially derived and 
transported debris does not change the basic facies model 
shown in Figure 36; such debris would appear as a coarse 
angular component in the supraglacial facies association.

SEDIMENTATION BY ICE-RAFTING 
THE FLOATING OF ICE

Ice floats when the depth of water exceeds a value given 
by the expression;- D = d^.H

dw
1/

where D
H

is the minimum depth required to float the ice. 
is the ice thickness 
is the density of the ice 
is the density of the water

A glacier entering a standing body of water will lose 
ice by melting or calving of icebergs so it may not advance 
past its grounding line. If its mass balance is high enough 
to allow it to advance beyond its grounding line, the ice 
will spread out and thin rapidly because of reduced basal

64



friction, forming a floating ice tongue or, on a larger 
scale, an ice shelf

ICE-RAFTED DIAMICTITE SEDIMENTATION
The textures and structures of ice-rafted sediments are 

controlled firstly by the initial debris assemblage in the 
ice and secondly by processes in the water column. Sediment 
released in the water column by melting of ice, will settle 
to the bottom unmodified, have the fine grain-size component 
removed by currents or receive extra fine sediment already 
suspended in the water. Anderson Kurtz, Dormack & 
Ba1shaw(1980) thus classify ice-rafted sediments as 
residual, which have lost some of their fine sediment, and 
compound, which have received additional fine sediment from 
the water column. They also describe diamictons which are 
probably unmodified ice-rafted diamictons.

Residual ice-rafted sediments may be modified either by 
sorting in the water column or by reworking at the bed by 
traction currents. Traction currents are held responsible 
for bedding observed in ice-rafted diamictons on the 
Antarctic continental shelf (Chriss & Frakes,1971; 
Barrett,1975). Sorting in the water column removes the fine 
end of the debris size distribution, usually clay to silt
sized particles (Hjielstrom,1939), so residual ice-rafted 
diamictons sorted in this manner are depleted in fine size 
grades. Bedding is likely to develop in ice-rafted sediments 
due to these winnowing processes. Changes in intensity of 
winnowing in the water column are likely to cause 
gradational horizontal bedding whereas sorting by traction

65



currents probably causes relatively sharp laminae.

Compound ice-rafted sediments consist of an ice-rafted 
component and a pelagic component delivered by the water 
column. This process occurs in oceans where pelagic clay and 
biogenic sediments are added to the debris assemblage (e.g. 
Clark, Whitman, Morgan & Mackey,1980) and close to the ice 
front where meltwater streams bring large quantities of 
suspended clay into the water column (Powell,1981, 1983). 
Compound ice-rafted sediments are enriched in clay compared 
to their original debris assemblages (e.g. bergstone muds of 
Powell,1983).

Large clasts delivered by floating ice may also show a 
characteristic arrangement. Some large stones depress and 
deform underlying bedding (Thomas & Connell, 1985) and some 
elongate stones come to rest with their long axes vertical 
(Boltanov, 1970; Anderson, 1983); but most are deposited with 
a random orientation. Also, icebergs overturning in shallow 
water deposit characteristic conical piles of stones which 
Overshine (1970) calls carapace structures, which form when 
an iceberg melts above the water line. Fine debris slumps 
and washes off the upper surface of the iceberg but large 
clasts remain on it. If the berg overturns due to melting 
below the waterline, these stones will be tipped into the 
water enmasse, so, if they do not have far to settle, they 
will form a conical heap on the sea floor (Overshine, 1970). 
Another sort of pebbly concentration may form when blocks of 
debris-rich ice gradually lose bouyance as they melt and 
thus slowly settle to the bottom (Powell,1981).
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0vershine(1970) described pellets of till compressed in 
englacial shear planes which survive the melting of 
surrounding ice and even several days littoral reworking. 
He reports modern examples from Glacier Bay, Alaska and 
ancient examples from the Proterozoic of Canada. Clarke & 
others( 1980) report such till pellets from the floor of the 
Arctic Ocean which suggests that they have considerable 
preservation potential. Thus, the characteristics of ice- 
rafted facies described by workers such as Bo 1 tunov(1970), 
Anderson & others(1977, 1980), Barrett(1975), Chriss & 
Frakes(1972), Overshine(1970), Anderson(1983), Powell(1981, 
1983), Gravenor, Von Brunn & Dreimanis(1984) and Clark & 
others(1981) are summarized in Table 3.

GLAC1OMARINE FACIES MODELS
The study of glaciomarine sedimentation has made 

significant advances since the pioneering work of Carey & 
Ahmad(1961). Numerous^ facies models of various types of 
glaciomarine settings (e.g. Polar environments, Anderson, 
Brake, Domack, Myers & Wright,1983; Drewry & Cooper,1981, 
Subarctic environments, Molnia,1983, Tidewater glaciers, 
Powell,1981,1983). Other authors have concentrated on 
deriving models from evidence available from ancient 
glaciomarine sequences (e.g.Gravenor & others,1984). These 
studies and studies of ice shelves (Thomas,1979? Robin,1979) 
show that the facies deposited in a glaciomarine setting 
depend on oceanographic as well as glaciological factors.

Viewed solely in terms of ice behaviour, sedimentation 
in the glacio-marine environment takes place in four zones
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(Fig.37 ). These are:

1. The grounding line zone where the ice is just 
beginning to float.

2. The cold-based ice-shelf zone where there is little 
or no basal melting or there is net freezing of 
water to the base of the shelf.

3. Melting ice-shelf zone where there is net basal
%melting.

4. The iceberg zone off-shore from the floating ice
tongue or ice-shelf.

In any particular case where glaciers reach the sea, 
the importance or indeed the presence of each of these zones 
is governed by the thermal regime of the ice, its rate of 
advance or retreat, water depth and characteristics of the

■a.

water mass. Where a wet-based glacier reaches a standing 
body of water, the grounding line zone will be an important 
area of sedimentation with deposition of a wedge of till 
deposited by lodgement from a mobile subglacial till 
layer(Fig. 38a; Carey & Ahmad,1961; Boitonov, 1970, undermelt 
diamicton of Gravenor & others, 1984). The area near the 
grounding line may also have subaqueous outwash fans (Carey 
& Ahmad,1961; Edwards,1978; Powel 1,1981,1983). Basal melt 
out also occurs where a cold-based glacier enters water 
which is above the pressure melting point so that the ice 
melts below the water line depositing melt-out till or 
coarse sand and gravel as ridges running parallel to the 
ice-front (Barnett & Holdsworth;1974, Anderson & 
others,1983). If cold-based ice is below the pressure
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melting point of the water at the grounding line, net 
freezing may occur so no sediment will be deposited (Carey & 
Ahmad,1961; Anderson,1971).

Sedimentation beneath the ice-shelf zones is controlled 
by the ice and water temperature regimes. Beneath the cold- 
based zone, very little ice-rafted detritus reaches the 
bottom whereas beneath the wet-based zone, basal melting 
results in deposition of diamfcton, pebbly mud or sand, 
depending on current activity. The pattern of basal melting 
or freezing may be simple or complex. Carey & Ahmad(1961) 
present two end members of the spectrum of ice-shelf melting 
patterns, the entirely wet-based model (Fig. 38a), the 
entirely cold-based model, whereas Thomas(1979) presents a 
model in which basal freezing occurs near the grounding 
line, gradually giving way to melting further out to sea 
(Fig. 38b). An even more complex pattern is suggested by 
Robin(1979) who maintains that currents and basal relief 
control melting patterns. He suggests that currents will 
shift water at pressure melting point from the base of the 
ice at shallow depth down to greater depths where the 
pressure melting point is lower (Fig. 38c) and so cause 
melting. The converse also applies with deeper, cold water 
moving to shallower depths and freezing on to the base. 
Thus, the pattern of deposition may be fairly complex 
beneath ice shelves with ice-rafted sediments deposited in 
zones of basal melt grading laterally into pelagic material 
only in areas of basal freezing. On a small scale however, 
these sediments will appear as tabular units which grade 
vertically into one another.
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Sedimentation in the iceberg zone is basically normal 
marine sedimentation modified by input of ice-rafted 
detritus and by the supply of detritus provided by 
glaciation (Anderson & others,1979; Drewry & Cooper,1981). 
The supply of iceberg-rafted detritus is controlled by the 
amount of material left in the ice by the time it calves 
into icebergs and by factors such as currents and winds 
which distribute the bergs (Anderson & others,1983/ Drewry & 
Cooper,1981).

As well as iceberg-transported material, the large 
supplies of sand, silt and clay provided by glaciers 
produces abundant debris flow, turbidity current deposits 
and thick muds in some glaciomarine environments (Anderson & 
others,1983; Gravenor & others,1984). Molnia(1983) argues 
that such facies may represent the bulk of glacially 
transported sediment in some settings.

In conclusion, a highly generalized glaciomarine facies 
model based on Edwards (1978), Drewry & Cooper(1981), 
Gravenor & others<1984) and Anderson & others(1983) is shown 
in Figure 39. If the ice is wet-based, tills lodged from 
deforming subglacial debris, subaqueous outwash, debris 
flows and turbidities will be important, but if it is cold- 
based, and substantially colder than the water body it 
enters, much debris will by-pass the grounding line zone and 
the ice-shelf zone and iceberg-rafted diamictites, pelagic 
sediments and sediments reworked by marine processes will be 
the dominant facies (Carey & Ahmad,1961). In marine
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settings, faunas living near wet-based ice shelves will 
reflect low salinities and high turbidity. Those living 
near cold-based ice shelves may reflect higher than normal 
salinities (Carey & Ahmad,1961; Anderson,1971).

RECOGNITION OF GLACIAL FACIES
Because of the wealth of research on fluvial and 

deltaic sediments, they are reasonably easy to identify. 
Diamictites produced by glacial processes and mass movement 
are more difficult to recognise because most diamictite- 
forming processes - ^ produce similar sediments. Karland & 
others(1966) discussed the problem of distinguishing glacial 
from non-glacial diamictites and concluded that striated 
pavements and dropstone lamini tes were strong evidence for 
glacial sedimentation. To these criteria I would add 
faceted stones with several sets of long, fine, straight 
striae because striated stones in non-glacial mudflows have 
short, rough striae (Wintemer & von der Borch,1968).

There has never been any doubt concerning the glacial 
origin of the Permian sediments in central Victoria because 
striated pavements, streamlined bedrock hummocks, striated 
clasts and dropstone laminites are all present. However, 
recognition of tillites of different origins and of mudflows 
and ice-rafted diamictites is more difficult. For example, 
Bowen(1959) and Crowell & Frakes (1971a,b) disagree on the 
importance of till-derived mudflow in the various sections.

The criteria used to deduce the origin of diamictites 
in a glacial sequence are reviewed by Boulton &
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Deynoux( 1981 ). They list the criteria under ten headings: 
stratigraphic context, texture, clast shape, bedding and 
banding, clast fabric, folding and faulting, nature of 
bedding contacts, geotechnical properties, jointing, and 
thickness. Geotechnical properties cannot be used in a 
Palaeozoic sequence and jointing must be used with care in 
tectonically deformed rocks. Clast fabrics were not 
employed in this study because it was not possible to obtain 
statistically meaningful fabrics from the rocks studied (uf. 
Andrews,1971). The diamictites are generally fine-grained 
in central Victoria, usually with less than 30 percent 
stones, and few of these stones are sufficiently elongate 
to give meaningful long-axis fabrics (Drake, 1977). A 
further problem is the hardness of most diamictites, though 
some authors remarked on the apparently unlithified 
condition of the diamictites in central Victoria, most are 
quite hard and those which appear soft have weathered 
slightly and their clast fabrics have probably been re
oriented by downslope movement of the disintegrating 
sediment. An attempt to use the fabric of sand-size clasts 
after Sit1er & Chapman(1955) produced random orientation 
patterns for diamictites of various origins. Therefore, the 
most applicable criteria are internal structres and textural 
variations, bedding contacts and context.

In the course of this study, sedimentary features are 
identified that indicate the operation of some of the 
diamictite-forming processes discussed in this chapter 
during deposition of the Permian glacial sediments of 
central Victoria. Unfortunately, many diamictites do not
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provide sufficient clues to their origin. When interpreting 
the diamictite facies of the region, X will refer to 
til lites of uncertain depositional mechanism as either 
subglacial or suprag1acial tillites or, if even greater 
uncertainty exists, as simply til lites.
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PART II

PERMIAN GLACIAL SEDIMENTS OF THE BACCHUS MARSH AREA

CHAPTER 3
INTRODUCTION

Permian glacial sediments are exposed in sections 
scattered about the town of Bacchus Marsh 50 km west of 
Melbourne (Fig. 40). They are present in eight large areas 
and many small patches separated by areas where other rocks 
are exposed (Fig.40).

STRATIGRAPHY

The Permian glacial sediments about Bacchus Marsh were 
named the Bacchus Marsh Glacial Conglomerate by David(1896).
Since then W.A.J. Saunders applied formation names to
individual units within one small area of outcrop in an 
unpublished map and Roberts( 1984) used the name Bacchus 
Marsh Formation for all Permian glacial sediments in the
area and named a bed in the Korkuperimul Creek section the
Morton Conglomerate Member. In this work, Bacchus Marsh 
Formation will be used for all Permian glacial sediments in 
the area and several distinctive subdivisions will be given 
member status where it is appropriate. All these 
stratigraphic names are defined in Appendix 1 and will be 
formalized by publication.

The stratigraphic context of the Bacchus Marsh 
Formation is shown in Figure 41. It is overlain
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unconformab 1 y by Cainozoic sediments and volcanics that will 
not be discussed in this work. The Ordovician metasediments 
and Devonian granitoids beneath provide most of the detritus 
that makes up the Bacchus Marsh Formation and therefore 
require brief discussion. The following description draws on 
published descriptions by Singleton(1973) and Beavis(1976) 
and some thin section and field observations.

The Bacchus Marsh Formation overlies tightly folded 
slates and sandstones which are part of the Lachlan Foldbelt 
of eastern Australia (Cass,1983). The sandstones are mostly 
fine-grained and silty with up to 20% feldspars, sodio 
plagioclase being the most abundant feldspar (Beavis,1976). 
In the Bacchus Marsh area, feldspars are usually less than 
10% of the sandstones and phy 11 osi 11 icate matrix material 
may be up to 46% (Beavis,1976). Some quartzose coarse 
sandstone and fine pebble conglomerate beds are present in 
the Bacchus Marsh area. Slates, and in some areas phyllites, 
are the other important component of the Ordovician sequence 
of central Victoria. In thin section, the coarser slates are 
quartzose with strongly developed preferred orientation of 
quartz grains and phyllosillicates. X-ray diffraction 
analysis by Cole & Neilson(1959) identified quartz,feldspar, 
muscovite, chlorite, kaolinite, smectite, vermiculite and 
mixed layer clays; the last three being products of 
Cainozoic deep weathering. Contact metamorphism of these 
sediment by granitic intrusions produces massive grey to 
black homfels.

The Ordovician metasediments of central Victoria are
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intruded by Devonian granitic rocks and associated 
porphyritic felsic dykes. These intrusions are typically 
granites to granodiorites, commonly with biotite as their 
most abundant ferromagneSiam mineral. A small pluton of 
grey granodiorite crops out in the in Myrniong Creek and 
about Werribee Gorge (Enclosure 7, ) and a grey, porphyritic 
felsic dyke intrudes Ordovician sediments in Werribee Gorge.

Other Palaeozoic rocks which might have contributed 
detritus to the Bacchus Marsh Formation are Cambrian 
metamorphosed basic volcanics which are present in narrow, 
north-south trending belts underlying, or faulted into, 
Ordovician sediments, Devonian to Early Carboniferous red 
beds and felsic volcanics, and the Siluro-Devonian marine 
sediment of the Melbourne Trough, a younger part of the 
Lachlan Foldbelt. The contributions made by these groups of 
rocks to Permian glacial sediments in central Victoria will 
be discussed later.

STRUCTURE OF THE BACCHUS MARSH FORMATION
Most outcrop % of the Bacchus Marsh Formation is 

confined to the complex, east-west trending Bailan Graben 
(Singleton, 1973). This graben is bounded on the northern 
side by the Greendale, Coimadai and Gisborne Faults and the 
Spring Creek Fault forms the southern boundary (Fig. 40). 
The overall structure is a graben in which bedding tilts to 
the south but within it are many smaller faults so that the 
graben contains a series of east-west trending fault blocks 
in which bedding dips south, cut by numberous northeast- 
southwest trending faults, at least one of which was active
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during deposition of the Bacchus Marsh Formation (Chapter 
6). The youngest fault in the region is the north-south 
trending Rowsley Fault (Fig. 40) which has a prominent 
scarp and Pleistocene alluvial fans developed along it. Some 
of the east-west trending faults cutting the Bailan Graben 
may extend east of the Rowsley Fault and be responsible for 
preservation of Bacchus Marsh Formation in the Lerderderg 
River and Comadai Creek areas (Fig.40).

The Bai lan Graben has a long history of faulting; the 
area still experiences minor seismicity. The Rowsley Fault 
was active during the Pleistocene and facies relationships 
in the Tertiary sediments of the Bailan Graben indicate 
contemporaneous movement (Singleton,1973). Faults were 
active during deposition of the Bacchus Marsh Formation and 
Beavis (1976) claims that the Rowsley Fault was a high angle 
reverse fault during deformation and metamorphism of the 
Ordovician metasediments.

This complex and persistent faulting was probably 
responsible for the deposition of up to 1100m of glacial 
sediments in the area (Chapter 8), for the preservation of 
the Permian sediments, for their discontinuous distribution 
in the area and is partly responsible for the difficulty of 
correlating between individual areas of outcrop.

OUTCROP AREAS

Bacchus Marsh Formation outcrops are shown in Figure 
40. It crops out very poorly in most areas? only along some 
streams, in road cuttings and in areas of intense soil
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erosion are the rocks exposed sufficiently to allow 
sedimentological analysis. Thus, this study concentrates on 
five main areas of outcrop. They are, from west to east, 
the Pykes Creek Reservoir area (Area 1, Fig. 40), Werribee 
Gorge and Mymiong Creek (Area 2), Korkuperimul Creek (Areas 
3 and 4) and the Lerderderg River section (Area 5). Area 6, 
that about Coimadai Creek, contains important fossil 
localities but most of the outcrop is now submerged beneath 
Lake Merrimu, a water supply reservoir, so study of that 
area will be limited to a re-appraisal of data published 
before construction of Lake Merrimu.

PREVIOUS LITURATURE
Bacchus Marsh Formation rocks were amongst the first 

Palaeozoic glacial sediments recognised (Selwyn,1861; 
McCoy, 1875). Studies of all or parts of the Bacchus Marsh 
Formation have appeared since then. The more substantial 
ones were David(1896) and Jacobson & Scott(1937) who 
presented measured sections of the Korkuperimul Creek 
sequences, Bowen(1959) who studied most areas of outcrop, 
Hamilton & Krinsley(1967) who examined the surface textures 
of sand grains -from diamictites in the Bacchus Marsh 
Formation, Crowell 6. Frakes 1971(a,b) who discussed the 
sediments in the context of Permo-carboniferous glaciation 
of Australia and Davis & Mallett(1981) who described and 
interpreted a large sedimentary dyke in the Korkuperimul 
Creek section. The most recent review of all the literature 
was published by Bowen & Thomas(1976).

The works listed above raise a number of question apart
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from general questions on the nature of the glaciation. The 
Korkuperimul Creek section contains 1100m of sediment, a 
large thickness compared to many glacial sequences. 
Bowen(1959) suggested that the section filled an ice- 
excavated bedrock valley but did not discount subsidence on 
faults as a factor in preserving such a thick section. The 
Korkuperimul Creek section also contains many diamictite 
beds; Bowen(1959) recorded 51, interpreting 42 beds as 
til lites. Crowell & Frakes(1971a,b) considered that fewer 
til lites, and hence, fewer ice advances are represented in 
this section because many beds contain structures suggesting 
emplacement by mudflows. Therefore, the number of ice 
advances represented by the Bacchus Marsh Formation is in 
doubt. Another problem concerns the importance of marine 
sediments in the Bacchus Marsh Formation. At first, the 
entire sequence was considered to be non-marine but 
Thomas(1969) and Garratt(1969) reported marine fossils from 
two localities. Thomas(1969) described conularids from the 
upper part of the Korkuperimul Creek section and 
Garratt(1969) reported brachiopods, bryozoa and conularids 
from a bed at the base of the sequence along Coimadai 
Creek. These marine beds raise the possibility of other 
unfossiliferous marine sediments being present in the 
Bacchus Marsh Formation.

METHOD OF PRESENTATION
Because the Bacchus Marsh Formation crops out in a 

number of separate areas, the following discussion of it 
will treat each area separately before presenting a 
synthesis of the formation as a whole. The section cropping
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out along the Lerderderg River will be discussed first 
because it presents rocks from which important conclusions 
may be drawn on the processes of til lite deposition in the 
Bacchus Marsh area. The Korkuperimul Creek section will be 
discussed last because it is the thickest section and thus 
probably the most complete record of the glaciation 
available, even through outcrops along it do not allow the 
detailed analysis possible in some of the other areas.
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CHAPTER 4
LERDERDERG RIVER AREA

INTRODUCTION
OUTCROP AND STRUCTURE

Bacchus Marsh Formation sediments crop out along the 
Lerderderg River from the point where the river leaves its 
gorge cut in Ordovician metasediments to a point 4km north 
of Bacchus Marsh (Fig.40). Though it is possible to map an 
area of about 18 square kilometres of Bacchus Marsh 
Formation sediments to the east of the Lerderderg River, 
good outcrops are found only along the river bank (Enel. 1). 
Crowell & Frakes(1971 a,b) discussed this section in some 
detail because of the excellent exposure of some diamictite 
facies. The section is referred to here as the Morven
Section and is worthy of considerable attention, so the bulk

■>

of this chapter will be devoted to its description and 
interpretation. Other small outcrops near the downstream 
end of Lerderderg Gorge and patchy outcrops south of Morven 
Homestead will be discussed separately. Permian sediments 
exposed in a spur running west from the Lerderderg river, 
adjacent to the Greendale Fault (Loc.A,Encl. 1) correlate 
with the upper parts of the Korkuperimul Creek section and 
will be discussed in the chapter devoted to that section.

The Bacchus Marsh Formation is faulted against 
Ordovician metasediment along the western margin of this 
outcrop area by the Rows ley Fault (Enel. 1). Though close to 
this major structure, the Permian sediments dip gently south 
to south-west and only minor faults are visible in outcrop.

81



A fault or faults may be responsible, however, for the 
presence of Ordovician slates in the bed of the Lerderderg 
River upstream of the Morven Section (Enel. 1) separating it 
from outcrops near Lerderderg Gorge. This outcrop pattern 
suggests that the Morven Section may rest unconformably on 
bedrock but the boundary does not crop out. The relationship 
between these two Bacchus Marsh Formation outcrop areas 
along the Lerderderg River is uncertain.

MORVEN SECTION
PRESENTATION

Section 1 (Enel. 2) shows the sequence exposed in the 
Morven Section. It may be divided into five intervals each 
of which contains a distinctive facies assemblage. For 
reference purposes, intervals are numbered consecutively 
from the base and separate units in each interval are 
assigned letters alphabetically from the base of each 
interval.

INTERVAL 1

The lowest interval in the Morven Section is 9.3m 
thick. Its basal Unit is 3m of massive, sandy diamictite 
overlain by 0.4m of diamictite with similar texture but 
containing undulating, discontinuous sandstone laminae. 
This unit grades up into 0.2m of laminated silty diamictite. 
The top of this diamictite is eroded and it is overlain by a 
lens of sandstone 0.7m thick consisting of two beds which 
grade up from coarse to fine sandstone. This lens is 
concordantiy overlain by 5m of sandy diamictite which is 
massive at the base, develops thin, undulating.
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discontinuous sandstone laminae and then thin horizontal 
bedding at the top.

INTERVAL 2

Succeeding Interval 1 is an interval of thinly bedded 
lithologies. Though obscured in places and cut by a minor 
fault, the Interval is probably close to 60m thick as shown 
in Section 1. Five separate units are recognised within the 
interval, four of which are thinly beaded.

Unit 2a

Conformably overlying the uppermost bed of Interval 1 
is at least 5m of coarse sandstone, fine silty sandstone, 
siltstone and silty diamictite all in beds no thicker than 
8cm. Most beds are 3 to 5cm thick and are continuous across 
the full outcrop widths, usually 10m. Beds are internally 
structureless except for some 1cm thick sandstone beds 
which grade from medium to fine sandstone. Several blocks 
of sediment were cut normal to the bedding to examine 
bedding closely. This revealed that all the bedding 
contacts are gradational.

Pebbles and cobbles make up 5 to 15 percent of all rock 
types in Unit 2a. These clasts are angular to subrounded. 
Discoidal and blade-shaped clast commonly lie parallel to 
bedding. The largest stones are oversized compared to the 
beds in which they rest, indent underlying beds and 
succeeding beds drape over them (Fig. 42).
Unit 2b

This unit consists of silty diamictite beds between 2
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and 25cm thick which pinch, swell and undulate along strike. 
They are separated by lenticular siltstone beds which pinch 
and swell to accommodate thickness changes in the diamictite 
beds. The siltstone beds pinch out after 2 to 3m along 
strike. Sandstone lenses a few centimetres thick and 20 to 
30cm long are scattered through the unit. They are 
concordant with bedding though some are recumbently folded 
and contain small penecontemporaneous faults similar to 
"step fractures" described by Deynoux(1980). These are 
closely spaced normal faults which cut tabular sandstone 
beds or bodies into a series of steps, each a few 
millimetres high (Fig.43). This style of faulting is common 
in some facies in the Bacchus Marsh Formation and, because 
the term "step fractures or faults" is sometimes used for 
sets of normal faults on various scales, these tiny fracture 
sets will be called microstep fractures in the rest of this 
study to avoid any ambiguity.

Part of Unit 2b has been deformed into a fold with a 
wavelength of about lm. It plunges 50 degrees towards 204 
degrees with its axial trace extending 5m across the 
outcrop, dying out at its north-eastern end and disappearing 
beneath the river bed at its south-western end.
Unit 2c

Unit 2b is overlain by massive grey, slightly fissile, 
silty diamictite.

Unit 2d

Resting with a sharp contact on Unit 2c is 5m of sandy 
diamictite and silty diamictite interbeds 10 to 20cm thick
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accompanied by thinner beds of poorly sorted, pebbly medium 
sandstone. Beds are continuous for the width of the outcrop 
and pebbles are oriented randomly with respect to bedding. 
A fault truncates Unit 2d, placing it against a pebbly 
medium sandstone bed (Section 1). This fault is unlikely to 
have large displacement so the section will be treated as 
continuous.

Unit 2e

Unit 2e is the most thinly bedded unit of Interval 2. 
It consists mostly of beds of silty and sandy diamictite and 
coarse to fine sandstone beds 1 to 3cm thick with a few beds 
up to 15cm thick. All beds, even the thinnest, are 
continuous for about 30m along the outcrops. Most beds have 
gradational bedding contacts and faint horizontal laminae 
though one medium sandstone bed 1cm thick has a sharp base 
and is cross laminated. Some of the larger pebbles in the 
diamictites are oversized when compared with the beds in 
which they rest. One boulder of quartzite is 30cm in 
diameter and has clear striae on its exposed face.

The next 25m -of section above Unit 2e is covered with 
soil but, during periods of drought, a few outcrops of 
thinly bedded diamictites and sandstones similar to Unit 2e 
are visible in the bed of the Lerderberg River so that only 
5m of section is completely obscured (Section 1).

INTERVAL 3
Interval 3 is 11m of massive clayey, silty diamictite 

with several horizontal sandstone beds (Fig. 44). These
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sandstone beds are 1 to 3cm thick and continuous for at 
least the width of the outcrops, about 10m. They are 
massive coarse sandstone, apart from one cross-1aminated 
bed, and are moderateîy well sorted. The diamictites are 
fine-grained with clayey siltstone matrix material and 5 to 
15 percent pebbles.

INTERVAL 4

Interval 4 is mostly pebbly, sandy diamictite resting 
with a sharp base on the underlying silty diamictite of 
Interval 3. This lower boundary is disrupted by intrusion 
of Interval 3 diamictites into the overlying sediment in a 
series of flame structures penetrating 30cm into the 
overlying bed.

The texture of the Interval 4 diamictite is virtually
•x

constant through the interval but the abundance and type of 
sorted lenses and laminae varies. Units 4a, 4c and 4e are 
massive diamictite. Units 4b, 4d and 4f are sandy diamictite 
that contains both thin discontinuous, wavy sandstone 
laminae and larger lenses of pebbly coarse to fine sandstone 
up to 20cm thick, and 2m in length (Fig. 45). Most of these 
sandstone bodies are tapered lenses but a few are tabular 
slabs with square edges. Some of the sandstone lenses are 
folded about gently dipping fold axes (Fig. 45). Internally, 
the sandstone lenses and slabs are massive or parallel 
laminated. The uppermost part of Interval 4, Unit 4g, is a 
massive, fine, poorly sorted sandstone bed. It is 1.3m 
thick and extends for 30m down dip.
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INTERVAL 5

After a covered interval above Interval 4, the section 
consists of silty diamictites which enclose sheets and 
lenses of sandstone and several pebble layers and imbricated 
boulders (Crowell & Frakes,1971a,b). Figure 46 shows most 
of the Interval. It consists of four facies which will be 
described separately.

Diamictite
The diamictite making up most of Interval 5 is blue-grey 

and is composed of 20 percent of clasts coarser than 2mm set 
in a matrix consisting of equal amounts of sand, silt and 
clay. The matrix contains fine-grained diagenetic carbonate 
in small amounts which becomes abundant in scattered 
spherical concretions. Pebbles and boulders in the 
diamictite are rounded to subrounded and many are faceted

Most large clasts are grey, fine-grainedand striated.

quartzite and pink to grey granite derived from the local 
bedrock with a small number of foliated granite, fine
grained schist and felsic volcanic clasts derived from 
outside the immediate area and not present in Interval 4.

Imbricated Boulders and Pebble layers 
- Imbricated boulders are scattered through some beds in 

Interval 5, clustered together in places (Fig. 47) and the 
pebble layers consist of closely spaced pebbles in layers 
one pebble thick (Fig. 48) which are continuous for up to 
10m across the outcrop. Figure 49 shows the size range of 
imbricated boulders and pebbles in the layers. The pebbles
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and boulders are well rounded to subrounded and many pebbles 
are striated. Most of the large quartzite boulders have 
large striated facets on their upper surfaces (Fig. 50). 
These facets and the long axes of elongate boulders dip 
south-west at an angle slightly steeper than bedding and the 
striae trend north to north-east.

Neither the imbricated boulders nor the pebble layers 
form continuous, close-packed horizons but individual clasts 
are separated by up to 20cm in the case of the pebble layers 
and up to 1m in the case of the imbricated boulders (Fig. 46 
& 48). The pebbles and boulders are set in massica 
structureless diamictite. Sandstone lenses coincide with 
boulder clusters and pebble layers in only a few places.

Sandstone Sheets and Lenses
Sandstone is present in Interval 5 as thin sheets or as 

lenses. The sandstone sheets are up to 3cm thick and 
continuous for up to 4m in outcrop. They undulate slightly 
relative to the plane of bedding and edges of the sheets are 
ragged with small fragments broken off in the enclosing 
diamicite. The sandstone lenses are up to 30cm thick and up 
to 4m across with planar upper surfaces and convex lower 
boundaries (Fig. 47). Some of the lenses are slightly 

They are rounded on their southern edges andasymmetric

attenuated slightly on their northern edge. Their thickest 
parts are slightly closer to their southern edges and some 
that are laminated have laminae folded into a syncline with 
their axial planes dipping south. This is in effect a down 
glacier "lean". The lenses1 long axes trend north-west -
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south-east. They range in grain size from pebbly very coarse 
sandstone to fine sandstone and are massive or parallel 
laminated. Some lenses taper into thin sandstone sheets 
(Fig.46).

Deformed Sandstone Bodies
There are two types of deformed sandstone bodies in 

Interval 5; slightly curved slabs of sandstone up to lm 
across with angular corners (Fig. 5i) and highly contorted 
beds, folded about gently dipping axial planes that strike 
approximately east - west(Fig. 52; see also Crowell & 
Frakes,1971b, their Figure 8).

Both types of deformed sandstone body are cut by 
closely spaced microstep fractures (Figures 51 & 53; cf. 
Biju-Duval, Deynoux & Rogon,1974; Deynoux,1980/ Bell,1981). 
Figure 43 shows a sketch of a microstep-fractured sandstone 
body. Each small step in the former bedding plane of the 
sandstone corresponds to a normal fault with displacement of 
a few millimetres which does not cut across grains in the 
sandstone. At least two sets of microstep fractures affect 
each sandstone body, usually intersecting at about 30 
degrees, and bodies cut by three and four fracture sets are 
common (Fig. 53). The amount of displacement on each set of 
fractures varies across the sandstone body they cut with no 
one set dominating, except in a few cases where one set has 
greater displacement than the others, producing a gentle 
curve in the sandstone body (Fig. 51).
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Mudstone

Slabs of mudstone 40cm thick and 5m long lie along one 
bedding plane in the diamictites (Section 1). They are 
composed of two facies: couplets of light grey graded 
siltstone 3 to 5cm thick and dark grey claystone 2 to 5cm 
thick (Fig. 54) and sandy mudstone beds up to 6cm thick 
which contain up to 10 percent granule-sized quartz grains 
and fragments of claystone and folded, discontinuous 
laminae. In thin section this facies displays strong 
orientation of clay minerals parallel to bedding. This 
strong prefered orientation causes the bedding planes to 
have a bright sheen and fine slickenslides. The siltstone - 
claystone couplets show clear separation of the claystone 
and siltstone and many of the siltstone beds form loadcasts 
into underlying claystone beds (Fig. 54).

DEPOSITIONS ENVIRONMENTS AND PROCESSES 
Intervals 5 and 2 are the easiest parts of the Morven 

Section to interpret so they are discussed first. In 
particular, the features of Interval 5 provide considerable 
information about glacial conditions during deposition.

INTERVAL 5

Imbricated Boulders and Pebble Layers
The most striking features of Interval 5 are the 

imbricated Moulders and pebble layers. Crowell & Frakes 
(1971a, b) suggested a series of events to explain them:-

1. Erosion of diamictite by running water to leave a
coarse lag of imbricated boulders.

2. Freezing of the substrate setting the boulders in
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place.
3. Over-riding of the frozen boulders by glacial ice 

which bevels and striâtes their upper surfaces.

The major difficulty with their interpretation is that 
there is no sorted sediment between boulders and pebbles, 
they do not form a continuous armour on underlying 
diamictite and they do not rest on any scour surfaces 
(Figures 47 & 48). These considerations suggest that water 
sorting was minimal during deposition of the imbricated 
boulders and pebble layers.

A better explanation is provided by the process of 
subglacial frictional lodgement. Boulton (1978) and 
Kruger(1979) describe faceted, striated boulders similar to 
those of the Interval 5 from subglacial tills revealed by 
the retreat of Icelandic glaciers. Both writers consider 
such boulders as strong evidence for a subglacial origin for 
the tills and for frictional lodgement of the clasts. Given 
the right conditions clasts of similar size lodge beneath 
active, wet-based ice (Boulton, 1975/ Hallett, 1979). These 
clasts will then have their upper surfaces bevelled and 
striated by the moving ice above.

This mechanism also explains the imbrication of the 
boulders. A boulder ploughing through sediment will 
compress the subglacial sediment in front of it (Fig. 55; 
Boulton, 1975). If this sediment is able to dilate it will 
be pushed aside, if not, the reactive force of the bed on 
the particle will have a component normal to the particle
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long axis that will cause it to tilt up-glacier (Fig.55). 
The magnitude of this tilt will depend on the strength of 
the bed sediment and the vertical forces acting on the 
particle. It seems likely that the tilt is acquired just as 
the particle halts and that the compressed sediment that 
causes the tilt also is the obstacle that halts the 
particle.

Similarly, the pebble layers are not lag deposits left
by water or wind erosion because they too are embedded in
massive, unsorted diamictite. They present a special problem
because they indicate the existence of a mechanism that
concentrates pebbles at the glacier bed. This might take
place by the glacier reworking subglacial stream deposits
(Lindsay,1970) or by selective lodgement of other size
grades at the glacier sole. Humlum(1982) describes a similar
carpet of clasts abandoned by a retreating glacier in Iceland
and presented arguments against the layers being reworked

*

stream deposits. Likewise, the layers in Interval 5 are 
composed of faceted and striated pebbles that have clearly 
undergone significant periods of subglacial transport 
suggesting that .they were concentrated during glacial 
transport.

The problem of subglacial pebble concentrations may be 
solved by considering the mechanisms of subglacial lodgement 
(Boulton,1975; Hal let, 1979,- Muller,1983a,b). If finer 
subglacial debris is lodging by stress attenuation from a 
deforming debris layer that is thinner than the diameters of 
large clast in the debris assemblage, the large clasts will
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protrude above the layer and be subject to sufficient stress 
from the ice to keep moving (Fig. 56). Under such 
circumstances, large clasts brought to the bed by basal 
melting will tend to concentrate at the bed as a moving 
carpet while fine debris will be immobilized at the base of 
the deforming debris layer. This carpet of pebbles could 
then be halted by a change in ice behaviour such as a 
reduction in sliding velocity, an increase in vertical 
pressure or a rapid addition of debris to the top of the 
deforming subglacial layer so that they are no longer in 
contact with the glacier sole.

The pebble layers of Interval 5 lack boulders even 
though they are in a part of the section where boulders are 
reasonably common (Fig. 49). This suggests that the 
concentration mechanism applied to a restricted size range 
with finer and coarser particles lodging. This is possible 
if the pebbles in the layers were close to the controlling 
obstacle size so that large particles lodged more easily and 
therefore did not concentrate with the pebble layers. In the 
case of the Interval 5 pebble layers, the modal size of 
pebbles in the pavements suggests a controlling obstacle 
size of about-6phi (9cm,Fig.49). This value is within the 
theoretical range of controlling obstacle sizes calculated 
by Weertman(1964).

This interpretation of the imbricated boulders and 
pebble layers in the Interval 5 diamictite implies that it 
is subglacial lodgement til lite and that the ice was wet- 
based rather than frozen to its bed. The pebbles making up
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the pebble layers concentrated at the glacier bed during 
deposition of finer debris from a deforming subglacial 
debris layer that was less than 30mm thick. The controlling 
obstacle size of the ice during that episode was also about 
£ cm.

Sandstone Sheets and Lenses
Like the imbricated boulders and pebble layers, the 

sandstone sheets and lenses have been interpreted as the 
products of water sorting during ice-free periods (Crowell & 
Frakes,1971a,b). This is unlikely because the sandstones, 
though grouped in fairly well defined parts of the sequence 
are not arranged on continuous bedding surfaces which might 
represent a break in sedimentation, rather they pass 
laterally into massive, unsorted diamictite (Fig.46 & 47). 
This, combined with their close association with lodged 
boulders, suggested that they too are subglacial features. 
This conclusion is reinforced when the sandstone sheets and 
lenses are compared with documented suglacial drainage 
features.

Free water is present at the bed of wet-based ice and 
is thought to flow in channels and thin sheets 
(Weertman, 1972; Shreve, 1972; Nye,1973,- Walder, 1982,- see 
Chapter 2). Walder & Hallet(1979) described features formed 
by subglacial sheets and channels on a bedrock surface. 
They found that areas of sheet flow were discontinuous 
patches beneath the ice and that the subglacial channels 
were typically 50-250mm deep, 100-200mm wide and several 
metres long. Such subglacial drainage need not be confined
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to bedrock surfaces.

Boulton & others(1974), Jones(1979) and Boulton(1975; 
1979) all describe the way in which subglacial till deforms 
when subglacial meltwater is abundant. Free flowing water 
is unlikely to accompany bed deformation but if water was 
introduced to the bed faster than it could absorb it, free 
flowing sheets and channels might develop. That is, 
considering Equation 9 (Chapter 2),

•12Küf/3

d^gsin a
H=/ M. 12u

If all other values stay constant, as is likely during 
deposition of a fairly uniform till sequence like Internal 
5, but M increases rapidly, the thickness of the subglacial 
water film H will increase. This is more likely to occur on 
a bed of fine till with low permeability, such as that of 
Interval 5, and might be caused by many different processes 
which affect englacial plumbing, such as sudden draining of 
an englacial lake, heavy rain or redirection of supraglacial 
streams by ice movements. All such events might lead to a 
"subglacial flash flood", forming areas of sheet and channel 
flow similar to those observed on bedrock surfaces (Walder & 
Hallet,1979). Once established, these features would be 
short lived because excess water would gather into a few 
large channels (Shreve, 1972). The glacier might also adjust 
its profile because of the lubricating effect of the water 
at the bed, so changing its temperature profile and lowering 
the temperature at the bed? refreezing the excess water
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(Boulton & Jones,1979 ). Therefore, these subglacial 
drainage systems probably develop intermittently and at 
different places on the bed so that their deposits appear in 
outcrop as scattered sandstone sheets and lenses like those 
in Interval 5.

Theoretical studies of subglacial drainage 
(Shreve,1972; Walder,1982) explain the geometry of some of 
the sheets and lenses. Firstly, englacial water flows down 
the englacial pressure gradient and therefore need not flow 
parallel to the slope of the bed or the ice flow direction 
(Shreve,1972 ). Therefore, the divergent trends of the 
striations on the boulders in Interval 5 and the long axes 
of the sandstone lenses is not surprising. The asymmetry of 
some of the lenses probably results from movement in the bed 
in response to stress imparted by the ice at a high angle to 
the channel axes. Walder(1982) showed that subglacial 
sheet flow is unstable with water tending to channelize with 
time. Those sandstone lenses that have sandstone sheets 
extending from their upper surface probably started as thin 
sheets of uneven thickness (Fig.57a). As time progressed 
the water concentrated in the thicker parts of the sheet at 
the expense of the edges (Fig.57b), producing lenses with 
thin sand sheets extending from their upper surfaces 
(Fig.57c), once the supply of meltwater diminished.

Deformed Sandstone Bodies

The deformed sandstone bodies in Interval 5 probably 
represent sheets and lenses of sandstone deposited by 
subglacial water that were caught up in subglacial bed
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deformation soon after deposition. Several studies have 
shown that under conditions of low effective pressure 
(Boulton,1975) and when subglacial till has its strength 
reduced by its water content, (Jones,1979), subglacial 
sediment will deform in response to the shear stress imposed 
by the overlying ice (see Chapter 2). This phenomen has 
been documented beneath temperate glaciers by Boulton, Dent 
& Morris(1974) and Boulton(1979). It seems reasonable, 
therefore, that subglacial channel deposits should be 
deformed if they lie within the-affected part of the bed. 
Boulton( 1979) shows that a till can be deformed by slow 
creep to a depth of 60cm below the bed so that a sand lens 
need not be at the bed to be deformed but may be buried by 
till and still suffer.

Some of the lenses in Interval 5 have deformed only 
slightly. Their cross-sections have become asymmetric, 
rounded on their southern edges and attenuated slightly on 
their northern edge (Fig. 47). Their thickest parts are 
slightly closer to their southern edges and some that are 
laminated have laminae folded into a syncline with their 
axial planes dipping south. Jones(1979) and Boulton(1979) 
derived the velocity profile which would develop within a 
bed of deforming till (Fig.12). Figure 58 shows the 
progressive deformation of a sediment lens in a matrix 
flowing with the velocity profile derived by Jones(1979), 
assuming laminar flow in the matrix and the lens (method 
described in caption). As deformation proceedes, the lens 
develops a down-glacier lean similar to some of the lenses 
in Interval 5. Eventually, it assumes an asymmetric, tear
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drop shape with its attenuated end pointing down-glacier. 
Internal laminae form a syncline dipping up-glacier similar 
to those described by Boulton(1979) from lodgement tills 
recently exposed by retreating Icelandic glaciers. Thus, 
the asymmetric lenses in Interval 5 also attained their 
shape by subglacial shearing at an angle to their long axes.

The more complex styles of deformation may be explained 
by considering variations in the type of strain within a 
deforming bed caused by inhomogeneities in the bed. Because 
a glacier bed displays variations in bed strength caused by 
water content, grain-size and vertical loading variations, 
bed deformation affects only parts of the bed (Jones,1979; 
Boulton, 1979). A patch of deforming till may be considered
as half of a ductile shear zone of finite length (Fig.59). 
Coward( 1976) and Visser & others(1984) show that at one end 
of a finite length shear zone, stain is extensional whereas 
at the other end it is compressional (Fig.59). In the case 
of a patch of deforming subglacial bed, the up-glacier end 
of the patch will be a zone of extensional strain and the 
down-gl acier end, compressional strain. Therefore, sand 
lenses in the up-glacier end will be pulled apart, forming 
elongate lenses if their strength is the same as the 
enclosing till or angular slabs if their strength is 
greater than the enclosing till. Sand lenses in the down- 
glacier end of the deforming zone will be compressed into 
complex folds. Sand body deformation will be further 
complicated by flow normal to the direction of ice motion 
and vertical till movements (Boulton, 1979; Flg.13, Chapter
2).
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At this point, microstep fractures need to be discussed 
because they are plentiful in the deformed sandstone bodies 
of Interval 5. Sandstone bodies cut by closely spaced sets 
of step fractures have been described from Precambrian and 
Ordovician glacial sediments in the Sahara (Deynoux, 1980), 
Quaternary sediments in Quebec (Deynoux,1980) and Permo- 
Carboniferous glacial sediments in South Africa (Bel1,1981). 
Both Deynouxf1980) and Bell(1981) incorporate slightly 
different styles of faulting in their descriptions but every 
case of multiple sets of closely spaced (0.5 .to 2cm apart) 
step fractures (microstep fractures) described is in a sand 
or sandstone, in or beneath probable subglacial till or 
tillite. Both authors regard these fractures as subglacial 
deformation features because of their facies associations.

These structures may readily be explained by examining 
the role of dilatancy in the deformation of sand bodies 
(Meade,1925). Densely packed fine sand will not deform 
without a change in volume since the grains must move 
relative to one another, increasing pore space relative to 
the dense packed state. If this volume change is resisted 
by outside pressure or by restriction of the inflow of pore 
fluids, the sand mass will be stronger than a loose 
aggregate of sand and will fail by quasi-solid faulting with 
movement between the mininum number of grains (Fig.60). The 
microstep—fractured sandstones have deformed in such a 
manner.

Dilation of sand bodies would be restricted in a

99



glacier bed undergoing the slow creep deformation style of 
deformation observed by Boulton & others(1974) and 
Boulton(1979) because overburden pressure would confine the 
body and expel excess pore water. Deformation of a till bed 
requires some excess pore water (Jones, 1979) but in a clayey 
till, it may not flow into the sand body fast enough to 
allow dilation.

Microstep fractures are unlikely in inclusions in fluid 
mudflow deposits because mudflows must be able to dilate to 
move and usually have abundant pore water (Middleton & 
Hampton, 1975). Sandstone bodies in mudflows may behave in 
a quasi-solid manner (O'Connor, 1978) but faults in such 
bodies are broadly spaced compared to microstep fractures. 
Microstep fractures might be expected, however, at the base 
of mudflows in which a rigid plug develops, at the base of 
sliding sediment masses such as Boulton's (1972a) para-

flow tills or slump blocks or in anautochthonous

unconsolidated muddy sediment containing sand bodies which 
jare j subjected to tectonic stress. For example, some of the 

sandstone boudins in the melange illustrated by Hsu(1974) 
(his Figure 2) appear to be microstep—fractured. In the case 
of the deformed sandstone bodies in Interval 5, their 
location in subglacial tillite suggests that they are 
products of subglacial deformation.

Mudstone Slabs

The mudstone slabs in Interval 5(Section 1) contains 
facies characteristic of glacial lakes, the rhythmites with 
clearly separated claystone and siltstone beds indicating
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deposition in fresh water by density currents* The sandy 
mudstone facies within the slabs however, resemble either 
slump deposits or soft sediment shear zones (Visser & 
others,1984) with elongate fragments of claystone parallel 
to bedding.

The slabs are either a subglacial lake deposit, 
remnants of a lake deposit formed during an ice-free period 
or fragments of lacustrine sediments transported and lodged 
subglacially. If this mudstone bed was deposited beneath 
ice, it should contain pebbles dropped from the roof of the 
cavity in which it formed (Shaw,1979; 1983). It is also 
unlikely that the mudstone slabs represent deposition during 
an ice free period because, like other parts of Interval 5, 
there is no evidence of ice retreat. The slabs are probably 
a fragment of a lake deposit transported and emplaced by the 
ice because of their setting within subglacial til lite and 
their slab-like geometry. The sandy mudstone facies probably 
represents shear zone within the sediments caused by stress 
imparted by the overriding ice. Such stress also possibly 
caused the sheen and slickenslides on bedding surfaces in 
the claystone facies within the slabs.

Environmental Synthesis for Interval 5
The preceding discussion presents depositional models 

for the features exposed in Interval 5 which interpret the 
Interval as subglacial deposits with variations in the 
Interval explained by variations in glacial processes. 
Various authors have shown (Boulton,1975/ Boulton & 
Paul,1974; Jones,1979/ Hallet,1981) that deposition, erosion
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and bed deformation beneath glaciers with their soles at 
pressure melting point are controlled by a number of factors 
such as effective vertical pressure, ice velocity bed 
properties and the size of particles in the bed material. 
The uniform texture of Interval 5 diamictites indicates that 
parameters controlled by sediment grain-size remained 
constant during deposition.

The processes associated with each facies in Interval 5 
were:-

1. Massive diamictites - Lodgement of the whole
englacial debris assemblage, probably by stress 
attenuation at the base of a moving subglacial 
debris layer.

2. Imbricated Boulders -Frictional lodgement of large 
clasts.

3. Pebble Layers - Concentration of moving pebbles at
the glacier sole probably during lodgement of 
smaller particles from a thin mobile subglacial 
layer followed by deposition of the pebbles by an 
increase in the mobile layer thickness or a 
reduction in ice velocity.

4. Undeformed sandstone lenses and sheets - Ephemeral 
subglacial channels and sheet flow caused by 
sudden influxes of water to the glacier bed.

5. Horizons containing deformed sandstone bodies -
Subglacial deformation of previously deposited 
sediment in responce to low effective pressure 
and/or high ice velocities acting on water soaked 
sediment.
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6. Siltstone-Claystone beds - Subglacial lodgement of 
laucustrine sediment entrained as coherent,blocks.

These postulated changes in subglacial processes 
suggest that significant changes in ice velocity took place 
during deposition of Interval 5 either because some of the 
changes were a direct result of velocity changes or because 
increases in subglacial water pressure possibly represented 
by some of the changes lubricated the bed causing higher 
velocities (Boulton & Jones, 1979). These velocity increases 
may have been marked enough to be called surges 
(Patterson,1969),

This model of the deposition of Interval 5 has 
important implications. Firstly it indicates that active 
wet-based ice deposited Interval 5 and secondly that there 
was no ice free period during deposition of the Interval, 
This contrasts with approximately eight ice retreats during 
deposition of the 20m thick Interval implied by Crowell & 
Frakes(1971a,b). The model also provides criteria for 
identifying subglacial tillites, particularly lodgement 
tills and suggests that the ice which covered the Bacchus 
Marsh District may have surged at times.

INTERVAL 2

The thinly interbedded and variable rock types present 
in Interval 2 suggest a number of processes were at work 
during deposition of this Interval. The important 
characteristics are gradational contacts between most beds, 
oversized stones, thin, continuous bedding, poor sorting of
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mos't lithologies and the scarcity of slump folds, graded 
beds and cross-bedded units. These attributes, taken 
together, suggest that ice-rafting was probably the most 
important depositional process during sedimentation (cf. 
Table 3). The Interval 2 sediments lack carapace structures 
deposited when icebergs laden with supraglacial debris 
overturn (Overshine, 1970) which suggest that either the 
icebergs carried little supraglacial debris, or the 
sediments were deposited by a floating ice tongue.

Ice-rafted sediments may be classified as unmodified, 
residual winnowed during settling, residual winnowed on the 
bed, and compound. In the bedded units of Interval 2, the 
sandy siltstones are interpreted as compound ice-rafted 
sediments, formed by settling of silt from suspension and 
some ice-rafting of sand. The diamictites grade from silt- 
rich diamictites which are possibly compound ice-rafted 
sediment through unmodified to sandy, residual, ice-rafted 
sediment. Sandstone beds in Interval 2 can also be thought 
of as residual ice-rafted sediment from which most of the 
silt and clay has been removed. Those sandstone beds 
displaying parallel laminae, small-scale cross laminae and 
sharp bases were winnowed on the bed because these features 
are signs of bedload transport.

The variations between bedded units in Interval 2 may 
thus be explained as variations in the processes operating 
the water mass in which the ice floated. Units 2a and 2c 
were deposited under rapidly fluctuating conditions so that 
relatively thin beds of each lithology were laid down.
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Periods of current activity were more common during 
deposition of Unit 2a; as shown by more abundant sandstone 
beds. The siltstones represent periods of reduced current 
activity combined with reduced input of ice-rafted detritus. 
They could represent cool phases when ice-melting was 
reduced or periods of both reduced ice cover and current 
activity.

Unit 2d was deposited under similar conditions to Units 
2a and 2c but its thicker bedding suggests less frequent 
changes in conditions than occurred during deposition of 
Units 2a and 2c. Also, it contains no siltstone beds so it 
seems there were no periods of reduced ice-rafted detritus 
input. None of these Units show any cyclic repetition of 
lithologies that could be interpreted as seasonal changes in 
depositional processes.

Unit 2b has some characteristics which superficially 
resemble a mudflow but the beds within it grade into one 
another and the folding of the beds appears to have involved 
vertical as well as horizontal movement. These features 
suggest firstly that the sediments were originally ice- 
rafted into place and, secondly, they were subject to some 
vertical movement after deposition. The deformed state of 
all of this unit indicates that it is not a series of slump 
deposits (cf. Corbett, 1972) rather all of it was deformed as 
one. This is supported by the presence of microstep 
fractures in sandstone bodies in Unit 2b, suggesting non- 
dilatant behavior of the sediment pile. The most likely 
explanation of Unit 2b is that it was deposited as
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unmodified or compound ice-rafted sediment and then deformed 
by both lateral and vertical movement. Movement on a slight 
slope or over-riding by grounded ice may have been the 
causes of the deformation. The second cause of the 
deformation of Unit 2b is favoured because Unit 2b grades 
vertically into the massive, fissile diamictite of Unit 2c 
which is probably a subglacial till deposited when the ice 
grounded. Unit 2c is unlikely to be a thick bed of ice- 
rafted material because it is massive, showing no sign of 
bedding, and fissility is unlikely to develop in either a 
mudflow or ice-rafted sediment. Thus, Unit 2b was probably 
deposited by ice-rafting in quiet water near the grounding 
line of an ice tongue. The grounding line advanced over the 
area so that the soft, saturated sediments were loaded and 
sheared by the ice causing the observed deformation, and 
then a subglacial till was deposited. Unit 2c.

Environmental Synthesis of Interval 2
Interval 2 is composed of beds of ice-rafted sediments 

and one subglacial til lite. At least part of the time, the 
area was covered by floating glacial ice. Unit 2c is a 
til lite deposited when the grounding line advanced or the 
water level fell suddenly.

INTERVAL 3

Interval 3 of the Morven Section consists of beds of 
clayey, silty diamictite separated by thin sandstone beds. 
The diamictite is finer grained and more regularly bedded 
than til lites in the Morven Section so it is unlikely to be 
a til lite. If it was deposited by a mudflow, its texture
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suggests that a large component of fine mud was added to the 
sediment before mudflow deposition. Under such 
circumstances, some mudstone intraclasts or deformed 
sediment inclusions might be expected. Therefore these 
sediments are probably clayey, thickly bedded ice-rafted 
diamictites. The amount of clay in the diamictite matrix 
suggests that it is a compound ice-rafted facies, composed 
of ice-rafted detritus and clay deposited from suspension in 
the water column. The thin sandstone laminae were formed by 
minor periods of current activity sorting the sediment 
surface. This diamictite resembles Powell's (1981, 1983) 
description of "bergstone muds" deposited near the terminus 
of tidewater glaciers. Bergstone muds consist of ice-rafted 
pebbles in a matrix of silt and flocculated clay provided by 
inflowing meltwater.

INTERVAL 4

Interval 4 is made up of couplets of diamictite beds 
consisting of a lower bed of massive diamictite and an upper 
bed of diamictite containing abundant sandstone lenses and 
laminae. These couplets resemble subglacial ti 11 - 
supraglacial till sequences described from many localities 
(e.g. Edwards, 1975,*' Drake, 1971). A supraglacial origin for 
the upper units is reasonable because thin sorted laminae 
are much more abundant than in subglacial til lites 
containing sandstone laminae in Interval 5. Many sandstone 
laminae are folded in a manner that suggests small scale 
slumping of the sediment during ablation (Boulton,1972a).

The lowest bed of Interval 4 rests with a sharp contact
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on the underlying ice-rafted sediments of Interval 3. The 
flame structures that penetrate this boundary probably 
formed in responce to rapid loading of the muddy ice-rafted 
diamictite by the overlying tillite. The subglacial tillite 
of interval 4 is coarser than the subglacial til lites of 
Interval 5 and contains fewer far-travel led stones such as 
granite clasts. This suggests that it is composed of locally 
derived detritus whereas the overlying tillites contain more 
far-travelled material (Dreimanis & Vagner^ 1971).

The sandstone bed at the top of Interval 4 rests on 
probable supraglacial tillite and therefore is likely to be 
a supraglacial or proglacial stream deposit. Its lack of 
sedimentary structures and small thickness suggests 
deposition by a sheet flood under upper flow-regime 
conditions over a short period of time.

Interval 1

The diamictites of Interval 1 grade vertically from 
massive to well bedded and, in the case of Units la, b and 
d, fine upwards (Section 1). The thinly bedded diamictites 

are probably ice-rafted sediment (cf.Interval 2; 
Gibbard,1980) but the massive diamictites have sharp lower 
boundaries and resemble the tillites higher in the section. 
This gradational relationship between til lites and ice- 
rafted diamictite probably results from the ice grounding 
line retreating so deposition of subglacial till was 
gradually replaced by poorly bedded, almost unmodified ice- 
rafted sediment and then by compound and residual ice-rafted 
facies as the current activity became more important.
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The diamictite with thin, wavy discontinuous laminae is 
probably transitional between the subglacial til lite and the 
ice-rafted facies and was deposited by stress attenuation at 
the base of a mobile subglacial debris under very low 
effective pressure because the ice was about to float 
(Undermelt diamicton of Gravenor & others, 1984). The sorted 
laminae were formed by currents able to move in 
irregularities in the bed and the glacier sole. The laminae 
were then deformed as the ice still imparted some shear to 
the sediment. The sandstone lens (Unit lc) was formed by 
episodic currents, possibly the discharge of a small 
englacial or subglacial channel. Interval 1 is thus 
interpreted as the deposits of an ice tongue flowing into a 
body of water. The ice floated intermittently so producing 
beds which grade from tillite to ice-rafted diamictite.

DEPOSITIONAL HISTORY OF THE MORVEN SECTION 
The depositions! history of the Morven Section is 

summarized in Figure 61. The major facies changes in the 
Section indicate three occasions on which the ice floated 
off the bed, four occasions on which the ice grounded again 
and one period when grounded ice advanced into a body of 
water but then retreated leaving a subaerial surface. This 
surface was then covered by another ice advance.

The lack of carapace structures in the ice-rafted 
facies of the Morven Section suggest that deposition was by 
a floating ice tongue rather than icebergs. Therefore, the 
changes from tillite to ice-rafted sediment and vice versa
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represent retreats and advances of the ice tongue's 
grounding line in response to either changes in ice 
thickness or changes in the level of the body of water into 
which the ice flowed. If the ice tongue which deposited the 
Morven Section flowed into the sea, both sea level and ice 
thickness may have changed together in response to climatic 
changes. That is, significant cooling would both increase 
the ice thickness and lower sea level. However, if the body 
of water was a lake, advance of the grounding line might 
accompany draining of the lake.

The facies above Interval 3 indicate that the ice did 
not float again during deposition of the Morven Section, 
suggesting a major ice advance across the area. This part of 
the section is dominated by til lites with only one ice-free 
period definitely recorded, by the supraglacial tillite and 
sandstone bed of Interval 4. Changes in subglacial meltwater 
production, ice thickness and ice velocity may all have 
contributed to the facies changes in Intervals 5.

LERDERDERG GORGE SECTION
LOCATION

Bacchus Marsh Formation sediments crop out in small 
patches along the Lerderderg River 1km north of the Morven 
Section (Enel 1). A section 35m thick is exposed downstream 
of the Rowsley Fault and is faulted against the Ordovician 
bedrock. Bedding in the Bacchus Marsh Formation dips 6 
degrees towards the south. The top of the section is 
separated from the lowest part of the Morven Section by an 
area in which a few small exposures of Ordovician slate are
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the only outcrops which suggests that faults cut across the 
area (Enel 1). Thus the stratigraphic relationship between 
the Morven Section and the more northerly outcrops of 
Bacchus Marsh Formation cannot be determined.

OUTCROP DESCRIPTION
The Bacchus Marsh Formation section in these outcrops 

north of the Morven Section is shown in Section 2. The 
lowest bed (Unit 1) is weathered, red, massive, sandy 
diamictite at least 5m thick.- It contains spherical 
concretions 10cm in diameter which are off-shoots of a thin, 
calcareous vein running normal to bedding (Fig. 62).

Unit 2 consists of fissile, interiaminated mudstone and 
clayey diamictite resembling the mudstone slabs in Interval 
5 of the Morven Section. It rests on a striated surface cut 
in Unit 1 which dips 30 degrees east-south-east, almost 
directly into the outcrop and almost parallel to the strike 
of bedding. The striations are parallel to the strike of 
the surface in which they are cut. They are fine, about 1mm 
across and the striated surface between them is smooth with 
no grains protruding. The mudstone beds consist of 
interbeds 1 to 3cm thick which are continuous for 10m along 
the outcrop though they undulate and some pinch out. One 
mudstone interbed is folded into a recumbent, isoclinal 
fold. The clayey diamictite interbeds are up to 5cm thick 
and continuous for only 0.5m along the outcrop, pinching out 
to accommodate the undulations of bedding in the mudstone 
beds. These diamictites are a mixture of equal amounts of 
clay and fine sand with rare pebbles.
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Overlying Unit 2 is a red-brown, silty diamictite (Unit 
3). It is massive with three joint-like discontinuities 
running through it parallel to bedding. There is no sign of 
erosion of Unit 2 at the base of Unit 3. Unit 4 is a massive 
coarse sandstone bed 0.8m thick and is gently folded and 
contains small dykes of the underlying diamictite. It is 
overlain by 2.5m of fissile silty diamictite (Unit 5). This 
bed is overlain erosionally by a lens of sandy fine pebble 
conglomerate up to 0.7m thick and continuous for 10m along 
strike (Unit 6). Unit 6 consists of a lower massive part 
40cm thick and an upper cross-bedded part 30cm thick. This 
single cross-set is planar and dips 20 degrees towards the 
southwest (Enel 1). Above this bed, the outcrop is obscured 
probably because diamictite lacking resistant beds overlies 
Unit 6.

Thirty metres south of this section, more Bacchus Marsh 
Formation crop out in a small bluff protruding into the 
river. Only 4 metres of sediment consisting of 
intertonguing, irregular beds of medium sandstone, coarse 
sandstone, pebbly sandy diamictite and granule conglomerate 
crops out. The beds range from 10cm to 50cm thick, each one 
pinching and swelling markedly. The beds undulate though 
overall the bedding is close to horizontal. Some sandstone 
lenses have broken into load casts within underlying 
diamictites. The medium sandstones are parallel laminated 
whereas the coarse sandstones and conglomerates are massive. 
The diamictites contain thin, discontinuous sorted laminae 
and the lowermost diamictite, a bed up to lm thick, grades
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from pebbly sandy diamictite to a poorly sorted, sandy 
conglomerate over its thickness. Some of the conglomerate 
beds rest on scour surfaces which truncate laminae in 
underlying beds whereas others have sharp but apparently 
concordant contacts.

A further 20m south of this outcrop grey massive sandy 
to pebbly sandy diamictite appears in the river bank beneath 
Cainozoic gravels. This diamictite contains no bedding save 
for a few sandstone bodies, two bands of cobbles and a lens 
of conglomerate. The sandstone bodies are fine yellow to 
blue-grey calcareous sandstone in slabs 20cm thick and 1 to 
2m long. Two bodies are recumbently folded with axes 
striking east-west and the hinges close towards 020 degrees. 
All the sandstone bodies contain microstep fractures. The 
cobble bands are layers of cobbles 2m long and one cobble 
thick with the cobbles separated by coarse sand. None of 
the cobbles are conspicuously striated or imbricated and 
they are set close together. These cobble bands have the 
same dip and strike as beds in outcrops previously 
described.

In one part of the river bank exposure, the diamictite 
grades laterally, over about lm, into a boulder 
conglomerate. The conglomerate is 10m across, grading into 
diamictite on either side. The boundaries on either side are 
vertical. The conglomerate is not related to the overlying 
Cainozoic gravel because the latter is friable, has 
predominantly discoidal boulders which are clearly 
imbricated whereas the Permian conglomerate is cemented, has
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subangular to subrounded boulders with fairly high 
sphericity, and is massive.

INTERPRETATION
The consistent dips in these three outcrops suggest 

that the section is not disrupted by faults so the probable 
vertical sequence in this area is shown in Section 2 
(Enel.2). /

The lowest diamictite (Unit 1) contains no features 
which indicate its origins, though its uniformity suggests 
that it is some sort of subglacial tillite. It is overlain 
by a striated surface which has several possible origins. 
The first interpretation Is that the underlying diamictite 
is much older than the succeeding beds and that it was 
lithified before the next ice advance so that this striated 
surface represents a significant break in the sequence. The 
second interpretation is that the striated surface was cut 
while the lower diamictite was frozen (Crowell & Frakes,1971 
a & b). A third possibility is that the striations are soft 
sediment grooves cut in fine-grained diamictite matrix by a 
few coarse sand grains protruding from the base of the 
overlying bed. There are no sections of large clasts visible 
on the striated surface. That is, if the diamictite was 
lithified at the time of erosion, the stones would have been 
planed-off at the surface and exposed as two-dimensional 
sections on the surface. Therefore the striated surface was 
probably cut before the sediments were buried and cemented. 
The fine scatches on the pavement therefore developed on 
soft or ice cemented sediment. Such fine scratches are
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unlikely to have been cut in unlithifled sediment by a 
till-like debris assemblage carried in basal ice because 
particles larger than coarse sand would cut wider and deeper 
grooves in a soft substrate (cf.Fig.153) but, if the 
mudstone - clayey diamictite bed (Unit 2, Section 2) 
overlying the striated surface slid over the surface as a 
slab, a few sand grains protruding from its base would cut 
thin grooves of similar dimensions to those observed (Fig. 
63). This interpretation requires that Unit 2 was in motion 
at the glacier bed and that it was sufficiently 
consolidated, by ice load or interstitial ice, to prevent 
the protruding grains pushing upwards into the overlying 
sediment.

Unit 2 of Section 2 is interpreted as a lacustrine 
sediment which was dragged across the underlying surface by 
moving ice. These sediments are very similar to the slabs 
of lacustrine sediment in Interval 5 of the Morven Section, 
with the diamictite interbeds possibly representing shear 
zones developed while the ice dragged the sediment along its 
bed.

Unit 2 is succeeded by beds of diamictite which contain 
two lenses of sorted sediment and, in the cases of Units 3 
and 6, planar discontinuities suggestive of horizontal shear 
planes developed during deposition of some subglacial tills. 
These features suggest that Unit 3 was deposited by 
lodgement of three slabs of debris-rich ice or that the 
planes formed when changes in subglacial conditions 
temporarily interupted till lodgement, forming erosion
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surfaces. Neither Unit 3 nor Unit 6 contain features 
positively indicating frictional lodgement but their 
relative uniformity suggests subglacial deposition. The 
lenses of sorted sediment are more likely to be subglacial 
channel deposits than products of subaerial sorting because 
they are set in otherwise uniform diamictites.

The small outcrop of interfingering sandstones, 
conglomerates and diamictites south of Section 2 is 
apparently laterally equivalent .to part of Section 2. The 
complex interfingering of these lithologies, and the laminae 
in the diamictites suggests that this outcrop is a 
flowtill/melt water stream deposit. It was deposited close 
to the ice margin or supraglacially. Its exact relationship 
to Section 2 cannot be determined so its depositions! 
relationship to the tillites and sorted horizons of that 
section is unknown. However, it does introduce the 
possibility of a phase of ice retreat or stagnation during 
deposition of Section 2.

The uppermost part of Section 2, the massive diamictite 
cropping out 50m south of the main outcrops, contains folded 
sandstone bodies displaying microstep fractures. This 
suggests subglacial bed deformation or mass movement during 
deposition. The cobble bands in this diamictite resemble 
clusters of lodged boulders formed by lodgement of one 
cobble and then the others by collision with the first. This 
combination of features suggests that this diamictite is a 
subglacial til lite, probably a lodgement tillite so that the 
sandstone bodies developed microstep fractures in response
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to subglacial bed deformation.

The conglomerate within the upper diamictite is clearly 
a stream deposit but its relationship to the diamictite is 
problematic. Firstly, it is very steep sided indicating 
stablization of the diamictite as the stream cut down. The 
conglomerate was not deposited in a channel between stagnant 
ice masses because it does not show faulting caused by 
removal of support as the flanking ice melted 
(Boulton,1972a). Also, the conglomerate has gradational 
boundaries with the enclosing diamictite indicating that it 
was not formed after the diamictite was lithified.

A possible interpretation is that the conglomerate was
deposited in a channel cut into frozen till with some factor
inhibiting lateral migration of the stream so that it cut a
steep sided channel (Fig.64a). Subsequent melting of
interstitial ice in the till would blur the edges of the
channel but the change of till volume would not be so great
as to remove support from the sides of the conglomerate so
that faults which develop in stream sediments deposited

\

between ice walls due to collapse (Boulton,1972a) would not 
develop.

Another interpretation is suggested by structures in 
Pleistocene outwash described by Eyles(1977). He described 
a rounded mass of outwash gravel protruding down into bedded 
outwash sands (Fig.64b). On the basis of slumping and 
faulting in the sands, he attributes this structure to 
selective erosion and melting of a block of ice partly
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buried by the bedded sands and then replaced by gravels as 
the ice melted (Fig.64b). In the case of the gravel body 
cropping out in the Lerderderg River, the faults and slumps 
which develop around the melting ice-mass are not now 
visible in the massive diamictite. Neither alternative can 
be proved conclusively from the available outcrop but it 
seems unlikely that a large block of clean ice would be 
buried in a lodgement till formed by active basal me 1 tout of 
frictional lodgement. Therefore the first conglomerate body 
is more likely to be a supraglaoial or englacial channel 
fill.

SUMMARY - LERDERDERG GORGE SECTION
The Bacchus Marsh Formation sediments that crop out in 

the Lerderderg Gorge section are mostly subglacial tillite. 
The section consists of two thick tillites, that are 
probably lodgement tillites, separated by an interval in 
which processes were more variable. Two tillite horizons 
contain subglacial channel deposits and a flowtil 1/fluvial 
deposit is present, though this latter deposit cannot be 
placed in the stratigraphy with certainty.

The presence of thick subglacial tillites indicates 
sustained periods when wet-based ice covered the area. The 
middle part of the sequence results from variable conditions 
possibly with a period of ice stagnation indicated by the 
small outcrop of fluvial sediments and flowtilIs.

OTHER OUTCROPS ALONG THE LERDERDERG RIVER
South of the Morven Section, Bacchus Marsh Formation 

rocks crop out in the river bank and in nearby gullies and
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road cuts (Enel. 1). The rocks exposed form two groups. 
West of Lerderderg River (Loc,A), the outcropping sediments 
are bedded sandstones and siitstones identical to 
lithologies at the top of the Korkuperimul Creek sequence. 
These outcrops are in a gully and spur which mark the 
position of the Greenvale fault which, further to the west, 
brings Tertiary basalts against Ordovician slates, so the 
bedded Bacchus Marsh Formation sediments probably represent 
a down-faulted block of the Korkuperimul Creek section and 
as such will be discussed with that section.

The remaining outcrops east of the Lerderderg River dip 
south at 10 degrees and apparently overlie the Morven 
Section conformably though large areas of alluvium may hide 
faults, particularly an eastward extension of the Greenvale 
Fault which, if it does extend east of the Lerderderg River, 
would displace the Bacchus Marsh Formation sequence 
considerably. East of the Lerderderg River, road cuttings 
contain weathered, red massive diamictite and, in the river 
bank, massive grey diamictite crops out (Locality B, Enel. 
1). This diamictite, shown in Figure 65, is at least 10m 
thick containing rare folded sandstone bodies 20cm long and 
5cm thick. It is overlain by 5m of sandy conglomerate, 
irregularly laminated, pebbly, sandy diamictite and pebbly 
sandstone interbedded on a scale of 10cm or less. These 
interbeds interfinger with one another and some of the 
conglomerates are graded. This sequence is interpreted as a 
subglacial tillite overlain by supraglacial flow til lite and 
meltwater stream deposits, and thus, it indicates a period 
of ice retreat.
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SUMMARY - LERDERDERG RIVER AREA 
The outcrops of Bacchus Marsh Formation sediments 

contain features which demonstrate:-
1- Wet-based ice covered the Bacchus Marsh area for 

at least part of the glaciation.
2. A body of water deep enough to float an ice tongue

covered the area during glaciation. Sediments 
deposited in this body of water probably covered 
the Bacchus Marsh district and so may provide a 
recognisable horizon in other sections in the area.

3. As few as four ice-free periods are indicated by
the outcrops.

4. The assemblage of facies in the Morven Section,
particularly in Interval 5, includes features that 
provide information on subglacial conditions 
during deposition of lodgement tillites.
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CHAPTER 5

PYKES CREEK AREA
LOCATION

The most westerly large area of outcrop of Bacchus 
Marsh Formation is about the water storage reservoir on 
Pyke s Creek 25km west of Bacchus Marsh (Fig-40). It is 
separated from other Bacchus Marsh Formation outcrops by 
areas of Tertiary sediments and basalt. Its northern 
boundary is faulted but on all other sides Tertiary 
sediments and volcanics limit the Bacchus Marsh Formation 
outcrops (Enel.3). Though the outcrop area at Pyke s Creek 
is only about 4 sq.km, it provides excellent exposure of the 
glacial sediments.

STRUCTURE AND BEDROCK TOPOGRAPHY

The disposition of the Bacchus Marsh Formation at 
Pyke s Creek is controlled by bedrock topography. On the 
east side of Pyke s Creek, downstream from the reservoir, 
the unconformity at the base of the Bacchus Marsh Formation 
crops out (Enel.3). It dips west at an average of 38 degrees 
and displays small-scale topographic relief in the order of 
4 to 5m (Fig.66). On the northern side of the same spur, the 
unconformity does not crop out where it would if it was a 
planar surface dipping west. There is no indication of a 
fault so the unconformity must slope north beneath the 
Bacchus Marsh Formation within the spur (Fig.67),

The unconformity dips beneath Bacchus Marsh Formation
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in the valley bottom downstream of the reservoir (Enel.3) 
but reappears in a steep-sided, north-south trending ridge 
on the west side of Pyke s Creek (Enel.3). This ridge is 
mantled by Bacchus Marsh Formation. Where freeway cuttings 
expose this ridge (Loc.A,Encl.3), the unconformity dips 70 
degrees east initially but then flattens out before 
dissapearing beneath the sediments (Enel.4). Bedrock re- 
emerges as a rounded knoll 100m further east (Enel.4), 
indicating that the ridge is stepped on its eastern side.

The Bacchus Marsh Formation forms a syncline with 
bedding dipping 14 degrees west on the eastern side of 
Pyke s Creek (Enel.3). On the western side, bedding dips 5 
to 10 degrees on top of the bedrock ridge but steepens to 20 
degrees on the eastern flank of the ridge (Enel.3,Fig 66). 
These dips probably result from drape over a bedrock valley 
trending north because the only faults present strike east- 
west and, except for the fault on the northern boundary of 
the Bacchus Marsh Formation outcrops, none display 
displacements of more than 5m and away from the the axis of 
this inferred valley, bedding is flat (Enel.3).

FACIES ASSOCIATIONS

Within this small area four different facies 
associations crop out. Their relationships to one another 
are shown in three crossections (Fig.66,67,68).
Association 1

Facies Association 1 crops out poorly in cliffs along 
Pyke s Creek. It consists of the following facies:
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Facies la - Massive silty diamictite filling hollows in 
the irregular bedrock surface and in a sheet-like bed up to 
4m thick.

Facies lb - Pebbly, sandy diamictite which contains 
thin, discontinuous laminae of sandstone in its matrix.

Facies lc - Massive pebble conglomerate which is clast 
supported with coarse sand matrix material.

Facies Id - Massive to parallel laminated coarse to 
medium grained sandstone.

Figure 69 shows a generalized section through the lower 
7m of Association 1. The lowermost bed is Facies la and is 
up to 4m thick and pinches out against bedrock ridges 
(Fig.70). This diamictite bed is overlain by Facies lb in a 
bed 4m thick which is in turn overlain by intertonguing 
lenses of Facies lb, lc and Id up to 4m thick and up to 30m 
across. Association 1 comprises most of the Bacchus Marsh 
Formation in the southern half of the Pykes Creek area but 
only small, weathered outcrops of Facies la are visible.

Association 2

Facies Association 2 crops out north of the outcrops of 
Association 1 (Fig.67). It thickens to the north and rests 
on bedrock. Four Facies are present.

Facies 2a - Facies 2a is massive grey to red-brown 
pebbly, sandy diamictite that contains patches with up to 30
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percent pebbles, a few thin, folded laminae of coarse 
sandstone and several bodies of medium sandstone. The 
sandstone bodies are 1 to 2m across, parallel laminated or 
massive and tabular or recumbently folded about east-west 
trending axes. Some of these bodies display microstep 
fractures. The largest exposure of Facies 2a displays 30m of 
sediment. Summers(1923) reported a grooved pavement from an 
outcrop now buried by alluvium but which probably consisted 
of Facies 2a.

Facies 2b - Facies 2a grades vertically into Facies 2b 
with the development of thin sandstone laminae about 80cm 
apart and continuous for more than 10m in the diamictite and 
a decrease in the proportion of pebbles. Facies 2b also 
contains a few bodies of medium sandstone.

Facies 2c - Facies 2b grades vertically into Facies 2c 
with a decrease in the spacing between sandstone laminae, a 
decrease in pebble content and an increase in the proportion 
of silt and clay until the diamictite becomes a sandy 
mudstone with scattered pebbles. Variations in sand content 
define beds 2 to 3cm thick and lenses of small-scale cross- 
bedded fine sandstone 2 to 3cm thick and 10cm long are 
scattered along bedding planes. Figure 71 is a vertical 
section measured through this transition on the western side 
of Fyke's Creek (Loc.B,Encl.3).

Facies 2d - In the uppermost exposure of Facies 2c, in 
the freeway cutting on the western side of Fyke's Creek 
(Loc.A, Enel.3), there are several beds of ripple cross-
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laminated fine sandstone (Enel.4). The cross-laminations are 
sets of climbing ripple cross-sets that change from sets 
with their lee-side laminae preserved in the bottom half of 
the bed ( Type A ripple-drift cross-laminations of Jopling & 
Walker,1968) to sets with both stoss and lee-side laminae 
preserved (Type B ripple-drift cross-laminations of Jopling 
& Walker, 1968)(Fig.72). These ripple cross-laminae indicate 
that currents flowed east down the flank of the bedrock 
inlier on the western side of Pyke's Creek (Enel.3).

Facies 2e - Facies 2e consists of two lenses of coarse 
to medium sandstone and minor pebble conglomerate set in 
Facies 2c oh the eastern shore of Pyke's Creek reservoir 
(Loc.C,Encl.3? Fig.73), The largest lens is up to 6m thick 
and 30m wide and is at least 100m long. Both lenses trend 
north-north-east (Enel.3). The lower boundaries of the 
lenses truncate bedding in Facies 2c. Within the lenses, the 
sandstone is parallel laminated or in low-angle cross sets 
50cm thick (Fig.74). The small amount of conglomerate is 
present along the base of the lenses. The lenses are folded 
into sync lines with axes parallel to the lens axes (Fig.73) 
and numerous i small penecontemporaneous faults cut bedding 
within the lenses (Fig.75). These faults are listric normal 
faults which strike parallel to the lenses' axes and dip 
towards the lens centres. The faults are in groups spaced 5 
to 30cm apart and have displacements of 2 to 20cm. They drag 
the laminae they cut (Fig.75).

Association 3

Facies Associaton 3 overlies Association 2 on the

125



western side of Pyke's Creek and laps onto the bedrock ridge 
there (Fig.66; Enel.4). Two sections are exposed, one in the 
freeway cutting (Loc.A, Enel.3), shown in profile in 
Enclosure 4 and in vertical section in Section 3,Enel. 5, 
and the second in the reservoir spillway (Loc.D, Enel.3, 
Section 4, Enel.5). Association 3 sediments dip east and 
south and thickens away from the bedrock ridge (Fig.66 & 
68). (Five I facies make up this association.

Facies 3a - Facies 3a is massive, medium sandstone in 
beds up to 3m thick. Commonly, this facies forms composite 
units up to 2m thick consisting of beds 10 to 15cm thick 
separated by mudstone laminae up to 2.5cm thick. These 
mudstone laminae commonly thicken into small flame 
structures intruding overlying sandstone beds. Facies 3a 
beds are tabular and some thick beds high in the section 
have erosional lower boundaries and contain scattered mud 
clasts. Some thin beds, interbedded with Facies 3c, contain 
folded fragments of fine sandstone and siltstone (Fig.76).

Facies 3b - Facies 3b consists of parallel laminated 
medium sandstone in beds up to 3m thick. Like Facies 3a, 
Facies 3b commonly forms composite units of beds 10 to 15cm 
thick separated by mudstone laminae.

Facies 3c - Facies 3c consists of beds 1 to 2cm thick 
that grade from medium sandstone to siltstone. They form 
composite beds up to 2m thick.

Facies 3d - Facies 3d is beds and lenses of mudstone up
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to 30cm thick containing thin laminae of coarse sandstone, 
ball-and-pillow structures of fine sandstone (Fig.77) and 
single ripple cross-sets of fine sandstone.

Facies 3e - Facies 3e is sandy diamictite in two beds 2 
and 3m thick (Section 4,Enel.5). It contains abundant thin, 
discontinuous sandstone laminae, many of which are 
recumbently folded. '

The outcrops of Facies Association 3 display two styles 
of soft-sediment deformation. In the freeway cutting 
exposure (Loc.A,Encl.3,Encl.4), the lowermost sandstone beds 
that rest on Facies 2c show progressively increasing 
deformation away from the bedrock ridge. First, large flames 
of mudstone intrude the lower metre of sandstone 
(Fig.78,Enc1.4), then the sandstone between the flame 
structures becomes detached from the adjacent sandstone and 
rotates relative to bedding, forming sandstone boudins 
(Enc1.4). These boudins rotate further and their edges break 
up and mix with the enclosing mudstone. The final result is 
a diamictite-containing rounded sandstone bodies up to 1m 
across and contorted sandstone laminae (Fig.79).

The second style of deformation affecting Association 3 
sediments affects the lower part of the Spillway section 
(Section 4, Enel.5). In this section, beds pinch and swell, 
changing their thickness by up to 60 percent (Fig.80). The 
laminae in the fine laminated units conform to the bases and 
tops of thicker sandstone beds. Outcrops that give a plan 
view reveal irregular dome-and-basin structures on the tops
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of sandstone beds with no preferred orientation to the 
folds.

Association 4

Facies Association 4 crops out in the large freeway 
cutting on the eastern side of Pyke's Creek (Loc.E,Encl.3). 
Enclosure 6 shows a profile of the southern side of the 
cutting. Seven facies are present.

Facies 4a - Facies 4a is pebbly, sandy diamictite with 
variable amounts of thin, folded, discontinuous sandstone 
laminae and bodies of folded and fractured conglomerate 
(Facies 4d), sandstone (Facies 4e and 4f) and mudstone 
(Facies 4g). This facies forms massive units in excess of 4m 
thick (Enel.6) or lenses and beds interbedded with Facies 
4f. The lenses are 1.5m thick and contain sandstone bodies 
bent into S-shaped folds about east-west trending fold axes. 
One lens contains a block of enclosing sediment which has 
slid into the lens on a curved fault plane (Fig.81). The 
beds of Facies 4a interbedded with Facies 4f are 10 to 25cm 
thick and continuous for 5 to 20m along the outcrop.

Facies 4b - Facies 4b consists of thinly laminated 
sandy diamictite that grades into pebbly sandstone in places 
(Fig.82). Laminae in the diamictite are fine to medium 
sandstone and are up to 1cm thick. A few laminated, medium 
to coarse sandstone beds up to 10cm thick are interbedded 
with the diamictite. This facies contains lenticular 
patches of pebbles (Fig.82). Some of the larger pebbles 
depress underlying laminae.
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Facies 4c -.Facies 4c consists of very poorly sorted 
coarse sandstone with abundant fine sand and silt matrix 
material and up to 20 percent pebbles, cobbles and boulders 
(Fig.83). Variations in sorting and the parallel alignment 
of large clasts clearly defines parallel bedding in Facies 
4c. It forms large lenses and a trough at the eastern end of 
the cutting (Enel.6). Bedding in this trough parallels its 
lower boundary. This trough and the lenses of Facies 2c 
truncate underlying units.

Facies 4d - Facies 4d is several lenses of massive, 
well sorted conglomerate composed of well rounded pebbles 1 
to 3cm in diameter. There are six Facies 4d lenses less than 
lm across set within Facies 4f and one lens 10m across and 
4m thick that truncates several other facies (Enel.6).

Facies 4e - Facies 4e is massive, well sorted coarse 
sandstone in lenses up to 1.5m across.

Facies 4f - Facies 4f consists of poorly sorted 
conglomerate, coarse sandstone and medium sandstone 
interbeds. The conglomerates are composed of angular pebbles 
and coarse sand matrix material and beds can be either clast 
or matrix supported. Many conglomerates are graded with 2 to 
10cm diameter clasts at the base passing up into coarse 
sand-sized material at the top over a thickness of 20cm to 
lm (Fig.84). Some conglomerates grade into overlying 
sandstone beds or the sandstone beds rest on the 
conglomerates with sharp bases. The sandstone beds are

129



either massive and graded, passing from coarse to medium 
sandstone over 20cm or they are stacks up to 2m thick of 
graded and ungraded coarse to fine sandstone laminae and 
beds 3mm to 2cm thick (Fig.85).

Facies 4a and 4b grade into 4f in places with gradual 
increases in the proportion of sandstone and conglomerate 
beds interbedded with Facies 4a and 4b diamictites.

Facies 4g - Facies 4g consists of a thin lens and 
fractured blocks of sandy mudstone set within Facies 4a. 
These sediment bodies are probably not insitu.

The Structure of Association 4 - Facies Association 4 
has suffered intense deformation. On a small scale, laminae 
are crenulated and faulted and on a large scale, the whole 
deposit was bent into the large, irregular folds shown in 
Enclosure 6. All these structures predate lithification and 
tectonic fracturing of the rocks. The large folds seen in 
Enclosure 6 are attenuated anticlines and broader synclines 
in which bedding dips slightly north in the synclinal axes 
suggesting that the anticlines are drawn out domes and the 
synclines, basins (Fig.86). In the anticline cores, small 
dykes of diamictite cut across bedding.

Relationships Between Facies Associations
Figures 66, 67 and 68 show the relationship of each 

facies association to the other. Association 1 is laterally 
equivalent to the others and overlaps Association 3 
sediments on the western side of Fyke's Creek. It rests on
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relatively shallow bedrock. Association 2 sediments underlie 
Associations 3 and 4 though the lower parts of the Spillway 
Section may be equivalent to Association 2 sediments. 
Associations 3 and 4 are in approximately the same 
stratigraphic position so they were probably 
contemporaneous.

FACIES INTERPRETATION

Facies Association 1
Facies Association 1 crops out poorly and is therefore 

difficult to interpret with certainty. The sheet-like 
geometry of Facies la, its massive silty texture and its 
presence along the unconformity suggest that it is 
subglacial tillite. Facies lb is sandy and contains thin 
sorted laminae suggesting that it may be supraglacial 
til lite and Facies lc and Id are probably fluvial outwash. 
Facies Association 2

Facies Association 2 contains several facies which were 
clearly deposited in a body of standing water. Facies 2c is 
poorly sorted mudstone with indications of both current 
activity and ice-rafting indicating that it was deposited in 
a body of water by settling of sediment suspended in the 
water column with ice-rafting of pebbles and sand and minor 
current reworking.

The deformed sandstone bodies of Facies 2b suggest that 
at least some of the diamictite beds are mudflows with 
individual flows separated by thin water sorted laminae. 
Some of the diamictite beds may also be massive "iceberg-
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zone mudstones" (Powell,1981) consisting of mud deposited 
from suspension and sand and pebbles deposited from floating 
ice. The gradational change to Facies 2c indicates fewer, 
thinner, more distal mudflows arriving at the site and 
increasing current activity.

Facies 2a contains both a grooved pavement suggesting 
subglacial deposition and deformed sandstone bodies lacking 
microstep fractures suggesting either mudflow deposition or 
subglacial deposition under low -effective normal pressure. 
This combination of features suggests deposition near the 
grounding line by an ice tongue flowing into standing water 
(undermelt diamictite, Gravenor & others, 1984). In such an 
environment, subglacial effective pressure would vary from 
normal land ice values to very low as more and more of the 
ice weight is taken by the water column. At the grounding 
line, till melting out of the ice slumps and is bulldozed by 
the ice so that the resulting diamictites contain features 
of both mudflows and subglacial tills.

Facies 2d is similar to facies described from the 
foresets of Pleistocene glaciolacustrine deltas (Jopling & 
Walker,1968; Gustavson & others,1975). The increase in the 
angle of climb of the ripples results from an increase in 
the rate of deposition from suspension relative to the rate 
of bedload transport resulting from a decrease in current 
velocity during deposition (Gustavson & others,1975). Thus, 
the beds of Facies 2d are the deposits of episodic currents 
sweeping across the floor of a body of water. Palaeocurrent 
indicators show that these currents flowed down the eastern
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flank of the bedrock ridge on the eastern side of Fyke's 
Creek suggesting that they were bottom-hugging density 
currents.

The ribbon-like geometry and basal erosion surfaces of 
the lenses of Facies 2e indicate that they are the fill of 
channels cut in Facies 2c. They are overlain by Facies 2c so 
they must have been subaqueaous channels (Crowell & 
Frakes,1971a & b), cut by bottom hugging density currents. 
Sedimentary structures within the. lenses suggest upper flow 
regime conditions during deposition and the lack of rhythmic 
bedding indicates relatively continuous underflow currents 
rather than episodic turbidity currents (Harms,1974). In a 
glaciomarine or glaciolacustine environment the currents 
were probably underflows generated by inflowing, sediment
laden meltwater. The down-to-centre faults in the lenses 
probably formed when periodic scour removed support from 
previously deposited sediment and the synclinal folding of 
the lenses formed by differential compaction of Facies 2c 
mudstones beneath the thicker central parts of the lenses.

The vertical transition from Facies 2a through Facies 
2b to Facies 2c represents the change from deposition of 
undermelt diamictites close to the glacial ice grounding 
line to proximal mudflow and iceberg zone mudstone deposits 
to mudstones with a substantial ice-rafted component, 
evidence of minor current activity and the deposits of 
density underflows.
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Facies Association 3
Facies Association 3 is predominantly the deposits of 

currents with some sediment gravity flow deposits. Facies 3a 
was probably deposited from suspension by a current carrying 
medium sand and Facies 3b were probably deposited under 
upper flow-regime conditions by currents transporting medium 
sand in traction at the bed. Those beds of Facies 3a 
containing folded sediment inclusions are probably liquified 
sediment flow deposits (Lowe, 1982). The units consisting of 
beds of Facies 3a and 3b separated by mudstone laminae were 
deposited by current activity punctuated by quiet periods 
during which mud settled out of the water column. The graded 
beds of Facies 3c represent deposition by waning currents 
again with mudstone laminae representing quiet periods. 
Facies 3d also represents sedimentation during periods of 
low current activity with only minor sorting of the muds.

The sandstone facies of Association 3 resemble the 
deposits of continuous density flow currents described by 
Harms(1974). Therefore, I interpret them as deltaic 
sediments, deposited by density underflows. This 
interpretation is supported by their position overlying 
lacustrine or marine sediments of Association 2 that include 
facies commonly described from glaciolacustrine deltas 
(Facies 2d; Gustavson & others,1975) and by the soft- 
sediment deformation exposed at the base of Association 3 
sediments in the Freeway cutting exposure (Enel.4). This 
deformed zone is clearly a longtitudinal section through a 
slump (of.Corbett,1972). The boudins and load casts at the 
western end of the deformed zone are the up-slope edge of
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the slump disturbance and the diamictite containing 
sandstone bodies is the homogenized mudflow produced by the 
failure.

Facies 3e probably represents mudflows over the delta 
rather than tillite because it contains abundant sorted and 
deformed laminae and because an ice advance across the area 
would have reorganized the local drainage system and hence 
the depositional environment leading to a change in facies 
assemblage (e.g. Stone & Koteff, 1979). In the Spillway 
section, the facies association is the same above and below 
the beds of Facies 3e (Section 4), indicating that, though 
the delta may have been blanketed by mudflows, the 
depositional environment remained unchanged.

The internal facies relationships in the slump unit in 
the Freeway cutting exposure (Enel.4) indicate an east
dipping palaeoslope, as do the ripple cross laminae in 
Facies 2d and the orientation of some small folded sediment 
fragments in Facies 3a. These observations taken with the 
fact that Association 3 sediments do not continue east of 
the creek suggest that the delta prograded from the west, 
draping over the bedrock ridge. Dips in Association 3 
sediments probably result from differential compaction over 
the bedrock topography.

The deformation of beds of Association 3 sediments into 
domes and basins affects the lower part of the Spillway 
Section (Section 4) with no evidence of erosion surfaces 
cutting the structures. Therefore, deformation took place
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after most of the section was deposited rather than taking 
place bed by bed as each was laid down. The domes and basins 
visible in bedding plane exposures show no prefered 
orientation therefore they are convolute laminae produced by 
instability resulting from differences in density and 
viscosity between successive beds (Visher & 
Cunningham,1981). The structures are domes and basins rather 
than well developed ball and pillow structures because the 
viscosity contrast between beds was low and the deformation 
ceased at an early stage (Visher & Cunningham,1981).

Facies Association 4

I interpret Facies 4a as mudflow sediments because it 
contains abundant thin sorted and deformed laminae and 
deformed sediment bodies. The lenses of Facies 4a set within 
Facies 4f are similar to channelized slump deposits 
described from some marine deposits in that they contain 
sandstone inclusions deformed into S-shaped folds and 
rotated blocks of channel bank sediments that have slumped 
into the channel (O'Connor, 1978). Facies 4a may have 
originated by slumping of till, in the case of the thick 
units of Facies 4a, or by slumping of other lake sediments. 
The blocks of other facies within Facies 4a suggest slumping 
as the major source.

Facies 4b displays evidence of both ice-rafting, in the 
form of thin, gradational bedding, dropstones and patches of 
stones that are probably carapace structures, sediment 
gravity flows, in the form of slump-folded sandstone laminae 
and current activity, in the form of laminated sandstone
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beds. This combination of features indicates a subaqueous 
environment into which ice-rafted coarse sediment and fine 
sediment settled from the water column. In places, the 
resulting diamicton slumped in responce to local slopes, 
producing the folded laminae. The thin sandstone laminae and 
beds indicate minor current activity and the pebble patches 
that may be carapace structures suggest the presence of 
icebergs during deposition.

Facies 4c, 4d and 4e are probably traction current 
deposits. Facies 4d and 4e were deposited as channel fills, 
probably under upper flow-regime conditions. Their close 
proximity to Facies 4b suggests a subaqueous slope as their 
site of deposition. The poor sorting and parallel laminae of 
Facies 4c suggests deposition from currents carrying a wide 
range of clast sizes that slowed rapidly, dumping their 
sediment load with little size segregation (Stewart & La 
Marche,1967; Church, 1972). Such sediments are common in both 
subaerial and subaqueous glacial outwash environments 
(Saunderson, 1977; Eyles,1979). Facies 4c is probably 
subaqueous channel fills because some lenses of Facies 4c 
intertongue with Facies 4b.

Facies 4f resembles coarse, proximal sediments of a 
number of Pleistocene glaciolacustrine and glaciomarine 
subaqueous outwash fans (Saunderson,1975; Orombelli & 
Gnaccollini, 1978; McCabe & others, 1984). These sandstone and 
conglomerate beds were mostly deposited from suspension or 
from traction by high density turbidity currents sweeping 
down a subaqueous slope because beds are either massive and
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normally graded or ungraded or laminated (Lowe, 1982). There 
are no clearly inversely graded beds that might have been 
deposited from a traction carpet (Lowe,1982). The turbidity 
currents probably originated as inflowing, sediment-charged 
meltwater because individual bed types in Facies 4f 
alternate rapidly without the systematic variation unlike 
slump generated turbidites that are more likely to display 
cyclic arrangements of facies (of.Lowe,1982).

Facies 4g was presumably deposited in a relatively 
quiet subaqueous environment but because it is only 
represented by slump blocks within Facies 4a, nothing else 
can be concluded as to its original depositional setting.

The most appropriate facies model for Association 4 is 
that of a subaqueous fan or apron close to the ice front 
built mostly by mudflows and underflows with a smaller 
contribution from floating ice. The underflows either spread 
out on the fan producing the sheetlike beds of Facies 4f or 
filled channels as in the cases of Facies 4c, 4d and 4e 
(Fig.87). The reason why some underflows move in channels 
whereas others spread out is not well understood. This 
problem will be discussed later because it bears on the 
nature of Facies 2e as well. Of published models of 
glaciomarine or glaciolacustrine sedimentation, the one most 
resembling Facies Association 4 is Facies Association XX of 
Powel1(1981), which comprises the facies of slowly 
retreating tidewater glaciers that are actively calving 
predominantly into shallow water. He also lists subaqueous 
outwash channels in this facies assemblage. Though Facies
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Assemblage 4 is similar to Powell's (1981) Assemblage II, it 
does not follow that Association 4 was deposited in a marine 
environment. The problem of the abundance of marine 
sediments in the Bacchus Marsh Formation will be discussed 
in Chapter 9.

The large folds affecting Facies Association 4 were 
probably not formed by diapirism because the anticlines are 
narrow and attenuated and they lack a substantial core of 
intruded material (cf. Brodzikowski & Van Loon, 1980). Their 
geometry is more like dewatering dishes and pillars 
(Lowe,1975). I therefore interpret them as large dewatering 
structures formed by porewater ascending rapidly along 
vertical pathways deforming the bedding into anticlines. The 
presence of small sedimentary dykes within the anticlines' 
cores supports this interpretation because sediments tend to 
mobilize along dewatering pathways (Lowe,1975). Though these 
structures are large when compared with dewatering 
structures of similar shape often described from bedded 
sandstone-shale sequences, they are not unusually large when 
compared with dewatering structures in poorly sorted 
sediments, particularly mudflow diamictites (e.g. Hyne & 
others, 1973,- Mason & Foster, 1956/ Grange, 1931).

Large-scale structures are possibly formed by 
dewatering of poorly sorted sediments because the clayey 
matrix is deposited in a porous, but impermeable, metastable 
state, similar to that postulated for freshly deposited muds 
by Moon(1972). Sudden collapse of the metastable matrix 
structure caused by loading or some other mechanism would

139



expel large amounts of pore water. The sand component of the 
sediments would make them susceptible to soft-sediment 
deformation by reducing the sediment's apparent viscosity 
(Fisher,1971). The water that formed the folds affecting 
Association 4 may have come from within the Association 4 
sediments themselves or from underlying Facies Association 2 
mudstones and diamictites which dewatered violently when the 
Association 4 sediments were dumped on top of them. 
DISCUSSION 
Deltaic Sediments

The two deltaic facies assemblages, Assemblage 3 and 4, 
contrast markedly in texture and palaeocurrent directions. 
Assemblage 4 was deposited by meltwater flowing 
approximately parallel to the regional direction of ice 
motion but currents flowing normal to that direction 
deposited Assemblage 3. This suggests that the delta that 
deposited Assemblage 3 was analogous to the lateral deltas 
described by Powell(1981) that flank some tidewater glaciers 
in Glacier Bay (Fig.88).

Two features of Assemblages 3 and 4 stand out when they 
are compared to other giaciciacustine or glaciomarine deltas 
or subaqueous outwash fans. Firstly, the currents that 
deposited most of the two Facies Assemblages were more 
energetic than in many described examples. Facies 
Association 4 has most in common with proximal subaqueous 
outwash fans or deltas such as those described by McCabe & 
others(1984) or Orombelli & Gnaccolini( 1978). Association 3, 
however, is unlike any described examples in that it 
consists mostly of medium to fine sandstone but includes
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very few ripple cross-1aminated beds (cf .Gustavson & 
others, 1975; Shaw, 1975,1977; Shaw & Archer, 1978). A possible 
explanation for this will be discussed when the features of 
all the deltaic and subaqueous outwash fan deposits are 
discussed in Chapter 8.

A feature of the Association 4 and 2 that sets them 
apart from similar sediments described in the literature is 
the presence of channel fills cut in the outwash fan and 
lake floor sediments. These channel fills differ from those 
described by McCabe & others(1984) in that they contain 
underflow deposits rather than debris flow deposits. Though 
Powell(1981) includes underflow channels and deposits in his 
depositional models for tidewater glaciers, no one has 
considered the reasons why some underflows spread out on the 
delta foresets or outwash fan depositing sheet-like units 
whereas others cut and fill channels in the sea or lake 
floor. A possibe explanation is that very dense underfows 
may follow and accentuate any bottom irregularities such as 
the landslide chutes that Prior & others(1981) describe from 
fjord deltas. Another explanation is that the currents may 
have accelerated down a subaqueous slope and therefore 
eroded the bottom. Some combination of these two processes 
seems the likely cause of the channel fills observed in the 
Pyke's Creek sequence.

FACIES MODEL AND DEPOSITIONAL HISTORY
Facies 2a is thick undermelt diamictite deposited 

beneath an ice mass which probably flowed north-north-east 
down a bedrock valley, into a body of water. This undermelt
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diamictite did not fill the valley and it passes laterally 
_into what are probably terrestrial glacial deposits (Facies 
Association 1) up a sloping bedrock surface. Facies 2a 
passes verticaly into sediments deposited in a lake or arm 
of the sea which indicate retreat of the ice and are 
analogous to the iceberg zone muds deposited seawards of 
carving fjord glaciers (Powell,1981, Fig.88).

These sediments are succeeded by two deltaic deposits, 
one of which, by comparison with g lacio lacustrine deltas and 
outwash fans described in the literature, may have been 
deposited quite close to ice margin (Fig.88). Figure 88 
shows the probable plan view of the depoitiona 1 environment 
during deposition of Facies Associations 3 and 4. 
Association 4 was deposited as a subaqueous outwash fan on 
the eastern side of the area at the same time as Association 
3 built out as a lateral delta on the side of the bedrock 
valley. The other outcrops of Facies Association 1 sediments 
overlying Association 3 sediments on the western side of 
Pyke's Creek indicate re-advance of the ice across the area. 
Thus, the succession at Pyke's Creek represents a single 
retreat of ice from a body of water followed by a re
advance. The sequence resembles facies models for tidewater 
glaciers described by Powel1(1981), though in the case of 
Pyke's Creek, a thick undermelt diamictite at the base of 
the section suggests that the ice terminus was close to 
floating.

CONCLUSION

In the Pyke's Creek reservoir area, the Bacchus Marsh
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Formation consists of thick undermelt diamictite deposited 
near the grounding line of an ice mass that terminated in a 
body of water. This ice mass retreated to the south a short 
distance and ice-rafted sediments, mudflows and mudstones 
accumulated on top of the undermelt diamictite. A sandy 
delta prograded from the west across the western half of the 
area and a subaqueous outwash fan accumulated on the eastern 
side of the area as subglacial til lite and proglacial 
outwash accumulated on the southern edge of the area. 
Finaly, the area was overwhelmed by another ice advance.

The facies assemblages making up the Pyke s Creek 
sequence resemble various facies models for proximal 
glaciomarine environments (Gravenor & others,1984; 
Powell,1981). The bedrock topography and the lateral delta 
make the sequence most resemble Powell's (1981) models for 
tidewater glaciers.
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CHAPTER 6

WERRIBEE GORGE AREA
INTRODUCTION
Location

The Bacchus Marsh Formation crops out over about 15 sq. 
km. about the Werribee River Gorge and its tributary 
Myrniong Creek (Fig.40, Enel.7). Pleistocene movement on the 
Rowsely Fault rejuvenated the Werribee River so that it cut 
down through Tertiary sediments and volcanics into Bacchus 
Marsh Formation and Ordovician metasediments and Devonian 
granodiorite (Singleton,1973). Outcrops of Bacchus Marsh 
Formation are of fair quality, with some resistant units 
well exposed though many cliff exposures have siliceous 
weathering crusts that mask structures and textures of the

tsediments.

Structure and Bedrock Topography
The Werribee River Gorge reveals 2 to 3km of the 

Bacchus Marsh Formation - basement unconformity (Enel.7). 
This surface varies considerably in elevation within the 
area. Bowen(1959) suggested that part of the Permian 
sequence rested in a north-easterly trending valley 180m 
deep cut in bedrock. Detailed mapping on the northern side 
of Werribee Gorge revealed that several faults form the 
southeastern side of this proposed valley (Enel.7). However, 
bedrock topographic features up to 50m high are apparent 
along the north-eastern side of the gorge (Enel.7).

Bedding in the Bacchus Marsh Formation dips south and
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southeast in the valley of Myrniong Creek and southeast 
about Werribee Gorge (Enel.7.). The unconformity surface 
also dips southeast so that several patches of Bacchus Marsh 
Formation are preserved on topographic high points west of 
the main area of outcrop (Enel.7).

Some of the faults cutting the Bacchus Marsh Formation 
were active during deposition. Figure 89 shows a cross- 
section of two faults exposed on the southern side of 
Myrniong Creek (Locality A, Enel.7). Sandstones of the 
Bacchus Marsh Formation were faulted against the 
granodiorite before the overlying Bacchus Marsh Formation 
sediments were deposited.

Stratigraphy

The Bacchus Marsh Formation in this area can be divided 
into two parts. The lowest part crops out in the valley of 
Myrniong Creek and its tributaries and over a small area on 
the banks of the Werribee River on the southern side of the 
ridge separating the Werribee River from Myrniong Creek 
(Enel.7). This part of the sequence is mostly sandstone and 
will be referred to as the Myrniong Creek Sandstone Member. 
It is overlain by diamictites with subordinate conglomerates 
and sandstones more typical of the Bacchus Marsh Formation. 
These two stratigraphic intervals will be described 
separately before I discuss their depositional environments 
and histories.
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MYRNIONG CREEK SANDSTONE MEMBER
Coarse, white sandstones with minor conglomerates, 

medium and fine sandstones crop out in the valley of 
Myrniong Creek and its tributary gullies. At least 90m of 
vertical thickness crops out though the lower parts of the 
sequence are poorly exposed. Only the uppermost 20m of 
sediment is exposed in continuous outcrop. (Enel.8, Section 
5).

The upper 20m of the Myrniong Creek Sandstone Member 
consists of three upward-fining sandstone intervals and two 
beds of silty di amicti te (Section 5). The facies in these 
sandstone intervals and in scattered outcrops of the 
underlying 40m of sediment contain the following facies 
(Sections 5 & 6,Enel.8):-

1. Massive and parallel laminated coarse to medium
grained sandstones up to 4m thick.

2. Coarse to medium sandstone in large-scale planar
cross-sets.

3. Normally graded, massive pebble conglomerate.
4. Sandy pebble conglomerate in large-scale planar

cross-sets up to lm thick.
5. Fine sandstone which is ripple cross laminated or

has parallel laminae in a sinusoidal pattern 3cm
in amplitude and 20cm in wavelength.

6. Fine sandstone and siltstone interiaminated on a
scale of 1 to 2cm.

These facies are arranged in sequences which fine-up
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and show facies containing sedimentary structures indicating 
relativey high flow regime conditions at the base of each 
sequence, such as facies 1,2 and 4, overlain by facies 
exhibiting structures deposited under progressively lower 
flow-regimes. The top of each sequence is truncated by an 
erosion surface underlying the next sequence. In some 
outcrops, massive coarse sandstone is directly overlain by 
laminated and rippled fine sandstone and siltstone (Section 
6). These upward-fining cycles are 2 to 3m thick, and their 
lateral extent varies from 10 to 50m with most pinching out 
because of erosion at the base of overlying units.

The three diamictite beds in the upper part of the 
Myrniong Creek sandstone member rest concordant1v on the 
uppermost beds of upward fining sequences and are overlain 
with erosional bases, by succeeding upward-fining sequences. 
These diamictites are silty and massive apart from poorly 
developed fissility parallel to bedding. They are tabular, 
maintaining their thickness along strike and down dip for at 
least 100m.

Palaeocurrents

Cross-beds in the Myrniong Creek Sandstone Member show 
sediment transport towards north and northeast (Enel.7). 
There are too few cross-beds available to allow an estimate 
of the variability of the palaeocurrents.
Boundary Relationships

The base of the Myrniong Creek Sandstone Member does 
not crop out except where the uppermost 10 to 15m of 
sandstone on lap on to granodiorite (Fig.89). The sandstone-
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granodiorite contact is an unconformity featuring sandstone 
filled joints which extend into the granodiorite and 
boulders of granodiorite in the sandstone.

The Mymiong Creek Sandstone Member is overlain, in the 
valley of Myrniong Creek by thick, massive silty diamictite 
(Section 5), which is preceded by the three beds of 
diamictite interbedded with the sandstone. Mapping of this 
boundary indicates erosion of about 5m of the uppermost 
sandstone bed prior to deposition of the overlying 
diamictite. There] is no method available at present that 
allows measurement of the time interval represented by this 
erosion surface.

WERRIBEE GORGE SEQUENCE

The sediments overlying the Myrniong Creek Sandstone 
Member in Myrniong Creek and about the Gorge proper are more 
typical of the Bacchus Marsh Formation. Several facies 
associations are present:-

Silty Diamictite

Most of the-Bacchus Marsh Formation about Werribee 
Gorge is massive, silty diamictite. It crops out poorly 
except in a few places. These places are in Mymiong Creek 
(Locality B, Enel.7), the Sandstone Quarry (Locality C, 
Enel.7), and the base of the Water Race Track Section 
(Locality D,Enel.7, Section 7,Enel.8). Some other 
moderately preserved outcrops are present along foot tracks 
which climb the sides of the Gorge but, in general, the 
cliffs of Bacchus Marsh Formation rocks around the Gorge are
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heavily stained and "case hardened" by weathering or are 
inaccessible.

In all three good outcrops, the diamictites are purple 
grey with massive sandy siItstone matrix material and 10 to 
20 percent stones. About 80% of stones are striated and 
faceted. In the Myrniong Creek outcrop, there are four 
recumbently folded fine sandstone bodies 20 to 30cm thick 
and 4 to 5m long. In the Water Race Section and the 
Sandstone Quarry, the diamictites have joint-like partings 
parallel to bedding, spaced 50cm to 1m apart. The 
diamictite at the base of the Water Race Section rests on a 
striated pavement cut in Ordovician slate and 
metasandstones. There are two sets of striae trending 010 
degrees and 030 degrees respectively.

Mapping of resistant beds above and below these massive 
diamictite beds shows that they are blankets 10m to 20m 
thick which extend across most of the Werribee Gorge area 
except for the lowermost bed which varies from 2 to 10m 
thick with bedrock topography (Enel.7; Enel.8,Section 7).

Conglomerate Association

Between the thick beds of massive, silty diamictites 
are beds of variable composition which are better exposed 
than the diamictites. Enclosure 7 shows the distribution of 
conglomerate beds in the Bacchus Marsh Formation around 
Werribee Gorge. These conglomerates are massive or have 
faint horizontal beddings. They are moderately well sorted 
with a maximum pebble size of 4cm but most pebbles are 1 to
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2cm in diameter and sub to well rounded. Most of the 
conglomerates are clast supported though there are lenses 
which are supported by a coarse sand matrix. The most 
extensive conglomerate beds maintain thicknesses of 5 to 6m 
right along their outcrops whereas the lenticular beds 
mapped are 3 to 4m thick and pinch out over about 100m 
(Enel.7). Lenses of massive, parallel laminated and ripple 
cross-laminated medium to fine sandstone 3 to 4m thick and 
30m long are present in the most extensive conglomerate bed.

Sandy diamictite-SandstoneAssociation
Sandstones and sandy diamictites crop out in the 

Werribee Gorge Quarry, Water Race Track Section and at 
Gatehouse 24 (Locality E,Enel.7). Each of these outcrops 
reveal distinctive facies associations which require 
separate description. Units consisting of sandy diamictite 
and fine sandstone are present in the Water Race Section 
(Section 7) and in a road-cutting at Gatehouse 24 (Loc.C, 
Enel.7).

Water Race Section - In the Water Race Section, these 
beds consist of sandy diamictite with abundant contorted 
fine sandstone laminae in its matrix. Lenses of fine 
sandstone 2m thick and 8m long are present in the 
diamictite. The boundaries between the sandstones lenses 
and enclosing diamictites are usually sharp but the 
diamictites within 20cm of the boundaries contain abundant 
thin sandstone laminae. The sandstone lenses themselves are 
massive except for some thin silty laminae and rare pebbles.
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gatehouse 24 Cutting - At Gatehouse 24, sandy 
diamictite and coarse to fine sandstones lie directly on 
Ordovician bedrock (Fig.90). The diamictites are sandy to 
pebbly sandy with patches containing fine sandstone laminae 
and lenses. These beds dip east (Fig.90). The sandstones 
are white fine sandstone with scattered pebbles. Most are 
massive but a few patches are parallel laminated. They form 
lenses with erosional bases and overlap the edge of the 
diamictites onto bedrock (Fig.90). The uppermost sandstone 
lens contains impressions of Gangamopteris sp. Two lenses 
of massive sandy pebble conglomerate are also present in the 
Gatehouse 24 cutting (Fig.90). Bedding in parts of the 
cutting dips east but in other parts it is horizontal with 
angular discordance between some of the units (Fig.90).

Werribee Gorge Quarry - The quarry at Locality C 
(Enel.7) exposes a complex deposit of sandstone, sandy 
diamictite and siitstone units (Fig.91). The east quarry 
face contains the vertical facies sequence shown in Section 
8 (Enel.8). At the base of the sequence is sandy diamictite, 
at least 10m thick, containing abundant contorted white 
sandstone laminae. It is overlain by inter1aminated 
siltstone and sandstone 61cm thick into which the overlying 
sandstone has foundered, forming load casts (Fig.92). The 
overlying sandstone varies from 1.5 to 9m thick, pinching 
and swelling along the quarry face (Fig.91). The sandstone 
is medium-grained and, though the thinner parts are massive, 
the thick parts contain trough cross-sets 20cm thick which 
indicate that currents flowed towards the northwest quadrant
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(Fig.93). The mean direction is approximately normal to the 
quarry face. Immediately above the sandstone is a bed of 
siltstone 30cm thick, which is overlain by the thick 
diamictite at the top of the section (Section 8). This 
siltstone may be traced along the full length of the east 
face of the quarry, rising and falling with the top of the 
underlying sandstone (Fig.91).

The north face of the quarry is shown in Figure 94. As 
with the east face, the lowest sediment is a sandy 
diamictite with contorted sandstone laminae. It is overlain 
by a lenticular massive medium sandstone unit with rare 
contorted siltstone laminae and irregular bodies of coarse 
sandstone 10 to 20cm in diameter with ragged edges. The 
medium sandstone is overlain by beds of inter1aminated 
siltstone and fine sandstone and pebbly sandstone. They are 
overlain by sandy diamictite with fine contorted sandstone 
laminae.

The west face of the quarry reveals several irregular 
lenses of medium sandstone separated by beds of 
interiaminated pebbly sandstone and siltstones (Fig.95). 
The medium sandstone lenses contain ragged coarse sandstone 
bodies similar to those in the north face and, in some 
places, ripple cross-bedding in diffuse patches. Figure 96 
shows the relationship of the facies in the three faces to 
one another. The palaeocurrent indicators in the east face 
indicate that it contains the more proximal sandstone facies, 
which passes downcurrent into the sandstone facies of the 
north and west faces.
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DEPOSITIONS ENVIRONMENTS
MYRNIONG CREEK SANDSTONE MEMBER

Figure 97 shows a generalised vertical facies sequence 
in the Myrniong Creek Sandstone Member. This combination of 
upward-fining grainsize and upward lowering of flow regime 
indicates fluvial sedimentation (Allen,1965). The low 
proportion of lower flow-regime sedimentary structures such 
as large scale bedding, and the numerous erosion surfaces in 
some outcrops (e.g.Sections 5 & 6) suggest that the streams [ 
which deposited the sandstones were braided (Allen, 1965; 
Miai 1, 1977). The likely depositional environments of each ! 

component of the generalized vertical sequence of facies is 
shown in Figure 97. They are:-

1- Thick massive and parallel laminated sandstones and 
graded pebble conglomerates deposited in scour holes in 
stream channels under upper flow-regime conditions 
(Boothroyd & Ashley, 1975) or in sandy longitudinal bars 
(Miall, 1977).

2. Cross-bedded, sandy pebble conglomerates deposited 
as prograding "micro deltas" which grew out into scour holes 
in the river bed, or as the prograding downstream edges of 
gravel bars.

3. Coarse to medium-grained sandstones in planar 
cross sets were deposited as avalanche faces on linguoid 
bars or by migrating megaripples.
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4. Interiaminated fine sandstone and siltstone and 
ripple cross-1aminated fine sandstones deposited at low 
water in channels or as overbank sediments on bar tops and 
inactive parts of the river tract.

The high proportion of sandstones deposited under upper 
flow-regime conditions in the Myrniong Creek Sandstone 
Member (approximately 70 percent) indicates that channels 
and sandy longitudinal bars were the most common site of 
deposition in the streams (cf. Boothroyd & Ashley, 1975). 
This probably results from most deposition taking place at 
flood stage with only minor reworking of deposits during low 
flow periods. This may be due to very rapid reductions in 
stream flow after peak flood, as happens to streams which 
experience flash floods (McKee, Crosby & Berryhil1, 1967; 
O'Brien, 1976). Alternatively, most of the sediment may 
have been deposited in a belt of active bars during flood 
stage, then, waning of the flood saw restriction of flow to 
a few incised channels winding through the bars so that 
megaripples and linguoid and transverse bars were only 
important in a small proportion of the braided river tract 
and hence are not represented in the patchy outcrop along 
Myrniong Creek.

The diamictite beds within the Myrniong Creek Sandstone 
Member are uniform tabular silty diamictites with faint 
fissility, lacking features which are associated with 
mudflows in the Bacchus Marsh Formation or in alluvial fan 
sediments (cf. Larsen & Steel, 1978; Lawson,1980; Fisher, 
1971). They are therefore probably til lites and their
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fissility suggests subglacial deposition (Kruger,1979). None 
of the diamictite beds display features indicating 
supraglacial deposition which suggests that the ice carried 
little supraglacial debris or that the supraglacial tills 
were eroded by the streams that deposited overlying 
sandstone facies.

The Myrniong Creek Sandstone Member was thus deposited 
as a sandy alluvial plain across which ice advanced several 
times. Palaeocurrent indicators in the sandstones show that 
the streams flowed from the south-west, the same direction 
that the ice advanced from, as indicated by striated bedrock 
pavements in the area (Enel.7). The interbedding of fluvial 
sandstone and subglacial tillite suggests that the streams 
which deposited the upper parts of the Myrniong Creek 
Sandstone Member were proximal to their source and yet were 
sandy, unlike many modern outwash streams which carry much 
coarse-gravel (e.g. Church, 1972, Boothroyd & Ashley, 
1975). This sandy outwash and the silty diamictite suggest 
that the glacier carried little debris coarser than pebble 
size.

WERRIBEE GORGE SEQUENCE 
Silty Diamictites

The massive silty diamictites which make up most of the 
Bacchus Marsh Formation about Werribee Gorge are interpreted 
as tillites because they form uniform tabular units, contain 
abundant striated and faceted clasts and lie directly on 
striated pavements in places. The folded sandstone bodies in 
the diamictite exposed in Myrniong Creek suggest bed
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deformation occured during or just after deposition beneath 
active ice. The joint-like partings elsewhere in the 
sequence may indicate preferred orientation of the tillite 
matrix caused by frictional lodgement (Kruger, 1979).

Conglomerate Association
The conglomerate beds that crop out about Werribee 

Gorge are probably braided-stream sediments, deposited in 
longitudinal bars under upper flow-regime conditions during 
floods (cf. Facies 5, Table 2). The sandstone lenses within 
these conglomerate units are composed of fine sandstone and 
contain structures indicating lower flow-regime conditions 
suggesting that they were deposited by relatively quiet 
water within the braided river tract. Their lenticular 
shape suggests that they are the fill of channels cut off 
from the main flow by migrating gravel bars. The thin 
siltstone bands in these lenses were deposited as silt 
drapes during low flow periods and the sandstone beds 
represent material carried over the top of enclosing bars 
during high flow periods.

Sandy Diamictite r Sandstone Association
The best three-dimensional outcrops of the Sandy 

diamictite-sandstone Association are in the Werribee Gorge 
Quarry. In this Quarry, the thick cross-bedded sandstone in 
the east face passes into the interbedded lenses of 
sandstone in the west face in the direction in which the 
cross-bedding dips (Fig.96). Also, the variable thickness 
of the sandstone in the east face is not caused by erosion 
from above because a thin, continuous bed of siltstone runs
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the full length of the outcrop, therefore, the thickness 
changes are a depositional feature.

X interpret the Quarry sediments in the following way: 
the sandy diamictite at the base of the section (Section 8) 
was deposited as mudflows in a body of water as the ice 
retreated. The most likely source for these mudflows is 
slumping of ice-rafted sediments. The sandstone bed of 
variable thickness in the eastern quarry face (Fig.96) 
resembles distributary mouth bars in its geometry and 
sedimentary structures (Perm & Horne,1981) and some 
subaqueous outwash fans (Banerjee & McDonald, 1975, Rust & 
Romine111,1975). Therefore, the thick, cross-bedded 
sandstone in the east face was deposited at the mouths of 
two small, west-flowing streams as small, deltaic fans 
(Fig.98). Rather than losing the ability to transport sand 
upon entering the standing water, the inflowing water picked 
up energy moving down the fans, cutting small channels and 
filling them with massive and parallel laminated sand, so 
depositing the sand lenses in the western quarry face. The 
jumbled sandstones and diamictite in the north face are 
interpreted as . slumped sediment on the toe of the 
northernmost fan in which coarse, medium and fine sand beds 
were intermixed along with silt settling from the standing 
water. The ragged bodies of coarse sandstone set in beds of 
massive medium sandstone in the north face are fragments of 
coarse sand beds caught up in grain flows of medium sand.

Figure 98 is a reconstruction of the environment of 
deposition of the sediments in the Quarry. These small
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outwash fans probably ceased to be active | some| time before 
the ice re-advanced because a thin sheet of siltstone of 
uniform thickness blanketed them before the overlying 
tillite was deposited.

The beds of sandy diamictite and lenses of sandstone in 
the Water Race Track Section resemble the sandy diamictites 
at the base of the Quarry and the sandstone cropping out in 
the north and western faces of the Quarry in texture and in 
jumbled appearance. Thus, it is likely that these 
diamictites were also deposited as mudflows and the 
sandstone lenses as subaqueous outwash. Some of the 
diamictite beds display undisturbed laminae similar to 
Facies 4b of the Pykes Creek sequence, and may be 
ice-rafted facies that did not slump.

The sediments in the Gatehouse 24 road-cutting (Fig.90) 
are probably a series of mudflows or supraglacial tillites 
because they contain abundant thin deformed sandstone 
laminae, interbedded with sandstones and a conglomerate 
deposited in outwash streams. These sediments dip east but 
overlying them „ is a lens of sandstone and one of 
conglomerate which are flat-lying and overlap onto bedrock. 
These lenses are probably fluvial deposits. Their 
relationship to the underlying sandstone and diamictite 
units suggests an angular unconformity within the Bacchus 
Marsh Formation, a suggestion strengthened by the presence 
of Gangamopteris leaves in the uppermost sandstone. Plant 
megafossils are absent from the Bacchus Marsh Formation 
except for this sandstone and for units high in the
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Korkuperimul Creek Section (see Chapter 8).

DEPOSITIONAL HISTORY

The history of the Bacchus Marsh Formation about 
Werribee Gorge and Mymiong Creek is shown in Figure 99 next 
to a generalised section of the sequence.

Deposition commenced with fluvial sedimentation forming 
the Myrniong Creek Sandstone Member in an active graben. 
The first ice advances across the area deposited the 
til lites interbedded within the Myrniong Creek Sandstone 
Member. These advances were not accompanied by major 
changes in the proglacial depositional environments but 
those that followed not only deposited thicker til lites but 
were accompanied by sedimentation in standing water during 
two of the three ice-free periods represented, possibly 
because of isostatic depression of the crust beneath the ice 
or by the ice retreating down a slope so that melt water 
ponded at its margin (Edwards, 1978). Higher relative sea 
level or increased tectonic subsidence rates in the 
depocentre might also be invoked to explain the presence of 
standing water at.the ice margin however, the great increase 
in tillite thickness relative to the tillites in the 
Myrniong Creek Sandstone Member suggests the onset of a 
major glaciation, making isostatic depression of the crust 
quite likely.
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CHAPTER 7

MISCELLANEOUS SMALL EXPOSURES
INTRODUCTION
Locations

A number of small, sometimes poor quality outcrops of 
the Bacchus Marsh Formation are scattered across the Bacchus 
Marsh district. In most such areas outcrop is neglegible, 
the presence of glacial sediments being recognised by 
abundant rounded and sometimes striated clasts in the soil. 
Two such areas are worthy of some discussion however. 
Bacchus Marsh Formation crops out in two fairly large 
exposures on the Werribee River at Werribee Vale and the 
outcrops along Coimadai Creek are worthy of consideration 
because of the marine fauna collected from them.

WERRIBEE VALE SECTIONS 
Locations

Two isolated outcrops of Bacchus Marsh Formation are 
present in the banks of the Werribee River 9km downstream of 
Werribee Gorge (Fig.40). The two outcrops are surrounded by 
Tertiary sediments. They are probably in-faulted blocks 
within the Tertiary^sediments because many faults have been 

mapped in the vicinity (Roberts, 1985). The two outcrops are 
marked A and B on Figure 40.

Outcrop A

About 40m of diamictite beds crop out in cliffs by a 
small irrigation weir at the end of the Werribee Vale Road 
(Fig.40). Figure 100 shows the sequence and Figure 101
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shows the whole outcrop. The lower 20m consists of 
interbedded sandy diamictite beds, sandstone and 
conglomerate lenses and beds, and two beds of silty 
diamictite. The sandy diamictite beds are tabular and up to 
3m thick. Some are massive but most contain thick 
discontinuous sorted laminae. Some laminae are folded and 
others may be traced along bedding into sandstone or 
conglomerate lenses. Some sorted laminae thicken into 
laminated sandstone lenses 5cm thick end 10cm across in 
places and some sorted laminae are continuous with sandstone 
or conglomerate lenses large enough to appear in the 
measured section. The silty diamictite beds are massive and 
tabular (Fig.100 & 101). One such bed is particularly rich 
in scratched pebbles.

The larger sorted lenses in the section vary from 3m 
across and 40cm thick to bodies which are rounded in cross- 
section, 20cm in diameter. Some lenses are undeformed and 
others show slight folding; with one end folded into an S- 
shape. The lenses vary in sorting from poorly sorted, sandy 
pebble conglomerate to medium sandstone. Most are massive 
though several are laminated, and one lens grades from 
parallel laminated coarse sandstone at the base through fine 
planar ripple cross-laminated sandstone to sandy siltstone 
containing irregular silty diamictite and fine sandstone 
laminae up to 2cm thick. Though some deformed beds are 
fractured, none contain microstep fractures.

The uppermost bed in the lower 20m of the sequence is a 
sandy conglomerate bed about 50cm thick which is continuous
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across the outcrop. It is overlain by massive silty 
diamictite 20m thick containing scattered, rounded bodies of 
sandy conglomerate and coarse sandstone.

Outcrop B

Five kilometres downstream from Outcrop A is a cliff 
10m high and 100m long composed entirely of grey massive, 
silty diamictite. It is featureless apart from a rounded 
conglomerate and sandstone body 6m across and 4m thick 
(Fig.102) and scattered calcareous concretions. This 
diamictite is slightly calcareous throughout.

Interpretation of Outcrop A
The sandy diamictites making up most of the lower half 

of Outcrop A contain abundant water-sorted laminae, many of 
which were deformed. These features suggest emplacement by 
mass movement, each diamictite bed consisting of a number of 
mudflows. The sandstone and conglomerate lenses were 
probably formed by small streams flowing on the surfaces of 
the mudflows. The folded sandstone and conglomerate lenses 
were deformed by shear imparted by overlying mudflows or by 
movement within -the sediment pile after most of it was 
deposited rather than by subglacial shear because they lack 
microstep fractures. The direction of overturning of the 
folds suggests movement towards the north-east. The two 
silty diamictite beds in the lower half of Outcrop A may be 
unreworked tillites because they are massive and finer- 
grained than enclosing beds and because one contains a very 
high proportion of striated pebbles. They may be the 
deposits of two minor ice advances during deposition of a
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sequence of f lowtills.

The upper half of Outcrop A is probably til lite 
deposited by a major advance across the area because it 
lacks evidence of water sorting and mass movement in its 
matrix. The few sandstone and conglomerate bodies enclosed 
in this diamictite are probably subglacial melt water 
deposits reworked during bed deformation or they are 
fragments of sediment incorporated in the ice and 
redeposited as part of the till.

Outcrop B
This large exposure of uniform diamictite is 

interpreted as tillite because it lacks deformed laminae in 
its matrix. The body of sandstone and conglomerate is 
either a fragment of sediment entrained in the ice or an 
englacial or subglacial channel deposit. It does not 
contain faults that would suggest the removal of ice support 
(McDonald & Shilts, 1975; Boulton, 1972a) so, if it is an 
englacial channel deposit, it formed at the ice-bed 
boundary. If this were the case, smaller channels similar 
to those in Interval 5 of the Morven section might be 
expected to accompany it. Therefore, the sandstone and 
conglomerate body is probably allochthonous.
COIMADAI CREEK AREA 
Location

Bacchus Marsh Formation outcrops are scattered along 
the valley of Coimadai Creek about 8km north-east of Bacchus 
Marsh (Fig.40). Outcrops are now limited to road cuttings 
and a few small bluffs on the creek but prior to the
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construction of Lake Merrimu, a water supply reservoir, a 
discontinuous section about 30m thick cropped out in the 
creek bed (Bowen,1959).

Outcrop Descriptions

Present Outcrops. The outcrops not drowned by Lake 
Merrimu consist of grey to purple grey diamictite with muddy 
sandstone matrix material and 15 to 20 percent stones. Some 
of the larger exposures display joint-like horizontal 
partings in the diamictite matrix about 50cm apart. In road 
cuttings by the dam wall at Lake Merrimu, diamictite rests 
on striated surfaces cut in Ordovician slates and quartzite. 
Striae trend mostly between 040 and 075 (Bowen & 
Thomas,1976).

Creek Section. The only reasonably detailed accounts of 
the Bacchus Marsh Formation outcrops along the bed of 
Coimadai Creek are the composite section presented by 
Bowen(1959) and the description of a fossiliferous 
conglomerate near the base of the section in Garratt(1969) 
and Bowen & Thomas(1976). Figure 103 depicts my 
interpretation .of Bowen1s( 1959 ) section based on a 
comparison of his terminology with outcrops in other areas.

The sequence consists of 4m of silty diamictite 
directly on bedrock succeeded after about 3m of soil cover 
by 7.6m of thinly interbedded pebbly sandstone and 
diamictite, probably similar to parts of Interval 2 of the 
Morven Section. Some outsized stones are present.
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The fossi1iferous conglomerate lens described by 
Garratt(1969) and Thomas(1969) is probably interbedded with 
one of these two lower units. Garratt(1969) described the 
conglomerate as polymict and upward fining with clasts as 
large as 15cm in diameter at the base and 0.5cm diameter 
clasts at the top. In hand specimens still preserved, the 
conglomerate is red poorly sorted sandy pebble conglomerate. 
It contains specimens of the brachiopod Trigonotreta 
narsarhensis occidentalis Thomas, the bryozoa Fenestella sp, 
and the conularid Paraconularia sp. (Garratt,1969, Bowen & 
Thomas,1976).

Archbo1d(1982) has re-identified Trigonotreta as 
Brachythyrinel1 a and argues that this species indicates an 
early Sakmarian age. In his correlations between macrofaunas 
and the palynozones of Kemp & others(1977), Archbold(1982) 
shows the range of Brachythyraneila as being partly 
equivalent to Stage 3a.

Above the interbedded sandstone and diamictite unit, 
about 15m of section is obscured by colluvium. The next unit 
exposed is 1.5m of silty diamictite followed by 6m of sandy 
diamictite with a sandy conglomerate lens at the base. 
Another sandy diamictite unit about 6m thick overlies this 
unit with an erosion surface between the two diamictite 
units.
Interpretation

Present Outcrops. The diamictite outcrops in the area 
surrounding Coimadai Creek are probably subglacial tillites 
because they are massive apart from horizontal joint-like
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partings and they rest on striated bedrock surfaces. The 
striated surfaces are in the order of 20 to 40m above the 
outcrops in the creek suggesting significant sub-Bacchus 
Marsh Formation topography.

Creek Section. The lower part of the Coimadai Creek 
section contains well bedded sediments similar to the ice- 
rafted facies of the Morven Section (Chapter 4) and probably 
contains marine fossils. Therefore these lower sediments are 
probably marine ice-rafted sediments. The lowest unit could 
be a subglacial tillite deposited prior to the ice floating 
or it could also be a facies similar to the bergstone muds 
of Powell(1983), deposited close to the grounding line with 
abundant flocculated clay and silt and ice rafted pebbles. 
Unfortunately, Bowen's(1959) description does not provide 
conclusive evidence for either interpretation. The second 
ice-rafted unit was deposited with current activity 
sufficient to winnow the ice-rafted debris and produce 
sandstone and conglomerate beds.

The upper diamictites are more difficult to interpret 
confidently from the descriptions. Bowen(1959) made no 
mention of bedding within them which suggests that they are 
til lites of some sort, possibly Equivalent to the tillites 
cropping out in the surrounding area. If this is the case, 
they represent major advances of the ice grounding line. 
Conclusion

The Coimadai Creek Section was deposited initially by 
ice-rafting and current activity in an arm of the sea that 
covered an undulating bedrock surface. Subsequent ice
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advances from the southwest covered the area wtih subglacial 
til lite. The presence of marine fossils in part of the ice- 
rafted sequence suggests that other facies of the Bacchus 
Marsh Formation deposited in standing water bodies may also 
have been deposited in arms of the sea.
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CHAPTER 8

KORKUPERIMUL CREEK

INTRODUCTION
LOCATION

The thickest sequence of Bacchus Marsh Formation 
sediments crops out in the valley of Korkuperimul Creek 
northwest of Bacchus Marsh. This section is present in two 
large fault blocks; the North Korkuperimul Creek area and 
Bald Hill, and two small fault slices; Mier's Cliff and on 
the Greendale fault where it meets the Lerderderg River 
(Fig.40,Enel.9).

Structure
The exposures along Korkuperimul Creek are mostly fault 

bounded (Enel.9). The north Korkuperimul Creek outcrops are 
bounded on the north and east sides by the Greendale fault 
which bring Bacchus Marsh Formation rocks against Ordovician 
metasediments and, along the southern edge, the Bacchus 
Marsh Formation abuts Tertiary basalts along the Pentì and 
Hills fault (Jacobson & Scott, 1937, Enel.9). Tertiary 
volcanics cover the Bacchus Marsh Formation to the west of 
Korkuperimu1 Creek (Enc1.9).

The Bald Hill exposures are in a triangular area of 
about 2 sq.km bounded on the north and west sides by faults 
which bring Tertiary sediments and basalts against Permian 
sediments and the eastern side of the outcrop area has a 
thin cover of Cainozoic sediments and is close to the scarp
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of the Rows ley Fault (Enel.9). At the southern tip of the 
Bald Hill outcrop area is a small patch of Triassic 
sandstone which is either faulted against the Bacchus Marsh 
Formation or lies disconformably on it (Bowen & Thomas, 
1976). Both the small exposures at Mier's Cliff between the 
north Korkuperimul Creek area and Bald Hill and that by the 
Lerderderg River are bounded by faults on their northern 
sides and overlain by Tertiary basalt.

The areas of Bacchus Marsh Formation outcrop were 
mapped at a scale of 1:10 000 (Enel.9). In the north 
Korkuperimul Creek area, bedding dips between 14 degrees and 
56 degrees to the south except for part of the sequence at 
the northern end of the outcrop where bedding dips gently 
north, indicating folding of the Bacchus Marsh Formation 
(David, 1896). At Bald Hill, bedding in most outcrops dips 
east to southeast, towards the Rowsley Fault, except for a 
few outcrops along the western boundary fault where bedding 
is horizontal.

Faults that cut the Bacchus Marsh Formation are common 
in the Bald Hill area (Enel.9), some with displacements of 
20 to 30m but none affect the continuity of the exposed 
sequence. In the north Korkuperimul Creek area, however, 
faults are not commonly observed but this may be because of 
poor outcrop. Those faults which do crop out strike east- 
west. Only two of these faults have appreciable 
displacement, one (FI) has about 35m of vertical movement 
but the displacement on the other (F2) is down to the south 
and removes an unknown, though probably not great, thickness
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of Bacchus Marsh Formation from view.

STRATIGRAPHY
MAJOR UNITS

Approximately 1100m of Bacchus Marsh Formation crops 
out in the Korkuperimul Creek sections but covered intervals 
are common. Previous workers such as Bowen (1959) (see 
Bowen & Thomas, 1976) were able to measure moderately 
detailed sections along Korkuperimul Creek but now large 
parts are covered by soil. However, major units may still 
be recognised even though bed by bed descriptions are 
impossible in some of them. Roberts(1985) uses the name 
Morton Conglomerate Member for one prominent unit in the 
Bald Hill area. Section 10 (Enel.10) shows the section along 
the creek in the northern outcrop area with the major 
subdivisions recognised in this study. Each Interval will be 
described separately, starting from the base which crops out 
at the nothern end of the north Korkuperimul Creek area 
(Enel.9).

Interval 1

The base of the Korkuperimul Creek section is faulted 
against Ordovician bedrock. The lowermost Permian rocks are 
massive silty diamictite with horizontal sandstone and 
siltstone laminae 1cm thick spaced 0.5m to lm apart. Over 
the upper two*thirds of this interval, bedding becomes more 
closely spaced and lenses of fine sandstone 20cm thick and 
80cm long are scattered along bedding planes. This bedded 
diamictite grades up into interiaminated fine sandstone and 
siltstone with interbeds about 5cm thick. A few sandstone
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beds are up to 15cm thick and grade from medium to fine 
sandstone. The part of the interval in which the diamictite 
grades into sandstone is poorly exposed but the change 
probably involves a gradual increase in the number and 
thickness of sandstone beds. Some of these beds broke up 
into load casts soon after deposition. They weather out of 
the enclosing diamictite and are present in the soil 
covering this part of the section.

The laminated fine sandstones and siltstones grade into 
laminated medium sandstones accompanied by lenses of 
massive, graded medium to fine sandstone up to 25cm thick 
and 4 to 5m wide in outcrop. These sandstones display 
abundant dewatering flame structures and convolute laminae 
(e.g. Fig.104) many of which are overturned to the south 

suggesting current movement to the south. Some of the 
massive, graded lenses contain ragged patches of coarse 
sandstone 2 to 3cm across.

A lens of conglomerate at least 7m thick intertongues 
with this sandstone at Locality A. It consists of beds 1 to 
3m thick of clast supported conglomerate with a maximum 
clast size of 15cm, mean size of about 3cm and a coarse sand 
matrix. All the beds have crude horizontal stratification 
except for one bed lm thick which displays a set of planar 
cross-beds dipping towards the north-northwest (Enel.9). 
One bed grades from sandy pebble conglomerate through pebbly 
sandstone to medium, plane parrallel laminated sandstone 
over 3m of vertical thickness.
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Interval 2
The sandstones and conglomerates at the top of Interval 

1 are overlain by diamictite about 50m thick. It crops out 
very poorly, its presence indicated by pebbles in the soil 
and a few very small weathered exposures.

Interval 3

Above the poorly exposed diamictite of Interval 2 is a 
sequence of conglomerates, sandstones and sandy diamictites, 
parts of which are well exposed (Locality B,Enel.9). 
Section 11, Enclosure 11 shows the lower 58m of this 
Interval which is exposed in a continuous section, the 
location of which is marked on Enclosure 10. The facies in 
this section and the overlying, less well exposed parts of 
the interval are:-

Facies 3a:- Clast supported massive fine pebble 
conglomerate with coarse sand matrix material. This facies 
forms beds up to 6m thick with erosional lower boundaries.

Facies 3b:- Beds that grade from pebbly coarse 
sandstone to medium sandstone. They are up to 2m thick and 
are massive.

Facies 3c:- . This facies is a bed of coarse sandstone 
1.7m thick which displays one large scale, planar cross-set 
resting on an' erosion surface. Pebbles are scattered along 
the base of the bed.

Facies 3d:- Facies 3d is massive to parallel laminated 
medium sandstone in beds 5cm to 2m thick. The beds are 
tabular or lenticular with erosional lower boundaries.

Facies 3e:- Facies 3e is one bed of medium sandstone 
0.7m thick displaying climbing-ripple cross-sets 5cm thick
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which have only their lee side laminae preserved.
Facies 3f:- Several lenses of sandy mudstone up to 

0.6m thick are scattered through the interval. These 
mudstones are composed of beds about lem thick which grade 
from fine sandstone to siltstone interiaminated with 
claystone beds up to 2cm thick.

Facies 3g:- Tabular beds of sandy diamictite from 50cm 
to 3m thick are present throughout Interval 3. They contain 
abundant thin, discontinuous sandstone laminae, many of 
which are wavy or recumbently folded, and lenses of pebbles 
10 to 20cm long and 10cm thick. These lenses are parallel 
to bedding.

Interval 4
Interval 3 is overlain by approximately 100m of poorly

exposed diamictite. The few outcrops present show that it
%is massive with a sandy mudstone matrix.

Interval 5
The diamictite of Interval 4 is overlain by poorly 

exposed sandstones forming an interval 30m thick. In the 
lower part of Interval 5, the sediments are poorly sorted 
pebbly coarse sandstones and pebbly medium sandstones in 
irregular, intertonguing lenses 20 to 50cm thick. These 
sandstones grade into better sorted medium and fine 
sandstone in tabular beds up to lm thick. Most of these 
beds are massive except for one which contains small-scale 
ripp1e cross-bedding.
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Interval 6
Interval 6 consists of massive sandy diamictite 55m 

thick which becomes better sorted over its uppermost 5m, 
grading into pebbly coarse sandstone and medium sandstone in 
massive irregular, intertonguing lenses 20 to 30cm thick. 
Some of these lenses are normally graded with pebbles 
concentrated along their bases.

Interval 7
Interval 7 consists of massive sandy diamictite. Like 

Interval 6, it shows improvement in sorting over the 
uppermost 5 to 10m, grading into pebbly coarse sandstone.

Interval 8

Interval 8 consists of poorly exposed coarse and medium 
grained sandstone beds up to 1m thick. Most exposures in 
this interval reveal massive or parallel laminated beds.

Interval 9

Interval 8 is overlain by 120m of diamictite of which 
only the top 30m of this Interval crop out moderately well. 
These outcrops show the rock to be massive, grey, silty 
diamictite which grades over the uppermost 10m into sandy 
diamictite which contains thin discontinuous coarse 
sandstone laminae and scattered lenses of massive coarse 
sandstone and conglomerate up to 50cm thick and 3m across.

Interval 10
Interval 9 is overlain by 30m of sandstone, diamictite 

and siltstone beds. The patchy outcrop indicates that the
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sandstone beds are medium-grained and 1 to 1.5m thick. All 
the sandstone beds exposed have a massive lower part which 
passes up into an upper part displaying climbing-ripple 
cross -laminae (Fig.105). The uppermost bedding surface of 
one sandstone bed displays poorly preserved linguoid 
ripples. Separating those sandstone beds are beds of 
siltstone 5 to 15cm thick which are either horizontally 
laminated or ripple cross-laminated. Several beds of sandy 
diamictite from 40cm to lm thick are interbedded with the 
sandstones and siltstones. These diamictites contain thin 
discontinuous sandstone laminae, some of which are 
recumbently folded, and small pebbly lenses.

Interval 11
Overlying Interval 10 is a sequence of sandy mudstones 

and silty diamictites (Fig.106). The facies within this 
sequence are :-

Facies 11a:- Five beds of silty diamictites which are 
massive but are fissile parallel to bedding.

Facies lib:- Laminated fine silty sandstone 40 to 50cm 
thick.

Facies lie:-. Sandy claystones and sandy diamictites 
interbedded on a scale of 1 to 30cm. These interbeds have 
gradational boundaries.

Facies lid:- Laminated sandy claystone with thin bands 
of coarse sand grains, rare diamictite beds 2 to 3cm thick 
and scattered dropstones.
Interval 12

The fine-grained sediments of Interval 11 are overlain 
by tabular sandstone beds and sandy diamictites similar to

.175



Interval 13

The uppermost sandstones of Interval 12 are overlain by 
massive sandy diamictite about 25m thick which develops wavy 
and folded sandstone laminae and grades into pebbly coarse 
sandstone over its uppermost 2 to 3m. This pebbly coarse 
sandstone makes up the next 10m of section along with 
sever»! lenses of sandy pebble conglomerate.

Interval 14
Interval 14 of the Korkuperimu 1 Creek section crop out 

in both the north Korkuperimul Creek area, in Bald Hill and 
in Mier's Cliff. Two separate sections through Interval 14 
are accessible at Bald Hill Gully (Loc.F, Enel.9), and in 
the Main Quarry (Loc.G, Enel.9) in the Bald Hill area and 
another at Anderson's Quarry in the North Korkuperimul Creek 
area (Loc.D, Enel.9).

The lower part of Interval 14 is massive silty 
diamictite. Its base is not exposed in the Bald Hill area 
but in the north Korkuperimul Creek section it is about 128m 
thick. In the upper 5m at Anderson's Quarry, several 
recumbent-folded bodies of pink, medium sandstone are 
present. The best exposed of these bodies is 3m thick. Over 
its upper 1 to 2m, the diamictite developes thin sandstone 
laminae and the abundance of pebbles decreases so that it 
grades into the thinly interbedded mudstone and very fine 
sandstone at the base of Interval 15 (Section 10,Enel.10).

those of Interval 10 making up about 35m of section.
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Interval 15
The diamictite of Interval 14 grades up into lm of 

thinly interbedded siltstone and pink, very fine sandstone 
which is overlain by pink to purple fine to medium 
sandstone. This sandstone crops out extensively in the Bald 
Hill area and at Mier's Cliff. Five sections measured 
through all or part of it are shown in Enclosure 12 and 
Figure 113. These sections, from south to north are
1. Morton's Quarry.
2. Bald Hill Gully.
3. Main Quarry-South face.
4. Main Quarry-East face.
5. Anderson's Quarry (Fig.113).

Morton's Quarry. The Morton's Quarry section consists 
of massive and parallel laminated medium sandstone beds with 
several beds of ripple cross-laminated medium sandstone and 
two beds of interiaminated siltstone and fine sandstone 
(Section 16,Enel.12). The sandstones contain abundant, fine 
fragments of organic matter, flattened plant stems 
(Calamites macnabi Pritchard, 1910) and leaf impressions 
(Gagamopteris augustiflora, G: obliqua and GL_ spatulata 
McCoy, 1875). Several massive sandstone beds contain blocks 
of sandstone of slightly different colour and grainsize with 
crumpled internal laminae (Fig.107). Also, dyke-like bodies 
of silty diamictite up to 40cm wide cut the sandstone.

Several faults with displacements of 1 to 2m cut 
Interval 15 at Morton's Quarry and bedding dips steeply 
southeast to easterly except for one part which is
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overturned. These dips contrast with moderate easterly dips 
in the same sediments where they crop out north and south of 
Morton's Quarry and with the dip of overlying rocks. The 
faults are true fractures in the rock rather than zones of 
movement formed in an unconsolidated sediment and they do 
not continue into overlying rocks. The sandstone is 
overlain unconformably by the Morton Conglomerate Member 
(Roberts, 1985) that is the lowest bed of Interval 16.

Bald Hi3L^ Gully. Figure 108 shows the denuded 
hillslopes about a deep gully cut in Bald Hill and the major 
units exposed. It also shows the large, conglomerate-filled 
sedimentary dyke which cuts the sequence. This dyke will be 
discussed later.

Fifty-six metres of sediment equivalent to Interval 15 
crop out in the hillside (Section 15,Enel.12, Beds are 
numbered from the base). The base of the section is brown, 
massive, silty diamictite representing the top of Interval 
14, grading into interbedded siltstones and fine sandstones 
followed by massive siltstone beds (Beds 4,6 & 8) and 
horizontally laminated medium, micaceous sandstone with 
parting lineation (Bed 5). The next 11m is mostly pink to 
grey medium to coarse sandstone beds containing one of four 
different sedimentary structures; large-scale trough cross
bedding (Bed 18), ripple cross-bedding beds (Beds 12,15 & 
17), parallel laminae (Beds 7,9,11,14 & 19) and massive 
(Beds 13 & 16). One massive bed (Bed 13) contains several 
ragged, discontinuous siltstone beds. Three siltstone beds 
are present within the sandstones (Beds 6, 8 & 10). The
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upper 20cm of Bed 19, the uppermost sandstone bed, is dark, 
dull red because of ferruginous cement.

The uppermost sandstone bed (Bed 19) is truncated by an 
erosion surface upon which rests 18m of yellow sandy 
diamictite. The yellow, sandy diamictite contains a lens 
of grey to red medium sandstone up to 6m thick and which 
extends 50m along strike (Fig.109). Laminae within this 
sandstone are bent into a recumbent fold (Fig.110), 
intensely crumpled (Fig.lll) and the lower limb of the fold 
seems to have sheared off because the laminae are truncated 
at the lower boundary of the lens (Fig. 110).

The yellow, sandy diamictite (Bed 20) is overlain by 
the Morton Conglomerate Member (Beds 21, 22 & 23) that 
directly overlie the sandstones in Morton's Quarry.

The Main Quarry. The Main Quarry at Bald Hill provides 
two sections (Section 13 & 14, Enel.12). The East Face 
Section (Section 14, Enel.12) starts with 5m of the massive, 
silty diamictite of Interval 14. It is grey and indurated 
with about 10 percent stones and a granite boulder 60cm in 
diameter. The proportion of stones decreases vertically and 
thin fine sandstone laminae appear so that the diamictite 
grades into interiaminated siltstone and sandstone (Bed 2). 
Most sandstone laminae are parallel to bedding but a 
recumbent fold 20cm thick with a north-south trending axis 
is present. This bed is overlain concordant1y by pink, 
laminated medium sandstone and then a covered interval 
representing 3m of section. Above this is 3m of parallel
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laminated pink to yellow medium sandstone displaying parting 
lineations. One metre of this rests on an erosion surface 
with laminae parallel to this surface.

This sandstone is truncated by an erosion surface upon 
which rests yellow pebbly, sandy diamictite containing 
contorted sandy laminae and several irregular patches of 
coarse sandstone, medium sandstone and pebble conglomerate. 
A bed of interiaminated medium and fine sandstone follows 
(Bed 7), overlain by pink, parallel laminated medium 
sandstone 10m thick (Bed 8). This bed is overlain by 10m of 
pebbly, sandy diamictite with sandstone laminae and 
irregular bodies of sandstone and conglomerate. The 
overlying bed is a massive sandy mudstone 2m thick which 
contains scattered grains of red coarse sand, similar to the 
matrix material of the overlying red, pebbly coarse 
sandstone of the Morton Conglomerate Member (Bed 10). 
Burrows filled with red coarse sandstone extend down into 
the mudstone from the Morton Conglomerate Member (Bed 
11, Fig.112).

The upper 12m of this sequence may be traced around the 
Quarry face to the north where it is similar except for 
several lenses of red pebbly coarse sandstone underlying the 
main, continuous bed of red coarse sandstone that 
constitutes the Morton's Conglomerate Member in this part of 
the Bald Hill area (Section 13,Enel.12).

Mier's Cliff. Mier's Cliff contains about 35m of grey 
to pink sandstone equivalent to Interval 15. Most of the
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cliff is inaccessible for detail examination but it seems to 
mostly be parallel laminated sandstone overlain 
unconformably by red coarse pebbly sandstone of the Morton 
Conglomerate Member.

Anderson's Quarry Section. About 70m of grey to pink 
Interval 15 sandstone overlies the massive diamictite of 
Interval 14 at the southern end of the North Korkuperimul 
Creek Section (End.9, Locality D) Only the top 9m of 
sandstone is well exposed (Fig.113). It is thinly bedded 
compared to sandstones in the other sections and more cross- 
laminated beds are present. Beds are massive, horizontally 
laminated, have low angle large scale planar cross—sets or 
ripple cross-sets. One bed grades from climbing ripples at 
the base into parallel laminae at the top. All the beds in 
this section are moderately sorted medium sandstones except 
for two thin poorly sorted, massive silty medium sandstone 
beds.

The sandstones at Anderson’s Quarry are overlain 
unconformably by red sandy pebble conglomerate of the 
Morton's Conglomerate Member about 2m thick.

Interval 16

The basal unit of Interval 16 is the Morton 
Conglomerate Member (Roberts,1985). It consists of beds of 
massive red pebbly coarse sandstone to sandy pebble 
conglomerate containing abundant granule-sized grains of 
white feldspar, a variety of igneous and metamorphic pebbles 
(Fig.112), fragments of wood and specimens of No t oconu 1 ari a
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inornata Dana (Thomas, 1969), indicating a marine 
depositional environment. This sediment is distinctive and 
readily mappable in the three areas of outcrop along 
Korkuperimul Creek. This member reaches a maximum thickness 
of 3.5m thick in the Bald Hill Gully Section (Section 
15, Enel.12, Fig.114).

The sediments above the Morton Conglomerate Member are 
at least 108m thick at Bald Hill, and a sequence of similar 
rocks 40m thick crops out by the Lerderderg River. The 
sequence as measured on the eastern side of Bald Hill Gully 
is shown in Figure 114. The 10m of sediment above the Morton 
Conglomerate Member is massive grey mudstone with rare fine 
sandstone laminae and abundant burrows 1 to 2mm wide running 
randomly through the mudstone. Finely divided organic 
matter is present also. Sandstone beds 1cm thick become 
abundant 10m above the Morton Conglomerate Member, being 
separated by only 1 to 2cm of mudstone. The proportion of 
mudstone then decreases as sandstone beds increasing in 
thickness. At a horizon 22m above the Conglomerate Member, 
the first ripple cross-laminated sandstone beds enter the 
sequence. Over the next 43m of section, the facies are:-

Facies 16a - Parallel laminated medium sandstone up to 
5cm thick.

Facies 16b - Ripple cross-bedded medium sandstone 3 to 
10cm thick. The cross-sets are climbing ripples with leeside 
laminae preserved.The cross-laminated beds rest on shallow 
scour troughs cut in underlying sediments.

Facies 16c - Fine sandstone and grey siltstone in 
laminae less than 1cm apart. Both fine sandstones and
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siltstones contain abundant fine carbonaceous fragments and 
some fine sandstone laminae are cross-laminated.

Facies 16d - Massive grey sandy siltstone with numerous 
fine, dark grey burrows and abundant fine carbonaceous 
matter. These beds are up to 30cm thick but become thinner 
and less common higher in the section; the uppermost bed 
of this facies is 42m above the base of the Interval 
(Fig.114).

The facies listed above are present as interbeds with 
the medium sandstone beds cropping out every 10 to 100cm. 
There is no cyclicity in the sequence.

Two types of burrows are present in this interval; 
dark grey burrows 1mm in diameter winding through the 
siltstone beds in a random manner and rare vertical 
cylinders of mudstone 5cm across and 20cm deep into which 
bedding dips. In thin section, the fine burrows are filled 
with well sorted, angular siltstone with less clay than the 
enclosing mudstone.

Part of Interval 16 cropping out on the northern end of 
Bald Hill Gully exposures contains large, complex load 
casts. Figure 115 is a section of the most intensely 
deformed horizons showing the rock types involved. They are 
parallel laminated medium sandstone, sandy siltstone, and 
silty fine sandstone. The medium sandstone beds are broken 
into load casts up to 1.2m across in which laminae are 
preserved as continuous, concentric laminae parallel to the 
underside of the load casts (Fig.116) or in dish structures
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within the centre of the load casts (Fig.117). The sandy 
siltstone beds intrude between the load casts as large flame 
structures or completely envelope some of the smaller casts 
(Fig.117). Some load casts show signs of disaggregating in 
the enclosing mudstones. The lenses of fine silty sandstone 
are up to 40cm thick and are up to 10m across in outcrop. 
They rest on erosion surfaces. Within these lenses are 
small rounded load casts of medium sandstone with internal 
bedding oriented at random and ragged edges suggesting that 
they were disintegrating.

Ripple cross-bedded medium sandstone beds are present 
in the sequence. The ripples are climbing sets 4cm thick 
with lee-side laminae preserved. None of the rippled beds 
are involved in the soft-sediment deformation. Though some 
of these beds lie directly on parallel laminated sandstones 
which have almost completely foundered into siltstone beds, 
the cross-laminated beds show no signs of subsiding. None 
are intruded by mudstone.

The uppermost ripple cross-bedded unit is 67m above the 
base of Interval. 16, above the deformed horizons. From 
there to the top of the sequence, the sediments are parallel 
laminated sandstones and massive fine sandy siltstones. 
Some of these beds contain scattered coarse sand grains and 
rare red granite pebbles. The coarse sand grains are quartz 
or white, fresh feldspars both coated with red ferrugenous 
cement similar in appearance to that present in the Morton 
Conglomerate Member. Some medium sandstone beds display 
erosional troughs which extend 10cm below the otherwise
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horizontal base of the sandstone bed and are filled with 
low-angle cross-sets. Trace fossils, probably feeding 
trails, appear on bedding planes in the siltstone beds. 
Figure 118 shows the two types of trails. Bowen & 
Thomas(1976) reported the discovery of probable Glossopteris 
leaves from the upper part of Interval 16.

The sediments of Interval 16 which crop out on the 
Lerderderg River cannot be equated wl'uh specific parts of 
the Bald Hill section with any certainty though the thinly 
bedded sediments cropping out right on the river (Fig.119, 
Loc.A,Enel.1) are similar to sediments 10 to 20m above the 
base of Interval 16 in the Bald Hill Gully section. The 
lower part of the section by the Lerderderg River consists 
of 10m of thinly bedded sandy mudstones, silty fine 
sandstones and medium sandstones which are parallel 
laminated or ripple cross-laminated. All of these rock 
types contain fine carbonaceous fragments. Two samples 
yielded well preserved late Stage 2 microfloras and a few 
freshwater algal forms (Dr E.M. Truswel1, pers. comm., 
1981). The mudstones contain fine, dark grey burrows and 
large, vertical, cylindrical burrows.

Overlying these rocks, in'the gully and spur which run 
along the Greendale fault (Encl.l), is about 30m of silty 
fine sandstone and siltstone beds. The two facies present 
are interbedded siltstone and sandstone beds up to 1cm thick 
in units 30cm thick separating beds of silty fine sandstone 
70cm to 2m thick. The silty fine sandstone beds have swirls 
of fine sandstone which are probably load casts and
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fragments of thin sandstone beds mixed into the silty 
sandstone (Fig.120).

Palaeocurrents:- Ripple cross-bedding in Interval 16 
indicates north-flowing palaeocurrents (Fig.121). The 
distribution is unimodal.

DEPOSITIONAL ENVIRONMENTS
INTERVAL 1

The bedded diamictites at the base of Interval 1 are 
interpreted as ice-rafted facies because of the thin, 
continuous laminae of siltstone and sandstone running 
through them and their gradational change into pebbly 
mudstones and mudstones (c.f. Interval 3, Morven Section). 
The lack of carapace structures in these diamictites 
suggests that they were deposited from a floating ice tongue 
rather than from ice bergs (Overshine, 1970) and their 
tillite-like texture and rare sorted laminae indicates very 
little current activity during deposition. The absence of 
folded laminae Indicates that mass movement was not 
important during deposition of these diamictites. They 
probably represent deposition close to the ice grounding 
line with abundant ice-rafted detritus and flocculated silt 
and clay.

The gradual decrease in the number of pebbles in the 
diamictite suggests a decrease in the amount of ice-rafted 
debris supplied to the area, probably because the ice 
retreated, and the gradual increase in the number and 
thickness of fine sandstone laminae and lenses indicates
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increasing current activity with time, probably because a 
delta built out across the water body. The change from 
mudstones with sandstone laminae to laminated sandstone and 
graded sandstone represents the change from deposition on 
the basin floor to deposition on delta foresets. These 
sandstone beds do not display the climbing cross-bedding 
typical of many described glaciolacustrine deltas (e.g. 
Gustauson & others, 1975, Jopling & Walker, 1968) either 
because upper flow-regime conditions persisted during 
deposition or because the rate of sand deposition from the 
currents was low (Kuenen, 1966). For the thin sandstone 
beds interbedded with mudstones, the latter explanation is 
more likely. The massive, graded medium sandstone lenses 
were probably deposited by waning underflows on the delta 
foreset slope and the sandstone beds containing fragments of 
coarse sandstone are probably grain flow deposits carrying 
pieces of slumped sediment.

The sandstone beds and conglomerates forming the 
uppermost part of Interval 1 were probably deposited as the 
topset beds of the delta with the conglomerates deposited as 
bars in the main distributary channels and the sandstone in 
areas adjacent to the main distributary channels. The crude 
horizontal laminae in the conglomerates suggest deposition 
on the flanks of longitudinal bars whereas the conglomerate 
containing large-scale planar cross-bedding was deposited as 
the prograding, downstream edge of a gravel bar (Miai 1, 
1978, Rust, 1978).

Interval 1 therefore represents sedimentation in a
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standing body of water, first by a floating ice tongue which 
retreated from the water body. A delta then built out into 
the water. This sequence of events indicates at least a 
local déglaciation.

INTERVAL 2
„ The poor outcrop prevents a detailed interpretation of 

Interval 2. However, this thick diamictite represents a 
return of glacial ice, either floating or grounded, to the 
area.

INTERVAL 3

The sheets of sandstone and conglomerate making up 
Interval 3 are probably fluvial outwash. Their geometry 
suggests deposition in braided streams. The environments of 
deposition of the facies present are:-

Facies 3a:- The conglomerate beds were probably 
deposited in longitudinal bars in active channels (Facies 
Gm, Mieli, 1978).

Facies 3b:- The graded coarse to medium sandstone beds 
formed by deposition from waning currents under upper-flow 
regime conditions. The thicker beds were probably deposited 
in channels whereas those beds less than lm thick were 
deposited as sheetflood deposits on the tops of bars and on 
inactive parts of the channel belt.

Facies 3c:- The one bed of large-scale cross-bedded 
coarse sand was formed by the slipface of a sand bar
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prograding into a scour pool as the bar migrated downstream. 
The coarse clasts at the base of the bed represents channel 
lag material buried by the advancing bar.

Facies 3d:- The massive and parallel laminated medium 
sandstone beds and lenses in Interval 3 correspond to Facies 
Sh and Ss of Miall’s (1978) classification. Like Facies 3b, 
the thicker units were probably deposited in channels under 
upper flow-regime conditions and thin beds by sheet-flood on 
bar tops and inactive parts of the outwash plain.

Facies 3e:- Facies 3e was probably deposited on top of 
a bar, like the thin beds of Facies 3d only under lower 
flow-regime conditions. The climbing cross-sets indicate 
high rates of deposition from suspension relative to rates 
of bedload transport (Gustavson & others, 1975).

Facies 3f:- The mudstone lenses in Interval 3 were 
deposited in small ponds and abandoned channel segments on 
the outwash plain. The thin graded bedding in this facies 
is similar to varves (c.f. Ashley, 1975). The coarse layers 
were probably deposited during the melt season when overbank 
flow from the main channels introduced coarse sediment into 
the ponds and the fine layers were deposited during winter 
when fine clays settled out of the water column.

Facies 3g: - The beds of diamictite scattered 
throughout Interval 3 are sandy and contain abundant patches 
and laminae of sorted sediment, some of which were deformed 
during deposition. This suggests that the diamictites are
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mudflow deposits derived from slumping of previously 
deposited tills or they are in situ supraglacial tillites. 
The absence of a massive lower part, of subglacial origin, 
to these beds suggests that they are not tillites but mud 
flows.

INTERVAL 4

The massive sandy diamictite of Interval 4 provides no 
clear evidence of its origin. In the absence of evidence to 
the contrary, it is most likely to be tillite and it 
indicates a glacial advance across the area.

INTERVAL 5

The pebbly coarse and medium sandstone lenses in the 
lower part of Interval 5 suggest current reworking of the 
underlying diamictite. These sediments are tentatively 
identified as subaerial outwash because there are no facies 
present that clearly suggest deposition in a standing body 
of water. The tabular, medium to fine-grained sandstone 
beds are also probably subaerial outwash, deposited by 
sheetflow under upper flow-regime conditions, except for the 
ripple cross laminated bed which was deposited under lower 
flow-regime conditions.

INTERVALS 6 & 7

Intervals 6 & 7 resemble subglacial till - supraglacial 
till sequences described in the literature (eg. Drake, 
1971). Thus, the lower massive sandy diamictites are 
probably subglacial tillites with relatively thin beds of 
supraglacial tillite and fluvial sediments overlying them.
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The small size of the sandstone lenses in the upper part of 
these Intervals suggest reworking of the supraglacial till 
by small meltwater rills and creeks rather than large 
meltwater streams.

INTERVAL 8

The coarse and medium grained sandstone beds making up 
Interval 8 are some type of outwash deposit. Their 
relationship with the probable supraglacial sediments at the 
top of Interval 7 suggests that they are fluvial outwash, 
deposited in either shallow channels or by sheet-flow on the 
proglacial alluvial plain.

INTERVAL 9

Interval 9 is basically the same as Intervals 6 & 7, 
displaying two parts representing subglacial til lite 
overlain by supraglacial til lite. It differs from Intervals 
6 & 7 in having a smaller proportion of sandstone and 
conglomerate lenses in the supraglacial tillite.

INTERVAL 10
The tabular medium sandstone beds of Interval 10 could 

have originated in a number of environments. Their massive 
lower parts was deposited under upper flow-regime conditions 
which abruptly changed to lower flow-regime conditions 
during deposition of the upper ripple cross-laminated parts. 
Deposition of the siitstones in quiet water followed the 
deposition of each sandstone bed. This sequence of facies 
is similar to the Bijou Creek Facies model of fluvial 
deposition (McKee & others,1967; Miall, 1978) in which case

191



the sandstone beds were deposited by outwash streams that 
rapidly lost competence. Alternatively the sandstone beds 
may have been deposited as delta foresets by currents which 
started in the upper flow-regime and rapidly lost 
competence. The first alternative seems most likely in 
which case Interval 10 is fluvial outwash deposited in 
shallow channels or by sheet floods on the proglacial plain. 
The diamictites contain evidence of mass movement and water 
sorting which suggest that they are mudflows formed by 
slumping of till.

INTERVAL 11

Interval 11 is composed mostly of facies lib, and lid 
which resemble ice-rafted facies in the Morven section to 
the east, showing many of the features characteristic of 
ice-rafted facies such as gradational bedding and variations 
in sorting. Facies lib and lid are probably compound ice- 
rafted diamictites because they contain a higher proportion 
of clay than tillites in the Bacchus Marsh Formation. 
Facies 11c represents some gentle current activity in the 
body of water in which the sediments were deposited. The 
two beds of Facies 11a are either fine-grained tillites 
deposited when floating ice grounded on the floor of the 
water body or they are ice-rafted debris deposited with no 
reworking by currents or mass movement. The first 
alternative seems most likely given the lack of even faint 
laminae in the diamictites and their sharp upper and lower 
boundaries.
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INTERVAL 12

Interval 12 contains similar facies to Interval 10 and 
thus is probably fluvial outwash deposits. Unfortunately, 
its lower boundary with the ice-rafted sediments of Interval 
11 does not crop out so there is no evidence available on 
the change from deposition in the body of standing water to 
outwash plain. The sandy diamictite beds in Interval 12 are 
also probably mudflows derived from till.

INTERVAL 13

Interval 13 contains the same facies sequence as 
Intervals 6, 7 & 9 and thus probably consists of a thick, 
massive subglacial tillite overlain by 2 to 3m of 
supraglacial til lite which is overlain by fluvial outwash.

INTERVAL 14
The upper part of the massive diamictite at the base of 

Interval 14 contains folded sandstone bodies lacking 
microstep fractures indicating that the sediment was able to 
dilate during deformation of the sandstone bodies. 
Therefore, the upper part of the diamictite was emplaced by 
mudflows or from a mobile subglacial debris layer beneath 
moving ice with very low effective subglacial pressure.

The diamictite becomes laminated near its upper 
boundary where it is exposed in the Main Quarry, suggesting 
deposition in a standing body of water with pebbles and rare 
boulders delivered by ice-rafting. This combination of 
features above the thick, massive diamictite suggests the 
following depositional sequence
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1. Deposition of massive diamicton as a subglacial
till.

2. With retreat of the ice grounding line, diamicton 
was deposited close to the grounding line, either 
subglacially from a mobile debris layer melt-out or by flows 
of slumped till, containing sand bodies formed as sub
glacial channels or entrained by the ice from underlying, 
unconsolidated sands and deformed by flow of the diamicton.

3. After the grounding line had retreated from the 
area, laminated diamictite was deposited, mostly by ice
rafting. These sediments were slightly modified by minor 
slumping.

/

The ice-rafted diamictite grades up into mudstones and 
thin sandstones, indicating reduced ice-rafting and 
increased current activity in the body of standing water.

INTERVAL 15

The sandstone facies of Interval 15 were deposited 
under variable flow-regime conditions in sheets and lenses. 
Palaeocurrent indicators in several outcrops indicate 
undirectiona1 currents flowing towards the northwest erosion 
surfaces in the upper parts of the sandstone sequence 
suggesting channelling by currents during deposition. This 
combination of features suggests fluvial (Davis & Mallet, 
1981 ) or deltaic depositional environments. The gradual 
changes from mudstone, probably deposited in standing water, 
at the top of Interval 14, through thin sandstone beds 
observed in the Bald Hill Gully section suggest a
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progression from delta bottom sets through foresets to 
topsets of fluvial character (Section 15, Enel. 12). This 
change is not apparent in other sections, either because the 
interval is not exposed or because massive sandstone lies 
directly on the inter*laminated mudstone-sandstone facies, 
as in the Main Quarry Section (Section 14, Enel.12). The 
Main Quarry Section contains several diamictite beds, 
probably deposited as mudflows because they contain abundant 
folded lenses and laminae of sorted sediment.

The absence of bottomset and foreset beds from the Main 
Quarry Section suggest that they were thin and removed by 
scouring in the beds of the succeeding fluvial channels, 
possibly because subsidence was slower in this area than in 
those adjoining.

The sediments overlying the sandstones of Interval 15 
are different in each section. In the Bald Hill Gully 
Section, a thick diamictite containing a very large folded 
sandstone body rests on an erosion surface cut in the 
sandstones. Davis & Mallett (1981) interpret this 
diamictite as an "poorly stratified kame deposit" or 
ablation tillite cut by melt-water channel sandstones. The 
diamictite contains thin sandstone laminae and small sorted 
lenses which suggests that it is a supraglacial tillite or a 
mudflow deposit, but the large sandstone lens is not an in 
situ channel deposit but a folded inclusion, probably 
derived from the sandstones beneath by large-scale block 
inclusion, and transported englacially. Therefore the 
diamictite possibly represents a melt-out till deposited

195



with only minor reworking of the englacial debris by 
meltwater and mass movement (Boulton, 1972a,Shaw, 1982,1983). 
The direction of fold closure in the sandstone body suggests 
that it was emplaced by thrusting towards the northwest.

In the other sections through Interval 15, the 
sandstones are unconformably overlain by the Morton 
Conglomerate Member or concordantly by sandy mudstone which 
encloses lenses of red pebbly sandstone below the main bed 
of the Morton Conglomerate Member. These differences in 
stratigraphy probably result from fault movements during 
deposition. Faults cutting the sequence in Morton's Quarry 
do not affect rocks above the unconformity and sandy 
mudstone similar to sediment separating the Morton 
Conglomerate Member and the pink sandstone facies of 
Interval 15 in the Main Quarry (Sections 13 & 14, Enel.12) 
is preserved along one of the faults in Morton's Quarry, 
indicating movement just prior to deposition of the Morton 
Conglomerate Member.

The depositional history of Intervals 14 and 15 may be 
summarized as follows:-

1. Subglacial deposition of thick diamictite.
2. Deposition of diamictite containing folded

sandstone bodies either by subaqueous slumping of 
till or by lodgement from a mobile subglacial 
debris layer under low effective pressure near the 
ice grounding-1ine.

3. After the retreat of the ice grounding-1 ine.
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4.

laminated ice-rafted diamictites were deposited 
followed by pebble-poor mudstones.
Thin delta foresets then prograded across the 
area.

5. The foreset beds were succeeded by fluvial topset
beds. Slower subsidence in the Main Quarry area 
resulted in erosion of the foreset beds by the 
streams. Several thick mudflows also covered the 
Main Quarry area.

6. Ice advanced across*the area, eroding the top of

the fluvial sandstones in places and depositing 
patches of tillite. The presence of a large 
sediment inclusion in the tillite indicates that 
at least part of the ice near the margin was 
frozen to its bed.

7. Sandy mudstones were deposited when the sea 
invaded the area.

8. Faulting caused uplift of parts of the area so 
that the thin sandy mudstones were removed from 
most of the area prior to deposition of the Morton 
Conglomerate Member, probably as a wave-winnowed 
lag deposit.

Sedimentary Dyke at Bald Hill Gully
At this point it is appropriate to consider the large 

sedimentary dyke that intrudes Interval 15 and the uppermost 
part of Interval 14. Figure 122 shows a large scale sketch 
of the large sedimentary dyke within the sandstones of the 
Bald Hill Gully section. Davis & Mallett (1981) described 
this feature in detail and interpreted it as a subglacial
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channel cut in ice cemented sand (Interval 15). This feature 
requires reconsideration firstly because further erosion of 
the hillside has revealed several details they could not 
have observed and secondly because their explanation of the 
structure does not account for its features as well as an 
alternative set out below.

The dyke is a body 50m deep and up to 16m wide 
( Fig. 122). It is filled with red matrix supported 
conglomerate with all clasts derived from the enclosing 
sediments (Fig.123). Davis & Mallett(1981) report pebbles 
from the overlying diamictite in the dyke but a search 
discovered only a few exotic pebbles near the very top of 
the dyke and some near the bottom derived from the Interval 
14 diamictite into which the dyke intrudes. Some of the 
clasts are rectangular blocks up to 5m across which seem to 
have moved only a metre or two from the point where they 
broke off the wall of the dyke. Davis & Mallett (1981) 
recognised a crude stratigraphy in the dyke indicated by the 
size and composition of the large clasts. It is (Fig. 122):-

Bottom of Dyke (0) to 15m:- Most clasts are less than 
30cm in diameter and composed of grey to pink sandstone. 
Some small fragments of diamictite and stones derived from 
the enclosing diamictite are present.

15m to 21m: - This part of the dyke contains an 
accumulation of sandstone clasts roughly triangular in 
section. It is clast supported because of the large 
proportion of pebble-sized sandstone fragments present. The
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largest sized sandstone clast is 30cm across.

21m to 43m: - This portion of the dyke contains the 
largest blocks of the enclosing sediments in a matrix 
supported conglomerate with pebble and cobble-sized sediment 
clasts. Some of these large blocks can be matched to 
irregularities in the dyke wall from which they were 
derived.

43m to 59m: - The uppermost part of the dyke contains 
small clasts derived from the uppermost sandstone beds and a 
few from the overlying diamictite. Davis & Mallett (1981) 
claim to recognise clasts of the deformed lens in the 
overlying diamictite but the sandstones enclosing the dyke 
are similar in texture and composition to this lens and the 
colour of these rocks are so variable it is not possible to 
distinguish between the sandstone units in the wal 1 and the 
lens above.

The dyke matrix is red; heavily stained by ferruginous 
cement (Fig.123). In thin section, the matrix consists of 
angular coarse sand-sized quartz grains, coarse sand to 
pebble-sized fragments of fine and medium sandstone, 
siltstone and diamictite, silt, clay and amorphous 
haematitic cement. The rock fragments make up about 40 
percent of the rock, 30 percent is cement, 20 percent silt 
and clay, and 10 percent coarse sand grains.

The dyke walls are very clearly visible with no 
gradational boundaries (Fig.124). The dyke's shape
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consists of three segments (Fig.122). From the bottom to 
15m, it broadens to be 8m wide. It then pinches in slightly 
before expanding slightly to a point 48m from the base. 
From there it narrows from 16m to 5m wide at the top.

At the very top, the dyke is roofed by a protrudence 
20cm thick of the sandstone it intrudes. This thin roof of 
sandstone extends about 3m across the top of the dyke 
(Fig.122). Where diamictite (Bed 20) lies directly on the 
dyke, small flame structures of dyke material extend up into 
the diamictite and at the very bottom of the dyke, its red 
matrix material intrudes 1.5m into the country rock as a 
band of red sandstone-pebble conglomerate 2cm thick.

Interpretation. The interpretation of the conglomerate- 
filled dyke cutting Interval 15 favoured by Davis & Mallett 
(1981) is one of three possible interpretations, all of 
which have implications for the pa 1 aeoc 1 imati c 
interpretation of the Bacchus Marsh Formation. The three 
interpretations are:-

1. The dyke is a steep-sided, sub-ice marginal 
channel (Davis & Mallett, 1981).

2. The dyke formed by infilling of a large ice wedge.
3. It formed by injection of high pressure meltwater 

which brecciated the country rock.

The first two alternatives, if accepted, imply the 
existence of permafrost, and hence sub-polar to polar 
temperature regimes, because ice wedges only-form in frozen
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ground and because the steep-sided meltwater channels 
offered as modem analogues for the dyke by Davis & Mallett 
(1981) form in ice-cemented sediments associated with cold 
glaciers (Maag, 1969).

The dyke could not have formed by simple downcutting 
from the surface because it has a roof of sandstone 20cm 
thick extending across its top. Also, the dyke sediments 
themselves are poorly sorted with fine matrix material and 
the blocks of sandstone do not show signs of wear that might 
be expected if they were emplaced by running water. Hence, 
the dyke, if it was formed by running water, must have been 
a tunnel filled by collapse and inflow of material after the 
stream had ceased to flow or the channel was cut before the 
deposition of the uppermost sandstone beds which then 
collapsed into the channel. These possibilities are 
unlikely and it is even more unlikely that a subglacial 
stream would not leave at least some sand and gravel in its 
bed (Hooke & others, 1985; Ostrem, 1975).

The dyke is similar in size and outline to some very 
large ice-wedges illustrated in the literature (e.g. John, 
1977), however, it is unlike fossil ice-wedges in that the 
country rock did not slide into the wedge along normal 
faults dipping into the dyke (c.f.Washburn, 1969); rather 
the blocks of rock seem to have been prized loose from the 
walls by intrusion of the dyke matrix. This is indicated by 
the small distance some blocks have moved from their 
original positions and by the small intrusions extending 
into the diamictite bed above the dyke which were dislodging
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some of the diamictite when the process stopped. This 
process is a form of block stoping (Stewart, 1968).

Formation of the dyke by brecciation of the surrounding 
sediment would have taken place by injection of high 
pressure meltwater along a weakness in the unconsolidated 
sediment. This meltwater disaggregated and fluidized some 
of the sediment, forming the matrix of the dyke infill, and 
forced its way along bedding planes and small weaknesses, 
prizing blocks of the enclosing sediment from the dyke walls 
and roof, so forming the framework of the dyke infill. This 
mechanism explains the texture of the dyke infill better 
than the other alternatives and it explains the shape of the 
dyke. High pressure meltwater would move towards areas of 
lower pressure, in this case, the surface. Therefore, the 
dyke has a vertical long axis and fingers of dyke material 
were reaching up into the overlying sediment when the 
process ceased.

Invoking brecciation by high pressure meltwater 
eliminates the need to find a mechanism which could remove 
or introduce sediment into the dyke. Davis & Mailett's 
(1981) erosion model requires the removal of sediment to 
produce a chasm and then the introduction of the dyke infill 
in separate stages. Though steep-sided water-eroded chasms 
are known from glaciated areas, the dyke infilling is 
unlikely to have been deposited by a meltwater stream. The 
meltwater brecciation model only requires the entrance and 
exit of water and some dilation of the affected sediments.
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An in situ brecciation model has been used to account 
for very large dykes filled with poorly sorted conglomerate 
intruding Precambrian carbonate rocks in Canada (Cecile & 
Campbell, 1977). In the Canadian examples, the high 
pressure fluids are thought to have come from overpressured 
structural traps but in the example at Bald Hill Gully, the 
fluid was probably meltwater associated with the ice mass 
that deposited the diamictite at the top of Interval 15. 
Extensive permafrost need not be invoked to explain the 
existence of high meltwater pressures in the glacier bed 
(Boulton, 1975).

INTERVAL 16
The Morton Conglomerate Member contains marine fossils 

and discordantly overlies Interval 15 sediments in some 
sections. These features suggest that it represents 
reworking of the underlying sediment during a marine 
transgression. Therefore the mudstones and sandstones that 
immediately overlie the Morton Conglomerate Member are also 
probably marine sediments; the siltstones were deposited in 
quiet water and the sandstone units deposited by currents. 
These currents do. not show bimodal palaeocurrents (Fig.121) 
so they were probably not tidal.

Their unimoda1 transport direction and the increase in 
the proportion of sand up the section suggests that some 
form of deltaic inflow deposited sandstone beds with 
erosional bases, low-angle cross-sets and parallel laminae 
under upper flow-regime conditions and ripple cross- 
laminated sandstone beds under lower flow-regime conditions.
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Similar facies assemblages were described by Stanley & 
Surdam (1978) from the foresets of ancient, lacustrine 
deltas. Truswell(pers. comm,1981) reports freshwater algae 
from Interval 16 which suggests that the delta was dominated 
by the inflowing fresh water rather than by marine water.

The load-casts and associated structures affecting 
parts of Interval 16 formed where beds of parallel laminated 
sand were rapidly deposited on top of mudstone beds which 
liquified in response to the sudden loading (Visher & 
Cunningham, 1981). None of the ripple cross-laminated beds 
are involved in the deformation, probably because they were 
deposited more slowly than the parallel laminated beds so 
that the ripple cross-laminated sands and beds beneath them 
dewatered slowly, without lignification.

Important features of the sediments of Interval 16 are 
the presence of fine plant fragments in most facies, an 
abundant, well preserved microflora, the abundance of 
burrows in the mudstones and the presence of feeding trails 
on some bedding planes. These features, along with the leaf 
impressions in sandstones in Interval 15 and impressions of 
plant stems in the Morton Conglomerate Member are the only 
indications of vegetation during deposition of the Bacchus 
Marsh Formation, apart from the sandstone lens at Gatehouse 
24 containing impressions of Gangamopteris sp . This 
sandstone lens rests discordantly on the diamictite and may 
correlate with the plant-bearing rocks at Bald Hill. The 
appearance of fossils and trace fossils raises the 
possibility that Intervals 15 and 16 were deposited under a
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less severe climatic regime than the rest of the Bacchus 
Marsh Formation though it may simply reflect poor exposure 
of fossil-bearing facies elsewhere in the district.

Thomas(1969) suggested that Notoconularia inornata 
indicated a Late Permian age for Interval 16 sediments based 
on its first appearance in the Sydney Basin. However, the 
presence of a Stage 2 microflora in rocks overlying the 
Morton Conglomerate Member suggests that the Interval is 
Early Permian and the erosional break in the Korkuperimul 
Creek section does not represent a major unconformity.

DEPOSITIONAL HISTORY OF THE KORKUPERIMUL CREEK SECTION
The Korkuperimul Creek Section contains nine major 

"cycles" of sedimentation (Section 10). Each, except the 
ninth, starts with a thick diamictite unit which rests with 
a sharp lower boundary on the underlying sediments and 
grades vertically into better sorted facies. Table 4 
summarizes the interpretations of these cycles set out in 
the previous sections. Intervals 2 and 3, 4 and 5, 7 and 8 
and 9 and 10 are probably thick til lites overlain by fluvial 
outwash. Interval 1 is ice-rafted diamictite overlain by 
deltaic and fluvial sediments and Interval 14 and 15 are 
tillites overlain by ice-rafted and deltaic sediments. 
Interval 6, 7,9 and 13 contain subglacial tillite overlain 
by supraglacial tillite and Interval 11 represents 
lacustrine or marine deposition between episodes of fluvial 
sedimentation represented by Intervals 10 and 12. Interval 
16 shallow marine to deltaic sediments.
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The facies present in the Korkuperimul Creek Section 
also indicate the presence of standing bodies of water, 
either lakes or arms of the sea, during deposition of 
Intervals 1,11,14,16 and 16. During deposition of the first 
part of Interval 14, the ice was probably grounded, but 
during deposition of Interval 1, it was not. Differences in 
the thickness of the successive ice masses, variations in 
sea level or variations in basin subsidence may have caused 
these differences.

Bowen (1959) recognised 50 diamictite beds in the 
Korkuperimul Creek Section, 42 of which he interpreted as 
til lites. This is probably an over-estimate of the number 
of advances of grounded ice across the area because some of 
Bowen’s (1959) ti1 lites are probably mudflow sediments 
(Crowell & Brakes, 1971a,b) and others are ice-rafted 
diamictites. Also, it is necessary to distinguish between 
different scales of diamictite beds and different scales of 
ice advance when considering an ancient glacial sequence. 
In the Korkuperimul Creek Section, there are eight cycles 
which were deposited during eight major cycles of ice 
advance, retreat and deltaic or fluvial sedimentation. Each 
of these cycles started with deposition of 10m of diamictite 
or more, either ice-rafted diamicton or till. Within the 
fluvial and lacustrine facies of some divisions are beds of 
til lite usually less than 10m thick. The thick diamictite 
units probably represent significantly longer periods of 
glaciation.

I will refer to the ice advances which deposited the
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thinner diamictites as First Order Glaciations, and the 
thick units of til lite and/or ice-rafted diamicite as the 
deposits of Second Order Glaciations. The First Order 
Glaciations were probably minor advances across the area 
caused by minor, short term variations in an ice mass 
adjacent to the site of deposition. They did not 
substantially modify the local depositions1 environment. 
Second Order Glaciations were probably major, longer term 
advances of the ice during which the ice extended well past 
Bacchus Marsh. These advances seem to have substantially 
modified the local depositions! environment so that, after a 
Second Order Glaciation, new drainage systems were 
established or standing bodies of water were replaced by 
fluvial outwash plains or vice versa.

Using this classification of glacial depositions! 
phases, the Korkuperimul Creek Section contains sediments 
deposited by eight Second Order Glaciations and nine 
essentially non-glacial phases in which about seven First 
Order Glaciations are represented. This classification of 
the scale of glaciation will be applied to other parts of 
the Bacchus Marsh Formation.
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CHAPTER 9

SYNTHESIS OF THE BACCHUS MARSH FORMATION

FACIES OF THE BACCHUS MARSH FORMATION

TILLITES
Diamictites in the Bacchus Marsh Formation fall into 

five major categories:
1. Massive silty to sandy diamictites forming 

blankets more than 3m thick.
2. Massive silty to sandy diamictites more than 3m

thick which contain folded sandstone inclusions, 
usually lacking microstep fractures.

3. Silty to sandy diamictites containing microstep
fractured sandstone inclusions and frictionally- 
lodged boulders.

4. Silty diamictites with joints parallel to bedding
or fissile matrix material.

5. Sandy to sandy [silty diamictites containing water
sorted lenses and laminae and overlying massive 
diamictite beds.

Types 3 and 4 are interpreted as subglacial lodgement 
tillites because they display features suggesting frictional 
lodgement and Type 5 as supraglacial til lite because of the 
abundant evidence for water sorting and minor mass movment 
during deposition and their usual position overlying 
probable subglacial tillites.
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Type 2 diamictites are either mudflow deposits, or were 
deposited by lodgement from a mobile subglacial debris layer 
under conditions of low effective pressure. Their 
relationships with facies above and below in some sections 
(e.g.Pykes Creek, Korkuperimul Creek) suggest that Type 2 
diamictites could have been deposited by either mechanism 
near the grounding line of ice entering a body of standing 
water (undermelt diamicton of Gravenor & others,1984).

The featureless Type 1 diamictites are interpreted as 
subglacial tillites deposited beneath active ice because 
they lack any sign of water sorting or slump deformation 
which might be expected in mudflow deposits or supraglacial 
tillites and because they lack the sorts of structures 
developed in melt-out tills (Shaw,1983). Furthermore they 
are probably too thick to be subglacial, melt-out tillites. 
Boulton & Deynoux( 1981 ) concluded that melt-out tills are 
unlikely to be thicker than 2m because subglacial melt-out 
till thickness depends on the volume of debris available in 
the basal debris-rich zone of the ice. Because debris 
concentrations in the lower parts of glaciers are seldom 
more than a few percent by volume and because the debris
carrying parts of the ice are rarely more than a few metres 
thick, the melt-out Of a stagnant ice mass can only produce 
a few metres of subglacial melt-out till at the most 
(Boulton & Deynoux,1981; Shaw, 1983).

The subglacial tillites of the Bacchus Marsh Formation 
are finer-grained than many tills and have low crushing to 
abrasion ratios (0.05 to 0.2). These textural features
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probably result from the fine-grained source rocks from 
which these til lites were derived and suggests a lack of 
supraglacial debris incorporated in tillites. This is 
supported by the abundance of striated clasts in most 
tillites suggesting that most stones were carried in 
subglacial positions.

ICE-RAFTED FACIES

The ice-rafted facies of the Bacchus Marsh Formation 
fall into two categories, thinly bedded silty to sandy 
diamictites to pebbly sandstones such as Interval 1 of the 
Morven Section and silty thick-bedded diamictites such as 
Interval 3 of the Morven Section and Interval 1 of the 
Korkuperimu1 Creek Section. Carapace structures are present 
only in one outcrop of ice-rafted sediment at Fykes Creek
suggesting that deposition of most ice-rafting was not by

■>

icebergs in shallow water (Overshine, 1970). The thinly 
bedded facies resemble those deposited beneath part of a 
Wisconsin ice tongue which floated in a large proglacial 
lake (Gibbard, 1980; Eyles & Eyles,1983), suggesting that 
they were probably deposited beneath floating ice tongues. 
The thick bedded, fine-grained diamictites were probably 
deposited in zones of very high suspended sediment input 
near meltwater inflows (Powell,1981, 1983).

DELTAIC SEDIMENTS AND SUBAQUEOUS OUTWASH
The deltaic sediments of the Bacchus Marsh Formation 

display several features which set them apart from many 
glacial outwash deltas and subaqueous fans described in the 
literature. Firstly, channel structures are present in
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foreset and bottomset sediments at Fykes Creek and beds of 
sand and silt containing climbing ripple cross-sets, so 
commonly described from Pleistocene delta foreset beds 
(Jopling & Walker,1968; Gustavson & others,1975; 
Shaw,1977b) are rare. Rather, massive and parallel- 
laminated beds indicating upper flow-regime conditions are 
common in deltaic deposits of the Bacchus Marsh Formation.

The presence of upper flow-regime betirorms on the delta 
fronts indicates that the densiometric Froude numbers of 
underflows commonly exceeded one on the foresets 
(Har1eman,1963/ Hand,1974). Hand(1974) derived an 
expression for the densiometric Froude numbers of turbidity 
currents which showed that slope was the most important 
factor controlling it. He estimated the critical slope 
beyond which densiometric Froude numbers exceeded one was 
between 0.01 and 0.007, depending on the resistance at the 
base and the top of the current. These values are lower 
than slopes measured by Gustavson(1975) and Gustavson £ 
others(1975) on giaciciacustrine deltas which display lower 
flow-regime sedimentary structures or presently have density 
currents moving down them with densiometric Froude numbers 
of less than one. This suggests a difference between 
underflow behaviour on the deltas described in the 
literature and on the deltas at Fykes Creek.

This difference between the two groups of deltas may be 
explained by reference to the study of turbidity current 
mechanics by Chu, Pilkey & Pilkey(1979) who considered the 
affect of suspended sediment changes in a current on its
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behaviour. They concluded that a turbidity current may go 
through three stages, the stage of flow establishment when 
Froude number increases and sediment is picked up by the 
current, the stage of established flow when the Froude 
number remains constant and there is no net change of 
sediment concentration and the stage of flow decay in which 
Froude number decreases and the flow looses sediments 
(Fig.125). Currents which deposit sediments under lower 
flow-regime conditions only probably enter the stage of flow 
decay immediately they enter the lake but the currents which 
deposited the Bacchus Marsh Formation deltas must have 
accelerated upon entering the water bodies and gone through 
the flow establishment stage, eroding channels in the lake 
bed and reaching the upper flow-regime (Fig.125). These 
differences in flow behaviour probably result from the 
currents having different length slopes to flow down. That 
is, on deltas with short, steep foresets, ending against 
horizontal lake floors, the currents do not have much 
distance to pick up speed.

The water bodies into which the Bacchus Marsh Formation 
deltas built may have had floors sloping away from the 
meltwater inflows so that density currents picked up speed 
for a greater distance (Fig.125). Another possible 
explanation is that the deltas in which Bacchus Marsh 
Formation rocks deposited had high distributary mouth depth 
to basin depth ratios so that the momentum of inflowing 
water was not dissapated upon entering the still water body 
so density currents had a higher starting velocity than 
would have been the case for deltas with low distributary
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mouth depth to basin depth ratio (Fig.126).

High energy underflows and channel formation may also 
be invoked to explain the scarcity of rhythmite beds in the 
deltaic sediments of the Bacchus Marsh Formation. High 
energy underflows probably did not start to deposit typical 
glacial rhythmites until some distance downstream of the 
Bacchus Marsh area. Thus, the only sediments in the Bacchus 
Marsh Formation which resemble varves are present in thin 
lenses probably deposited in local pools on till or outwash 
plains.

FLUVIAL FACIES
Fluvial sediments in the Bacchus Marsh Formation are 

characterised by upper flow-regime sedimentary structures 
and the predominance of sandstones and fine pebble 
conglomerates. They are finer-grained than most proximal 
glaciofluvial sediments described in the literature (e.g. 
Rust,1972; Boothroyd & Ashley,1975; Rust,1978), yet the 
sedimentary structures present do not suggest deposition on 
the distal parts of outwash plains, because large-scale 
tabular and trough cross-bedding, commonly present in distal 
outwash sands, are scarce. This anomalous combination of 
sedimentary structures and grain-sizes probably results from 
the relatively fine sediment supplied by the glaciers. As 
already noted, the tillites in the Bacchus Marsh Formation 
are fine-grained because of the easily eroded, fine-grained 
slates and sandstones which provided most of the sediments. 
Therefore, the drainage systems emanating from the ice were 
supplied relatively fine sediment so that even proximal
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outwash deposits in the Bacchus Marsh Formation are 
sandstones and pebble conglomerates.

SEDIMENT TRANSPORT DIRECTIONS
Figure 127 is a synthesis of all the indicators of 

sediment transport in the Bacchus Marsh Formation. The 
picture which emerges is similar to that presented by 
Crowell 6 Frakes(1971a,b) and Bowen & Thomas(1976). 
Striated bedrock pavements indicate ice motion from south
west to north-east. Cross-bedding, channel structure axes 
and slump folding give a more variable result though south 
to north transport is indicated. Pa 1aeocurrent indicators 
are probably more variable than striated pavements because 
they were more influenced by local topography than the ice 
and because they were also influenced by the shape of the 
ice mass from which they issued. The one anomolous ice 
motion indicator is the large folded sandstone lens in 
til lite in Interval 15 of the Korkuperimul Creek Section. It 
indicates north-westerly ice motion during what is possibly 
the last advance of grounded ice across the Bacchus Marsh 
area.

DISCUSSION
From the preceding facies analysis it is now possible 

to reach some conclusions regarding the nature of the 
glaciers which overran the Bacchus Marsh district, the 
number of times this occurred, the importance of marine 
rocks in the Bacchus Marsh Formation and the topography of 
the region during deposition.
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The glaciers which covered the Bacchus Marsh area were 
at least 20km wide because that is the width of the outcrop 
belt measured normal to the mean direction of ice motion. 
Til 1ites of the Bacchus Marsh Formation are mostly 
subglacial tillites with low crushing to abrasion ratios and 
high proportions of faceted, striated clasts and some 
contain structures indicating bed deformation and frictional 
lodgment. These features indicate predominantly wet-based 
ice though the presence of a large sediment block inclusion 
in Interval 15 of the Korkuperimul Creek Section suggests 
that part of the ice margin may have been frozen to its bed 
at times (see Chapter 2). Furthermore, the absence of 
coarse, angular supraglacially or glacially transported 
debris in the Bacchus Marsh Formation suggests a lowland ice 
mass or one large enough to overwhelm any mountains which 
might have supplied supraglacial debris. Thus, the ice 
tongues'which covered the Bacchus Marsh district were 
probably part of an ice sheet or large piedmont glacier. 
The absence of supraglacial debris suggests an ice sheet, at 
least at the maximum extent of the ice (cf. Bowen, 1959).

Outcrops of the basal unconformity suggest sub-Bacchus 
Marsh Formation relief of about 100m and evidence for active 
faulting during deposition suggests an area of undulating, 
though fairly subduded topography during deposition. Local 
topography may have caused the north-westerly ice flow that 
emplaced the large, folded sandstone inclusion in Interval 
15 of the Korkuperimul Creek Section. The large thicknesses 
of sediment in some areas resulted from active, fault 
controlled subsidence during deposition, rather than deep
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glacial excavation.

To deduce the jiumberof ice advances across the area, it 
is necessary to recognise ice advances of different 
magnitude. In the discussion of Korkuperimul Creek Section, 
I defined First and Second Order ice advances, according to 
the length of time ice occupied the area, as measured by the 
thickness of tillite or ice-rafted diamictite deposited and 
by the degree to which the ice advance re-organised pre
existing depositional environments. Such a method of 
estimating the time of occupancy of an area is crude but 
no better method is available at present and it seems 
reasonable that if there is a significant difference between 
two beds of til lite of similar origin in the same section, 
the thicker bed was deposited over a longer period. At 
least this classification^ enables comparisons with 
successions outside the Bacchus Marsh area.

Figure 128 shows the numbers of Second Order 
glaciations in each sequence in the Bacchus Marsh area. The 
Korkuperimul Creek section contains eight Second Order 
advances, the Lerderderg River sections, three to five 
depending on correlation between the separate sections, the 
Werribee Gorge area two to three and the Fykes Creek area 
two. ' Thus, the Bacchus Marsh area was covered for extended 
periods by grounded or floating glacial ice at least eight 
times. This is a minimum number as the base of the 
Korkuperimul Creek Section is faulted and any of the other 
sections might be older than it.
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Apart from the different outcrop areas of the 
Korkuperimul Creek section, none of the outcrop areas of the 
Bacchus Marsh Formation may be correlated with one another. 
Ice-rafted sediment units horizons were probably deposited 
in bodies of water which extended over most of the Bacchus 
Marsh area but none of the facies or sequences of facies 
present are distinctive enough to allow correlation. 
Bowen(1959) suggested a few correlations based on tillite 
lithologies but these cannot be confirmed and because faults 
were active during deposition, the unconformity at the base 
of the Bacchus Marsh Formation is probably diachronous as 
well.

In spite of the problems of correlation, some tentative 
conclusions may still be drawn on Bacchus Marsh Formation 
stratigraphy. Firstly, the appearance of megaplant fossils 
in Interval 15 of the Korkuperimul Creek section suggests 
improvement of the climate accompanied by the return of 
vegetation and that Intervals 15 and 16 were deposited late 
in the history of the glaciation of the Bacchus Marsh area. 
The presence of Brachy thyrine Ila in a conglomerate low in 
the Coimadai Creek Section suggests that this section may 
also be a young part of the Bacchus Marsh Formation because 
Archbold(1982) claims that the range of this brachiopod 
overlaps with the change from Stage 2 to Stage 3a 
microfloras of Kemp & others(1977). Also, the position of 
the Myrniong Creek Sandstone in a graben beneath thick 
tillites which elsewhere rest on bedrock suggests that the 
Myrniong Creek Sandstone Member predates the main period of 
glaciation and thus may be the oldest part of the Bacchus
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Marsh Formation exposed.

MARINE SEDIMENTS IN THE BACCHUS MARSH FORMATION
After considering the facies assemblages and the 

stratigraphy of the Bacchus Marsh Formation it is possible 
to reach some tentative conclusions on the abundance of 
marine sediments in it. Figure 128 and Table 4 shows the 
number of intervals in each of the sections which were 
deposited in bodies of standing water. There are five such 
intervals in the Korkuperimul Creek Sections, one thick 
interval in the Lerderderg River Sections, and one in both 
the Pykes Creek and Werribee Gorge sequences. Also, at least 
one such interval is present in the Coimadia Creek sequence 
(Fig.103). Of these intervals, two are definitely marine, 
the lower part of Interval 16 of the Korkuperimul Creek 
section and part of the Coimadia Creek sequence, because 
both contain marine fossils (Garratt,1969; Thomas,1969), 
but the water salinity during deposition of the other 
intervals is more difficult to determine because they are 
unfossiliferous.

Processes of density current formation provide some 
guide to the salinity of the water bodies present during 
deposition of the Bacchus Marsh Formation. The deltaic 
sediments in the area include facies deposited by relatively 
continuous, high energy underflows (e.g. Facies associations 
3 and 4, Pykes Creek). For fresh water underflows to form 
in undilute seawater, (36 parts per thousand dissolved 
solids) the inflowing water must contain about 4.25 gm/dm 
suspended sediment (Axelson,1967). Such sediment
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concentrations are high even for glacial drainage systems, 
the highest suspended sediment concentration recorded for a 
glacial stream is 4.7 gm/dm3 (Gustavson,1975) but most 
measurements are lower than that (Church,1972, Church & 
Gilbert,1975, Ostrem, 1975, Gustavson,1975, Boothroyd & 
Ashley, 1975). Therefore, it is unlikely that fresh 
continuous underflows would commonly form in undilute 
seawater (Kuenen,1951). This conclusion is supported by the 
common observation of wedges of fr«*sh water flowing out 
across seawater in modern fjords (Church & Gilbert,1975; 
Boltonov,1970). This argument suggests that the standing 
water bodies present during deposition of the Pykes Creek 
and Werribee Gorge sequences and some intervals in the 
Korkuperimul Creek section (Interval 1,Enel.10) were fresh 
because underflows were important agents of deposition. 
However, it is not a conclusive argument because the glacial 
drainage systems active at the time probably carried 
abundant suspended sediment because of the fine-grained 
source rocks in the area and also, any arm of the sea in 
which a wet-based ice mass terminated would probably have 
been diluted by the abundant inflowing meltwater. Thus, I 
conclude tentatively that the standing water bodies at 
present in the Pykes Creek, Werribee Gorge and most of the 
ones represented in the Korkuperimul Creek Section had less 
than normal marine salinities.

The two fossiliferous horizons in the Bacchus Marsh 
Formation indicate that salinities did approach full marine 
levels at times. Therefore, the bodies of standing water 
that existed during deposition of the Bacchus Marsh
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Formation were probably arms of the sea. Water depths may 
have been as great as several hundred metres, particularly 
during the retreat of major glacial phases when isostatic 
loading may have been significant. At times dilution by melt 
water was probably important.
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CHAPTER 10

DERRINAL AREA

INTRODUCTION
LOCATION

Having considered the Permian glacial sediments of the 
Bacchus Marsh district, the next area of outcropping glacial 
sediments examined in this study is in the Derrinal area, 
about 120km north of Bacchus Marsh(Fig.l). Glacial sediments 
crop out in an area up to 8km wide and 38km long (Fig.129). 
They overlie Ordovician metasediments and are covered in 
places by thin Tertiary gravels and modern alluvium. Over 
most of this area, outcrop is poor and confined to creek 
beds and road cuttings but, during droughts, the north shore 
of Lake Eppalock at Moorabee features continuous outcrop 
over 1km long.

STRATIGRAPHIC NOMENCLATURE
Dunn(1889) called these sediments the Wild Duck Creek 

Conglomerate and Derrinal Conglomerate. Derrinal Formation 
will be used in this work because conglomerate is only a 
small proportion of the deposit. The proposed definition of 
the Derrinal Formation is presented in Appendix 1.

BEDROCK TOPOGRAPHY AND BOUNDARY RELATIONSHIPS
David (1895) suggested that the deposit occupies a 

glacially excavated valley whereas most later workers 
maintained that the deposit is fault bounded. H.E. 
Wilkinson and F. Robbins have, by detailed mapping of the
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perimeter of the deposit and by excavating many striated 
bedrock pavements, confirmed David’s (1895) suggestion 
(Bowen & Thomas, 1976,- Robbins,1982a,b,1984a,b,c). They have 
recognised a steep-sided bedrock valley with striated walls 
in which the southern part of the deposit sits (Fig.129) and 
a well preserved roche moutonnée at Spring Plains (Locality 
1, Fig.129).

ICE MOTION
The numerous striated surfaces beneath the Derrinal 

Formation show a consistent south to north direction of ice 
movement. The striations and grooves on bedrock surfaces 
trend between 335 and 020 degrees (Fig.129, Robbins 
1983a,b) and the south to north sense of movement is given 
by the asymmetry of the roche moutonee at Spring Plains, by 
an imbricated boulder pavement exposed in cuttings on the 
Mclvor Highway (Loc.2, Fig.129, Crowell & Frakes, 1971a,b), 
and by features exposed in the Moorabee sequence which will 
be described later.

INTERNAL STRATIGRAPHY
The total stratigraphy of Derrinal Formation and its 

thickness are difficult to determine. Exposures around the 
perimeter of the deposit show that diàmictites at the base 
of the sequence contain stones mostly derived from 
underlying Ordovician slates and quartzites (Bowen,1959) 
whereas sediments higher in the section contain abundant far 
travelled clasts such as pink and grey granitic rocks, 
felsic and basic volcanic, and conglomerates, and fine
grained schists (O’Brien, 1981a). Wilkinson (in Bowen &
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Thomas, 1976) describes the Derrinal Formation as fine 
til lites interbedded with fluvial outwash conglomerates and 
sandstones (Fig.130). His estimate of total thickness of 
75m is consistent with the result of a bore sunk on the 
north shore of Lake Eppalock which spudded and terminated in 
Derrinal Formation, passing through 60m of sediment (D. 
Currey, pers. comm.).

PALAEOENVIRONMENTAL PROBLEMS
Previous work on the Derrinal Formation presents 

several problems. Firstly, how many ice advances deposited 
the sequence? Bowen & Thomas (1976) recognise five tillites 
in Bowen's (1959) composite section, but new exposures 
around Moorabee suggest this number requires revision. The 
second problem is the size and nature of the ice body which 
deposited the sequence. Wilkinson (in Bowen & Thomas, 1976) 
regards some of the bedrock valleys as cut by valley 
glaciers, yet none are too deep or too wide to be regarded 
as other than large grooves cut in the bed of a single ice 
tongue. Hence, the ice may have been a northerly extension 
of ice which overrode the Bacchus Marsh district or it may 
have been valley glaciers that originated in elevated 
regions separating Derrinal and Bacchus Marsh. Finally, the 
Moorabee sequence described in the following pages is 
extremely complex and provides in itself a facies analysis 
problem.

EXPOSURES OTHER THAN THE MOORABEE SECTION 
For the purpose of this discussion the exposures of the 

Derrinal Formation are divided into two groups, those around
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the edge of the deposit and the Mclvor Highway cuttings and 
the major strip of good outcrop running along the northern 
shore of Lake Eppalock at Moorabee (Loc.3, Fig.129). Most of 
this chapter Is devoted to the Moorabee exposures because of 
their size and quality and the structures they reveal give a 
much clearer picture of the depositions1 history of the 
Derrinai Formation.

The outcrops around the edge of the deposit and in the 
Mclvor Highway cuttings have been examined many times. 
(Dunn, 1892, David, 1895/ Thomas, 1941a,b; Bowen, 1959; 
Crowell & Frakes, 1971a,b; Robbins, 1982a,b, 1983a,b,c). All 
of these outcrops consist mostly of massive silty diamictite 
with rare, poor exposures of fine sandstone and laminated 
mudstone beds. The diamictite is blue-grey when fresh but 
weathers rapidly to red-brown or light grey. In the freshest 
exposure of this group, the Mclvor Highway cutting (Fig. 
129,Loc.2), the diamictite contains calcareous concretions 
developed preferentially in sorted lenses associated with 
the boulder pavement first described by Crowell & Frakes 
(1971a & b). The upper part of the Mclvor Highway cutting 
appears to be crudely stratified but, on close inspection, 
this faint stratification is caused by disintegration of the 
rock into small blocks elongate parallel to bedding, 
probably because the matrix of the massive diamictite has a 
preferred orientation (c.f. Kruger, 1979).

The boulder pavement exposed in the Mclvor Highway 
cutting is different to the imbricated boulders exposed in 
the Morven section, Bacchus Marsh. In the road cutting, the
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boulders are found along one distinct horizon for more than 
50m. They are separated by massive diamictite along most of 
the exposure but in places coarse sandstone to pebble 
conglomerate lenses coincide with the horizon. Such lenses 
are not present in the diamictite above or below the 
pavement. The tops of the boulders are bevelled and striated 
with striae trending between 020 and 335 degrees (Crowell 
G Frakes, 1971a).

This boulder pavement is like the typical boulder 
pavement reported in the literature (eg. Flint,1971). The 
striated upper surface of the boulder pavement indicates 
overiding by ice which slid on its bed and hence was wet- 
based. Furthermore, it indicates that the massive silty 
diamictite is a subglacial tillite. Crowell G Frakes (1971a) 
suggest that it represents a short ice-free period during 
which the boulders were concentrated by water sorting of the 
diamictite and then striated and bevelled by a readvance. 
They invoke an ice cement to hold the boulders in place 
while being overidden.

As with the pebble layers in the Morven Section, the 
scarcity of sorted sediments between the boulders suggests 
that water sorting did not play a major part in pavement 
formation. Like the pebble layers in the Morven Section, 
this boulder pavement probably represents a change in 
subglacial conditions. The underlying diamictite is massive 
and featureless suggesting deposition from a mobile 
subglacial debris layer. Conditions then changed, possibly 
because of increased ice velocities (Boulton,1975), so that
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only the largest clasts were deposited by frictional 
lodgement and some subglacial meltwater channels formed. 
Conditions then changed again so that lodgement of the 
entire debris assemblage resumed. Bevelling and striation of 
the boulders took place during subglacial transport and 
deposition (Boulton,1978/ Kruger,1979) so it is not 
necessary to invoke freezing of the diamictite to explain 
these features.

The existence of striated pavements beneath many of the 
diamictite exposures around the deposit (Robbins, 1982a,b, 
1983a,b,c) also indicates wet-based ice and a subglacial 
origin for the overlying diamictites.

MOORABEE SECTION
PREVIOUS DESCRIPTIONS

The conclusions reached by previous workers were based 
on the small amount of outcrop normally available for 
scrutiny. During a severe drought, however, the internal 
details of the middle part of the Derrinal Formation were 
revealed in unprecedented detail by a large fall in lake 
level. The parts of the sequence Bowen(1959) described 
simply as "interbedded sandstones, conglomerates and 
til lites" were exposed in a strip up to 20m wide along the 
shore at Moorabee and their true complexity revealed.

METHODS
In order to document this ephemeral exposure, the most 

gently sloping part the shoreline was plane tabled and the 
more steeply sloping parts mapped using oblique air photos
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taken with a Vinten aerial camera. Oblique photography was 
used because the deposit is so complex vertical sections or 
construction of cross-sections are only meaningful on a very 
small scale and because much of the shoreline outcrop was 
too steep and narrow to allow plane tabling.

Presentation

The facies boundaries within the Morrabee sediments are 
depicted in sketches accompanying the oblique aerial 
photographs of the outcrop. For presentation and 
disucssion, the shoreline exposures are divided into 
segments shown on Figure 131. Scale bars are placed at 
intervals on each sketch to show scale changes caused by the 
flight path not being parallel to the shoreline. The legend 
used in the sketches is shown in Enclosure 13. Figure 132 is 
a stereogram showing poles to bedding surfaces along with 
trends of pa 1 aeocurrent indicators and grooves in glacially 
eroded surfaces.

SEGMENT 1

Segment 1 is the western end of the outcrop (Fig. 131). 
It is about lkm east of the western boundary of the Derrinal 
Formation. Locality numbers used in the discussion are 
shown on Figure 133.

Segment 1 consists of pebbly, silty diamictite 
surrounding a series of sorted sediment lenses. At the 
western end of the Segment (Loc.la) the diamictite has 
faint, widely spaced bedding with two lenses of laminated 
medium sandstone. Set in this diamictite is a sequence of
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steeply dipping coarse sandstones, conglomerates and sandy 
diamictite (Loc. lb). Bedding in the sorted sediment dips 
54 degrees east. The diamictite encloses and intrudes the 
sandstones and conglomerates, cutting across and along 
bedding and separating blocks of sorted sediment off the 
main mass (Fig.134).

Figure 135 is a vertical section through the steeply 
dipping sediments showing the levels at which diamictite 
intrudes along the bedding planes. Parallel laminated 
pebbly, coarse sandstone, and sandy granule to fine pebble 
conglomerate are the most common lithologies with some 
medium sandstone and several beds of sandy diamictite which 
may not be intrusive, but part of the original sequence. 
Scour surfaces are common; large scale planar cross-sets and 
ripple cross-sets are present in some units and several

•5

parts of the section fine-up from conglomerate to medium 
sandstone over two to four metres (Fig. 135).

To the east of the coarse, bedded sequence, the 
diamictite is silty diamictite containing a few thin, 
discontinuous stringers of coarse sand. It contains a body 
of fine sandstone which is ripple cross-bedded and preserves 
the ripple forms on its upper surface (Fig.133, Loc.lc). 
The ripples are asymmetrical with an amplitude of 5cm and 
wavelengths of 30cm (Fig.136). They are sinuous crested. 
In section (Fig.137), the ripples appear as climbing ripple 
cross-laminae with both stoss and lee side laminae preserved 
(Type B ripple-drift cross-lamination of Jopling & Walker, 
1968). The ripples are oriented with their lee-side facing
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east, but the enclosing diamictite has been removed from 
around the sandstone so that the slabs on which the ripples 
are preserved have fallen and rotated from their original 
orientation.

Other fine sandstone bodies are present at Locality Id 
set within the same diamictite as at Locality lc (Fig.133). 
They are spaced 10m apart and are deformed into a gentle 
anticline which plunges 47 degrees towards 015 (Fig.138). 
The sandstones themselves vary in thickness from 10cm to 
30cm. and are cut by many microstep fractures with 
displacements of up to 6cm. The microstep fractures with 
the largest displacements are subparallel to the fold axis 
and are normal faults that dip away from the fold axes. One 
of these sandstones overlies a wedge of conglomerate 
(Figs.138 & 139). It is a sandy pebble conglomerate which 
grades up into the overlying sandstone. The sides of this 
wedge are planar faults that intersect at the base of the 
wedge and bedding in the wedge and the part of the sandstone 
that overlies it is folded into a sync line (Fig.139).

This geometry suggests that the wedge and the part of 
the sandstone overlying it have fallen into a fault bounded 
fissure soon after deposition. That the faults intersect at 
the apex of the wedge suggests that this fissure opened as a 
crack on the circumference of a dome structure rather than 
as a collapse feature over melting buried ice (cf.McDonald & 
Shilts,1975).

The remaining bodies of sorted sediment set in
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diamictite of Segment 1 are three lenses of coarse material 
shown at Locality le. The most westerly lens is graded. 
Its base is gradational with the enclosing diamictite which 
grades from silty to pebbly, sandy diamictite to pebble 
conglomerate to coarse sandstone over a vertical thickness 
of 50cm. The other two are sandstone plus fine pebble to 
granule conglomerate and coarse sandstone respectively. All 
three lenses are parallel bedded, dipping steeply north.

SEGMENT 2

The western part of Segment 2 is mostly silty 
diamictite with thin, discontinuous sandstone laminae 
similar to that cropping out on the eastern part of Segment 
1 (Fig.140). The sediment lens shown at Locality 2a 
consists of medium sandstone and sandy, muddy conglomerate. 
This conglomerate is matrix supported with about 60% clasts 
and a matrix of muddy sandstone. Parts of the conglomerate 
show zones of oriented pebbles, which, when viewed in 
section and traced across the outcrop, are similar to dish 
structures and dewatering pillars (Lowe, 1975) with pointed 
anticlines separated by broad, flat synclines (Fig.141). 
Bedding in this sediment body dips steeply south-east.

At Locality 2b is a lens of poorly bedded, pebbly, 
coarse sandstone to granule conglomerate. It displays faint 
parallel laminations which dip steeply south-east. The 
eastern edge of this sediment body is a surface roughly 
parallel to bedding from which erosion has removed the 
enclosing diamictite. This surface has been sculptured into 
rounded grooves and ridges with a wavelength of 50cm and a
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depth of about 15cm. The grooves plunge 5 degrees towards 
050.

This coarse sandstone-conglomerate body (Loc.2b) is 
succeeded to the east by pebbly, silty diamictite which 
becomes progressively better sorted, grading into a sandy 
pebble conglomerate at Locality 2c. The upper 4m of this 
sequence is bedded with the bedding folded about an axis 
plunging 67 degrees towards 145. Such folding appears to 
result from drag of ice or the overlying sediment moving to 
the north-east. The eastern edge of this conglomerate is 
succeeded by silty diamictite which outcrops only poorly.

Locality 2d is a small outcrop of flat lying, bedded 
sediments. The sequence is mostly parallel laminated and 
massive medium to fine sandstone beds and sandy diamictite 
bed both up to 10cm thick. The entire exposure contains only 
about lm of section. The outcrop features a grooved pavement 
cut in the top of the lowest sandstone bed (Fig.142). It 
is overlain by only 10cm of sandy diamictite overlain by 
thin medium and fine sandstone beds.

SEGMENT 3

Segment 2 is separated from the next outcrops to the 
east by 300m of soil. Segment 3 is a gently sloping portion 
of the shoreline for which suitable air photos were not 
obtained. Instead, the sediments were mapped at a scale of 
1:100 using a plane table (Enel. 14). The sediments exposed 
in this segment dip variably east (Enel. 14) and may be 
divided into two groups; a lower massive sandy diamictite,
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enclosing several large sandstone bodies oriented with their 
long axes at various angles to bedding and showing signs of 
internal deformation, and an upper bedded diamictite which 
contains numerous thin sorted lenses which parallel bedding.

Sediment bodies enclosed in the lower diamictite are 
designated from left to right 3a to 3g. Body 3a is massive 
medium micaceous sandstone. Body 3b is coarse sandstone 
with a bed of very coarse sandstone to fine conglomerate 
running through it in an S-shape (Fig.143). This 
conglomerate bed is cut by two reverse faults (Fig.143). 
Contacts between bodies 3a and 3b with the enclosing 
diamictite vary from smooth to slightly ragged with 
interpenetration of sandstone and diamictite to depths of 
3cm.

Sandstone bodies 3c and 3d are composed of the yellow 
medium sandstone with rare interelasts of silty diamictite 
similar to that enclosing the bodies. Their adjacent edges 
appear to match and their outlines suggest that they were 
once part of the same sand body. They are now separated by a 
diamictite-fi Tied gap 30cm wide suggesting that they were 
pulled apart. Both bodies are massive except for some faint, 
undulating laminae along the base of body 3d in the pointed 
part of its northern edge where it seems to have overthrust 
a lens of massive siltstone (Body 3e).

The lower 20cm of Body 3d contains microstep fractures 
in two sets, an early set which dips steeply south and 
apparently transverse to the outcrop and a later set of
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horizontal fractures which displace the steeply dipping sets 
(Fig. 144). Body 3d is also intruded by a diamictite dyke 
which comes from its upper surface (Fig.145).

Sandstone body 3f is massive coarse sandstone that 
encloses an irregular sheet of medium sandstone cutting at 
right angles to its long axis. The edges of this sheet are 
irregular with thin off-shoots of medium sandstone 
penetrating the enclosing coarse sandstone which suggests 
that the medium sandstone is intrusive.

The upper part of Segment 3 consists of bedded sandy 
diamictites with abundant thin, irregular, silty and sandy 
laminae (Enel. 14). Bedding varied from 10cm to 30cm thick. 
Lenses of sorted sediment in this part of Segment 3 are less 
deformed than in the underlying massive diamictite, though 
most undulate relative to the bedding and have irregular 
internal bedding (Fig.146). Some medium sandstone lenses 
have ragged edges (Fig.147) and some are cut by microstep 
fractures. The largest sediment lens in this part of the 
sequence (Body 3g) is composed of massive, pebbly granule 
conglomerate.

SEGMENT 4
The bedded, upper diamictite of Segment 3 continues 

around the shoreline to the south-east where it encloses a 
body of medium sandstone 8m across (Loc.4a,Fig. 148). Thin 
sorted lenses of medium and coarse sandstone and 
conglomerate are still present. Bedding is folded into an 
easterly plunging anticline across the large sandstone body
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(Fig.148). Further east along the shoreline the bedded 
diamictite is overlain by massive, silty diamictite lacking 
lenses of sorted sediment. Exposures are negligible until 
Segment 5.

SEGMENT 5

Segment 5 is one of the best exposed parts of the 
sequence. It has a readily identified stratigraphy as 
follows (Figs.149 & 150):-

Part 1: Massive silty diamictite which becomes 
progressively sandier to the east (to the right on Figure 
149), developing thin, wavy sorted laminae. It contains 
bodies of laminated coarse sandstones and a lens of pebble 
conglomerate which dip steeply in random directions. One 
small sandstone body contains small-scale ripple cross
laminae. Some sandstone lenses are bent into upright folds.

Part 2: The lower diamictite of Segment 5 is overlain 
by a sheet of sorted sediment 3 to 4m thick, with an 
erosional base. At Locality 5a it is thinly interbedded 
tongues of pebble conglomerate, medium sandstone, coarse 
sandstone and sandy diamictite containing folded, sorted 
laminae (Fig.151). Some conglomerate beds 20 to 30cm thick 
are normally graded from pebbles 4cm in diameter at the base 
to granules and coarse sandstone at the top. To the south
east of Locality 5a (to the right of Locality 5a, Fig.149), 
the sediment grades rapidly into medium sandstone containing 
trough-shaped scours filled with parallel laminated sand 
with a few pebbles scattered along the lower boundaries of
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some of the scours. The scour long axes trend towards 130 
degrees, diagonally into the outcrop face.

This sheet of sorted sediment can be traced for some 
30m along strike to the north-west of Locality 5a, above the 
normal lake level but in the lake shore outcrop it is 
truncated by a grooved pavement (Loc.Sb), striking roughly 
parallel to the axes of the scour troughs and dipping south
east (Figs.152 & 153). The pavement is essentially flat, 
but is cut by rounded grooves up to 8cm across, many of 
which are filled with silty diamictite. Several of the 
pebbles which cut the grooves lodged in the pavement giving 
a clear indication of the sense of ice motion because they 
have ploughed the sandstone up in front of them and have a 
groove behind (Fig.153). The grooves indicate ice motion 
towards the north (002 degrees).

The pavement is directly overlain by massive pebbly, 
silty diamictite up to 4.5m thick which contain several 
irregular blocks of medium sandstone up to 30cm across. This 
diamictite varies markedly in thickness because it partly 
encloses a cylindrical body of sandy pebble conglomerate 
which has its long axis trending 030 degrees (Loc.Sc).

Figure 154 shows a cross-section normal to the 
conglomerate's long axis. The cylinder's northern boundary 
is vertical. The conglomerate making up the cylinder is a 
clast supported, fine pebble conglomerate with abundant 
coarse sandstone matrix and several coarse sandstone beds 
5cm thick. It grades up into a lens of coarse sandstone
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which is truncated by the modern hill slope and by another 
grooved pavement(Loc.5d,Fig.150). The thin coarse sandstone 
beds within the conglomerate cylinder are displaced by a 
series of penecontemporaneous normal and reverse faults 
(Fig-155). The faults have vertical displacements of up to 
50cm and dip south. These faults are penecontemporaneous 
because the beds are folded rather than fractured across 
some of them and the faults do not cut across pebbles; 
rather, pebbles are aligned with their a - b planes parallel 
to the fault planes. Another sedimentary structure in the 
conglomerates is a group of pebbles aligned into "flame 
structures" similar to those observed in Segment 2.

The conglomerate cylinder is overlain by a tabular 
pebbly, medium sandstone interbedded with thin, very coarse 
sandstone beds (Loc.5e,Fig.l50). This unit is about 3m thick 
and is horizontal ly bedded. Both it and the conglomerate 
are truncated by a steep, north-easterly striking glacial 
erosion surface which includes a faintly grooved pavement 
cut in the sandstone set in the conglomerate cylinder 
(Figs.154 S 156). Examination of poor exposures above the 
lake shore suggest that this surface approaches vertical and 
truncates a tabular, poorly exposed sandstone bed higher in 
the section. The grooves on the pavement trend towards 350 
and are accompanied by a series of crescentic features which 
resemble crescentic gouges observed on some striated 
pavements (Fig.156; Embleton & King, 1978).
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SEGMENT 6
Silty diamictite 1 to 2m thick coats the glacial 

erosion surface that truncates the conglomerate cylinder of 
Segment 5 (Figs.150 & 154). It contains scattered light grey 
patches of calcareous diamictite about 4cm thick and 1m in 
diameter. This diamictite passes into massive silty 
diamictite to the east which contain one erratic of hard, 
grey quartzite 3m in diameter.

SEGMENT 7

From the eastern edge of Segment 6 onwards, the 
diamictite contains a jumble of coarse sandstone and pebble 
conglomerate blocks up to 3m across resting at all angles to 
the horizontal and making up talus along the lake 
shore (Fig.l52,Loc7a).

These blocks consist of typical Derrinal Formation 
sandstone lithologies and are of three types:-
1. Undeformed, preserving primary sedimentary structures.
2. Cut by microstep fractures.
3. Deformed into chevron folds and kink folds (Figs.158 & 
159).
The first type preserve ripple cross-bedding and features 
such as dewatering pillars. The third type are laminated 
and tightly folded with laminae only slightly curved on the 
limbs of the folds. All of the sediment bodies have their 
internal bedding truncated abruptly at the edges. These 
sandstone blocks are lithologically identical to less 
disturbed sandstone in the Derrinal Formation.
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Through the zone containing these allochthonous sediment 
blocks, the enclosing diamictite becomes sandy diamictite 
with rare discontinuous sorted laminae. Further to the 
north-east (to the right on Fig.157). The diamictite becomes 
sandier with increased numbers of sorted lenses and laminae 
so that bedding trends become easily recognised. 
Furthermore, the bodies of sorted sediment at Locality 7b 
are no longer blocks like those of Locality 7a but rounded 
lenses, conforming more or less to local bedding. The 
sediment bodies from Locality 7b onwards are coarse 
sandstone, medium sandstone and massive conglomerates with 
maximum pebble sizes of 4 to 5cm and matrices of coarse 
sand. These sediment bodies are rounded and equant.

SEGMENT 8

The diamictite that makes up most of the south-western 
end of Segment 8 is continuous with that of Segment 7 being 
sandy with abundant thin, discontinous sorted laminae and 
rounded bodies of sandy pebble conglomerate (Fig.160). At 
Locality 8a, there is a sequence of disrupted beds (Fig.161) 
set in diamictite with abundant, wavy sorted laminae 
(Fig.162). Figure 163 is a section through this interval and 
Figure 164 shows the geometry of several disrupted beds.

The upper 3.8m of sediment shown in Figure 163 consists 
of large, teardrop shaped lenses of medium sandstone, which 
also show signs of post-depositions! movement (Fig.160, 
Locality 8b). The upper small lens is massive but the 
largest of the two has parallel laminae passing up into 
ripple cross-laminae (Fig.163). The bedding planes within it
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provided weaknesses along which enclosing diamictite 
intruded. The largest of the two sandstone lenses seems to 
have moved, as a unit, to the north-east, because its 
flattened north-easterly end abuts against diamictite 
containing intensely crumpled sandstone beds.

The relative abundance of thin, discontinuous bedding 
enables recognition of structures in the diamictites as well 
as the sorted lenses. Figure 165 is a sketch of what is 
probably a diapir of diamictite exposed at Locality 8c.

Northeast from Locality 8c, the sequence remains 
relatively uniform for about 70m, consisting of sandy 
diamictite with scattered thin, discontinuous, wavy sorted 
laminae and patches with up to 30 percent pebbles. Sorted 
sediment bodies present are coarse, faintly bedded sandstone 
and sandy pebble conglomerates most of which are 
subspherical to lens-shaped in outcrop. Bedding in the 
diamictites curves around these sediment bodies; several 
localities show dome-like disposition of bedding about 
conglomerate bodies.

SEGMENT 9
The next significant change in facies assemblage comes 

at Locality 9a (Fig.166) where an olive-grey massive silty 
diamictite overlies the blue-grey sandy diamictite 
characteristic of Segments 7 and 8. It forms a bed between 
6 and 9m thick which is in turn overlain by blue-grey sandy 
diamictite with thin, discontinuous sandstone laminae and 
some conglomerate and coarse sandstone bodies. The outcrops
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between Localities 9b and 9c display large rounded sandstone 
and conglomerate bodies and medium sandstone lenses arranged 
in a chaotic fashion, though with a general easterly dip.

The conglomerate bodies are massive or parallel bedded 
and the sandstones are massive, some with microstep 
fractures. To the northeast of Locality 9c, however, the 
sequence becomes progressively better bedded, changing to 
interfingering coarse sandstone, medium sandstone, pebble 
conglomerate and sandy diamictite beds and lenses. Figure 
167 depicts a typical vertical sequence measured at Locality 
9d. The deposit, though better bedded than other parts of 
the sequence is still complex and variable. Erosione1 scours 
filled with sandstone and conglomerate are common (Fig.168). 
At Locality 9e, a diapiric intrusion of sandy diamictite 
disrupts the sequence (Fig.166). Between Localities 9e and 
9f bedding is almost horizontal; bedding planes rarely dip 
steeper than 15 degrees and this trend is also displayed by 
small outcrops of conglomerate and sandstone in the grass 
up-slope from the main outcrop.

SEGMENT 10

At Locality 9f (Fig.169) the flat-lying, bedded 
sediments that make up the north-eastern end of Segment 9 
halt abruptly, replaced by pebbly, silty, diamictite which 
lacks bedding and contains only a single rounded body of 
coarse sandstone. It contains more boulders and cobbles 
than adjacent diamictites and many of its stones carry 
striations and facets (Fig.170). The outcrop quality 
deteriorates rapidly because this diamictite weathers
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readily and because it contains few bodies of resistant 
sorted sediment, however, it seems to continue eastwards 
uninterrupted, as the poor outcrops on the Moorabee road and 
the cuttings on the Mclvor Highway display the same rock 
type, and because the scattered outcrops of sandstone and 
conglomerate present on the slopes above the lake-shore 
outcrops at Moorabee are absent east of Locality 9f.

ORIGIN OF THE MOORABEE SEQUENCE 
Structure

Before discussing the origin of the Moorabee sequence 
it is necessary to consider its structural complexity. 
Several mechanisms might be responsible for the structural 
pattern observed:-

1. Tectonic Deformation.
2. Ice-push.

%

3. Slumping and soft-sediment deformation.

The first alternative seems unlikely, because away from 
Moorabee, every bedding surface is essentially horizontal 
both in the Mclvor Highway cuttings and in creek sections 
about the edge of the deposit, except for some local draping 
over bedrock irregularities (Bowen & Thomas, 1976). 
Secondly, boundaries thought previously to have been faulted 
have been shown to be unconformities (H.E. Wilkinson in 
Bowen & Thomas, 1976; Robbins, 1982a,b,1983a,b,c).

A plot of all the poles to bedding planes measured in 
the Moorabee sequence displays a pattern that is probably 
random but might possibly reflect folding about a north-
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northeasterly axis, roughly parallel to the direction of ice 
movement as indicated by the grooved pavements (Fig.132). 
This distribution of bedding orientations, whether it is 
random or reflecting a real trend in the deformation, 
militates against simple ice push which would produce folds 
and thrusts with axes normal to the ice movement direction 
(Humlum,1985). Thus, post-depositional deformation and 
slumping are more likely causes. This conclusion is 
strengthened by evidence presented by the facies assemblages 
in the sequence.

Facies Associations

The first step in interpreting the Moorabee sequence is 
to nominate facies within the sequence. This step has been 
left until this stage to avoid confusing inferred genetic 
groupings of rock types with their description. The 
definition of facies in the Moorabee Section requires this 
approach because many lithologies are intimately mixed in 
some of the genetic units. Also, the lithological 
assemblages commonly grade into one another making a 
somewhat subjective subdivision necessary.

The main Facies present in the Moorabee sequence are:-

/

Facies A. Massive silty to sandy diamictite with or 
without sediment bodies which, if present, are blocks with 
their edges truncating internal bedding. Many are cut by 
microstep fractures or are folded, some into chevron or kink 
folds. Of the three definite grooved pavements exposed in 
the Moorabee sequence, two are overlain by this facies.
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Striateti and faceted clasts are common in Facies A and the 
largest boulders found in the sequence are enclosed in 
Facies A. This facies is present in most of the segments of 
the shoreline exposure.

Facies B. Silty to sandy diamictite containing thin 
discontinuous laminae of sandstone in its matrix and 
enclosing rounded bodies and lenses of sandstone and 
conglomerare which show varying degrees of deformation. Some 
show primary sedimentary structures with their internal 
bedding folded but most are massive. Microstep fractures are 
less common in the sandstone bodies than in Facies A. Some 
sediment bodies are ragged around the edges and the 
diamictite has been mobilized into diapirs and dykes which 
disrupt bedding within the diamictite itself and intrude 
sandstone and conglomerate bodies in places.

Some bodies display evidence of lateral motion in the 
enclosing diamictite. For example, sandstone body 3d has 
overthrust a siltstone lens (Body 3e, Enel.14) and at 
Locality 8b, a lens of sandstone abuts against diamictite 
that shows highly -crumpled bedding adjacent to the sandstone 
body. Also, there is evidence of post-depositional movement 
of the diamictite that constitutes most of Facies B, for 
example the diapiric structure at Locality 8b and the folded 
sandstone body and fault bounded conglomerate wedge at 
Locality 1c. The structures at Locality 1c probably formed 
as a lens of sand and gravel that was deformed by a rising 
diamicton diapir that arched the sand body and caused 
tensional fractures into which part of the lens collapsed.
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forming the wedge. Microstep fractures in the sandstone 
suggest deformation took place after the original sand and 
gravel lens was buried by overlying diamictite. Facies B is 
the most abundant facies in the Moorabee sequence.

Facies C. Sandy diamictite with thin, discontinous 
sandstone laminae in beds 10 to 30cm thick enclosing 
elongate lenses of conglomerate and sandstone. These lenses 
are deformed only slightly by load-casting. This facies is 
present only in Segments 3 and 4.

Facies D. Facies D is sandstone, conglomerate and 
sandy diamicitite in interbeds a few centimeters to a metre 
thick. Individual beds are tabular to lenticular with 
complex intertonguing. Erosion surfaces are common at the 
base of beds and lenses. Some conglomerates are normally 
graded. Sandstone beds are typically parallel laminated or 
massive. This Facies is present in Segments 2, 5 and 9.

Facies E. Facies E is defined as the sandstone sheet, 
the conglomerate cylinder and the tabular sandstone and 
conglomerate bodies in Segment 4 and 5. This facies grades 
into Facies D along the edges of the sandstone sheet.

Relationships between facies
Moving from the western end of the exposures to the 

east reveals a definite pattern of facies changes which may 
be summarized as follows

> represents gradational change
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/ represents an erosion surface
[ represents a sharp change which may or may not be an 
erosion surface

Segments 1 and 2

B[A>B[A>B/A>?>D 
Segments 3

B > C > A 
Segments 4 and 5

A>B/E + D/ A/ E/
Segment 6, 7 and 8 

/ A > B [
Segments 9 and 10

[ A [ B > D / A

This method of depicting facies changes is preferred to 
a facies transition matrix (Selley, 1972) because the number 
of transitions is small and because I wish to draw a 
distinction between gradational and sharp or erosional 
boundaries. Also, the changes appear as lateral rather than 
vertical facies transitions in the outcrop. The sequence of 
facies is taken from south-west to north-east because most 
erosion surfaces dip east. For example the glacial erosion 
surface chosen as the boundary between Segments 5 and 6 is 
an easterly sloping palaeo-valley wall (Fig.155).

Facies Interpretation
Facies A. Facies A rests on three out of four glacially 

grooved pavements and on most of the other sharp facies 
boundaries in the sequence; it lacks sorted laminae or
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bedding; it contains striated and faceted clasts and it is 
identical in texture to the subglacial tillite exposed in 
the Mclvor Highway cuttings. Therefore I interpret it as 
subglacial tillite. The presence of lodged pebbles in one 
of the grooved pavements suggests that Facies A was, in 
part, deposited by frictional lodgement.

Sandstone bodies, cut by typical microstep fractures 
are present in Facies A and some beds of Facies A contain 
folded sandstone bodies similar to those found in subglacial 
tillites in the Bacchus Marsh Formation. However, many 
sorted sediment bodies in Facies A differ from sandstone 
bodies in subglacial tillite in the Bacchus Marsh Formation 
and in other facies in the Moorabee sequence in that they 
display well preserved internal bedding and primary 
sedimentary structures; many are elongate normal to bedding 
and some display chevron and kink folding. Several 
mechanisms may be invoked to explain the preservation of 
internal bedding in these sandstone bodies. Ice or 
diagenetic cements might have kept the sandstone bodies 
intact during glacial erosion and transport or the blocks 
may be remnants of subglacial sediments broken up during 
subglacial bed deformation. Confining pressure and 
impermeable till surrounding the sand bodies that prevented 
dilation could have preserved their internal structures 
(Mead,1925, see also Chapter 4).

If diagenetic cements held the blocks rigid during 
transport and deposition, they must have been part of a 
lithified sequence of Permian rocks in the region, because
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their lithologies mark them as part of the Central Victorian 
glacial suite of sediments. In that case, smaller clasts of 
such sandstone would be present in Facies A. Though cobble 
and pebble size pieces of sandstone similar to the bodies 
may be found scattered along the lake shore, there are none 
in Facies A diamictites. Therefore, it is unlikely that 
these bodies were lithified before glacial transport.

Subglacial entrainment of frozen sand might be invoked 
to account for these sediment bodies but microstep fractured 
sandstone bodies originate by deformation of sand bodies 
that are unable to dilate (see Chapter 4). Also, McKee & 
others(1964) produced folds in unconsolidated sand similar 
to those affecting some of the sandstone bodies in Facies A 
by applying shear to saturated sand and Van Loon & 
others(1985) conclude that chevron folds in unconsolidated 
sediments result from non-di1atant behaviour during 
deformation and dewatering. Therefore, it is unnecessary to 
invoke a cementing agent to explain the chevron folds and 
microstep fractures.

However, the blocks have angular corners and some are 
elongate normal to internal bedding rather than parallel to 
internal bedding as is the case for the subglacial ly 
deformed sandstone bodies in the Morven Section (Chapter 4). 
Also, in Segment 6 where these blocks are most abundant, 
there are no sandstone bodies deformed into rounded folds 
like those formed by subglacial deformation in the Morven 
Section. These considerations suggest that, at least in 
Segment 6, the sandstone blocks in Facies A are not
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fragments of subglacial stream deposits that were broken up 
by subglacial bed deformation, even if the microstep 
fractures, chevron folds and kink folds they exhibit do 
result from subglacial deformation.

I tentatively conclude, therefore, that the angular 
blocks of sandstone with well preserved internal bedding 
found in Facies A were originally entrained as frozen blocks 
by cold-based glacial ice. Boulton (1979) described the 
entrainment of blocks of similar-shape to these two groups 
of sediment bodies where a cold-based, Antarctic glacier 
overrides a sand dune cemented by interstitial ice. These 
blocks are of similar shape to those in Facies A, but 
because Boulton (1979) could not see internal bedding in the 
blocks he described, it is not certain that they are modern 
analogues of the blocks in Facies A. Though structures 
indicating wet-based ice are present in the Moorabee 
sequence and elsewhere in the Derrinal Formation, the 
glaciers involved may have been cold-based upstream from 
this area.

Once entrained, a block of frozen sediment would retain 
its integrity because it would be stronger than the 
surrounding ice (Hooke & others, 1972) whether the ice is 
temperate or cold. Internal deformation of the ice may cause 
some disruption of frozen blocks in transit, but the blocks 
would be totally destroyed if they ran into englacial 
tunnels, thawed at the surface or were dragged along the bed 
where melting would destroy their ice cement. Therefore 
blocks of frozen sediment are only likely in melt-out tills
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in which melting is not accompanied by sufficient stress to 
separate the sediment particles. It seems likely therefore 
that the bedded blocks of sandstone in Facies A were 
originally entrained as frozen blocks, deposited as 
subglacial melt-out tills and then some were deformed into 
chevron folds or kink folds by subglacial shear or some 
other early post depositional stress such as slumping of the 
till mass or diapirism.

Facies B. The important features within Facies B
are:-

1. Abundant thin beds and stringers of sandstone in the 
diamictite matrix, many of which are wavy or overfolded. 
They suggest that minor streams or currents sorted the 
diamictite surfaces during deposition and that the 
diamictite accumulated as beds, some of which are quite 
thin. Overfolding of these beds and stringers indicates 
slumping soon after deposition.
2. Rounded lenses of sorted sediments some of which grade 
into the enclosing diamictite and some have ragged edges. 
Some of the sediment bodies show clear evidence of post- 
depositional movement.
3- Diamictite diapirs are present in parts of the sequence 
as are dykes of diamictite in some sorted sediment bodies.
4. Facies commonly grades from Facies A into Facies B 
which grades into Facies D.
5. Facies B is structurally complex, approaching chaotic in 
some places with bedding reaching vertical.

These features indicate that running water played some
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part in deposition of the facies. The thin sandsone laminae 
probably result from minor current reworking of depositional 
surfaces before another increment of diamicton was added. 
The folding and contorting of these laminae show that 
slumping mixed them with the diamicton.

The lenses and rounded bodies were probably channel 
deposits that foundered in saturated diamicton. This is best 
illustrated by the sandstone and conglomerate masses at 
Locality la where a sequence of probable fluvial sediments 
are tilted nearly vertical and are intruded by diamictite 
dykes. These sediment masses probably represent a less 
advanced stage of disruption than the many rounded, 
structureless masses which are more common in Facies B. The 
most disrupted bodies are those with ragged edges that were 
clearly in the process of disintergrating in the enclosing 
diamicton. There is evidence of both horizontal and vertical 
movement in the diamicton distorting sediment bodies in 
Facies B. The folded sandstone bodies at Locality Id were 
deformed by a diapir rising from below and diapiric masses 
crop out in places (e.g. Fig.l65,Loc.8c). Other sediment 
bodies show thrusting over one another (Bodies 3d & 3e) or 
crumpling of adjacent bedding (Loc.Sb). These features of 
Facies B indicate that the diamictite was probably saturated 
during and after deposition, leading to mass movement and 
diapiric intrusion in and around the lenses of sorted 
sediment.

The thin sandstone laminae in Facies B diamictite 
indicate minor current reworking of the sediments during
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deposition and folded laminae indicate slumping during 
deposition. The sandstone and conglomerate bodies represent 
fluvial channel deposits that foundered in the saturated 
diamicton soon after deposition. Such a combination of 
facies and structures suggest sedimentation in a zone of ice 
stagnation and supraglacial sedimentation (Boulton 1968, 
1972a, Eyles, 1979).

Facies B is therefore interpreted as deposits formed by 
wasting of stagnant ice. The diamictite of Facies B is 
probably a mixture of flowtill, para-autochthonous flowtilli 
and melt-out till. The sorted lenses are the deposits of 
englacial and supraglacial streams. Unlike many such 
deposits described in the literature, however, (e.g. 
Boulton, 1972a; Shaw 1972) they have suffered deformation 
other than simple lowering on to the substrate. Melting of 
buried ice, accompanied by relief reversal (Boulton, 1972a; 
Eyles, 1979; Lawson,1982) and diapiric adjustment of the 
enclosing diamictite have caused slumping, tilting and 
disruption of the stream deposits so that no sediment lens 
or sheet remains in its original disposition and few retain 
their original internal structures. Ice push and bed 
deformation accompanying the ice re-advances may also have 
deformed the sediment pile but the stereoplot of poles to 
bedding suggests that that style of deformation is minor 
compared to the effects of diapiric intrusion, foundering 
and differential compaction.

Facies D. Facies D overlies Facies B and is composed of 
beds and lenses of sandstone, conglomerate and diamictites.
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I therefore interpret it as supraglacial fluvial channel and 
sheet flood deposits with interbedded flowtills which were 
spared the intense deformation suffered by the sorted lenses 
of Facies B. In a few places, diamictite diapirs intrude 
Facies D indicating that Facies D was deposited directly on 
top of saturated Facies B diamictons in places but for the 
most part Facies D is undisturbed. This suggests that the 
underlying diamictons had largely dewatered before Facies D 
was deposited or that they are relatively thin beneath this 
facies.

Facies E. Facies E is interpreted as relatively 
undisturbed meltwater stream deposits. It is definitely 
present only in Segment 5, but some of the scattered 
outcrops of sorted sediments above the shoreline exposures 
may also be Facies E but there is insufficient outcrop to 
decide if they are undisturbed or just large I allochthonous 
bodies in Facies A. Some retain horizontal bedding 
suggesting that they have not been deformed significantly.

In Segment 5, two distinct undisturbed stream deposits 
are present; the sheet of medium sandstone with current 
scours and parallel laminae and which intertongues with 
Facies D along one edge, and the cylindrical conglomerate 
(Figs.149 & 150). The sandstone sheet does not have normal 
faults comparable with many outwash stream deposits, 
suggesting that its margins were not supported by ice, even 
though it overlies Facies B and grades laterally into Facies 
D, both facies formed by or close to stagnant ice. The 
intertonguing relationship with Facies D suggests that the
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sandstone sheet was not deposited in an ice tunnel, but that 
till slumped off adjoining till deposits into the channel 
margin. Thus, the sheet of sandstone in Segment 5 was 
probably formed by an open melt-water channel without ice 
walls flowing through an area of supraglacial sediments.

The cylindrical conglomerate of Segment 5 does contains 
faults, probably caused by removal of ice supporting it. 
These faults and its steep sides suggest that it was 
confined by ice walls. The cylinder is cut into Facies A, 
only lm above a grooved pavement, suggesting that it may 
have been an englacial stream, though this is unlikely 
because it grades up into a sheet-like body of sandstone and 
conglomerate, suggesting that the stream first cut down into 
debris rich ice and till, but once deposition filled this 
channel, it flowed as an unconfined braided stream 
(Fig.171 ). Therefore, the conglomerate cylinder and the 
overlying sheet of sandstone and conglomerate were most 
likely deposited by meltwater streams flowing through an 
area of stagnant ice.

Facies Ç. Facies C overlies Facies B and is well bedded 
with thin diamictite beds and relatively undisturbed lenses 
of sorted sediment lying concordant to bedding. Post- 
depositional folding is limited to what are probably 
differential compaction structures such as the folds 
overlying the large sandstone body in Segment 4. The bedding 
was probably preserved undisturbed because Facies C was 
deposited after much of the ice wasting, till flowage, 
diapiric re-adjustment and dewatering had taken place below.
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It probably represents areas where thin, fluid flowtills 
accumulated with small rills producing the sorted lenses 
possibly in small supraglacial lakes.

Facies Transitions, Structure and the Depositions! History 
of the Moorabee Sequence.

Having now discussed the origins of the various 
facies, the relationship between the deposition mechanisms 
and the structure of the deposit may now be considered. The 
typical sequence of facies in this sequence is, moving from 
west to east: a grooved or eroded surface, followed by 
subglacial tillite, followed by an interval of supraglacial 
and subglacial sediments intermixed by penecontemporaneous 
deformation, followed by a supraglacial tillite and outwash 
complex which is truncated by the next erosion surface. 
This sequence can be explained by ice re-advances, each one 
displaced slightly to the east, probably by the sediment 
pile left by the previous advance (Fig^iyz)»

The subglacial tills were deposited on erosion surfaces 
which dip out of sight to the east. When the ice retreated, 
stagnant ice was left, overlying some subglacial lodgement 
and melt-out till. Wasting of this ice produced complex 
supraglacial deposits. Facies C and D represent relatively 
undisturbed supraglacial till, flowtill and meltwater 
deposits but Facies B represents the subglacial till and 
supraglacial facies that have undergone intensive diapiric 
intrusion and foundering after deposition. This post- 
depositional deformation has been so severe that it has 
blurred the boundary between subglacial and supraglacial
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tills so that this transition is gradational, over 
thicknesses of more than 2m in places. Meltwater stream 
deposits that were once presumably lenticular in cross 
section and ribbon-like in plan were caught up in this style 
of deformation and are now rounded blobs of sediment.

Figure 172 depicts the inferred east-west cross section 
of the Derrinal Formation taken along the north shore of 
Lake Eppalock. It shows eight subglacial to supraglacial 
facies transitions, indicating at least eight advances, the 
last advance produced the abrupt facies change at Locality 
9F. Other minor advances may have occurred as well, for 
example, the grooved pavement overlain by thinly interbedded 
sandstone and diamictite at Locality 2d suggests that minor 
ice advances sometimes left little trace. The sequence 
exposed around Moorabee was probably deposited during a time 
when the ice front oscillated about this latitude. That the 
ice cut valleys in previously deposited glacial sediment 
during some of these re-advances, suggests that small 
tongues of ice deposited the Moorabee sequence.

FACIES MODEL FOR THE MOORABEE SEQUENCE
Figure 182 depicts a generalized facies sequence 

derived from the Moorabee sediments. It features three major 
facies, subglacial till at the base separated from 
supraglacial till by a zone of diapirically intermixed 
subglacial and supraglacial sediment. Facies B of the 
Moorabee sequence. Most published descriptions of 
subglacial-supraglacial till couplets usually depict a 
fairly sharp boundary between the subglacial and
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supraglacial facies. Therefore, this intermixed facies is a 
new element in the terrestrial glacial facies assemblage. It 
is probably best developed where fairly thick, fine grained 
subglacial and supraglacial tills accumulate in very poorly 
drained sites so that abundant porewater is present to 
reduce the sediments' shear strength and make them 
vulnerable to deformation by dewatering, loading and 
diapiric injection (Lowe,1975; Visher & Cunningham, 1981).

DISCUSSION
DEPOSITION OF THE DERRINAL FORMATION

The preceding analysis of the Derrinal Formation 
suggests that the sequence consists of three main parts, a 
basal tillite overlain by a complex sequence of subglacial 
and supraglacial sediments exposed in the Moorabee Section 
which is overlain by another relatively thick interval of 
subglacial tillite, part of which is exposed in the Mclvor 
Highway cuttings (Fig.17 2). The thicknesses of each interval 
shown on Figure 172 is an estimate because of the patchy 
outcrop and the complexity of the sediments themselves. This 
cross section suggests that deposition took place in three 
episode:

1. Initial advance that cut the bedrock valleys and 
deposited subglacial tillites.

2. A period in which about 8 minor advances and 
retreats deposited the complex Moorabee sequence.

3. A major advance that deposited relatively thick 
subglacial tillite on top of the Moorabee sediments.
This inferred history suggests deposition by a small, local 
glacier or the extreme edge of a large ice mass followed by
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blanketing by a large ice mass.

The degree to which the Derr inai area was overwhelmed 
by a large ice mass can be inferred by considering some of 
the published evidence from north-eastern Victoria. Spencer- 
Jones (1969) recorded what he considered to be boulders of 
the Mt. Ida Formation, a fossiliferous Lower Devonian 
siltstone which crops out 3 to 4km east of Moorabee, near 
the southern end of the Ovens Graben, some 110 km to the 
north-east (Figs.l & 183). Craig.& Brown(1984) dispute the 
derivation of these boulders, arguing that a source in 
Tasmania or Antarctica is more likely. Whichever 
interpretation is correct, these boulders indicate that the 
ice front passed the Derrinal area by a great distance on at 
least one occasion. Estimates of the ice thickness over the 
Derrinal area will be presented in a later chapter.

NATURE OF THE ICE MASS

Though supraglacial facies are represented in the 
Moorabee sequence, the clasts they contain are mostly sub-to 
well-rounded, and the flowtillites appear to be slightly 
sorted versions of the subglacial tillites, with significant 
amounts of silt and fine sand in their matrices. This 
suggests that the supraglacial facies are composed largely 
of debris transported in subglacial transport paths; 
missing are the angular, frost-shattered stones which would 
be present in supraglacially or englacially transported 
debris derived from local valley walls or nunataks. This 
suggests that the Derrinal Formation was deposited well 
down-glacier from likely sources of angular supraglacial
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debris, and thus the glacier was more likely to have been a 
large ice sheet or a large piedmont glacier.

The subglacial tillites, grooved pavements and rounded, 
faceted and striated clasts indicate that the ice was wet- 
based for the most part, though some sandstone inclusions in 
tillite, and the presence of subglacially transported stones 
in supraglacial facies, suggests that the ice was locally 
cold-based, possibly at its margins (cf. Boulton,1972a).

CONCLUSIONS
The Derrinal Formation was deposited initially by a 

local ice tongue that excavated a shallow bedrock valley and 
then filled it, first with subglacial till then with a 
complex sequence of subglacial and supraglacial facies 
during 8 minor advance and retreat cycles. Each cycle 
commenced with erosion of previously deposited sediment. 
Supraglacial facies frequently suffered intense post- 
depositional deformation caused by dewatering and diapiric 
adjustment of the sediment pile. The ice was predominantly 
wet-based though areas where the ice changed to cold-based 
may have been responsible for the elevation of subglacial 
debris into supraglacial positions and the entrainment of 
unconsolidated sediment blocks. The area was then 
overwhelmed by a major ice advance when the ice margin 
extended well north of the area.
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CHAPTER 11

PERMIAN GLACIAL SEDIMENTS BENEATH THE MURRAY BASIN

GEOLOGICAL SETTING

Tertiary and Quaternary sediments of the Murray Basin 
form a continuous blanket, up to 600m thick, over nine 
infrabasins containing Devonian to Cretaceous sediments 
(Fig.183). Both the Murray Basin and infrabasin sediments 
rest on Lower to Mid-Palaeozoic .metasediments and granite. 
Geophysical work indicates up to 6km of sediments in some 
places but, as yet, drilling has penetrated only 2100m of 
pre-Tertiary sediments (Thornton,1974).

Table 6 lists infrabasins with their stratigraphic 
sequences and the names of bores from which the sequences 
are taken. Geophysical evidence suggests that these 
infrabasins are bounded by normal faults though there are 
areas in which Late Palaeozoic and Mesozoic sediments 
overlap the boundary faults. Descriptions of the structure 
of these infrabasins are contained in Thornton(1974) and 
0'Brien(1981b). Late Palaeozoic sediments are present in all 
but the Bundy Trough (O'Brien, 1981b). The greatest thickness 
of Late Palaeozoic sediments yet penetrated is in the Ovens 
Graben where up to 70m of Late Permian coal measures overlie 
887m of Early Permian sediments (Wright & Stuntz,1963; 
Yoo,1983 ).

Permian sediments beneath the Murray Basin consist of 
two units, the Late Permian Coorabin Coal Measures and an

259



older unit, the Urana Formation (O'Brien, 1985 ). Appendix 1 
contains the full definition of the Urana Formation. The 
Urana Formation contains the Stage 2 and Stage 3 microfloras 
of Kemp & others( 1977) and is therefore Early Permian in 
age.

METHOD OF STUDY

This study documents facies using cores, cuttings and 
geophysical logs from petroleum exploration wells and some 
Victorian Mines Department bores. Thin sections were cut 
from some cores and material was analysed by X-ray 
Diffraction and X-ray Fluoresence and the results will be 
discussed in Chapter 12.

FACIES DESCRIPTIONS
The Urana Formation contains four groups of facies; 

diamictite, sandstone and conglomerate facies and fine
grained facies that are mostly siltstone and claystone.

DIAMICTITES
Diamictites in the Urana Formation are of three types 

which have different proportions of pebbles and sand and 
different bedding characteristics.

Facies D1

Facies D1 is fine-grained diamictite with clayey and 
fine sandy silt matrix material surrounding medium to coarse 
sand and scattered pebbles (Fig.184). Facies D1 forms 
massive to faintly laminated beds from a few centimetres to 
over 20cm thick. Many beds have gradational upper and lower
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boundaries.

Facies D2
Facies D2 is diamictite with a similar grain-size 

distribution to some silty subglacial tillites in central 
Victoria (Fig.201) It contains more medium to coarse sand 
and pebbles than Facies Dl. Beds of Facies D2 range from 5cm 
to over 20cm thick and are massive(Fig.185). The contacts 
between beds of Facies D2 and other facies are sharp and 
irregular with small flame structures along the contact. 
Fragments of intrabasinal mudstone and diamictite are 
present in some cores of Facies D2.

Facies D3

Facies D3 is poorly laminated claystone with abundant 
coarse sand grains and scattered pebbles (Fig.186). Many 
pebbles are over-sized compared to the laminae in which they 
rest. Facies D3 beds are up to 5cm thick and have 
gradational boundaries with overlying and underlying beds of 
mudstone facies and Facies Dl.

FINE-GRAINED FACIES
Three facies consisting mostly of siltstone and 

claystone are common in the Urana Formation.

Facies Ml

Facies Ml is massive to poorly laminated mudstone with 
minor amounts of fine sand and rare pebbles. Beds range 
from 10cm to over 30cm thick. Most cores of Facies Ml are 
massive but a few from Jerilderie No. 1 show faint,
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discontinuous horizontal laminae and burrowed horizons. 
Arenaceous Foraminifera of the genera Ammodiscus and 
Hyperammina are present in some cores. Common features of 
this facies are red-brown, ferrugenous patches and 
concretions.

Facies M2

Facies M2 consists of graded siltstone and claystone 
couplets from 2mm to 5cm thick (Fig.187). The base of each 
graded unit is sharp and the lower siltstone part of the 
graded unit grades continuously into the overlying 
claystone. Some cores of this facies contain scattered 
coarse sand grains, most common in the claystone part of the 
graded units. Some cores have sandy mudstone clasts set in 
Facies M2 that consist of a medium sand framework in a mud 
matrix. These clasts have indistinct boundaries with the 
surrounding sediment. Facies M2 is commonly deformed, 
either by clay beds intruding the bottom of the siltstones 
and breaking them into boudins or by mixing of the interbeds 
accompanied by small recumbent folds. This mixing and 
folding may affect over 40cm of sediments and tends to 
destroy the well bedded structure of the facies (Fig.188).

Facies M3

Facies M3 consists of thin mudstone, graded and 
ungraded fine sandstone beds and rare sandstone beds 
consisting of single ripple cross-sets. These interbeds are 
mostly less than lem thick.
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SANDSTONE FACIES
Sandstone beds are common in some parts of the Urana 

Formation. The few cores cut in sandstone consist of three 
facies.

Facies SI

Facies SI is poorly sorted, silty coarse sandstone with 
rare pebbles and mud clasts. It forms beds from 1.5cm thick 
( Fig.189 ) to over 30cm thick. This facies is massive in 
most cores though some contain faint horizontal laminae and 
the thin bed in Figure 189 is normally graded over the upper 
0.5cm.

Facies S2

Facies S2 is white, massive, well sorted medium 
sandstone, commonly with a carbonate cement.

Facies S3

Facies S3 is yellow fine sandstone which has parallel 
laminae or ripple cross-bedding. Some cores have fine 
fragments of organic matter scattered along laminae. Facies 
S3 beds range from 1cm to over 5cm thick.

CONGLOMERATES
A few wells penetrate sandy, boulder conglomerate. 

This facies is clast supported with up to 20 percent coarse 
sand matrix and framework clasts up to 15cm in diameter. 
One core has interbeds of coarse sandstone up to 5cm thick 
in the conglomerate (Fig.190).
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WELL SEQUENCES

From cores, cuttings and geophysical logs, it is 
possible to draw tentative conclusions on the assemblage of 
facies in various parts of the Urana Formation. Table 7 
lists those sections where this was possible with the facies 
assemblages and the microfloras found in each section. 
Figures 191 to 197 are the inferred lithological logs of the 
Urana Formation in the petroleum exploration wells examined 
and Figure 198 shows the subcrop of facies assemblages in 
the Numurkah Trough.

The most abundant facies in the Urana Formation appears 
to be Facies Dl, Ml and M2. Tiliite-like Facies D2 is 
abundant in Tarrara No.l, Blantyre No.l, Laceby No.2 and 
part of the Numurkah Trough. In the other wells it is rare 
or absent. Conglomerate is a major part of the North Renmark 
No.l section (Fig.191) but is only a minor part of the Urana 
Formation in Wentworth No.l and Laceby No.2 and is not 
present in any other well. Blantyre No.l intersected a thick 
conglomerate which Campe & Cundill(1965) correlate with 
Early Carboniferous sediments that crop out elsewhere in 
eastern Australia. Sandstone facies generally form 
relatively thin beds but they are abundant in parts of Nadda 
No.l and Jerilderie No.l and may constitute a major 
component of Tarrara No.l though it is not clear from core 
or cuttings what the intervals of negative S.P. response 
represent (Fig.194).

The Numurkah Trough sequence and Jerilderie No.l show a 
vertical change in facies. In the Numurkah Trough, the
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subcrop around the southern margin consists mostly of Facies 
D2 and D1 and contains a Stage 2 microflora. Further from 
the margin, the predominant facies is Facies Ml which 
contains a Stage 3 microflora (Fig.198, 
McLeod, 1977,1978,1979). In Jerilderie No.l, the proportion 
of Facies D1 decreases up the sequence with Facies Ml and SI 
becoming the most abundant facies (Fig.197). The S.P. log of 
Jerilderie No.l suggests a coarsening-up sandstone sequence 
over the upper part of the Urana Formation (Fig.197).

FACIES INTERPRETATION 
CHRONOSTRATIGRAPHIC FRAMEWORK

The most stratigraphies 1 ly important microfossils in the 
Urana Formation are palynomorphs which provide correlations 
between the various infrabasins and with other sequences in 
Australia. Using the Late Palaeozoic palynozones defined by 
Kemp & others(1977), Stage 2 microfloras are present in the 
Renmark and Wentworth Troughs and the Paringa Embayment? 
Stage 2 and Stage 3 microfloras are present in the Numurkah 
Trough, and in the Ovens Graben the Urana Formation contains 
a Stage 3 microflora.

Kemp & others(1977) show that these microfloras provide 
good correlations between Late Palaeozoic sequences in 
Australia and therefore tie the Urana Formation into its 
regional context. Stage 2 microfloras are present in the 
Permian glacial sediments around the Murray Basin. Because 
it contains marine microfossils, the Urana Formation is 
therefore the marine equivalent of the Late Palaeozoic 
glacial sediments that crop out in south-eastern Australia
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and it is reasonable to interpret the facies of the Urana 
Formation in terms of glacial and g1aciomarine depositional 
processes.

DIAMICTITES
In glaciomarine environments, three different sorts of 

diamictites may be present (Kurtz & Anderson,1979; Anderson, 
Domack & Kurtz, 1980; Clarke, Whitman, Morgan & Mackey, 1980,- 
Drewry & Cooper, 1981; Gravenor, Von Brunn & Dreimanis, 1984; 
Eyles & Eyles,1983):-

1. Ice-rafted diamictites - Diamictites formed by ice
rafting of sediment.

2. Subglacial tillites - Diamictites deposited beneath 
glacial ice which grounds on the sea floor. Two types of 
subglacial tillites may be present in a glaciomarine 
depositional setting; lodgement tillite deposited directly 
beneath the sole of active ice (Boulton & Deynoux,1981) and 
undermelt diamictites deposited beneath glacial ice near the 
grounding line from a thick mobile subglacial debris layer 
by continuous basal melting (Gravenor & others,1984).

3. Sediment gravity flow deposits - Diamictites formed 
by slumping of ice-rafted diamictons, subglacial tills or 
other sediments (Kurtz & Anderson,1979).

Facies D3 displays a bimodal size distribution, 
gradational bedding and outsized stones and is therefore 
probably a compound ice-rafted sediment formed by rafting of
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the coarse grain-size fraction into an area of clay 
deposition (see Chapter 2). Facies D1 is also a compound 
ice-rafted sediment resulting from rafting of sand and 
pebbles into silts. It probably represents higher rates of 
ice-rafted sediment deposition than D3 because the sand 
fraction is much more abundant in Facies Dl. Massive, 
tillite-like Facies D2, however, has two possible origins; 
it may be sediment gravity flow deposits or subglacial 
til lites deposited by ice advance out into the basin. 
Subglacial til lites may be present along the southern 
margins of the Numurkah Trough and the Ovens Graben and in 
Tararra No.l and Blantyre No.l but the cores of Facies D2 
recovered from the other petroleum wells are probably 
sediment gravity flows because they are thin and contain 
mudclasts ripped up from mud over which the flows moved.

X

FINE-GRAINED FACIES
The settling of fine particles from suspension produced 

the massive Facies Ml and the cl ay stone parts of M2 and M3 
but the graded siltstone parts of M2 and the siltstone and 
sandstone laminae of Facies M3 indicate deposition by 
currents. Facies M2 exhibits grading without clear 
separation of silt and clay parts of the graded bed*. This 
sort of grading is typical of rhythmites deposited in marine 
environments where clay minerals flocculate and deposit with 
part of the silt fraction (Duff, Hallam & Walton,1967). 
Currents of three possible origins may have deposited the 
graded beds. Either density currents produced by meltwater 
inflow moving as underflows or overflows (Keunen,1951 ), 
turbidity currents generated by slumping of the sea floor
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(Carey & Ahmad,1961) or currents generated by katabatic 
winds flowing off a large ice mass (Gilbert & Shaw, 1981 ) 
might have deposited the graded beds of Facies M2. The 
scattered coarse grains in Facies Ml, M2, and M3 were 
probably ice-rafted into place.

In Facies M2, the development of flame structures and 
soft-sediment boudins, results from loading of the clays by 
rapid deposition of silts, causing simple clay-into-siIt 
intrusion but the complex mijcing of siltstones and 
claystones with recumbent folding of laminae possibly 
results from slumping of the seafloor.

SANDSTONE FACIES

The sandstone facies are difficult to interpret with 
any certainty because of the small cores available. The poor 
sorting of Facies SI suggests rapid deposition from currents 
carrying a wide range of particle size in suspension 
(Stewart & La Marche,1967) such as high density turbididty 
currents (Lowe,1982). These currents were powerful enough to 
erode mud clasts from underlying sediment. The other two 
sandstone facies are finer and better sorted than Facies SI 
suggesting more consistent currents than those responsible 
for Facies SI. In a glaciomarine setting, sandstones might 
be deposited as part of subaqueous outwash fans or deltas 
(Banerjee & McDonald,1975), by tidal or wind-generated 
currents sorting the sea bed or by slump-generated turbidity 
currents. Sandstone facies in the upper part of Jerilderie 
No.l give an S.P. log signature which suggests a coarsening- 
up, deltaic sequence (Fig.197) but elsewhere in the basin.

268



evidence as to the origins of the sandstones present is 
lacking.

CONGLOMERATE FACIES
The small size of the cores taken in the conglomerates 

makes it difficult to draw any conclusions on the origin of 
this facies other than that high energy conditions prevailed 
during deposition. Likely depositional settings for 
conglomerate in glaciomarine environments are deltas, 
subaqueous outwash fans and beaches.

DISCUSSION
CORRELATIONS WITHIN THE URANÀ FORMATION

The microfloras within the Urana Formation suggest 
possible correlations between well sections (Fig.199). 
Nadda No.l, Wentworth No.l and North Renmark No.l contain 
Stage 2 microfloras (Derrington & Anderson, 1970, 
Ludbrook, 1962, Ludbrook, 1963). Paten & Price (in Derrington 
& Anderson, 1970) consider that the microfloras of Wentworth 
No. 1 and North Renmark No. 1 are more diverse and hence 
slightly younger than that of Nadda No.l. Morgan(1975b) 
lists a Stage 3 microflora from low in the Jerilderie No. 1 
section so that Nadda No.l., North Renmark No. 1 and 
Wentworth No. 1, and Jerilderie No. 1 were deposited 
approximately consecutively. The palynological zones are 
too coarse to identify gaps or overlap between these 
sections (Fig.199).

The Numurkah Trough sequence ranges from Stage 2 to 
Stage 3 (McLeod, 1977,1978,1979). Of the other petroleum

269



wells, Tararra No. 1 yielded a Stage 2 microflora (Boyd & 
Heibler,1967, Evans,1977) but Blantyre No. 1 and Ivanhoe 
No.l did not produce an identifiable microflora. In Figure 
199, Blantyre No. 1 and Ivanhoe No.l are tentatively 
correlated with holes containing Stage 2 microflora because 
the sediments and the settings of these two well sequences 
are broadly similar to Tararra No.l.

PALAEOGEOGRAPHY 
Depositional Environment

The most abundant facies in the Urana Formation beneath 
the Murray Basin are ice-rafted diamictites and mudstone 
facies with sandstone facies and mass flow diamictites and 
ti1 lites less abundant. Some of the sandstones and 
conglomerates may be deltaic deposits. This facies 
assemblage suggests that the Murray Basin area was a shallow 
marine basin with ice masses encroaching on its edges at 
times and deltas prograding into it in places. The amount of 
data does not allow the Urana Formation to be fitted neatly 
into the facies models such as that of Gravenor & 
others(1984) but contain elements of both their basinal and 
shelf facies assemblages.

The nature of the ice that deposited the ice-rafted 
facies in the Urana Formation remains a problem. The till 
pellets found in the Urana Formation (Fig.186 ) imply 
floating glacial ice (Overshine,1970) but whether this ice 
was in the form of ice shelves or icebergs is impossible to 
determine from the available data.
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Position of the Ice Margin
The Nadda No. 1 sequence is the oldest Urana Formation 

section (Derrington & Anderson, 1970) and consists of 
compound ice-rafted diamictite, sandstone and mudstone 
whereas the slightly younger North Renmark No.1 and 
Wentworth No. 1 sequences contain less ice-rafted detritus 
and more facies resembling density current deposits and 
include beds of conglomerate. These facies assemblages 
suggest that grounded glacial ice did not extend to the 
Paringa Embayment, Renmark Trough and Wentworth Trough 
during the period represented by these three sections. It 
is unlikely that grounding of the ice would leave no trace 
because the ice was probably wet-based and, upon retreating 
it would leave a blanket of tillite deposited at the 
grounding line (Carey & Ahmad, 1961). Striated pavements and 
other ice motion indicators in the Late Palaeozoic outcrop 
areas of Victoria indicated ice movement from south to 
north (Bowen & Thomas, 1976, Fig.183). Therefore the grounded 
ice probably did not extend as far north as the southern 
edge of the Paringa Embayment on the southwestern side of 
the Murray Basin (Fig. 183).

Tar arra No.l and Blantyre No.l contain relatively large 
proportions of Facies D2 suggesting that glaciers may have 
covered the Tararra and Blantyre Troughs. Such ice would 
have come from a landmass to the northwest because these 
areas lie north of the Renmark and Wentworth Troughs which 
ice from the south is unlikely to have crossed and because 
ice fed debris into other basins to the north and northwest 
(Crowell & Frakes,1971a,b).
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Th© Numurkah Trough and Ovens Graben may have til lites 
near their southern margins. The few cores cut of Numurkah 
Trough sediments along its southern margin contain massive 
tillite-like Facies D2. These diamictites pass up into 
mudstone facies suggesting that the ice retreated at some 
time close to the change from Stage 2 to Stage 3 
microfloras. The southern end of the Ovens Graben is 
surrounded by patchy outcrops of tillite (M.Craig, pars, 
comm., 1981 ) and the sequence in Laceby No. 2 may include 
tillites so that this part of the Graben was possibly 
covered by grounded ice. In Jerilderie No. 1, however, 
there is no evidence for grounded ice during deposition, 
probably because the graben was not active until after the 
ice had retreated. This is inferred from Stage 3 microflora

'C

found near the base of the sequence (Morgan, 1975b), in 
which case the til lites in the southern end of the graben 
must have been deposited close to the edge of an ice mass or 
they are remnants of a more extensive blanket of tillite 
eroded away in the northern part of the Ovens Graben before 
the graben formed. Craig & Brown(1985) present evidence 
which suggests that small glaciers developed around the 
southern end of the Ovens Graben so it seems likely that 
major ice sheets did not reach the central part of the Ovens 
Graben.

Thus, from the evidence offered by the Urana Formation, 
the maximum extent of grounded ice in this area is as shown 
in Figure 183. This estimate is tentative because of the 
widely spaced data points and coarse biostratigraphic
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control.

CLIMATIC CHANGE DURING DEPOSITION OF THE URANA FORMATION
Nadda No. 1, North Renmark No. 1, Wentworth No. 1, the 

Numurkah Trough sequence and Jerilderie No. 1 form a roughly 
continuous sequence which spans the time interval in which 
the Stage 2 microflora changed to Stage 3 (Fig.199). The 
amount of ice-rafted detritus in North Renmark No. 1 and 
Wentworth No. 1, the two younger Stage 2 sequences, is less 
than in Nadda No. 1. This, taken with the facies change 
associated with the microfloral change in the Numurkah 
Trough, suggests that glacial ice retreated from the 
southern edge of the Murray Basin area just prior to the 
arrival of the Stage 3 microflora. This change has also 
been recorded in outcrops of the Cape Jervis beds in South 
Australia (Foster, 1974) and in Late Palaeozoic sections in 
Tasmania (Kemp,1978).

This trend to lesser amounts of ice-rafted detritus 
continues in Jerilderie No. 1 with 350m of ice-rafted 
diamictite (Facies Dl) passing vertically into mudstones 
with a much smaller ice-rafted component (Facies Ml). The 
sequence then becomes sandier, with a microfauna that 
suggests a brackish or turbid environment (Harris & 
McGowran, 1971 ). The shape of the S.P. Curve (Fig. 197) may 
represent a regressive sequence (cf.Davis, 1980), which, 
taken with the microfauna, suggests that this part of the 
Jerilderie No. 1 sequence may be deltaic deposits. The 
plume of fresh, turbid water from a delta would cause the 
restricted microfauna, and slumping of the delta-front
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sediments might explain the beds of diaraictite (Facies D2) 
in the interval. Thus, the Urana Formation in Jerilderie 
No.l reflects a gradual reduction in the amount of floating 
ice and hence an improvement in the climate.

CONCLUSIONS
The Urana Formation beneath the Murray Basin consists 

of glaciomarine sediments deposited in a series of small 
intracratonic basins during the Late Palaeozoic glaciation 
of southeastern Australia. The most common facies present 
are ice-rafted diamictites and mudstones with an ice-rafted 
component of coarse clasts. Siltstones deposited by density 
currents, mudflow diamictites and sandstones and 
conglomerates deposited by various types of currents are 
also present and subglacial tillites may also be present on 
the margins of some infra-basins. Microfloral assemblages 
and facies sequences indicate that deposition of the Urana 
Formation spanned the period of final waning of the 
glaciation.
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PART III

CHAPTER 12

PETROGRAPHY AND GEOCHEMISTRY

INTRODUCTION
This chapter examines the petrography and geochemistry 

of the Permian glacial rocks of central Victoria 
and the Murray Basin concentrating on the diamictites. The 
diamictites are the focus of attention because the 
petrography and textures of diamictites are seldom studied, 
comparisons between sandstone and diamictite thin sections 
revealed that the diamictites contained greater proportions 
of rock fragments and thus provided better information on 
sediment source than the sandstones and because various 
geochemical methods of identifying diamictites deposited in 
marine environments have been suggested (Frakes & 
Crowel1,1975). The study falls into three parts, the 
examination of the diamictites and other rock types in thin 
section, the X-ray diffraction and geochemical study of the 
clay fraction of the diamictites and mudstones and then 
consideration of the geochemical criteria used to 
distinguish marine from non-marine diamictites.

DIAMICTITE PETROGRAPHY
GRAIN SIZE

Figures 200 and 201 show the grain-size variations in 
diamictites from the Bacchus Marsh Formation, the Derrinal 
Formation and the Urana Formation measured by the method set
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out in Appendix 2. The sand - mud ratios of the diamictites 
depends on depositions! processes. Compound ice-rafted 
facies from the Urana Formation generally have sand/mud 
ratios of about 0.5 or less whereas unmodified subglacial 
tillites have ratios between 0.4 and 1.0. Supraglacial 
til lites have ratios from 0.4 to greater than 1.0, depending 
on the degree of water sorting during depositon. The 
diamictites are all very poorly sorted with the subglacial 
tillites the most poorly sorted.

COMPOSITO#

Figure 202 shows the compositon of the sand-sized 
fraction of diamictites from the Bacchus Marsh Formation, 
Derrinal Formation and the Urana Formation and examples of 
the composition of other rock types present in these units. 
It illustrates the reason for using the sand fraction of the 
diamictites in provenance studies in that the sandstones 
consist largely of quartz grains with only a few lithic and 
feldspar grains. The sand fraction of the diamictites, 
however, contains significant amounts of lithic grains and 
up to 16 percent feldspar grains and thus provides more 
information on sediment provenance. This compositional 
difference probably results from destruction of the labile 
grains by grain to grain collisions during water transport 
prior to deposition of the sandstones.

The quartz grains in the diamictites fall into two 
categories. Firstly, there are grains with straight to 
slightly undulose extinction and few inclusions, "igneous 
quartz" grains of Krynine(1940), and secondly, grains with
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marked undulose extinction, some with abundant inclusions. 
Some grains in this second group have well defined subgrain 
boundaries in them developed during recrystallization 
(recrystallised metamorphic quartz of Krynine(1940)).

Orthoclase is the most common feldspar in most samples, 
though some contain equal amounts of plagioclase. Perthitic 
grains and microcline are also present. The plagioclase is 
probably sodio. All types of feldspar present show two 
types of alteration. The most common is alteration to clays 
which affects the potassium feldspars uniformly or attacks 
zones within them (Fig.203) and attacks plagioclases along 
twin planes. The other type of alteration is replacement by 
carbonate which takes the form of massive carbonate or 
elongate needles. There are rectangular grains of carbonate 
which may have been feldspars now completely replaced by 
carbonate.

The rock fragments consist of fine sandstone, 
siltstone, shale and granite fragments plus rare grains of 
chert, altered basic to intermediate volcanic and 
metamorphic rocks (Fig.204). The fine sandstone and 
siltstone grains are the most common. They ere quartzose 
rocks with matrix material of coarse sericite which is 
usually aligned parallel to the grain long axes. This 
sericite probably originated as detritai or diagenetic 
matrix clays which recrystallized during metamorphism and 
became aligned parallel to the metamorphic cleavage. This 
cleavage is best developed in siltstones and the shales. 
The shales vary from grey to black.
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The granitic rock fragments present vary from fresh to 
heavily altered by replacement of feldspars by clays or 
carbonate or by alteration of biotite. Biotite flakes are 
brown when fresh but suffer two types of alteration: 
replacement by carbonate and replacement by chlorite. 
Carbonate forms along cleavage planes, splitting the flakes. 
The change of biotite to chlorite may be seen as a change 
from brown to green at one end of the biotite flake.

Alteration of biotite also probably accounts for the 
presence of radiating, fibrous chlorite filling gaps between 
grains making up granite clasts in Interval 5 of the Morven 
Section, Bacchus Marsh Formation (Fig. 205). This part of 
the section contains a mixture of fresh and weathered 
granite clasts. Singleton(1973) suggested that the 
weathered clasts were transported frozen but Bustin & 
Mathews(1979) have shown that the clasts disintegrate 
because biotite in them weathers to a chlorite-vermiculite 
mixed layer clay. This reaction involves an increase in 
volume which causes other grains to be forced apart and 
creates microfractures which hasten weathering. In the 
granite clasts of the Morven Section, the chlorite- 
vermiculite mixed layer clay seems to have recrystallised as 
radiating, fibrous chlorite (Fig.205), possibly during 
burial. The result is that clasts containing abundant 
biotite have weathered to a soft, friable state but biotite- 
poor clasts still appear fresh.

Metamorphic grains present are fine muscovite schists
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and fine quartzites. One fragment of quartzite exhibits 
elongate, parallel quartz grains in a texture known as 
quartz redding (Fig.206). The quartzite grains also 
contains strongly oriented sericite. Quartz rodding is 
generally associated with rock metamorphosed to at least 
lower amphibolite facies (R.Ahmad, pers.comm. 1979). 
Another rare type of rock fragment is a highly altered 
volcanic rock, usually composed of fine plagioclase laths 
accompanied by badly altered ferromagnesium minerals and 
black groundmass. These grains are always heavily altered 
with extensive replacement by fine clays and coarse green 
chlorite. Volcanic grains are more common in the Derrinal 
Formation and parts of the Urana Formation than in the 
Bacchus Marsh Formation.

SOURCE ROCKS

Sedimentary rock fragments outnumber all others. 
Figure 204 shows the compositional range of samples 
examined. Only four contain significant numbers of volcanic 
grains and ten contain a significant number of granitic 
clasts whereas more than half plot on the Sedimentary apex 
of the triangular diagram. This indicates that the Permian 
diamictites of central Victoria derive mostly from the 
underlying Ordovician metasediments. As discussed in the 
introduction to Part II, these rocks are mostly fine 
micaceous quartz sandstones, siltstones and shales with 
strongly developed slatey cleavage.

The granitic clasts come from the mid-Palaeozoic 
plutons intruding the Ordovician metasediments. Volcanic
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rock fragments in the diamictites have two possible source 
rocks; they may have come from felsic cauldron complexes 
associated with mid-Palaeozoic plutons (Marsden,1976) or 
from the elongate belts of Cambrian basic volcanics which 
crop out in Victoria (Singleton,1973). The apparent 
mineralogy of the fragments suggests that most come from the 
Cambrian volcanics. Basic rocks are known from the cauldron 
complexes in south-eastern Australia but are not abundant, 
the most common rock types being rhyolites to rhyodacites. 
Rhyolite and rhyodacite clasts are not abundant in the 
Permian glacial rocks of central Victoria, probably because 
the outcrop areas of these rocks are west of most of the 
cauldron complexes so that ice flowing from the south-west 
and south did not override large areas of felsic volcanics. 
Cambrian volcanics, however, crop out only a few kilometres 
east of Derrinal so some clasts might be expected there. 
The picture is not as clear at Bacchus Marsh because most of 
the immediate sediment source area is covered by Mesozoic 
and Tertiary sediments and volcanics but a small outcrop of 
metamorphosed, basic igneous rock 40km to the south, near 
Geelong, suggests that Cambrian volcanic belts may have 
contributed the few volcanic rock fragments in the Bacchus 
Marsh Formation.

The fragments of metamorphic rocks of higher grade than 
the Ordovician bedrock in central Victoria may have been 
derived from metamorphics buried beneath younger sedimentary 
basins to the south of Bacchus Marsh or they may have 
travelled great distances from metamorphic terrains in 
western Victorian (Beavis,1976) or terrains to the south
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west, now represented by outcrops of metamorphic rocks on 
islands in Bass Strait. It is likely that these rock 
fragments have travelled great distances from the south-west 
because that is the overall direction of ice transport.

DIAMICTITE MATRIX MATERIAL 
Petrography

The matrix materials of all diamictites examined fall 
into several categories which represent slight variations of 
the basic matrix material of detritai quartz and clays. The 
matrix types are:

1. Normal Matrices:- Matrix material consist of grey 
to brown clay and fine quartz grains (Fig. 207).

2. Coarse Clay Matrices:- Matrix material consisting 
of the same ingredients as type 1 accompanied by varying 
proportions of coarse clay with yellow birefringence (Fig 
208). This biréfringent clay varies from randomly oriented 
to forming strongly oriented domains. Some such clay flakes 
are present as coatings on framework grains.

3. Carbonate-Clay Matrix Material:- These matrices 
consist of Normal Matrix material with carbonate coating the 
clay and quartz grains which does not fill all available 
pore space (Fig. 209).

4. Carbonate Matrix Material:- Some patches and 
concretions of diamictite are cemented by large amounts of 
carbonate. The difference between this material and 
carbonate-clay matrix material is that the carbonate matrix
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fills all available pore space in the diamictite. Also, 
there appears to have been greater pore space available to 
be filled by the carbonate when it precipitated as the 
detritai matrix grains seem to be further apart than in 
other matrix types. In concretions from the Morven Section, 
carbonate fills large rounded pores as blocky irregular 
crystals apparently grown from the pore rims, and fine 
fibrous crystals grow radially from the walls of fine 
fractures.

There are other components of the matrix material as 
well as those listed above which are not associated with any 
particular matrix type but are nevertheless important. 
Secondary chlorite is one of these components. It appears 
as infillings of pores created by destruction of grains in 
rock fragments, sometimes as radiating, fibrous masses, and 
as the coating of fine fractures running through a rock. 
Red limonitic] cements are present in some diamictites. They 
coat grains and obscure most matrix grains. These cements 
stain the rocks they affect red or red-brown and were 
probably formed during modern weathering.
Mineralogy of Matrix Materials

Method:- The mineralogy of diamictite matrix materials 
was studied by two methods. First, fresh samples of 
diamictite were disaggregated and the clay fraction 
separated by settling (see Appendix 3 for details). In some 
samples, the silt and clay fractions were separated by wet 
sieving. A representative group of samples were placed on 
glass slides and examined by X-Ray Diffraction using the 
methods of Carrol1(1970) (see Appendix 3). This provided a
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qualitative identification of minerals present.

Each sample was then analysed for major and minor 
elements using the X-Ray Fluorescence method of Haukka & 
Thomas(1978). The amount of acid soluble carbonate was 
measured for most sample by treating samples with 
orthophosphoric acid and measuring the gas evolved in a 
mercury manometer, the result is presented as weight percent 
COg2-. The major element analyses were then used to 

calculate a Normative mineralogy, of a representative group 
of samples using a modified version of the method of Cole & 
Hajela(1973), set out in Appendix 3. This treatment 
provides a guide to the relative abundance of the major 
minerals in the samples and was employed because the X-Ray 
Diffraction apparatus used could not be calibrated to 
provide semi-quantitative mineralogical data.

The matrix material of some samples was examined using 
the Scanning Electron Microscope at the University of 
Melbourne School of Earth Sciences to provide pictures of 
the arrangement of mineral grains.

Sample Selection:- Outcrop samples were chosen for 
their fresh appearance, indicated by their dark grey colour 
and lack of staining or leaching. This meant that 
relatively few outcrops of Bacchus Marsh Formation and 
Derrinal Formation were suitable. This number was further 
reduced by the unwillingness of some carbonate-rich samples 
to disaggregate. The samples of Urana Formation are 
cuttings from Jerilderie No. 1 which were sampled at about
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30m intervals. Only large cuttings which could be cleaned 
were chosen to minimise contamination by cavings and 
drilling mud. The Jerilderie No. 1 section was chosen for 
sampling because facies and palynological data suggested 
that this sequence was deposited during the last part of the 
glaciation so that mineralogical and geochemical changes 
might reflect the change in climate and weathering processes 
(see Chapter 11) and because foraminifera show that the 
Urana Formation is marine in this section and thus may be 
compared with non-marine glacial sediments from Bacchus 
Marsh and Derrinai.

Results:- The dif f ractograms obtained by XRD 
examination of fourteen samples is shown in Appendix 3. The 
most important peaks obtained from the clay-only samples are 
quartz, kaolinite and mica with chlorite, carbonate and 
feldspar peaks present in some diffractograms. The mica 
peaks probably represent 2M mica, muscovite, rather than 
illite because of the intensity of the 10 A peak, the 
presence of a reflection at 5 A and because the 10 A peak 
does not become more intense after dehydration at 600 
degrees centigrade (Carrol1,1970).

Normative mineral calculations support this conclusion. 
If illite or t hydromuscovite are used as normative minerals 
(analyses taken from Grim(1953) and Dear, Howie & 
Zussmann(1966)), all of the silica in the sample analyses is 
consumed in making the Normative clays so none is left to 
make the Normative quartz. The use of muscovite as a 
Normative mineral, however, leaves significant Normative
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quartz which is more consistent with the mineralogy of the 
samples indicated by XRD. Also, the S.E.M. shows most 
matrix material to be an interlocking mass, most likely of 
detritai origin with few euhedral clay mineral grains of 
diagenetic origin.

The kaolinite present is probably fairly well 
crystallised because the (001) peak at 7 A is prominent 
though other reflections which appear with well crystallised 
kaolinite are not so well developed (Carrol 1,1970). The
S.E.M. revealed some well crystalised kaolinite in some 
samples. What may be very coarse diagenetic kaolinite 
replaces rock fragments in several thin sections examined. 
It forms fibrous masses radiating from the outside rim of 
large pores which probably represent replaced detritai 
grains.

Chlorite is present dispersed through the matrix or as 
replacements or pore fillings in rock fragments or as 
coatings on fractures. The replacement of biotite flakes by 
chlorite has already been described. Bustin & Mathews(1979) 
found that biotite in tills subjected to acid ground water 
weather to a chlorite-biotite mixed layer clay. Such a clay 
was not detected using XRD, probably because detritai 
biotite is rare in all samples and therefore most of the 
chlorite in the samples formed by reactions other than the 
alteration of biotite.

The quartz and feldspar indicated by XRD are detritai 
minerals. Diffractograms of samples which include the silt
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fraction show more intense feldspar peaks than 
diffractograms of clay samples probably because there is 
much less clay-sized than silt-sized feldspar and because 
clay-sized grains would alter very readily to clays.

To obtain estimates of the relative amounts of 
different minerals in the rocks analysed, the major elements 
analyses were recalculated to give a Normative mineralogy 
using a modified version of the method set out in Cole & 
Hajela(1973) (see Appendix 3). This calculated mineralogy 
is not an exact measure of the composition because of the 
number of assumptions made in its derivation but it 
indicates the relative abundance of the major minerals 
present.

Table 8 presents the results. In general, muscovite is 
the most abundant clay-sized mineral in the diamictites and 
mudstones followed by quartz, kaolinite, chlorite and 
feldspars with carbonate, iron oxides and pyrite of minor 
importance. The small amounts of carbonate shown in Table 8 
reflects the difficulty in disaggregating sediments with 
carbonate-clay and carbonate matrix types. These types of 
sediment could only be analysed by crushing whole rock 
samples which would be so biased by the sand and pebble 
fractions as to make comparisons with other samples 
meaningless. Samples which include silt as well as clay 
show higher amounts of quartz and muscovite.

Discussion: - The clay-sized minerals in the glacial 
sediments of central Victoria consist of detritai minerals
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and diagenetic minerals. The detritai minerals are thought 
to be those which are relatively enriched in silt plus clay 
samples. Quartz, feldspars, and probably most of the 
muscovite are detrital. The diagenetic minerals are 
chlorite, carbonate and kaolinite. The chlorite and calcite 
may be seen filling pore spaces and replacing grains and, 
therefore, are easily recognised as diagenetic minerals but 
kaolinite is not so easily classified. Some of it has 
certainly formed into well crystallised books which suggests 
diagnetic growth in pore spaces. -

Paige-Green(1980) describes the clay mineralogy of 
similar age glacial diamictites from South Africa. He found 
that chlorite was the most abundant mineral followed by 
micaceous clay, either illite, mica or hydromica, and 
kaolinite with minor amounts of smectite. He concluded that 
the chlorite was diagenetic, the mica detrital, the 
kaolinite diagenetic or a product of modern weathering and 
the smectite was also a weathering product. The clay 
fraction of the glacial diamictites of central Victoria are 
probably richer in muscovite because most of the source 
rocks, the Ordovician metasediments, were micaceous. The 
chlorite present in both the Victorian and South African 
diamictites may have grown by diagenetic alteration of 
detrital ferromagnesium minerals, as illustrated by 
alteration of biotite in rocks of the Morven section and by 
the development of chlorite in basic to intermediate 
volcanic grains in the Derrinai Formation, or the alteration 
of smectite and potassium feldspar (Hoffman & Hower,1979).
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Thus, the chlorite-rich diamictites of South Africa 
were probably derived .from a source area which provided more 
ferromagnesium minerals and smectites than the source area 
of the Victorian sequence.

GEOCHEMISTRY OF THE CLAY FRACTION 
GENERAL GEOCHEMISTRY

Before discussing the use of geochemical parameters to 
differentiate marine from non-marine clays in the Permian of 
south-eastern Australia, some - comments on the overall 
composition of the sediments are in order. Table 8 compares 
the average components of the clay fraction of the Permian 
rocks of south-eastern Australia with several 'average 
shales'. The Permian clays have, on average, less SiO% and 
more Al% O3 than 'average shale' probably because the shale 
average is based on bulk rock analyses which include 
significant amounts of silt-sized particles and therefore 
more detritai quartz and proportionally less clay. Other 
major elements concentrations are similar to average shales.

The geochemistry of the Permian clays supports the 
conclusions drawn from the petrography of the sand fraction 
that the rocks are derived from sediments or low grade 
metamorphics rocks. Strontium/rubidium ratios and 
sodium/potassium ratios are low for more mature or highly 
differentiated rocks (Cameron & Garre1,1980 ). 
Sodium/Potassium ratios are all less than one (Fig.210) and 
Strontium/Rubidium ratios are 3.5 or less, indicating mature 
compositions. Vogt's Residual index is another measure of 
sediment maturity (Roaldset,1972). It is
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V » (À1203 + K20 )
(MgO + CaO + Na20)

For the Permian clays it varies from 2.1 to 6.95 which 
indicates mature sediment (Table 10). This compares with 
values of 0.5 to 2.6 for till clays containing significant 
amounts of unweathered material from igneous rocks 
(Roaldset,1972, Table 10).

Table 11 shows the degree of correlation between the 
major oxides and trace elements as expressed by correlation 
co-efficients obtained by linear regression analysis. 
Variable pairs with correlation co-efficients greater than 
0.8 or less than -0.8 are considered to have significant 
positive or negative correlations so that the pairs which 
correlate significantly are those listed in Table 12. Those 
with the highest co-efficients are Rb and K20 and Cr and K20 
with K20 and Fe203, Rb, and Fe203, Cr and Rb, Cr and Ti02, 
Cr and A1203 and Cr and MgO having significant positive 
correlation and Na20 and Rb and Sr and Fe203 having 
significant negative correlations.

X interpret most of these relationships in terms of 
isomorphic replacement of ions in the muscovite which is the 
most abundant mineral in the clays. Dear, Howie & Zussman 
(1966) list the principal isomorphous replacements in 
muscovite, which is ideally K2A14 [ Si6Al202(^(0H, F)4- The 
principle replacements are:
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For K: Na,Rb, Cs, Ca, Ba,
For octahedral Al: Mg, Fe , Fa , Na, Li, Cr. Ti, V
For (OH): F

(Si6Àl2) can vary to (SÌ7AI)

The strong correlations between K20 and Rb suggests 
that Rb in the samples is mostly present as a substitute for 
K, the correlation between Cr and K20 suggests that Cr is 
mostly present as a substitute for Al in the tehedral sites 
in the muscovite along with Ti, Fe and some Mg. The 
negative correlations between Na20 and Rb, and Sr and Fe203 
are difficult to explain because the exact mineral 
assemblage is not known.

DISTINGUISHING BETWEEN MARINE AND NON-MARINE GLACIAL 
SEDIMENTS USING GEOCHEMICAL CRITETIA

INTRODUCTION

Students of ancient glacial sequences have often 
confronted featureless diamictites which, by their facies 
association may be marine or non-marine deposits but do not 
contain anything that indicates the salinity of the 
depositional environment. The difficulty of interpreting 
such sediments has led some workers to search for 
geochemical means of distinguishing between marine and non
marine glacial sediments. This section is an attempt to test 
some of the criteria proposed by such studies.
Previous Literature

The first geochemical criteria proposed for 
distinguishing marine from non-marine shales was boron

290



concentration (Landergren,1945). Many studies, mostly 
carried out on sediments deposited in non-glacial 
environments, have met with varying success (e.g. Degens, 
Williams & Keith,1957; 1958; Walker & Price,1963;
Nichols,1968; Cawsey,1968; Crouch,1971; Sumartojo & 
Gostin,1976). These studies have established that, in some 
circumstances, marine shales have higher boron contents than 
similar non-marine shales but that many factors affect its 
concentration. Some of these factors combine to reduce the 
usefulness of boron when studying, glacial sediments.

In shales, boron mostly resides in illite (Walker & 
Price,1963) but it is also present in muscovite 
(Reynolds,1965), chlorite, vermiculite and kaolinite 
(Couch,1971). When deposited, a clay mineral assemblage 
already contains boron acquired during formation of the 
parent rocks. Additional boron is added to this inherited 
boron, depending on the concentration of boron in the 
depositional environment, which is usually higher in marine 
environments than non-marine. In the initial stages, the 
amount of boron adsorbed depends on the length of time the 
clays are in contact with the water and hence the 
sedimentation rate (Fleet,1965) and the temperature 
(Harder,1970). Harder (1970) found that at temperatures 
below 15 C, boron uptake was low.

Once buried, boron does not remain fixed. Perry(1971) 
showed that boron is mobile during diagenesis, being 
incorporated in diagenetic illite as it forms from mixed 
layer clays and in the transition of 1M illite to its 2M
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polytype, boron is expelled from the mineral lattice 
(Reynolds, 1965). Muscovite and 2M illite are relatively low 
in boron and do not adsorb it during deposition or 
diagenesis (Reynolds,1965).

These aspects of boron geochemistry suggest that it is 
unlikely to provide information on depositonal environment 
salinities during deposition of the Permian rocks of central 
Victoria. As discussed in the section describing the 
mineralogy of the sediments, muscovite is the most abundant 
clay-sized mineral in the rocks. Therefore, boron levels in 
the clay fraction probably reflect levels attained by the 
source rocks during diagenesis. Even if the clay minerals 
had been suitable to adsorb boron at deposition, the low 
temperatures in the environment would have greatly 
restricted boron uptake. Sumitojo & Gostin(1976) found that 
boron levels in the Late Precambrian Sturt Til lite were as 
high as those in marine shales studied by Degens & 
others(1958) but they did not have independent evidence of 
palaeosalinities with which to establish the line of 
demarkation between marine and non-marine rocks in that 
setting. Kieth & Degens( 1959), Nichols(19 68 ) and 
Cawsley(1968) all showed that the demarkation value of boron 
concentration varies from basin to basin so that without 
independent evidence of palaeosalinities, there is no 

guarantee that the observed boron concentrations reflect 
palaeosalinities and not the composition of the parent 
rocks.

Frakes & Crowel1(1975), using an empirical approach.
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suggested that glacial marine clays and terrestrial tills 
plotted in separate fields on a plot of total iron versus 
manganese. They compared the till analyses of Roaldset( 1972) 
with analyses of glaciomarine Clays and found that the tills 
were enriched with iron relative to "crustal abundance" 
whereas glaciomarine clays contained less iron than 
"crustal abundance". They use Taylor's( 1964) estimate of 
crustal abundance of iron. They also plotted iron and 
manganese concentrations of ancient glacial sediments, both 
Cainozoic and Late Palaeozoic, .and found that most were 
depleted in iron and manganese, though one diamictite which 
rests on a striated pavement had similar levels to the tills 
studied by Roaldset( 1972).

Frakes & Crowel 1(1975) did not claim that iron and 
manganese concentrations in glacial sediments are directly 
controlled by water salinity. They suggested that the 
results derive from the increased frequency of oxidizing 
conditions accompanying terrestrial glacial deposition 
compared to glaciomarine deposition. In oxic environments, 
iron and manganese are fixed as oxides whereas under 
reducing conditons, iron and manganese are removed (Frakes & 
Crowell, 1975,- Frakes, 1975 ).

This approach has been employed by some workers 
(e.g.Schmidt & Williams, 1969; Bhatia,1981) who have not 
always allowed for the influence of detritai mineralogy on 
the Iron and Manganese levels in their samples. Frakes & 
Crowel 1(1975) also recognised that the scarcity of major 
element analyses of modern and Pleistocene terrestrial tills
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was a problem in that only the 22 analyses of Roaldse-t* 1972) 
plus a few studies containing one or two analyses were 
available for comparison with glaciomarine sediments.

As well as boron concentrations and iron/manganese 
plots, several other criteria have been suggested. 
Roaldset(1972) found that a plot of MgO/Al203 versus 
K2°/A12°3 separated marine and non-marine glacial sediments 
from the same area in Norway (Fig.211). She ascribes this to 
the uptake of potassium and magnesium by degraded clay 
minerals on entering sea water. Degens & others(1958) used 
rubidium and gallium concentrations in conjunction with 
boron concentrations to distinguish between marine and non- 
marine shales and Makarova(1978) claims that strontium/ 
barium ratios are greater than 1 in marine rocks and less 
than 1 in non-marine rocks. Roaldset(1973) suggested that 
Rare Earth elements may be useful pa1aeosa1inity indicators 
because of their different responses to weathering and 
diagenesis (Ronov, Balashov, Migdisov & Vernadskiy, 1967).

Bhatia(1981) ascribes a glaciomarine origin to some 
Palaeozoic di amicti tes using the Fe—Al-Mn+Ti ternary diagram 
used by Angino & Andrews(1968) to distinguish between modern 
Antarctic glaciomarine, pelagic and shallow water sediments. 
It should be noted, however, that Angino & Andrews(1968) 
were not comparing glaciomarine and terrestrial glacial 
sediments, rather they were comparing glaciomarine sediments 
with other marine sediments with different degrees of 
sorting. Consequently, tills and glaciomarine diamictites 
plot in the same field on the ternary diagram (Fig.212).
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METHOD OF STUDY

Clays separated from the Permian glacial rocks of 
central Victoria and the Murray Basin were analysed for 
major and some trace elements using the technique described 
in the preceding section* Boron concentrations could not be 
obtained because of technical problems but because of the 
temperature dependence of boron adsorbtion and the abundance 
of muscovite in the samples, this was not considered a 
serious omission (Reynolds,1965). Some of the criteria 
suggested in the literature were used to see if samples from 
the Urana Formation in Jerilderie-1 could be distinguished 
from samples of subglacial and supraglacial til lites from 
the Bacchus Marsh and Derrinal Formations. The Urana 
Formation in Jerilderie-1 contains Foraminifera and ice- 
rafted detritus and therefore are glaciomarine rocks.

As discussed in Chapter 11, the Urana Formation in 
Jerilderie-1 was deposited towards the end of the glaciation 
of south-eastern Australia. To see if any differences in 
composition between the tillites and the glaciomarine rocks 
arise because the clays in the Urana Formation suffered 
greater weathering under a warmer climate, several "maturity 
indices" were calculated. Firstly, sodium/potasium ratios 
were plotted against strontium/rubidium ratios for all 
samples (Fig.208). Cameron & Garrells(1980) suggest that 
these ratios decrease with increasing maturity of the 
sediment or increased differentiation of the source rocks. 
As the source rocks are similar in all sampled areas, the 
ratios reflect sediment maturity.
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If climatic change controlled clay compositions, the 
plot of sodium/potassium ratios versus strontium/rubidium 
ratios should show a systematic trend with high values for 
the tillites and low values for the uppermost beds in 
Jerilderie-1. Figure 208 shows strong correlation between 
the ratios but no systematic trend attributable to climate 
contolled weathering. Likewise, there is no systematic 
change of the ratios with depth in Jerilderie-1. Vogt's 
Residual Index is another guide to the maturity of a 
sediment (Roaldset, 1972) and it also shows no systematic 
change attributable to changes in weathering during 
deposition. Therefore, it is reasonable to compare clay 
compositions from the Urana Formation and the Bacchus Marsh 
and Derrinal Formations without considering weathering 
effects.

RESULTS
Iron-Manganese Plots

Figure 213 shows iron plotted against manganese for 
samples from south-eastern Australia. It shows that both 
iron and manganese are low in these rocks compared to the 
tills studied by Roaldset(1972). Many samples contain more 
than 5 percent Iron by weight and therefore plot in the 
"Till field" defined by Brakes & Crowell(1975) but the plot 
does not separate marine from non-marine samples. Both 
marine and non-marine samples vary from about 4 percent to 6 
percent iron, straddling the boundary between "Old 
Glaciomarine" and "Till" fields recognised by Frakes & 
Crowell(1975). It seems unreasonable to condemn the method on
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the basis of this data set because the iron concentrations 
are all very close to the value used by Brakes & 
Crowel1(1975) to separate marine and non-marine sediments 
and thus may fall in a zone of overlap between the two 
fields which may become apparent with further research, 
however these data do not confirm the value of this method.

These analyses provide some insight into the findings 
of Brakes & Crowel 1(1975) when iron and manganese are 
plotted against vanadium-chromium ratios. Vanadium is 
concentrated in organic-rich, reducing environments whereas 
chromium is associated with the detritai fraction of fine
grained sedimentary rocks so that vanadium/chromium ratios 
are high for sediments deposited in reducing environments 
and low for those deposited in oxic environments 
(Ernst, 1970; Dypvik, 1979 ). Plots of iron and manganese 
against vanadium/ chromium ratios (Bigures 214 & 215) 
support the suggestion of Brakes & Crowell (1975) that 
differences in the redox conditions between glaciomarine 
depositional environments and till-forming environments 
cause the sepparation of the two types of sediment on iron- 
manganese plots.' The two plots of analyses from south
eastern Australia show decreasing iron and manganese with 
increasing vanadium/chromium ratios which indicates greater 
mobility of iron and manganese in more reducing environments 
and that vanadium/chomium ratios of til lites are lower than 
those of the glaciomarine sediments. There is considerable 
scatter about the regression line which suggests redox 
conditone are not the only influences on iron and manganese 
concentrations but the trend is still evident. This also
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suggests that vanadium/ chromium ratios may be used to 
distinguish between tillites and glaciomarine diamictites, 
though care should be exercised until more data sets are 
available to establish the generality of these observations.

I expect that vanadium/chromium ratios are affected by 
inherited vanadium and chromium so that the method should 
only be used with knowledge of the sample's mineralogy and 
major element composition and with some independent means of 
establishing pa1aeosalinity in some samples to provide the 
limits of the marine and non-marine compositional ranges. 
Great care must also be exersised because the organic-rich 
non-marine sediments may also have high vanadium/chromium 
ratios (Nichols,1968).

Magnesium/Aluminium versus Potasium/Aluminium
Roaldset(1972) observed the separation of marine and 

non-marine sample on a plot of Mg0/Al203 against K20/A1203 
(Fig.211). She attributed this to the adsorbtion of 
magnesium and potassium from seawater by degraded clay which 
do not have the opportunity to do so in fresh water. 
Weaver(1959) observed this process in non-glacial 
environments.

A plot of Mg0/Al203 against K20/A1203 for samples from 
central Victoria (Fig.216) shows separation of marine and 
non-marine samples but, unfortunately, in the opposite sense 
to that observed by Roaldset(1972) with non-marine samples 
having higher Mg0/Al203 and K20/A1203 than marine samples. 
This different result probabably comes from mineralogical
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differences between the two sets of samples. The samples 
analysed by Roaldset(1972) contained illite, chlorite and 
vermiculite with the illites and chlorites slightly degraded 
whereas the samples from| southeastern Australia contain 
kaolinite, muscovite and diagenetic chlorite. Any 
degradation of muscovite during transport and deposition of 
the Australian sediments was probably reversed during 
diagenesis with potassium supplied by the breakdown of 
potassium feldspars. The relatively high levels of magnesium 
in the tillites in central Victoria may be because they 
contained more biotite derived from local granites. These 
mineralogical differences swamp the effects of differences 
in the ionic concentrations of water in the depositonal 
environments so that Mg0/Al203 versus K20/A1203 plots are of 
no value for distinguishing marine from non-marine 
diamictites in southeastern Australia.

Strontium /Barium and Rubidium/Gallium Ratios
The use of strontium/barium and rubidium/gallium ratios 

are discussed together because they have received little 
attention. In the samples from southeastern Australia, 
strontium-barium ratios are all less than 1 and therefore 
would be classed as non-marine sediments by Makarova(1978) 
(Table 13). Furthermore, there is no separation of marine 
and non-marine samples within the data set. This indicates 
that the method is inappropriate for this sediment suite. 
Similarly, rubidium-gallium ratios are the same for marine 
and non-marine samples (Table 13).
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CONCLUSIONS

The geochemical methods of distinguishing glaciomarine 
sediments from tillites tested in this study failed to 
separate the two groups of samples. The main causes of this 
failure are probably the abundance of undegraded, detritai 
clays in the original sediments and the redistribution of 
elements during diagenesis. Vanadium/chromium ratios may 
prove useful in some circumstances as may MgO/A^Og versus 
K2O/AI2O3 plots but any attemps to use geochemical criteria 
should be accompanied by study of mineralogy and with 
independent means of establishing palaeosalinity to 
recognise the affects of inherited mineralogy and 
diagenesis.
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PART IV

CHAPTER 13

DISCUSSION
GLACIATION OF SOUTH-EASTERN AUSTRALIA

From the studies of Permian glacial sediments in 
central Victoria and the Murray Basin set out in the 
preceding chapters and published studies of similar rocks 
in nearby areas it is possible to draw conclusions on the 
nature of the glaciation of this area.

SIZE AND SHAPE OF THE ICE MASS 
Ice Extent

The lack of supraglacial ly transported debris in the
%

Permian deposits of central Victoria indicates that the ice 
overwhelmed much of the topography in the region at times. 
Facies assemblages in the various areas such as the Moorabee 
Section also indicate periods of glaciation by small 
glaciers. Such a combination of evidence is to be expected 
because many areas glaciated during the Pleistocene show 
evidence of large ice sheets during glacial maxima and local 
ice bodies during periods of less severe climate with ice 
transport directions and sedimentation styles changing 
significantly as the ice waxes and wanes.

The size of the ice mass at its maximum development may 
be estimated by examining the ice flow patterns as indicated 
by striated surfaces, and erratic transport for all of
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southeastern Australia (Crowell & Frakes,1971a,b), and 
V i c t or i a 1 and, Antarctic, which was adjacent to southeastern 
Australia during the early Permian (Fig.217, Laird & 
Bradshaw, 1981,- Barrett & McKe Ivey, 1981). These data combined 
with knowledge of the approximate limits to the distribution 
of subglacial tillites inferred from facies in the Urana 
Formation and from the literature gives a rough outline of 
the ice mass during the maximum glaciation of the area. It 
was a northeast trending tongue or oval ice sheet. The oval 
outline was probably caused by proximity of the coast to the 
east along which the ice calved and possibly because of a 
topographic barrier running north-south along what are now 
the Mount Lofty Ranges in South Australia (Fig.217).

Outcrop of Permian glacial rocks in the parts of 
Antarctica which were adjacent to southeastern Australia is 
sparse but Laird 6 Bradshaw(1981) describe a thin sequence 
of sandstones and probable tillites from North Victorialand 
which contain palaeocurrent indicators giving a south to 
southeasterly direction of sediment transport (Fig.217). If 
these palaeocurrent indicators reflect the direction of ice 
motion, then the ice centre was probably near the north 
coast of North Victorialand, straddling what is now the 
continental shelves off North Victorialand and Western 
Victoria. Barrett & McKeIvey( 1981) suggested that ice 
moving from north to south deposited the Metschel Til lite in 
South Victorialand south. This supports the conclusion that 
at least a regional ice centre lay near the coast of North 
Victorialand (Fig.217).
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The facies assemblages in the various sequences of 
glacial sediment do not contradict this interpretation. The 
northern limit of this ice mass is suggested by sections 
composed entirely of glaciomarine facies beneath the Murray 
Basin and the eastern limit by the eastward change from 
massive diamictites to mudstones and limestones in the 
Parmeener Supergroup in Tasmania (Clark & Banks,1975).

The Derrinal Formation and the Bacchus Marsh Formation 
contain thick tillites, proglacial and ice-contact deposits 
that suggest advance and retreat of the Marginal Zone of 
glaciation as defined by Boulton & Jones(1979)(Fig.218). 
North Victorialand sediments on the other hand, can be 
interpreted as proglacial sediments and tillites deposited 
at the extreme edge of the Marginal Zone where ice occupied 
the area six times and deposited only thin, First Order 
til lites or it could have spent much of the glaciation in 
the Core Zone only receiving sediment during the last stages 
of glaciation. I favour the second interpretation because 
the North Victorialand section is located between two areas 
which were covered by large ice masses; South Victorialand 
(Barrett & McKelvey, 1981 ) and southeastern Australia, (this 
study).

Ice Thickness
If the edges of the ice mass at its maximum can be 

established, some estimates can be made of the ice thickness 
changes along a flow line using Nye's (1952) model ice sheet 
profile (Chapter 2,Eg.10). The position of the northern 
margin of the Permian ice mass that covered central Victoria
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has been estimated from facies assemblages in the Urana 
Formation (Fig.183). Ice motion indicators in and beneath 
the Derrinal Formation indicate south to north ice motion 
(Fig.129, Bowen & Thomas,1976; Robbins,1982a,b, 1983). 
Therefore, at the maximum extent of the ice, the distance 
from the ice margin to the Derrinal area along a flow path 
would have been about 90km (Fig.183). Therefore (Equation 
10):

For S = 90km, 
H = 1407m

This thickness is probably a maximum value because the 
a number of assumptions used in the model are probably not 
accurate for the ice sheet. Striated bedrock pavements and 
grooved soft sediment pavements in the Derrinal area and at 
Bacchus Marsh indicate that the ice was wet-based and 
therefore slid on its base. This suggests that the yield 
stress of the ice - bed interface may have been less than 1 
bar. For example, if the value of basal shear stress used by 
Nye(1952) for the Greenland ice sheet is used (t » 0.88 
bars), H is reduced to 1342m. Boulton & Jones(1979) present 
a model profile for an ice sheet resting on a deforming bed 
(Profile B,Fig.219). Such conditions would represent the 
greatest departure from Nye's(1952) model. Their model 
requires additional terms that cannot at present be deduced 
for Late Palaeozoic ice sheets but a comparison of their 

profile with that of Nye f (1952) suggest that the ice would not 
have been less than 1km thick at Lake Eppalock during Late 
Palaeozoic glacial maxima.
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Using the same method, the Bacchus Marsh area was some 
200km south of the ice margin during the glacial maxima and 
therefore was covered by about 2000m of ice. For a point 
estimated to be close to the ice mass centre a maximum 
thickness of 4195m is likely given the 800km flowline from 
the inferred edge of the ice in northern Victoria (Fig.217).

The probable existence of a large ice sheet centred in 
North Victori a land suggests that an ice shelf may have been 
present in Tasmania or at least that the ice terminated on 
the continental shelf there. This accords with Carey & 
Ahmad’s (1961) conclusions that ice shelves existed in 
Tasmania during the Permian glaciation.

NUMBER OF GLACIATIONS
In discussing the glacial sediments of the Bacchus 

Marsh Formation, I defined First and Second Order deposits. 
First Order glacial deposits comprise a bed or beds of 
til lite or ice-rafted diamictite usually less than 10m thick 
with little difference between the facies present above and 
below, and a Second Order deposit is a bed or beds of 
til lite or ice-rafted diamictite usually 10m thick or more 
which has a different facies assemblage overlying it 
compared to that beneath it. This distinction is drawn in 
an attempt to recognise "important" ice advances as opposed 
to minor fluctuations in the ice margins. Though using till 
bed thickness as a measure of time of ice occupancy must be 
considered a crude method, a study of till thicknesses in 
Wisconsinan deposits of Ohio and Pennsylvania by White( 1971)
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shows that, on average, till thickness is greater for longer 
periods of glaciation. (See Table 1 of White,1971). On 
this basis, the Bacchus Marsh area was covered by ice at 
least eight times for relatively long periods and the 
outcrops of Derrinal Formation record two such periods.

Relating Second Order ice advances to climatic 
fluctuations of the scale of Pleistocene glacial and 
interglacial stages is almost impossible at the moment 
because correlation between even close areas of outcrop is 
difficult. The task is also complicated by the fact that 
different numbers of till beds are left in different areas 
by the same number of glaciations, depending on the extent 
of the ice in each advance. Figure 218 illustrates the 
problem. Taken from Boulton & Jones(1979) it shows the
fluctuations of zones of sedimentation and erosion at the

%

edge of a major ice sheet during a glaciation. A section at 
Point A will contain only two till beds. Point B, six till 
beds and Point C four till beds, all deposited during one 
glacial stage. In Pleistocene sequences, glacial stages are 
recognised and correlated, rather than individual tills.

Until better correlation within Permian glacial 
sequences is achieved, the number of Second Order deposits 
is a more useable measure of ice fluctuations than 
attempting to recognise glacial and interglacial stages. 
Though they are not direct analogues of Pleistocene glacial 
stages. Second Order deposits represent long periods of ice 
occupancy and therefore may reflect climatic fluctuations 
similar to Pleistocene stages. Theron & Blignaute(1975) used
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a similar approach when they recognised four major cycles of 
sedimentation in Late Palaeozoic Dwyka glacial sediments in 
South Africa. Each cycle consists of a thick diamictite 
unit overlain by sediments which suggest ice retreat and 
then ice-free periods of sedimentation similar to the cycles 
of the Korkuperimal Creek Section. The four cycles in the 
Dwyka can be recognised over large areas (Theron & 
Blignaute, 1975)' suggesting that they may reflect climatic 
fluctuations of similar duration to Pleistocene glacial and 
interglacial stages.

For the glacial sediments of southeastern Australia, 
correlations between individual Second Order deposits in 
different sections cannot be achieved at present so some 
doubt remains as to their regional significance. However, 
the Korkuperimul Creek section contains eight second order 
deposits suggesting that there were at least eight major 
glacial episodes in the Bacchus Marsh district, probably 
recorded there by subsiding grabens. Fewer episodes are 
likely to be recorded towards the ice edge because during 
some episodes, the ice may not have reached limits equal to 
its maximum extent and fewer episodes are likely to be 
recorded closer to the ice centre because erosion usually 
excedes deposition in the Inner Zone of an ice sheet 
(Boulton & Jones,1979).
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CHAPTER 14

CONCLUSIONS

PERMIAN DEPOSITIONAL ENVIRONMENTS IN CENTRAL VICTORIA
AND THE MURRAY BASIN

Table 14 summarizes the facies which make up the 
Permian glacial sequence cropping out in central Victoria 
and beneath the Murray Basin. Subglacial and supraglacial 
til lites and ice-rafted facies are listed as groups and the 
abundance of each type is estimated.

SUBGLACIAL TILLITES

Silty diamictites probably deposited as subglacial 
tills are the most abundant rock type in the Bacchus Marsh 
Formation and the Derrinal Formation. Sedimentary structure 
show some to result from frictional lodgement or lodgement 
from a mobile subglacial debris layer and many featureless 
diamictites were probably lodged from mobile subglacial 
debris layers because that process seems more likely to 
produce a thick homogeneous bed of til lite than the other 
processes of subglacial deposition. Til lites deposited by 
melt-out of stagnant ice underlying active ice could not be 
positively identified and leeside til lite was tentatively 
identified in only two locations. Subglacial melt-out 
til lite is probably present in the Moorabee Section of the 
Derrinal Formation. Some subglacial tillites contain small 
subglacial stream deposits, deformed sandstone bodies and 
blocks of transported sandstone and mudstone.
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A feature of the Bacchus Marsh Formation is the 
presence of thick silty to sandy diamictites containing 
'folded sandstone bodies lacking microstep fractures. Some 
of these diamictites grade upwards into laminated, ice- 
rafted diamictites and mudstones suggesting deposition near 
the ice grounding line either as mudflows of bulldozed till 
or till deposited from a thick mobile subglacial debris 
layer under low effective pressure near the ice grounding 
line where the ice was starting to float.

SUPRAGLACIAL TILLITES

In the Bacchus Marsh Formation, supraglacial tillites 
are present in a few sections. Those in the Korkuperimul 
Creek are beds of sandy to pebbly sandy diamictite, a few 
metres thick resting on much thicker silty subglacial 
tillites whereas those in the Morven section are sandy 
diamictite containing abundant undeformed or slumped 
sandstone lenses resting on massive diamictite with similar 
texture.

The most extensive area of supraglacial sedimentation 
is in the Derrinal Formation at Moorabee where flowtillites, 
disrupted supraglacial stream channel deposits and minor 
thaw-lake deposits form chaotic deposits interbedded with 
subglacial tillites.

Though supraglacial deposits are present, they are not 
composed of coarse, angular debris which might have been 
derived and transported supraglacially, rather, they are
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mostly composed of debris which has undergone subglacial 
erosion and transport. This suggests that the topography 
did not protrude through the ice in this region.

GLACIOFLUVIAL SEDIMENTS 
Proglacial Sediments

Proglacial outwash sediments are sandy pebble 
conglomerates and sandstones containing facies assemblages 
suggesting deposition in high-energy braided streams though 
cobble and boulder conglomerates, so common in many proximal 
glacial outwash deposits, are absent. The anomolously fine 
grain-size of these sediments is caused by relatively fine
grained glacial erosion products, provided for the streams, 
by the glaciers. The local bedrock is mostly fine-grained 
metasediments which produced mostly sand, silt and clay when 
eroded by the ice. In the Derrinal Formation, there are 
only a few beds of sandstone which might have been deposited 
as proglacial outwash cropping out in creek sections, but, 
given the chaotic state of the sediments of the Moorabee 
section revealed by an improvement of the outcrop, these 
beds may also be ice contact deposits.

Ice-Contact Glaciof luvial Sediments
Ice-contact stream deposits in the Bacchus Marsh 

Formation are mostly small lenses of sandstone or 
conglomerate deposited subglacial ly and some have been 
deformed by subglacial shear. The Derrinal Formation 
contains a complex of ice-contact stream deposits ranging 
from small lenses to bodies of conglomerate or sandstone 
over 10m across, some of which display faults caused by

310



collapse, when supporting ice melted, and others deformed 
plastically when they broke up and settled in the 
surrounding saturated, fluid till.

DELTAIC AND SUBAQUEOUS FAN DEPOSITS
The Bacchus Marsh Formation contains many intervals of 

deltaic sediments, most of which show the following facies 
succession:-

1. Interbedded mudstones and tabular sandstone beds. 
Some sandstones having climbing ripple cross-sets.

2. Tabular massive and parallel laminated sandstone 
beds interbedded with their mudstones and ripple cross- 
bedded sandstone beds.

3. Tabular and lenticular sandstone beds, some with 
erosional bases and some with large-scale cross-bedding. 
These deltas were mostly deposited by density underflows 
with some slump and grain-flow deposits present. The 
density underflows that deposited these deltas were higher 
energy currents than those which deposited the climbing- 
ripple cross-bedded silts and sands and proximal rhythmites 
which make up most of the Pleistocene glaciolacustrine 
deltas described in the literature.

Several deltaic deposits in the Bacchus Marsh Formation 
do not meet this general description though they too display 
facies suggesting high energy underflows. The Werribee 
Gorge Quarry displays a delta or subaqueous fan which has a 
core of trough cross-bedded sandstone, a type of 
"distributary mouth bar", which passes out into tabular 
sandstone beds deposited by underflows. Facies Association 4
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of the Pykes Creek area is a complex of coarse, poorly 
sorted facies including mudflows, ice-rafted sediments, 
subaqueous channel deposits and underflow deposits, dumped 
in standing water close to the ice margin and then made more 
complex by intense folding caused by violent dewatering of 
the sediments in and beneath the complex.

Deltaic deposits are not present in the Derrinal 
Formation but they are in the Urana Formation. Jerilderie 
No. 1 displays a coarsening-up sequence in the uppermost 
part of the Urana Formation associated with a foraminiferan 
assemblage indicative of brackish or turbid water which, 
taken together suggest deltaic sedimentation and other well 
sections contain sandstone and conglomerates which may be 
deltaic interbedded with marine mudstones and ice-rafted 
diamictites.

ICE-RAFTED DIAMICTITES AND OTHER SUBAQUEOUS DEPOSITS
Ice-rafted diamictites are important components of both 

the Bacchus Marsh Formation and the Urana Formation. They 
form a continuum of textural types from sandy mudstones and 
clayey, silty diamictites formed as compound ice-rafted 
facies through unmodified ice-rafted diamictites with 
similar texture to tillites, to pebbly silty sandstones 
which are residual ice-rafted facies from which much of the 
fine fraction of the original ice-rafted debris assemblage 
was winnowed.

Associated with ice-rafted facies in some areas are 
sandy mudstone and fine-grained rhythmites. In the Bacchus
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Marsh Formation, the rhythmites form small lenses 
interbedded with tillites and fluvial outwash sediments and 
display clear separation of siltsone and claystone 
components of the couplets but in the Urana Formation, the 
rhythmites are associated with marine mudstone and the 
siltstone part of each couplet grades into the claystone 
part. The different styles of grading reflect different 
water salinities during deposition of the rhythmites of each 
formation.

At Pykes Creek, ice-rafted diamictites and mudstones 
enclose several subaqueous channel deposits. These 
sediments indicate that bottom-hugging underflow currents 
were active and therefore the salinity of the standing body 
of water beneath which they flowed was probably less than 
marine salinity.

MARINE SEDIMENTS
Most, if not all, of the Urana Formation is marine and 

the Derrinal Formation is entirely non-marine but the 
abundance of marine rocks in the Bacchus Marsh Formation is 
difficult to determine. Fossil evidence indicates two 
definite marine horizons (Thomas,1969; Garratt,1969) and 
sedimentological evidence shows that bodies of standing 
water existed in the area several times. The Korkuperimul 
Creek Section contains four intervals containing ice-rafted 
facies and mudstones. Given the presence of marine fossils 
in two horizons in the Bacchus Marsh Formation, it seems 
likely that the bodies of standing water present at times 
were shallow arms of the sea, though not necessarily of full
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marine salinity.

PETROLOGY AND GEOCHEMISTRY

The mineralogy of the sand and clay fractions of the 
diamictites, along with the composition of stones, indicate 
that the glacial rocks of the central Victoria were derived 
almost entirely from Ordovician metasediments and mid- 
Palaeozoic granites with small contributions from mid- 
Palaeozoic felsic volcanics, sediments and Cambrian basic 
volcanics. A very small component from an unknown, high 
grade metamorphic source is present. Diagenetic changes were 
the growth of carbonate cement, chlorite and kaolinite.

The chemical composition of the clay fractions of both 
marine and non-marine samples is controlled largely by the 
detritai mineralogy and thus geochemical methods of 
distinguishing marine from non-marine glacial diamictites 
failed. However, vanadium/chromium ratios were different 
for marine and non-marine samples, supporting Frakes & 
Crowell(1975) who suggested that glaciomarine sediments were 
deposited in more reducing environments than terrestial 
glacial sediments. This difference may be useful in 
distinguishing the two groups of sediments in some 
circumstances.

EXTENT AND NATURE OF THE ICE

The absence of abundant, recognisable supraglacial 
debris in all three areas studied suggests that the ice mass 
which advanced and retreated across Victoria was thick 
enough to blanket most of the topography in the area. This
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impression of a large ice body is enhanced by the wide area 
over which outliers of glacial sediments are scattered 
across southeastern Australia.

What is known of facies in the Urana Formation beneath 
the Murray Basin suggests that tillites are not present 
north of the the boundary drawn on Figure 183 which is 
therefore the likely limit of the ice at the time of its 
maximum extent. Using this inferred ice margin and a south 
to north flow line in Nye's (1952) model ice sheet profile, 
maximum ice thicknesses of 1.4km for Derrinal and 2km for 
Bacchus Marsh were calculated.

Ice flow indicators and descriptions of other sequences 
in southeastern Australia and Victorialand, show the 
position of the ice centre probably lay on what is now the 
continental shelf of North Victorialand. Using the margin 
position and flow line inferred earlier, a thickness 
estimate of 4km is obtained for this ice sheet centre using 
Nye's (1952) model.

BASAL TEMPERATURE REGIME
The abundance of subglacial tillites, some deposited by 

frictional lodgment, the presence of subglacial channel 
deposits, evidence of subglacial bed deformation, the 
abundance of subglacially striated and faceted stones and 
the presence of grooved, soft-sediment pavements within the 
glacial sediments of central Victoria all indicate that the 
ice was predominantly wet-based in this area. Cold-based 
ice was probably confined to the outer edge of the ice sheet
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in some areas as occurred beneath some Pleistocene ice 
sheets (Boulton,1972b). The evidence for cold-based ice in 
central Victoria consists of a large sediment inclusion in 
one til lite in the Bacchus Marsh Formation may have been 
incorporated in the manner described by Moran(1971) which 
implies a frozen bed beneath the ice margin and some 
sandstone bodies set in til lite in the Derrinal Formation 
that may have been picked up as frozen blocks by the ice.

Evidence for basal sliding and bed deformation suggests 
that the ice thickness estimates obtained using Nye's (1952) 
model ice sheet profile are probably too high by a few 
hundred metres at the most, but these revised estimates 
still indicate a substantial blanket of ice covered Victoria 
when the ice was at its maximum extent.

NUMBER OF GLACIATIONS
In an attempt to recognise important periods of glacier 

occupancy of the areas studied, a distinction between thin. 
First Order tillites and ice-rafted diamictites and thicker 
Second Order tillites and ice-rafted diamictites. The number 
of Second Order deposits in a sequence is a rough indication 
of the number of times the area was covered by major, 
relatively long-term ice advances.

Using this approach, the Bacchus Marsh area was covered 
by at least eight major ice advances which deposited Second 
Order tillites and ice-rafted diamictites. The faulted base 
of the Korkuperimul Creek Section and the lack of 
correlation between sections make this the best estimate
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possible. Two Second Order tillites are exposed where the 
Derrinai Formation crops out, but more may lie buried.

In the Murray Basin well sections examined, the number 
of Second Order deposits cannot be determined but the change 
in facies abundances from the oldest sections to the 
youngest suggest a gradual improvement in climate with time. 
Ice-rafted detritus is more abundant in Nadda No.l than in 
younger sections and Jerliderie No. 1 samples contain much 
less ice-rafted detritus at the top of the Permian section 
than at the base. This, taken with palynological data from 
the Urana Formation and observations of the Permian glacial 
sediments in Tasmania (Kemp, 1978) suggests that the 
disappearances of the southeastern Australian ice sheet 
corresponded roughly with the change from the Stage 2 to 
Stage 3 microflora of Kemp and others (1977).

In conclusion, the eight Second Order deposits of the 
Korkuperimul Creek suggest at least eight glacial- 
interglacial episodes with the possibility of one or two 
earlier episodes represented in other sections.
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FIGURE 1. Areas of Permian glacial 
subcrop in southeastern Australia.

1. Bacchus Marsh district.
2. Derrinal area.
3. Numurkah Trough.
4. Ovens Graben.
5. Ivanhoe Trough.
6. Wentworth Trough.
7. Blantyre Trough.

sediment outcrop or
8. Renmark Trough.
9. Tararra Trough.
10. Menindee Trough.
11. Fleurieu Peninsula.
12. Netherby Trough.
13• Coleraine district.



TABLE 1
Comparison of the Australian Late Palaeozoic microfloral 
zones and the Permo-Carboniferous boundary after Kemp & 
others(1975) and Archbold(1982)

Kemp & others(1975) 
Stage 3 Permian

Archbold(1982) 
Permian 
(Sakmarian)

Stage 2 Carboniferous

Stage 1 Carboniferous

Permian 
(Asselian) 
Carboniferous
(Gzhelian)
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FIGURE 2. Phase diagram for water. The slight negative slope 
on the solid-vapour line A-B reflects the reduction in 
melting temparature with increasing pressure. (Graph not to 
scale).

-Fv -

FIGURE 3. Cirque and niche glaciers above the ablation zone 
of a valley glacier, Mueller Glacier, New Zealand Alps. 
Valley glacier is covered with coarse, angular supraglacial 
debris.



.20 Gulf of Alaska

FIGURE 4- Sketch map of a large piedmont glacier. The 
Mala spina Glacier is a large lowland lobe fed by valley 
glaciers (from Gustav son, 1975) •

FIGURE 5 • Shear stress t, on the base of a parallel sided 
slab of ice of thickness h resting on a plane inclined at 
the angle a (see Equation 1).
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«-------

meltwater

• PRESSURE 
MELTING

FIGURE 6. Regelation slip after Weertman(1957). Ice melts on 
the upstream side of the obstacle because of increased 
pressure, the meltweater produced flows to the downstream 
side where it re-freezes.

A

'• I -

B

FIGURE 7. Types of subglacial me Itwater channels 
(Weertman,1972)
A) Rothlisberger or R channels that do not cut into the 
substrate.
B) Uve or N channels that cut into the substrate.



FIGURE 8. Profile of an ideal ice sheet on a flat bed 
calculated using the perfect plastic model of Ny e(l952) 
(Equation 10).

ICE MOTION

FIGURE 9• Crushing of an obstacle or stationary particle by 
& moving particle (after Sugden & Johns,1976% The moving 
ice forces a particie against another. Stresses at the point 
of contact are large enough to fracture one of the 
particles.
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FIGURE 10. Stress differences between the up stream and 
downstream side of a bedrock hump cause failure of the 
downstream side (Boulton,1971).

PERMAFROST/ MELTWATER

TV. PERMEABLE
' BED

FIGURE 11. Large scale block entrainment (Moran,1971 ). When 
a glacier changes from wet—based to cold—based near its 
margin, high pressure meltwater in the bed may weaken 
is continuities in the bed so that the ice-rock interface is 

stronger than the discontinuities. A large slab of bed may 
then adhere to and move with the ice.
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DEFORMING TILL

V = 0

FIGURE 12. Variation of velocity of till motion with depth 
in a deforming bed beneath ice moving at velocity Vi 
(Jones,1979) • Graph is dimensionless.

FIGURE 13• Cause of flow normal to the direction of ice 
motion in a deforming till bed. Low viscosity patches of 
till tend to flow faster than surrounding till so they are 
eroded preferentially. This causes a depression to develop 
sc that the unequal weight distribution of the o ver lying ice 
pushes surrounding till into the depression.
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FIGURE 14* Debris transport paths in a glacier 
(Boni ton,1978). Only debris routed along the subglacial 
path will suffer substantial abrasion and crushing.



FIGURE 15. Coarse, angular debris, lacking striations and 
facets that was derived and transported supraglacially on 
the Mueller Glacier, New Zealand Alps.
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ICE MOTION

FIGURE 16. Dispersal of subglacial particles above the bed 
of a wet-based glacier by streaming (Boulton,1975). 
Particles in traction at the bed climb up the bed rock hump. 
Regelation ice forming on the downstream side dev elopes 
under them so they travel above the bed until basal melting 
brings them back in contact with it. Heavy black lines 
indicate ice flew lines. Downward component results from 
basal melting.



A WET BASED
WET-BASED FREEZING

wet based cold-based

B COLD BASED
D

odd based
wet based wet based
melting freezing

FIGURE 17. The effect of subglacial temperature regime 
changes on glacial erosion and transport paths (after 
Boulton,1974).

A. Wet-based glaciers carry most debris in the 
subglacial zone. They abrade and crush their beds and their 
debris load.

B. Cold-based glaciers only carry debris supplied 
supraglacially. Abrasion and crushing of the bed and debris 
is limited.

C. A change from wet to cold—based ice beneath a 
glacier causes subglacial debris to be lifted into an 
englacial position. Erosion rates are enhanced by freezing 
on of debris, plucking, large scale block entrainment and by 
enhanced crushing.

D. If basal thermal regimes change several times 
beneath an ice mass, complex patterns of erosion and 
deposition may develop.
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A 2 V,

Vr = Vj - Vp

FIGURE 18. Particle in traction beneath sliding ice 
(Boulton,1975). See Equations 15, 16 and 17.

(m/yr )

Grain (phi)

FIGURE 19. Graphs of particle velocities versus grain size 
for particles in traction beneath ice moving at 20m per year 
for different Effective Normal Pressures (N) (Boulton,1975). 
The points where the curves intersect the horizontal axis 
indicate the particle sizes that will be stationary at the 
given conditions of N and Vi. Boulton (1 975) used a till 
from Briejamerkujokull in Iceland in the calculations.



FIGURE 20. Till thickness pattern when a till bed is 
deforming and the debris arriving from up glacier at A does 
not compensate for that removed.

FIGURE 21 . Me 1 tout of till from debris rich ice detached 
from the glacier sole (Boulton, 1970b, 1971). An obstacle in 
the bed obstructs a mass of debris—rich ice. A shear plane 
develops between the debris-rich ice and overlying, faster 
moving clean ice and the debris-rich ice melts out.



FIGURE 22. Sketch of shear planes in stationary ice mass 
beneath active ice, Spitsbergen. Taken from Boulton(1970).

A TEMPERATURE

ICE SURFACE

GEOTHERMAL HEAT

MELTING

FIGURE 23. Melting of stagnant ice in permafrost areas
(Shaw,1979).

A. Where air temperatures are low enough, surface and 
basal melting will be minimal.

B. A slight increase in air temperatures will shift the 
temperature profile towards melting point so that basal 
melting will begin before surface melting.
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FIGURE 24* Till facies of arid polar glaciers (Shaw 
1977a,b). Tills deposited beneath an arid polar glacier 
feature a lower, massive, clast-rich diamicton transported 
in the poorly attenuated zone close to the glacier bed and a 
clast-poor, intensley foliated diamicton transported in the 
highly attenuated ice zone in which much of the shear 
associated with the glaciers movement takes place.

ICE MOTION

<2- ./ '

CAVITY

FIGURE 25. Lee-side till deposition. Pressure melting on the 
up-stream side of a bedrock hump releases debris which, is 
then squeezed between the ice and the hump into the cavity 
on the lee side of the hump.
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FIGURE 26. Supraglacial sedimentation with a thick debris 
cover ( Ey les , 1 979 ) • Supraglacial debris is let down by 
melting of the ice with faulting and the opening of cracks 
in coherent debris, slumping and flowing of fluid debris and 
reworking by meltwater rills and streams. Supraglacial lakes 
deposit fine sediments and undermine ice cores and streams 
deposit sands and gravels and undermine ice cores. 
Topography tend to invert as the ice melts.
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FIGURE 27. Ice core being undermined by a supraglacial lake, 
Tasman Glacier, New Zealand. Debris rich—ice is mantled by a 
layer of coarse supraglacial debris about 1m thick. The lake 
undercuts the ice core so that debris slumps into the lake 
(a small debris slide is in motion in the centre of the 
picture). The face is about 4m high.
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FIGURE 28. A. Englacial streams fill with coarse, 
longtitudinally persistent facies. The tunnel roof tends to 
melt to accommodate sediment deposition. Melting of the ice 
removes support sc that the final deposit has normal faults 
dipping away from the tunnel axis. A mantle of supraglacial 
till may be left on top of the stream sediments.

B. Supraglacial streams deposit facies similar to 
proglacial braided streams but these facies stack vertically 
because the stream cannot migrate laterally. Removal of 
supporting ice produces normal faults dipping away from the 
channel axis.



TABLE 2
Lithofacies and sedimentary structures of braided, 
proglacial outwash streams (Miai 1,1978).

Sedimentary Structures 
None

Lithofacies 
Massive, matrix - 
supported gravel
Massive or crudely Horizontal bedding or 
bedded gravel imbrication

Gravel, stratified Trough or planar
cross-bedded

Sand, medium to 
very coarse 
Sand, medium to 
very coarse

Sand, very fine 
to coarse 
Sand, very coarse 
to very fine

Sand, coarse 
to fine 
Sand, silt 
mud, carbonaceous

Trough cross-bedded

Planar cross-bedded

Ripple cross-bedded

Interpretation 
Debris flow 
deposits. 
Longitudinal 
bars or lag 
deposits. 
Channel fills, 
Linguoid bars, 
deltaic growths 
from old bars. 
Dunes (lower 
flow regime). 
Linguoid or 
transvers bars. 
Sand waves. 
Ripples.

Horizontal, parallel 
lamination, parting 
lineation
Lowangle cross-beds 

in scours 
Ripples, fine lamination Overbank or 
massive waning flood

deposits.

Planar bed 
flow, upper 
flow regime. 
Scour fills, 

crevasse splays.
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FIGURE 29• Facies distribution in an ice contact stream 
(Shaw,1972). The deposit consists of a central core of 
gravel that passes laterally into coarse sand and then into 
interbedde d overbant sands and silts. Flow tills derived 
from adjoining ice intercalate with the 0verbank sediments. 
Facies stack vertically because the stream cannot migrate 
sideways because of the enclosing ice walls.

TOPSETS

FORESETS

FIGURE 30. Components of a classic "Gilbert” delta 
(Gilbert,1885).
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INTERFLOW

UNDERFLOW
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FIGURE 31. Types of density currents in a density stratified 
proglacial lake.

FIGURE 32. Facies relationships in a subaqueous outwash fan 
(Baneriee & Me Donald ; 1 97 5 , Rust & Rominel li ,1975 )y 
consists of a core of coarse sediments depositee in ana 
close to the tunnel mouth that pass laterally into liner 
facies on the flanks into fine-grained bottomset facies.
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FIGURE 33. Ice retreat can form a ridge of overlapping 
subaqueous outwash fans (Rust & Rominel1i,1975) •
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FIGURE 34* Facies model for a continental ice sheet 
(Edwards,1978). Deposit consist of subglacial till overlain 
by supraglacial till, supraglacial stream and lake deposits. 
A plain of proglacial fluvial sediments spreads downstream 
from the former ice margin. Large pro glacial lakes may 
develop if the crust is depressed isostatical1y or the ice 
retreated down a slope.
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Highly attenuated basal till facies— Diamicton with 
dispersed large clasts and horizontal jointing.
Poorly attenuated basal till facies— Massive diamict on 
with high clast concentration, gradational upper boundary.
Apron facies- sands, gravels and silts that are highly 
contorted.

Proglacial fluvial outwash 
and wind blown sand.

3m.

FIGURE 35• Facies model for cold-based terrestrial glaciers 
(Shaw,1977a,b).



/ //

FIGURE 36. Facies model for glacier with a wet-based 
interior and a cold-based edge (Boulton,1972a). Subglacial 
debris is frozen onto the base and lifted and thrust onto 
the surface where it melts out as a blanket of supraglacial 
debris. This is reworked by mass movement and by me ft water 
rills and streams.



FIGURE 37. Zones of sedimentation beneath ice shelves.
1. Grounding line zone. Massive diamictons melt out of 

the ice at the grounding line and subglacial tills are 
deposited under low effective pressure close to the 
grounding line. This material slumps and is bulldozed bv ice 
movement.

2. Cold-based ice shelf zone where there is no melting 
or sea water freezes onto the base. Pelagic and biogenic 
sediments predominate.

3- Melting ice shelf zone. The base of the ice melts 
and englacial debris is released.

4» Iceberg zone. Normal marine sediments with a large 
ice-rafted component are deposited.
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melting

FREEZING

FREEZING

MELTING

FIGURE 38. Patterns of basal melting and freezing beneath 
ice shelves.

a) Wet-based ice-shelf sedimentation starts up-glacier 
of the grounding line. Thick subglacial tills, undermelt 
diamictons and subaqueous outwash form.

b) Cold-based ice-shelf where sea water freezes onto 
ohe shelf ai the grounding line. Englacial debris bipasses 
the inner part of the shelf and is deposited when melting 
starts beneath the outer part or from icebergs.

c) Patterns of basal melting and freezing may be 
complex if marine currents push water into zones where 
pressure melting point is above or below the water’s 
temperature (Bobbin,1979).



TABLE 3
CHARACTERISTICS OF ICE-RAFTED FACIES

SORTING Very poor to poor, varies horizontally
and vertically.

BED THICKNESS Variable.
BED GEOMETRY Sheet-like.
BEDDING CONTACTS Gradational•
INTERNAL STRUCTURE Horizontal laminae, massive bedding,

FABRIC

dropstones, dump structures and till
pellets are present in some cases.
Random with some stones with vertical
long axes.

LATERAL EXTENT Large relative to unit thickness,

FAUNA
sometimes basin wide.
Restricted, cold water faunas if
present.

/



FIGURE 39 • Facies model for a wet-based ice shelf 
(Edwards, 1 978). Subglacial till is overlain by sediments 
deposited from the suspension in the water column and by 
ice-rafting. Subaqueous outwash may be present seaward of 
former grounding lines.



Bacchus Mavsh

Calnozoic sediments

Cainozoic volcan ics

Bacchus Marsh Formation

Devonian Granodiorite

Ordovician metasediments 

/
Fau 11

OUTCROP AREAS
1. Pykes Creek area.
2. Werribee Gorge.
3 .Korkuper iinu 1 Creek (north).
4.Bald Hill (Korkuperimill Creek 

south).
5 .Lerderderg River.
6.Coimadai Creek.
7 .Greendale .

FIGURE 40

Bacchus Marsh area geology.



Alluvium

Cainozoic sediments & 

volcanics

Triassic sediments

Bacchus Harsh Formation

Ordovician metasediments 
intruded by Devonian granodiorite

FIGURE 41» Stati graphic context of the Bacchus Marsh 
Formation. It overlies Ordovician metasediments and Devonian 
granodiorites unconformably and is overlain disconformably 
by Triassic sediments and unconf ormably by Caino zoic 
sediments and volcanics.
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FIGURE 42. Unit 2a consists of thinly interbedded sandstone, 
siltstone and diamictite with oversized stones, pebbles that 
penetrate underlying beds and gradational bedding contacts.

FIGURE 43• Idealized sketch of a microstep fractured 
sandstone body. Microstep fractures are normal faults with 
only a few millimetres displacement that do not fracture 
sand grains.
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FIGURE 44- Interval 3 of the Morven Section consists of 
massive clayey diamictite with thin sandstone beds that 
protrude as small benches from the outcrop.

Vi*-

FIGURE 45. Pebbly, 
lenses and laminae,

sandy diamictite with thin 
Interval 4, Morven Section.

sand stone
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uppe rFIGURE 4&* P ho to mo siac and sketched profile of the 
part of Interval 5, Morven Section.

DI AMICTI TE
(g)

BOULDER SANDSTONE SHEET

SANDSTONE 000 PEBBLES X* fault

QUATERNARY GRAVEL
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FIGURE 47. Imbricated boulders in massive diamietite 
overlying asymmetric sandstone lenses, Interval 5, Morven 
Section. Ice motion was from right to left.
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FIGURE 48. Pebble layer, Interval 5, Morven Section. The 
pebbles are separated by massive diamictite matrix material. 
Ice motion was from right to left.
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CLASTS

GRAIN SIZE (phi

FIGURE 49* Grain size distribution of imbricated boulders 
and pebble layers. The unshaded bars represent the pebble 
layers. The mean pebble size ( 87Jem or-63s1 phi) possibly 
represents the controlling obstacle size of the ice and the 
minimum size, the thickness of the mobile subglacial debris 
layer in which they concentrated.
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FIGURE 50. Striated upper surface of imbricated quartzite 
boulder, Interval 5, Morven Section. Ice motion was from 
bottom right to top left.
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FIGURE 51 • Slightly curved slab of microstep — faulted 
sandstone weathered out of diamictite, Interval 5• Microstep 
fractures show as small scarps on the slab surface.

FIGURE 5 2. Highly 
diamictite, Interval

contorted sandstone body set in 
5* Ice motion was from right to left.
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FIGURE 53• Section of microstep-fractured sandstone body 
from Interval 5, Mor v en Section. Light coloured laminae 
dipping from top right to bottom left are off set by closely 
spaced faults dipping top left to bottom right.

FIGURE 54* Graded si1tstone-claystone couplet from a 
mudstone slab set in diamietite, Interval 5. The lower part 
of the silt stone bed has foundered into the underlying 
cl ay stone bed. Coin is 2 cm in diameter.
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FIGURE 5 5. Lodgement of imbricated boulder. The moving 
boulder bulldozes a prow of sediment in front of it. If this 
sediment does not dilate, it will act as a barrier over 
which the boulder will start to climb and then halt with an 
up-glacier tilt.

Mobile
debris

TILL

FIGURE $6. Concentration of pebbles beneath moving ice. Till 
is deposited by stress attenuation at the base of a thin 
mobile debris layer. Pebbles larger than the thickness of 
the debris layer will be in contact with the moving ice and 
the stationary till at the base of the debris layer and will 
keep moving, climbing over the increments of newly deposited 
till. Thus, a carpet of moving pebbles will accumulate as 
basal melting brings more debris down to the bed.



* « t.

* 1 1« * *
» » «

* * *

r ► «
* « »

ED* □Sand Water

FIGURE 57. Formation of subglacial sandstone sheets and 
lenses.

^A. A rapid rise in subglacial water pressure forms 
patches of flowing subglacial water of uneven thickness.

B. With time, the thicker parts of the patch grow at 
the expense of the thinner parts (Shreve,1972).

C. Waning of the subglacial flow causes deposition of 
sand winnowed from the till bed in lenses with thin sheets 
extending from their upper part. Till then buries these 
f eatures.



FIGURE 58. Formation of asymmetric subglacial sandstone lens 
by subglacial bed deformation. A sand lens initially in the 
shape of a symmetrical lens is deformed by flow of the 
enclosing till. The till flows with a velocity Vi at the 
glacier sole and reduces to zero in the manner shown by the 
velocity-cur ve ( Jones, 1 979) • With each increment of time , 
the lens moves increments of distance that are greatest at 
the top and reduce with depth. With time, the lens becomes 
tear drop shaped with its attenuated end pointing down 
glacier. Internal laminae will be folded about an axial 
plane that dips up-glacier.



COMPRESSION Area of deforming

Immobile till

FIGURE 59. Strain in a patch of deforming till is analogous 
to that within a finite length shear zone ( Coward,1 976). 
Sand bodies are subject to tension at the up glacier end and 
compression at the down glacier end.

1

FIGURE 60. Formation of microstep fractures. Close packed 
sand grains subjected to stress cannot deform without 
increasing the distance between some of the grains and hence 
increasing the volume of pore spaces. If such a volume 
change is restricted by outside pressure or restriction in 
the inflow of pore fluids, the aggregate will fail by 
movement between the minimum number of grains, forming n 
fault plane.



FIGURE 61.
DEPOSITIONAL HISTORY OF THE MORVEN SECTION

5

Subglacial tillites deposited mostly by lodgement.
Changes in subglacial conditions caused intermittent 
bed deformation and the development of subglacial 
drainage. Area covered by major ice advance.

4 Subglacial and supraglacial tillite with a thin fluvial 
unit at the top. Interval represents initial advance of the 
ice into a body of water followed by several minor advance 
and retreat episodes. Debris is locally derived.

3 Ice-rafted diamictites deposited close to the ice front.

Residual ice-rafted facies with one thin tillite bed. 
Represents a long period of sedimentation in a body 
of standing water. Current activity was greater than 
during deposition of Interval 3.

2

1 Alternating subglacial tillite and ice-rafted facies 
indicating intermittent grounding of glacial ice in 
a body of standing water.
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FIGURE 62. Sketch of carbonate vein and concretions in 
massive diamictite, Section 2, Lerderderg River.

FIGURE 63. Formation of striated surface by sand grains 
protruding from the base of a mudstone block being dragged 
across the underlying sediments by ice.
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FIGURE 64« 1 • Formation of steep-sided conglomerate body, 
Section 2.

A. Ice-walled stream cuts down into underlying till, 
its lateral migration restricted by ice walls.

B. Filling of the channel produces a steep-sided 
conglomerate body.

A

/ - i

ri oc ,

2. Formation of steep-side conglomerate body (after 
Eyles,l977).A. Out wash gravel covers till containing a mass of 
stagnant ice.

B. Melting of the ice causes collapse of gravel into 
the hole.
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FIGURE 65. Outcrop of massive diamictite, Locality B, 
Enclosure 1. Dashed line indicates the base of the overlying 
conglomerate, sandy diamictite and sandstone unit. Bag 
(indicated by arrow) is 30 cm long. This outcrop probably 
represents a subglacial tillite overlain by supraglacial tillite.



FIGURE 66. West to east cross section across the Bacchus Marsh 
Formation outcrops at Fykes Creek (Section C-C’, Enclosure 
3). Facies Associations are numbered 1 to 4 (see text).

25m
2Q0m
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I* I GURE 67. North to south cross section across the eastern 
part of the Fykes Creek area (Section A-A', Enclosure 3).

200 m

FIGURE 68. North to south cross section across the western 
part of the Fykes Creek area (Section B-B’ , Enclosure 3)•
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Inter Lounging lenses of conglomerate and sandstone
Facies lc and Id

Pebbly sandy diamictite with thin, discontinuous 
sandstone laminae and lenses.

Facies lb

Massive silty diamictite 
Facies la

Ordovician basement.

FIGURE 69. Section through the lower 7m of Facies 
Association 1.
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FIGURE 70. Beds of diamictite pinching out against a bedrock 
hump, northern side of Pykes Creek, downstream of the 
reservoir. Ice motion was probably into the page.
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FIGURE 71. Section through upper part of Facies Association 
2 outcrop at Locality B, Enclosure 3« Massive, pebbly, sandy 
diamie ti te (Facies 2a) grades up into bedded diamictit e 
(Facies 2b) which grades into sandy mudstone with scattered 
pebbles and sandstone beds (Facies 2c).

FIGURE 72. Slabbed bed of Facies 2d, Locality A. Only lee- 
side laminae are preserved at the base but stoss and lee 
side laminae are preserved at the top of the bed.
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FIGURE 73. Lens of Facies 2e set in Facies 2c. View is along 
the lens axis looking up-current (south). Bedding is folded 
sca°e& syncline &bout the lens axis. Hammer (arrowed) for

mat

r

r- of
,> -rr- ;ex

artTV '

FIGURE 74- Parallel laminated sandstone in sandstone lens 
(Facies 2e).
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FIGURE 7 5 • Penecontemporaneous, 
dipping down towards the axis of a

1 istric 
Facies 2e

normal
lens.

faults

10cm

FIGURE 76. Folded fine sandstone and siitstone fragment in 
massive medium sandstone bed (Facies 3a) , Spillway Section.
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FIGURE 77. Lens of Faciès 3d consisting of mud stone with 
thin coarse sandstone laminae and ball-pillow structures, 
Spillway Section.
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FIGURE 78. Flame structure of mudstone (Facies 2c) intruding 
70 cm into overlying parallel laminated sandstone (Facies 
3b), western freeway cutting (see Enclosure 4)* Pal aeoslope 
was to the right.
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FIGURE 79. 
2c and 3b,

Diamictite formed by slumping of deltaic Facies 
western freeway cutting.
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FIGURE 80. Pinching and swelling of interbeds of Facies 3a, 
3b and 3c. Protruding beds are Facies 3a and 3b. Scale bar 
at bottom left is 50cm.

FIGURE 81. Lens of Facies 4a containing folded sandstone 
bodies and slump block of enclosing Facies 4f, eastern 
freeway cutting (Enclosure 6).
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FIGURE 82. Lenticular patch of ice-rafted pebbles in Facies 
4-b, eastern freeway cutting.
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FIGURE 83. Facies 4c, eastern freeway cutting. Hammer head 
is parallel to the crude bedding.
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FIGURE 84. Graded conglomerate bed overlain by coarse 
sandstone, Facies 4f. Scale bar is 4cm long.
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FIGURE 8 5. Stacked graded and ungraded coarse to fine 
sandstone beds and laminae, Facies 4f•
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FIGURE 86. Probable geometry of folding affecting Facies
Association 4 in the eastern freeway cutting. Scale is 
approximate.



FIGURE 87. Depositional environment of Facies Association 4, 
Fykes Creek. Facies 4a consists of slump diaraictites, 4b of 
ice-rafted material and sediment settling from the water 
column with minor current reworking, Facies 4f was deposited 
by underflows moving as sheets down the proglacial sediment 
apron and Facies 4c, d and e were deposited by channelized 
density underflows.
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Association 
diamictites

2 - Ice-rafted 
& mudstone. Association 4

Association 3 - Deltaic 
sandstone faciès. Ice

Subaqueous outwash channels

FIGURE 88. Sketch map of the distibution of facies during 
deposition of the Bacchus Marsh Formation at Fykes Creek. 
The ice flowed from the south and was retreating across the 
area. Association 4 was deposited as an apron of coarse 
sediment near the glacier terminus and Association 3 by a 
lateral delta flowing from the west. Association 2 was 
deposited as bergstone muds, ice-rafted diamictites and 
underflow channel deposits in the lake or arm of the sea 
slightly further from the ice than Association 4. These 
facies are underlain by subglacial tillites and undermelt 
diamictites deposited earlier beneath the retreating ice.
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FIGURE 89. Sketch section of the southern side of the valley 
of Myrniong Creek, Locality A, Enclosure 7. The Myrniong 
Creek Sandstone Member is faulted against granite but them 
laps onto the same granite, indicating that faulting was 
active during deposition of the Bacchus Marsh Formation.
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I Sandy diauiictite Medium sandstone

Cong 1omerale Coarse sandstone

FIGURE 90. Profile of the Bacchus Marsh Formation outcrop in 
the road cutting at Gatehouse 24 (Locality E, Enclosure 7).
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FIGURE 91 • Eastern face of Werribee Gorge Quarry (Locality 
C, Enclosure 7). Dashed line indicated top and bottom of 
sandstone unit. Scale bar is about 9m at the face.
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FIGURE 92. Load structure extending from the base of the 
thick sandstone unit into underlying sandy diamictite, East 
face, Werribee Gorge Quarry.

N

n= 12

FIGURE 93• Palaeocurrent directions as indicated by trough 
cross bedding in the sandstone unit, eastern face of 
Werribee Gorge Quarry.
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FIGURE 94* North Face of Werribee Gorge Quarry. Solid line 
indicates, base of diamictite over lying the sandstone unit. 
Dotted lines indicate bedding trends in sandstone. Face is 
2.5m high.
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FIGURE 95. 
delineate 
sandstone 
sandstone

West Face of Werribee Gorge Quarry. Dashed lines 
bed boundaries between thick, massive, medium 

and beds of interiaminated pebbly medium to fine 
and siitstone. Scale bar is 1m long.



Silty diamictite

Sandy diamictite

Inter laminated sandstone & siIt stone
Medium sandstone

Deformed sandstone laminae and lenses

FIGURE 96. Facies relationships in the Werribee Gorge 
Quarry. Arrows indicate trends of trough cross beds in the 
east face.

2m



Inter laminated fine sandstone.and siIt stone and ripple cross-laminated fine 
sandstone deposited as overbank sediments on bar tops or on inactive parts of the 
river tract.

Coarse and medium-grained sandstones in large scale cross sets deposited by 
migrating linguoid bars or megaripples.

Cross-bedded sandy pebble conglomerate deposited in gravel bars or as 'micro deltas' 
in scour holesand massive or parallel laminated coarse Sandstones and graded 

pebble conglomerates deposited in channel beds.

FIGURE 97. Generalized facies sequence in the Myrniong Creek 
Sandstone Member.



FIGURE 98. Depositional model for the Werribee Gorge Quarry 
sediments. The cross bedded sandstone in the east face was 
deposited at the mouths of two small subglacial tunnels,' 
Some of this sand slumped and flowed producing the jumbled 
slump units and grain flow beds in the north face. Inflowing 
meltwater and some of the slumps accelerated down the bed of 
the water body, cutting and filling channel now seen in the 
west face. Pebbly siltstone and fine sandstone units were 
deposited during periods of gentle current activity by 
settling from suspension and ice-rafting.



FIGURE 99.
Depositiona 1 history of the Werribee Gorge area.
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Subglacial t i Hites - Ma j or glaciation

Fluvial conglomerate - Ice free period

Subglacial tillite - Major glaciation

Subaqueous outwash and mudflows - standing water

Subglacial tillites - Major glaciation

Subaqueous outwash and mudflows - standing water

Subglacial tillites - Major glaciation

MYRNIONG CREEK SANDSTONE MEMBER - Fluvial 
deposition in an active graben.
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Sandy

Conglomerate

Coarse sandstone

Medium sandstone

Fine sandstone

Deformed sandstone laminae 
and lenses

Siltstone

Ripple cross-laminae

FIGURE 100. Section through Werribee Vale Outcrop A
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FIGURE 101. Werribee Vale outcrop A. Section is marked in 
black .



FIGURE 102. Sketch of sandstone and conglomerate 
massive diamietite, Werribee Vale outcrop B.

body set in
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Sandstone with diamictite lenses

Thinnly interbedded lithologies

FIGURE 103. Section through flooded outcrops of the Bacchus 
Marsh Formation on Coimada i Creek, drawn from descriptions 
in Bowen(1959)•



7 Ocm

FIGURE 104. Convolute laminae in medium sandstone, Interval 
1, Korkuperimul Creek.

A-1

FIGURE 105. Typical facies sequence in interbedded 
sandstones an siltstones, Interval 10, Korkuperimul Creek.
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aVaIL_A_^à Facies Ila - Fissile silty diami eCite

Facies 1 1 b - Laminated silty fine sandstone

Facies Ile - Int erbedded clayst one L 
diamictite

Facies 1 Id - Laminated sandy claystone

Massive

Laminated

Thinnly int erbedded litliologies

FIGURE 106.Section through Interval 11, Korkuperimul Creek. 
Scale is in metres.
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rIGURE 107. Medium sandstone block with crumpled internal 
laminae set in massive medium sandstone, Morton’s Quarry 
section, Interval 15• Enclosing sandstone is probably a 
grain flow deposit.
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FIGURE 108. Panorama of Bald Hill Gully outcrop. Sketch 
shows location of conglomerate dyke. Details of sedimentary 
succession given in Section 15, Enclosure 12.



----- 1
metres

FIGURE 109. Sketch of folded sandstone body in diamictite, 
Bed 20. Dashed line indicates fold axial trace. Bed with 
heavy stipple is the Morton Conglomerate Member.

metres

FIGURE 110. Cross sectional outline and geometry of laminae 
within the folded sandstone body enclosed in Bed 20. The 
internal laminae are truncated against the lower edge of the 
body suggesting that it formed as a recumbent from which the 
lower limb sheared off.
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FIGURE 111. Tightly folded laminae within the core of the 
fold in the sandstone body enclosed in Bed 20.

H

FIGURE 112. Sandy mudstone with coarse sand-filled burrows 
overlain by red sandy conglomerate of the Morton 
Conglomerate Member, Main Quarry section, Bald Hill.
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Ripple cross laminae (planar)

Climbing ripple cross laminae

Low angle cross laminae

Parallel laminae
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FIGURE 113- Section through part of Interval 15 
Anderson's Quarry, Korkuperimul Greek.
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Interbedded parallel laminated fine to medium 
sandstone and sandy siltstone beds.

As below but lacking siltstone beds.

Parallel laminated medium sandstone beds, ripple 
cross-laminated medium sandstone beds, beds of 
interlaminated fine sandstone and siltstone and 
massive siltstone beds.

Siltstone coarsening up into fine sandstone.

Massive grey mudstone with rare fine sandstone 
laminae and abundant burrows

Morton’s Conglomerate Member

FIGURE.114. Interval 16 section, Bald Hill Gully.
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Medium sandstone dei orme-ci inlo disii and pillar
structures up tu 2 Oc ni in amplitude. This bed sinks 
down where large flame structures of silty fine- 
sandstone pent rate the underlying sandstone bed.

Parallel laminated medium sandstone. De formed into 
large pillow structures separated by flames of the 
underlying silty fine sandstone. Laminae parallel 
pillow outlines. Figure 116.

Silty fine sandstone. Deformed into flames 80cm 
high. Intrudes right through overlying bed._ _ _ _ _ _ _ _ _ _ _ _

Medium sandstone. Forms pillows 60cm across. Abundant 
dish and pillar structures within pillows. ri;,,» ii7

Interbedded medium,and fine sandstone , siIt stone 
and claystone. These are the lowest units involved 
in the deformation.

Laminated fine sandstone. Undeformed

FIGURE 115. Detailed section through deformed beds. Interval 
16, Bald Hill Gully.

mu

FIG.URi 116. Large pillows of parallel laminated sandstone, 
deformed interval, Interval 16. See Figure 115 for location 
m the deformed sequence.
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FIGURE 117. Pillow of medium sandstone with dish and pillar 
structures in its core. Overlying silty fine sandstone forms 
larger flame structures that intrude over lying sandstone 
beds. See Figure 115 for location in the deformed sequence.

0.5cm

FIGURE 118. Trace fossils standing out on bedding Dianes 
near the top of Interval 16, Bald Hill Gully.
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FIGURE 119. Sediments equivalent to Interval 16 cropping out 
on the Lerderderg River (Locality A, Enclosure 1). Cliff is 
5m high.

t* >-

FIGURE 120. Silty fine sandstone beds containing swirls of 
fine sandstone formed by load casting, Interval 16 sediments 
cropping out on the Lerderderg River, (Locality A, Enclosure 
1).



n * 25 readings

FIGURE 121. Palaeocurrent readings from Interval 16 (dip directions of ripple cross laminae).



FIGURE 12 2. Sketch of the sedimentary dyke intruding 
Interval 14 and 15 sediments at Bald Hill Gully. Bed numbers 
correspond to bed in the Bald Hill Gully section, Enclosure 
12- See Figure 108 for the orientation of the outcrop.
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FIGURE 123. Blocks of bedded Interval 15 sediment floating 
in the red dyke matrix material.
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FIGURE 124- Dyke fill abuts sharply against Interval 15 
mudstone.



TABLE 4
Facies assemblages in the Korkuperimul Creek Section. 
Mudstones with only a small ice-rafted component are listed 
as lacustrine though they may be marine in some Intervals.

Facies 1 2 3 4 5 6 7 8 9 10 11 12 13
Subglacial X? X X X X X
Supraglacial X X X X X
Ice-rafted X X? X
Fluvial X X X X X X X
Deltaic X

Mudflows X X X
Lacustrine X X

14 15 16 
x x

X

XXX

X X



TABLE 5
Facies assemblages in Bacchus Marsh Formation outcrop areas. 
Mudstones with only a small ice-rafted component are listed 
as lacustrine though they may be marine in some Intervals.

Facies Coimadai Lerderderg Korkuperimul Werribee Pykes
Creek River Creek Gorge Creek

Subglacial X X X X X
Supraglacial ? X X - -
Ice-rafted X X X X X
Fluvial - x(minor) X X -
Deltaic - - X X X
Mudflows ? - X X X
Lacustrine ? X X X X



FIGURE 125« Comparison between conventional lacustrine 
deltas and deltas in the Bacchus Marsh Formation dominated 
by upper flow regime conditions. On a conventional delta, 
inflowing density currents accelerate over the short foreset 
slope (A; and then decay on the flat lake floor (B). In the 
case of the Bacchus Marsh Formation deltas, sloping lake 
floors may have caused the flows to accelerate for a greater 
distance, so that Froude numbers increased above 1 and 
foresets were flattened out.
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FIGURE 126. Alternative model for the development of upper 
flow regime conditions on lacustrine deltas. High 
distributary mouth depth to basin depth ratios meant that 
inflowing water did not loose much momentum upon entering 
the bodies of standing water.
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N * 20 sets of
striations

Direction of ice thrusting, Bald Hill 
Axes of channel structures

Vector means of cross bedding azimuths

FIGURE 127. Ice flow and palaeocurrent indicators in the 
Bacchus Marsh Formation.
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Predominantly Ice-rafted .facies

Intervals of predominantly deltaic facies

°°_a_o°q Intervals of predominantly fluvial facies

FIGURE 128. Second Order tillite and ice-rafted intervals 
and other major facies packages, Fykes Creek, Werribee Gorge 
and Lerderderg River sections.



1 Lake Eppalock 

J Alluvium

~J Cainozoic basalt

I Cainozoic sand

Z3 DERRINAL FORMATION 
j Devonian granodiorite

j Ordovician metasediments 

j Striation trends

OUTCROP LOCALITIES
1. Spring Plains.
2. Me Ivor Highway cuttings.
3. Moorabee Section.

FIGURE 129- Geology and outcrop locations of the Derrinai 
area (after Bowen & Thomas,1976; Robbins,1983a,b, 1 984a,b).



FIGURE 130. Composite section of the Derrinai Formation 
according to Bowen(1959) and Wilkinson (in Bowen & 
Thomas,1976).

FIGURE 131. Location and numbers of the segments into which 
the Moorabee outcrops have been subdivided for discussion.
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FIGURE 132. Stereoplot (Equal area projection) of poles to 
bedding in the Derrinal Formation, Moorabee with 
palaeocurrent and ice movement indicators. Tectonic dip is 
less than 5 degrees to the east.
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FIGURE 133. Segment 1, Moorabee Section.
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FIGURE 134. Diamictite dyke intruding fluvial sediments, 
Segment 1. Hammer rests on a block of coarse sandstone and 
conglomerate dislodged from its original place in the 
sequence of sediments on either side by the diamictite that 
encloses it.
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FIGURE 135. Section through steeply dipping sediments, 
Segment 1. The section consists of fluvial conglomerates and 
sandstones with interbedded diamictites, some of which are 
intrusive, some of which may be flow tills originally in the 
sequence. Legend in Enclosure 13.



FIGURE 136. Ripple forms preserved 
sandstone block enclosed in diamictite
1 .

on the surface of a 
, Locality 1c, Segment

> TUM :
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FIGURE 137. Climbing ripple 
block, Locality 1c.

cross-laminae in the sandstone

»
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FIGURE 138. Folded sandstone body and conglomerate wedge, 
Locality 1d. The sandstone body is cut by microstep 
fractures with a dominant set subparallel to the fold axis'. 
The conglomerate wedge is bounded by faults that meet at its 
base.

FIGURE 139* Conglomerate wedge, Locality 1d. Sagging of the 
bedding suggests that the sediment has collapsed into space 
produced when the enclosing diamictite pulled apart. It 
probably is the filling of a tension crack formed in 
semi consolidated sediment deformed by a diamictite diapir 
rising from below.
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FIGURE HO. Segment 2, Moorabee Section.



- 65H

MSI

Canon
l>t *

FIGURE HI- Conglomerate containing pebbles turned on edge 
by dewatering, Locality 2a.

^ j*-

I :

*<65:

ar#.oi

a*
1^;

FIGURE 142. Grooved pavement in thinly interbedded 
sandstones and diamictites, Locality 2d.
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FIGURE 143» Thrust faults in sandstone and conglomerate body 
3b , S e gme nt 3.
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, sandstone body 3d.FIGURE 144- Microstep fractures
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FIGURE 145- Diamictite dyke intruding medium sands tone, 
sandstone body.3d.
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FIGURE 146. Gently deformed sandstone lens within bedded 
diamictite, upper part of Segment 3. This sandstone lens is 
concordant with bedding and retains its internal bedding.
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FIGURE 147. Sandstone lens with ragged edges suggesting some 
movement and disaggregation in the enclosing diamictite, 
Segment 3-
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FIGURE 148. Segment 4, Moorabee Section.
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Part 1

FIGURE 149. Western part of Segment 5, Moorabee Section



'MES

ti--

SMfcto > >x
i*ei

MS

v.££

-VS



FIGURE 150. Segments 5 and 6, Moorabee Section.
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FIGURE 151 . I nt e be dd ed
*«*& ,LrP1At/i,5A.iThr„rdl,“t- -"•sandstone, congl onerate and 

deposited on



FIGURE 152. Lower grooved pavement, Segment 5• Ice motion 
was from top right to bottom left (south to north).

%

FIGURE 153. Close up of lower pavement, Segment 5* The large 
clast lodged while cutting a groove in the underlying 
sandstone. A small prow of sediment is bulldozed up in front 
of it. Ice motion is towards the viewer.



grooved pavement
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FIGURE 154. Cross section normal to the conglomerate 
cylinder and grooved pavement, Segment 5. Palaeocu-rrents and 
ice motion were into the page (north).

metres

FIGURE 155. Penecontemporaneous faults in the conglomerate 
cylinder, Segment 5 (side elevation). Sandstone bed is 
enclosed in conglomerate. Pebbles in the fault zones are 
oriented with their a-b planes parallel to the fault plane.



FIGURE 156. Upper grooved pavement, 
ores entic gouge-like pucker marks in 
motion is towards the camera.

Segment 5 showing 
the sandstone. Ice
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FIGURE 157. Segment 7, Moorabee Section.



FIGURE 158. Chevron folded coarse sandstone block sAt in 
diamictite, Segment 7 (Locality 7a). " *
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FIGURE 159. Chevron folded coarse sandstone block set in 
diamictite, Locality 7a, Segment 7.
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FIGURE 160. Segment 8, Moorabee Section.
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FIGURE 1 61 . 
Locality 8a

Disrupted and slumped beds set in diamictite 
Segment 8.
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FIGURE 162. Diamictite containing thin, discontinuous 
de formed sandstone beds and laminae, Locality 8a.



FIGURE 163. 
8b.

FIGURE 164. 
Locality 8a.
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Section through disrupted beds, Locality 8a to

O o O

metres

De formed sandstone and conglomerate bodies,
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FIGURE 165. Diamictite diapir at Locality 8c.
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FIGURE 166. Segment 9, Moorabee Section.
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FIGURE 167. 
Locality 9d.
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Vertical section through bedded sediments,

FIGURE 168. Lens of conglomerate resting on an erosion 
surface cut in interbe dd ed sandstone, conglomerate and 
diamictite beds.
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FIGURE 169. Eastern end 
Moorabee Section. of Segment 9 and Segment 10,
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FIGURE 170. Boulder with two sets of striations, Segment 10.
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FIGURE 171. Formation of the conglomerate cylinder and the 
sediments overlying it, Segment 5- The conglomerate is 
deposited in a channel cut in till by a stream that cannot 
migrate laterally because of ice walls. After the ice 
melts, the overlying sheet-like sandstone bed is deposited 
by the stream which can now migrate freely.



BedrockSubglacial to supraglacial units, 
Moorabee section.

Predominantly subglacial tillite 'v-xr Unconformity

FIGURE I. Conjectural cross section of the Derrinal 
Formation at Moorabee. The sequence consists of two thick 
subglacial tillite units separated by a stack of units that 
grade from subglacial to supraglacial facies. Each 
successive unit is displaced to the east relative to the 
preceeding one. This section is conjectural in that the 
exact relationship between each unit cannot be determined in 
the existing outcrop. For example, the Moorabee sediment 
suite may separate the two thick tillite units right across 
the area but that part of the sequence is buried.
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SUPRAGLACIAL AND PROGLACIAL FLUVIAL OUTWASH.

SUPRAGLACIAL TILLITE, LAKE AND STREAM SEDIMENTS

Zone of mixing of supraglacial and subglacial 
sediments by dewatering,.ice collapse and diapirism.

SUBGLACIAL TILLITE 

Erosion surface

FIGURE 173. Model facies succession derived from the 
Moorabee Section.
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Urana Formation subcrop 

Infrabasin lacking Urana Formation

Outcropping basement 

Outcrops of glacial sediments

Ice motion
Inferred limit of grounded 
Ice

290 km

FIGURE 183. Distribution of the Urana Formation beneath the 
Murray Basin and the limits of grounded ice infered from facies 
within the Urana Formation.



TABLE 6
Stratigraphy of infrabasins beneath the Murray Basin.

Infrabasin Reference Cainozoic Mesozoic Permo-Carb Devonian 
Well

Renmark North
Renmark 548 440 +235

Trough No. 1
Paringa Nadda No.1 449 179 395 0
Embayment
Tararra Tararra No.l 440 90 323 +1022
Trough
Blantyre Blantyre No.l 184 0 169 +1883
Trough
Wentworth Wentworth 329 101 +145
Trough No.l
Ivanhoe Ivanhoe-No.l 107 39 285 +178
Trough
Bundy Killendo No.l 357 0 0 +398
Trough
Ovens Jerilderie 362 202 957 0
Graben No.l
Numurkah Katunga No.l 158 0 +64
Trough
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'FIGURE 1 84. -Facies D1 of the Urana Formation in a core from 
Jerilderie No.1 showing faint, gradational bedding.
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FIGURE 185. Facies D2 of the Urana Formation, 
indicates a mud clast. Core from Jerilderie No.1.
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FIGURE 186. Facies D3 in a core from Wentworth Nc. 1.

FIGURE 187. Facies M2 consisting of graded siitstone to 
c aystone couplets. Arrows indicate sandy mud stone clasts 
that are probably ice-rafted till pellets (Overshine,1970). 
Core from Wentworth No.1 .
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FIGURE 188. Deforme d Facie M2 with flames of c1 ay st one 
intruding overlying sii stone beds. Ice-rafted coarse sand 
grains are relatively abundant in this core.
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FIGURE 189. Facies S1 interbedded with Facies M2. The bed of 
Facie S1 fines up over its uppermost 0.5cm.
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FIGURE 190. Conglomerate with coarse sandstone interbeds 
Wentworth No.1 .



TABLE 7
Facies assemblages and microfloras from various sequences in 
the Urana Formation. 2 indicates major constituent of the 
section, 1 indicates a minor constituent. Palynology from 
Ludbrook(1962,1963), Derrington & Anderson(1970), Boyd & 
Heibler(1967), McLeod( 1977,1978,1979) and Morgan( 1975b).

Section D1 D2 D3 Ml M2 M3 SI S2 S3 CONG MICRO
-FLORA

Nadda-1 2 - - - 2 - 2 - - - St. 2
North Renmark — - - - 2 2 - - - 2 St. 2
-1
Wentworth-1 - - 2 - 2 - 1 - - 1 St. 2
Tararra-1 - 2 - 2 - - - - 2? - St. 2
Blantyre-1 - 2
Laceby-2 2 2 - 1 - - 2 - 1 1 -
Numurkah 2 2 - 2 - - - - - - St. 2
Trough • & 3
Jerilderie-1 2 1 - 2 — — 2 2 2 _ St. 3
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Factes M: 

Sandstone faciès
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FIGURE 191. Interpreted Urana Formation 
faciès sequence, North Renmark No.1.
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Sandstone facies
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FIGURE 192. Interpreted Urana Formation
facies sequence, Nadda No.1
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Conglomerate 

Facies M, 

Facies M2

FIGURE 193. Interpreted Urana Formation
facies sequence, Wentworth No.1.
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FIGURE 194. Interpreted Urana Formation 
facies sequence, Tararra No.1.
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FIGURE 195. Interpreted Urana Formation 
facies sequence and underlying probable 
Early Carboniferous conglomerate, B1antyre 
No. 1.
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Faciès D2 
Faciès M, 

Sandstone facies

FIGURE 196. Interpreted Urana Formation 
faciès sequence, Ivanhoe No.1.
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FIGURE 197. Interpreted 
Urana Formation facies 
sequence and overlying 
Late Permian and Triassic 
units, Jerilderie No.1.
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FIGURE 198. Distribution of Stage 2 and 3 
age sediments in the southern Numurkah 
Trough. Stage 2 sediments are mostly facies 
D2, wheras the Stage 3 sediments are mostly 
mudstone facies.
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Supergroup

Numurkah
Trough
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FIGURE 199. Correlations between the Urana Formation 
well sections, the Bacchus Marsh Formation and the 
Lower Parmeener Supergroup, Tasmania, with broad facies 
groupings. The Bacchus Marsh Formation is shown as 
mostly Facies D2 because it was deposited predominantly 
under full glacial conditions.
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0 SubglaciaL cillite, No. 7864/L30 
x Subglacial t i 11 ite , No. 7864/L 17

• Supraglacial t i 1 lite, No. 7764/17 
+ Subglacial ti II ite, No. 7964/OL1

A Subglacial tillite (Undcrmelt diamictite) , No.7664/0P4

▲ Subglacial t i 11 ite , No. 7964/OL3 
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FIGURE 200. Grain-size distribution of diamiotites in the 
Bacchus Marsh and Derr inai Formation. See Appendix 2 for a 
description of the method of measurement.
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FIGURE 201. Grain-size distribution of diamiotites in the 
Urana Formation. See Appendix 2 for description of the 
method of measurement.
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FIGURE 202. Q-F-RF diagram illustrating the composition 
sand-sized grains in sandstones and diamictites in 
Deinnal, Bacchus Marsh and Urana Formations.
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FIGURE 203. Feldspar altered to sericite, Bacchus Marsh 
Formation. Crossed nichols. Scale bar is 0-1 mm.
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PLUT VOLC

PIQURE 204» Ternary plot showing compositon of rock 
fragments in the Bacchus Marsh, Derrinal and Urana 
Formations. Apices represent sedimentary, plutonio and 
volcanic rock fragments.
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FIGURE 205. Radiating fibrous chlorite filling pore spaces 
in an altered granite clast, Bacchus Marsh Formation. 
Uncrossed nichols.
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FIGURE 207. Normal diamictite matrix of clay and detritai
?ofìocn’ Bacchus Marsh Formation. Grossed nichols. Scale bar is 250 microns.
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FIGURE 209. Carbonate-clay matrix, Bacchus Marsh Formation. 
Crossed nichols.



TABLE 8
Average composition of the clay fraction from the Permian
glacial sediments of central Victoria and the Murray Basin
compared to "average shales".

Glacial Clays Shale Shale
(Degens,1965) (Goldschmidt,1954)

Si02 51.19 61.16 61.90
Ti02 0.75 0.68 0.83
ai2o3 20.97 16.21 16.66
Fe2°3 7.66 4.23 3.44
(total Fe)
FeO - 2.58 3.87
MnO 0.08 Trace -
MgO 3.62 2.57 3.50
CaO 1.33 3.27 3.35
Na20 1.06 1.37 2.15
k2o 4.85 3.41 4.15
p2°5 0.22 0.18 -



TABLE g
Normative mineralogy of clay fractions extracted from the 
Urana Formation, Jerilderie No.l (see Appendix 3).

Samples
Mineral 8064/J3 8064/J13 8064/J23 8064/J45

Apatite 0.34 0.29 0.37 0.71
Calcite 0.31 0.56 0.81 0.82
MgC03 0.07 - 1.84 -
Pyrite 0.12 0.26 0.08 0.12
Muscovite 41.85 22.25 51.54 23.11
Mg Chlorite 7.77 6.33 7.24 9.13
Albite - 3.93 13.53 3.93 21.10
Anorthite - 3.05 - 1.65
Kaolin!te 23.86 21.39 15.30 17.39
Quartz 13.25 25.41 12.84 20.61
Limonite 6.13 4.37 9.61 3.44
Total 97.63 97.44 103.56 98.08
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FIGURE 210. Strontium-Rubidium ratios versus Sodium- 
Potassium ratios .of diamictite clay fractions. 'Triangle are 
tillites, crosses are glaciomarine samples.



TABLE 10
Vogt's Residual Index (V.R.I) calculated for clays extracted 
from glacial diamictites. (Sample Numbers and locations 
listed in Appendix 4).
Sample No. V.R.I. Sample No. V.R.I
8064/J3 6.94 8064/J41 5.62
8064/J5 5.06 8064/J43 4.33
8064/J7 5.20 8064/J45 3.22
8064/J10 4.49 8064/J47 4.57
8064/J13 4.24 8064/J49 4.47
8064/J15 3.89 8064/J51 4.73
8064/J17 4.26 8064/J53 4.88
8064/J19 2.10 8064/J55 4.58
8064/J21 4.14 8064/J57 4.70
8064/J23 5.64 8064/J59 4.53
8064/J25 4.60 7764/31 5.57
8064/J27 4.89 7864/L33 4.15
8064/J29 4.33 7864/L43 5.78
8064/J31 4.56 7864/OJ3 3.30
8064/J33 2.97 7764/24 3.63
8064/J35 3.41 7764/32 4.10
8064/J37 3.53
8064/J39 5.68



TABLE 11
Correlation matrix for major oxides and some trace elements. 
Matrix calculated by linear regression.

PERMIAN DIAMICTITES, S.E. AUSTRALIA (major eleme nts)

SÎ02 T102 A1203 te 203 FeO tot.te MnO MyO CaO Na20 K20 P205

S 1Ü2

Ti02 -0.63

A 12 03 -0.39 0.76

1 e 203 -0.65 0.44 0.56

FeO

tot.le -0.65 0.44 0.56

MnO -0.42 0.37 0.47 0.77 0.77

MyO -0.53 0.49 0.57 0.63 0.63 0.62

-0.36
C aO -0.11 -0.10 -0.49 -0.34 -0.34 -0.20

Nò 20 0.62 -0.71 -0.52 -0.54 -0.54 -0.21 -0.20 -0.04

K20 -0.73 0.73 0.76 0.03 0.03 0.65 0.73 -0.32 -0.69

12 05 -0.20 0.17 0.03 0.14 0.14 0.26 0.32 -0.01 0.2 7 0.09

dû -0.29 0.34 0.50 0.30 0.30 0.44 0.60 -0.21 -0.04 0.57 0.09

Li

Kt -0.74 0.73 0.67 0.04 0.04 0.50 0.52 -0.2 3 -0.00 0.92 0.06

Sr 0.62 -0.49 -0.48 -0.01 -0.U1 -0.51 -0.50 0.26 0.66 -0.72 -0.04

Gu -0.55 0.52 0.30 0.30 0.30 0.29 0.19 0.12 -0.48 0.42 0.22

V -0.66 0.60 0.67 0.63 0.63 0.43 0.32 -0.09 -0.65 0.68 0.18

Cr -0.76 0.03 0.02 . 0.69 0.6 9 0.56 0.60 -0.26 -0.59 0.91 0.32

S 0.01 -0.12 -0.26 -0.42 -0.42 -0.45 -0.46 0.40 0.09 -0.4 1 -0.04

V
i

1



TABLE 11 CONTINUED
PERMIAN DI AM ICI l'IES, S.L. AUSTRALIA ( trace elements PART ] )

La Li Rb
L>a

Li

Rb 0.30
S r 0.00 -0.73
V

Cr
ri n

0.16

0.5 9
0.75

0.82

Co
Ga oo

1 0.55
A s
5 -0.26 -0.29

Sr Pb Th U

-0.57 

-0.60

-0.34

0.43

7-r Nb Y La Ce No Sc V

0.7 3

U . 51

0.24

C r ;-i n

C r

Mn

Ga 0.4 2

As

5 -0.23

Co

PLRMIAN D1AMICTITLS, S.L. AUSTRALIA

Li Cu Zn Sn w MO

(trace elements PART 2) 

Ga As S c

0. 11

P Cl



TABLE 12
Major and minor elements that show a significant degree of 
correlation in clays extracted from Permian glacial
sediments, central Victoria and the Murray Basin.

Element Pairs Correlation Coefficient
*^2^3“Ti^2 0.76
MnO-FegOg 0.77
Ka20-Ti02 -0.71
K20-Si02 -0.73
K20-Ti02 0.73
K20-A1203 0.76
K2°“Fe2°3 0.83
K20-Mg0 0.73
Rb-Si02 -0.74
Rb-Ti02 0.73
Rb-Fe2Û3 0.84
Rb-K20 0.92
Rb-Na20 -0.80
Sr-Fe2°3 -0.81
Sr-K20 -0.72
Cr-Si02 -0.76
Cr-Ti02 0.83
Cr-Al203 0.82
Cr-K20 0.91
Sr-Rb -0.73
V-Rb 0.75
Cr-Rb 0.82
Cr-V 0.73
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FIGURE 211. MgO/A1203 versus K20/A1203 for Pleistocene tills 
and marine clays from Norway (Roaldset, 1 972). Triangles 
represent tills, crosses, marine clays.
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FIGURE 212. Fe-Al-Mn+Ti ternary diagram for ti11ite s and 
glaciomarine diamictites from southeastern Australia. There 
is no separation of the two groups of samples.
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FIGURE 211. Fe-Mn plot for til lit es (triangles) and 
gl ac iomarine diamicites (crosses) from southeastern 
Australia. The two groups are not separated though most plot 
in a field of overlap recognised by Frakes & Crowel1(1975).



Y= 7. 71- 1. 76X

FIGURE 214- Fe versus V/Cr plot for tilllies (triangles) -and 
glaciomarine diamicit es (crosses), southeastern Australia. 
V/Cr values are lower for the till ites.
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FIGURE 21 5. Mn versus V/Cr plot for tillites (triangles ) and 
glaciomarine diamictites (crosses) southeastern Australia.
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FIGURE 216. Mg0/Al 203 versus K20/A1203 plot for tillites 
(triangles) and. gl a ciò marine diamictites (crosses), 
southeastern Australia. Separation of marine and non-marine 
samples is in the opposite sense to that shown in Figure 
211 .



TABLE 13
Strontium/Barium ratios for clays extracted from glacial 
diamictites. Sample numbers and locations listed in Appendix
4.

Sample No. Sr/Ba Sample No. Sr/Ba
8064/J3 0.13 8064/041 0.12
8064/J5 0.28 8064/043 0.22
8064/J7 0.13 8064/045 0.37
8064/J10 0.41 8064/047 0.13
8064/J13 0.46 8064/049 0.10
8064/J15 0.11 8064/051 0.10
8064/J17 0.11 8064/053 0.06
8064/J19 0.21 8064/055 0.08
8064/J21 0.15 8064/057 0.06
8064/J23 0.05 8064/059 0.06
8064/J25 0.12 7764/31 0.16
8064/J27 0.16 7864/L33 0.03
8064/J29 0.19 7864/L43 0.03
8064/J31 0.22 7864/0L3 0.36
8064/J33 0.32 7764/24 0.05
8064/J35 0.51 7764/32 0.07
8064/J37 0.33
8064/J39 0.31



FIGURE 217. Ice motion trends superimposed on the Early 
Permian palaeogeography of southeastern Gondwana with the 
inferred position of the Early Permian ice sheet centre 
and it's approximate limits during glacial maxima.
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FIGURE 218. Paterns of erosion and deposition beneath a 
large ice sheet during a major glaciation (after Boulton & 
Jones,1979). At point A, two tills are deposited but 
possibly only one preserved, at point B, three tills are 
deposited and at C, two tills are deposited.



B ICE SHEET ON BED OF 
DEFORMING TILL (BOULTON 
& JONES, 1979)

A ICE SHEET ON STABLE BED

DISTANCE FROM SOURCE (KM)

FIGURE 219. Extreme variations of ice sheet profiles. 
Profile A is based on Nye(l952), profile B was calculated 
for a deforming till bed beneath the ice by Boulton &
Jones(1979)•



TABLE 14
Major facies assemblages in the Permian glacial sediments in 
central Victoria and beneath the Murray Basin.

Facies group Bacchus Marsh Fm. Derrinal Fm. Urana Fm

Subglacial xxx xxx X

Supraglacial XX xxx -

Fluvial XX X -

Deltaic XXX - XX

Subaqueous XX - ?

outwash
Ice-rafted xxx - xxx

(xxx- abundant, xx- common, x- present but not a major 
component, - abscent, ? uncertain)

/



APPENDIX 1
DEFINITIONS OF STRATIGRAPHIC NAMES

NAME. Bacchus Marsh Formation.

DERIVATION. From the town of Bacchus Marsh which is the 
largest in the area in which the sediments crop out.
TYPE SECTION. The type section is the section exposed in the 
banks of Korkuperimul Creek, north-northwest of Bacchus 
Marsh between a point Lat. 37" 36' 24”S, Long. 144* 23' 8"E 
and Lat. 37*37' 36"S, Long. 144* 23' 49"E.
DISTRIBUTION. The Bacchus Marsh Formation crops out in eight 
large areas and at least nineteen small patches scattered 
about the Bacchus Marsh area.
LITHOLOGIES. The most common rock type is grey diamictite 
which weathers to buff, brown or white. White to pink fine 
to coarse sandstone, grey mudstone and pebble conglomerate 
are also present.
THICKNESS. About 1100m are exposed in the type section which 
is the thickest. Some small outliers are only a few metres 
thick.

RELATIONSHIPS. The Bacchus Marsh formation rests 
unconformably on Ordovician metasediments and Devonian 
granitoids. In places, the unconformity surface is striated 
and polished. Cainozoic sediments and voic anic s 
unconformably overlie the Bacchus Marsh and, at Bald Hill 
near Bacchus Marsh, a thin outlier of mid-Triassic sediments 
overlies the Bacchus Formation disconformably.
FOSSILS. Marine invertebrates have been found at two 
localities. One locality near the base of the Coimadai Creek 
Section has yielded BrachithyrineIla occidentalis (Thomas),



sP • and a Bryozoa, Fenestella sp. 
Notoconularia inornata (Dana) was collected from the Morton 
Conglomerate Member (Thomas, 1969). Macro plant fossils 
collected from sandstone in Moreton's Quarry, Bald Hill 
(Interval 15, this study) were recorded by McCoy(1875) as 
Gangamopteris angustifolia, G. oblgua and G^ spatulata. 
Calamites macnabi(Pritchard) is also present. Palynomorphs 
have also been descibed from several localities 
(Douglas,1969; Kemp & others,1977; Truswell, pers. comm. 
1981).

AGE. The marine invertebrates and palynomorhs indicate a 
Late Palaeozoic age. The microflora has been asigned to the 
Stage 2 microflora of Kemp & others(1977) (Truswell,1981). 
Kemp & others( 1977) regard this microflora as Late 
Carboniferous whereas Archbold( 1982) and Thomas(pers. 
comm.1986) regard the brachiopod, Ih_ occidentalis, as 
indicating an Early Permian (Sakmarian) age. Thomas(1969) 
also regarded Notoconul aria inornata as indicating 
Artinskian age for the upper part of the Bacchus Marsh 
Formation. However, the bed containing the conularids is 
overlain by sediments containing a Stage 2 microflora 
therefore, because these conularids are only known from 
three places in eastern Australia it is probably that the 
entire Bacchus Marsh Formation is of Early Permian age. 
DEPOSITIONAL ENVIRONMENTS. The sediments were deposited in a 
range of glacial and proglacial environments.
NAME. Myrniong Creek Sandstone Member of the Bacchus Marsh 
Formation.
DERIVATION. The member crops out in the valley of Myrniong 
Creek 1km upstream of its junction with the Werribee River.



TYPE SECTION. In the valley of Myrniong Creek at Lat. 37* 
39'00"S, Long. 144*21' 00"E.

DISTRIBUTION. Confined to the valley of Myrniong Creek about 
the type section.
LITHOLOGIES. Mostly white fine to coarse sandstone. Most 
beds are massive or parallel laminated but some are cross 
bedded.
THICKNESS. About 120m of sediment is exposed.
RELATIONSHIPS. Conformably overlain by Bacchus Marsh 
Formation di amicti te. Its base does not crop out.
AGE. Late Carboniferous or Early Permian.
DEPOSITIONAL ENVIRONMENTS. The Myrniong Creek Sandstone 
Member was probably deposited by braided streams.

NAME. Derrinal Formation.

DERIVATION OF NAME. The disused Derrinal railway station 
adjacent to the area of outcrop.

TYPE LOCALITY. In the banks of Wild Duck Creek at Lat. 36' 
56' 1"S, Long. 144'38'1"E (Heathcote 1:100,000 topographic 

sheet). Other good exposures are at the cutting on the 
Mclvor Highway at Lat. 36*54' 1"S, Long. 144*36' 4"E and at 
Moorabee (Lat. 36*52' 2"S, Long. 144*33' 3"E). The Moorabee 

exposures are the best but are only visible during severe 
droughts and are therefore unsuitable as a type locality. 
DISTRIBUTION. The Derrinal Formation is present in a north- 
south belt 38km long and 8km wide from Tooleen in the north, 
through Derrinal, to Spring Plains in the south (see 
Heathcote 1:100,000 topographic sheet or Figure 129). 
LITHOLOGIES. The most common rock type is grey to blue-grey 
diamictite that weathers to brown or buff colour. Yellow to



white coarse to medium sandstone bodies and coarse pebble 
conglomerates are also present in places.
THICKNESS. The Derrinal Formation is probably greater than 
75m thick in the central part of its outcrop area. It thins 
towards the edges.
RELATIONSHIPS. The Derrinal Formation rests unconformably on 
Ordovician metasediments and Devonian granitoids and is 
unconformably overlain by Cainozoic sands and gravels. 
FOSSILS. No fossils have been recorded from the Derrinal 
Formation.
AGE. Lithological correlation of the Derrinal Formation with 
the Bacchus Marsh and Urana Formations suggests a Late 
Carboniferous to Early Permian age.
DEPOSITIONAL ENVIRONMENT. The Derrinal Formation was 
deposited as subglacial till and a mixture of supraglacial 
facies by terrestrial glacial ice.

NAME. Urana Formation.

DERIVATION OF NAME. A.P.E. Urana No. 1 (Lat. 35* 16'33"S, 
Long. 146" 00'10"E).

DISTRIBUTION. Infrabasins beneath the Murray Basin.
TYPE SECTION. A.O.G. Jerilderie No. 1 from 425m to 1312m 
(Lat. 35" 15'S, Long. 145*58'E).

LITHOLOGY. Dark grey sandy mudstones, dark grey 
diamictites, white to grey fine to coarse sandstone, 
interiaminated claystones and siitstones and pebble to 
boulder conglomerates.
THICKNESS. Up to 887m has been encountered.
FOSSILS. Arenaceous and calcareous Foraminifera, 
palynomorphs and some ostracods.



DEPOSITIONAL ENVIRONMENTS. Glaciomarine basin. 
RELATIONSHIPS. Unconformab1e on older Palaeozoic sediments 
and granitic rocks, and overlain unconformably by Late 
Permian, Triassic, Cretaceous, and Tertiary sediments in 
various parts of the Murray Basin.
STRUCTURAL ATTITUDE. Flat lying.
AGE. Contains Stage 2 and Stage 3 microfloras of Kemp £ 
others (1975) and, therefore, is Late Carboniferous to Early 
Permian.
CORRELATION. Correlates with other Late Palaeozoic glacial 
sequences in eastern Australia such as those in central 
Victoria, the Cape Jervis beds of the Troubridge Basin, the 
Merrimelia Formation in the Cooper Basin and the lower part 
of the Parmeener Supergroup in Tasmania.



APPENDIX 2
GRAIN SIZE MEASUREMENT METHOD 

The grain size distributions of fifteen diamictite 
specimens were measured by point counting using a Swift 
point counter and a stage micrometer. Figures 200 and 201 
show the results as cumulative frequency curves. The 
microscope's resolution restricted the size range measured to 
between -2 phi (4mm) and 6 phi (0.156mm) and the micrometer 
layout prevented the accurate measurement of particles in 
the 5 phi range. The method produced internally consistent 
results that allow comparison between different facies 
examined in this study but no statistical tests are applied 
or comparisons drawn with other studies because the coating 
of diagenetic clays on larger grains tends to produce an 
overestimate of the finer size grades. This problem stems 
from the overall fine grain size of the diamictites and the 
peculiar problems associated with preparing thin sections of 
of rocks consisting of a soft groundmass and hard framework 
grains.



APPENDIX 3
DETERMINATION OF CLAY MINERALOGY

Eleven samples of cuttings from Jerilderie No. 1 well 
and fresh outcrop from the Bacchus Marsh and Derrinal 
Formations were disaggregated in distilled water using an 
ultrasonic disaggregator and passed through 63 micron nylon 
sieve cloth. The -2 micron fraction was removed from the 
filtrate by settling in a graduated cylinder. The dispersed 
clay was then placed on glass slides by dropping pipette and 
air-dried.

The resulting oriented mount was then run on the 
University of Melbourne School of Earth Sciences Phillips 
Diffractometer on the following settings:
Radiation Cu Ka with Ni filter
Scan speed - 1 degree per minute from 3 to 30 degrees 
Voltage - 35 kV
Current - 15 milliamp.

After the initial run, the mounts were exposed to 
ethylene glycol vapour at 60 degrees C for 1 hour and re-run 
to detect expandable clays. Finally, fresh mounts were 
heated in a muffle furnace to 600 degrees C for 1 hour to 
observe the collapse of the kaolin!te peaks and some of the 
chlorite peaks.

The three diffractograms from each sample are presented 
with the untreated mount on top, the glycolated mount 
beneath it and the heated mount on the bottom. Peaks are
labelled as follows:



Q - Quartz
M - Muscovite
C - Chlorite
K - Kaolinite
F - Feldspar

Where peak identification is doubtful, in the case of 
samples J23 and J45, the doubtful peaks are denoted with a 
question mark. The location and depositional environments of 
the samples used are given in the table of geochemical 
analyses in Appendix 4.

NORMATIVE MINERALOGY CALCULATIONS
As a test of the X-ray diffraction work. Normative 

Mineralogies of selected samples were calculated using a 
modified version of the methods set out in Carrels & 
Mackenzie(1971) and Cole & Hajela(1973). In this method, 
major element analyses are recalculated to mole percent then 
divided up into Normative Minerals according to the 
following steps:

1. CaO and COg2* are used to make calcite. If there 
is more COg2" than CaO, the excess COg2~ is used to make 

MgCOg.
2. CaO and PgOg are used to make apatite.
3. Remaining CaO is used to make anorthite.
4. FegOg and SOg2- are combined into pyrite.

5. KgO is used to make muscovite or il lite which also 
requires SiOg, AlgOg, FegOg, NagO and TiOg.

6. MgO is used to make Mg chlorite using SiOg and AlgOg 
as well.

7. NagO is used to make albite along with SiOg and



ai2o3-

8. The remaining A1203 is used to make kaolinite.
9. The remaining Si02 is regarded as quartz.

10. Any remaining Fe203 is regarded as limonite.

Step 5 is useful to distinguish between the presence of 
muscovite and illite in the Permian samples. If illite is 
chosen as the normative mineral, there is insufficient A1203 
and Si02 left to produce normative kaolinite and quartz, 
both minerals shown to be present by X-ray diffraction. 
Using muscovite as a normative mica, however, leaves 
significant amounts of kaolinite and quartz, suggesting that 
muscovite is the dominant mica in the samples.

The composition of Normative minerals used are derived 
from Grim(1953) and Deer & others(1966) and are as follows:

Si02
Muscovite
48.42

Mg Chlorite
31.44

Albite
68.88

A12°3 27.16 17.62 19.93
Fe2°3 7.38 - -
MgO — 37.64 -
CaO - - -
k2° 11.23 - -
Na20 0.35 - 11.23
Ti02 0.87 - -
h2o 4.31 13.19 -



Anorthite Kaolinite
Si02 43.97 45.72
a12°3 36.25 38.59
Fe2°3 - -

MgO - -
CaO 19.41 -

k2o - -
Na20 - -
Ti02 - -
h2o 0.36 15.68
Limonite “ 2Fe203.3H20
Apatite - Ca5(P04)3.(0H)
Calcite - CaC03
Magnesite - MgC03
Pyrite - FeS2
Quartz - Si02



30 25 28 15 10 5
20 (degrees)

Sample No.7764/L17,
Bacchus Marsh Formation, 
Interval 5, Morven Section.



20 (degrees)

Sample No.7764/L48
Bacchus Marsh Formation,
Interval 5, Morven Section.
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20 (degrees)

Sample No.7764/B1 
Bacchus Marsh Formation, 
Interval 14, Korkuperimul Creek 
Section.
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Sample No.7764/P2 
Bacchus Marsh Formation,
Facies 2a, Pykes Creek.



25 20 15 10

26 (degrees)

Sample No.7764/WV1 
Bacchus Marsh Formation, 
Werribee Vale, Outcrop B.



20 15 10 5
20 (degrees)

Sample No.7764/B2 
Bacchus Marsh Formation, 
Interval 14, Korkuperimul Creek 
Section



28 (degrees)

Sample No.8064/J3 
Urana Formation,
Jerilderie No.l, 473m.



20 (degrees)

Sample No.8064/J29 
Urana Formation, 
Jerilderie No.1, 867m.
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C+K iM

26 (degrees)

Sample No.8064/J33
Urana Formation,
Jerilderie No.1, 928m.



20 15 10
26 (degrees)

Sample No.8064/J45 
Urana Formation,
Jerilderie No.l, 1111m.



K

20 (degrees)

Sample No.8064/J55
Urana Formation,
Jerilderie No.1, 1263m.



APPENDIX 4
GEOCHEMICAL DATA

DATA TABLE
The -2 micron fraction of 36 samples were analysed for 

major and some trace elements using the X-ray Fluoresence 
technique of Thomas & HaukkaC 1978 ). Large cuttings of 
glaciomarine diamictite and mudstone facies from Jerilderie 
No.l were selected and washed to remove any drilling mud 
contamination before separating the -2 micron fraction. This 
process proved successful as there is no evidence of 
montmorillinite in the diffractograms (Appendix 3). Sample 
depths below the kelly bushing are given as "Additional 
data" in the table of analyses. Only outcrop samples that 
appeared really fresh were analysed.

In the table of analyses that follows, which is the 
output of a data base designed for handling granite analyses 
written by Dr. M.Owen of the Bureau of Mineral Resources, 
samples are listed under various search parameters such as 
sample numbers. I have used Group or Batholith for Basin 
Name, Grid Reference for the name of the outcrop section 
from which the sample comes and for outcrop samples, the 
facies is listed under Additional Data. Under Rock Type I 
have described the samples as clays to indicate that they 
are the clay fraction of the samples. Total Iron is given as 

Fe2°3 anc* water as H2O+.



Sample number 8064/J3 8064/J5Group/Batholith Murray Murray
Basin Basin

Formation Grana Grana
Rock type clay Clay
Grid reference
Map sheet Jerilderie JerilderieAdditional data 
Biblio. ref.

473m 520m

Si02 49.81 52.32Ti02 0.84 0.69A1203 22.82 20.38
8.63 7.53

MnO 0.08 0.09
MqO 2.99 2.87CaO 0.37 1.11Na20 0.61 0.96
k2û 4.74 4.64

0.15 0.18
r2o+ 7.39 7.68co2 0.24 0.16Rest 0.28 0.26
Total 99.15 96.87
Ba 680 537Rb 265 265Sr 85 152
V 218 185Cr 116Ga 22 29
S 629 517Record no. 1 2



Sample number 6064/J7 8064/J10 8064/J13 6064/J15Group/Batholith Murray
Basin

Murray
basin

Murray
Basin

Murray
BasinFormation Urana Urana Urana Urana

Rock type Clay clay clay clay
Grid reference
Map sheet Jerilderie Jerilderie Jerilderie JerilderieAdditional data 547m 580m 609m 653mBiblio. ref.
Si02 47.63 52.54 59.20 48.43Ti02 ' 0.88 0.52 0.49 0.84Al2°3 22.27 17.31 19.43 20.70Fe202 . 8.98 5.52 5.79 8.61MnS 0.08 0.02 0.03 0.09MgO 3.81 2.18 2.40 3.59CaO 1.02 0.94 1.09 2.90Na20 0.55 1.39 1.68 0.23k2o 5.71 2.93 2.51 5.43
u2n5 0.22 0.06 0.13 0.34H20+
C02

6.73 12.13 6.76
0.34

7.29
Rest 0.28 0.33 0.43 0.36Total 98.16 95.87 100.28 98.83
ba 868 519 564 797Rb 293 174 146 283Sr 110 211 262 85V 218 118 151 207Cr <1 55 68 164Ga 37 15 15 305 485 985 1402 901Record no. 3 4 5 6



Sample number 6064/J17 8064/J19 6Û64/J21 8064/J23Group/Eatholith Murray Murray Murray MurrayBasin basin Basin BasinFormation Urana Urana Urana Urana
Rock type clay clay clay clay
Grid reference
Map sheet Jerilderie Jerilderie Jerilderie JerilderieAdditional data 
Biblio. ref.

684m 715m 745m 77 8m

Si02 48.39 47.18 50.19 50.12Ti02 0.84 0.68 0.79 0.78ai2o3 20.70 16.76 20.19 22.06Fe203 8.55 6.12 7.49 8.28MnO 0.08 0.06 0.07 0.08MçO 3.55 3.07 3.36 3.63CaO 2.25 6.75 1.84 0.66Na20 0.34 0.87 0.81 0.65k20 5.44 3.73 4.71 5.810.17 0.24 0.21 0.16h2o+ 5.12 6.66 7.89 8.63co2 2.96 5.53 0.74 1.01Rest 0.39 0.63 0.61 0.29
Total 98.78 100.28 98.90 102.16
Ba 779 618 725 905Rb 283 192 229 247Sr 85 127 110 42V 207 196 235 218Cr 157 130 151 179Ga 30 22 30 30S 1001 2335 2094 445Record no. 7 8 9 10



Sample number 8064/J25 8064/027 8064/029 8064/031
Group/Batholith Murray Murray Murray Murray

Basin Basin Basin Basin
Formation Grana Grana Grana Grana
Rock type clay clay clay clay
Grid reference 
Map sheet Jerilderie Jerilderie Jerilderie Jerilder
Additional data 806m 837m 867m 897m
Biblio. ref.
Si02 51.19 51.03 50.78 52.56
Ti02 0.81 0.82 0.80 0.80
A1203 21.03 22.05 21.20 21.36
Fe2°3 8.37 8.00 7.69 7.19
MnO 0.07 0.07 0.08 0.07
MgO 3.63 3.57 3.37 3.22
CaO 1.52 1.40 1.70 1.19
Na20 0.61 0.68 1.00 1.35
k2° 5.49 5.58 5.09 4.92
p2°5 0.22 0.18 0.19 0.25
h2o+ 6.58 6.90 5.74 5.98
co2 0.49 1.31 1.60 1.10
Rest 0.36 0.34 0.40 0.41
Total 100.37 101.93 99.64 100.40
Ba 824 8 51 806 833
Rb 274 283 256 247
Sr 101 135 152 186
V 202 213 218 196
Cr 164 178 157 151
Ga 22 30 22 22
S 813 629 1017 1045
Record no. 11 12 13 14



Sample number 8064/J37 8064/J39 8064/J41 8064/J43
Group/Batholith Murray Murray Murray Murray

Basin Basin Basin Basin
Formation Urana Urana Urana Urana
Rock type clay clay clay clay
Grid reference 
Map sheet Jerilderie Jerilderie Jerilderie Jerilder
Additional data 989m 1019m 1050m 1083m
Biblio. ref.
Si02 54.89 51.44 50.82 50.00
T i02 0.71 0.76 0.79 0.63
ai2o3 20.08 21.81 22.37 19.02
Fe203 6.19 6.98 8.49 6.68
MnO 0.07 0.06 0.08 0.06
MgO 3.02 2.73 3.74 3.22
CaO 2.04 0.60 0.67 0.85
Na20 1.63 0.99 0.63 1.34
k2o 3.52 3.86 5.94 4.41
p2°5 0.16 0.15 0.16 0.13
h2o+ 5.79 5.46 5.67 13.54
co2 2.02 0.67 0.53
Rest 0.37 0.93 0.30 0.30
Total 100.49 96.64 100.19 100.18
Ba 752 537 940 806
Rb 183 229 293 210
Sr 245 169 110 178
V 157 280 218 157
Cr 96 137 185 123
Ga - 22 30 22 22
S 969 3741 408 577
Record no. 19 20 21 22



Sample number 8064/J45 8064/J47 8064/J49 8064/J51Group/Batholith Murray Murray Murray MurrayBasin Basin Basin BasinFormation Urana Urana Urana Urana
Rock type clay clay clay clay
Grid reference 
Map sheet Jerilderie Jerilderie Jerilderie JerilderAdditional data 1111m 1141 1172m 1205mBiblio. ref.
Si02 58.67 50.37 49.74 50.46Ti02 0.45 0.72 0.74 0.76Al2 O3 19.66 21.49 21.82 21.66F*Z°3 4.96 8.74 9.15 9.09MnO 0.06 0.09 0.09 0.10MgO 3.47 3.92 4.13 4.18CaO 0.87 0.86 1.17 0.54Na20 2.57 1.13 0.88 1.08
k2° 2.60 5.53 5.83 5.75p2°5 0.06 0.20 0.14 0.14H20+ 6.10 6.18 5.42 6.09C02 0.49 0.59 0.93Rest 0.29 0.33 0.33 0.29
Total 100.25 100.15 100.37 100.14
Ba 842 931 976 967Rb 91 274 283 283Sr 313 118 93 101V 90 202 213 207Cr 41 171 185 185Æa . 15 22 30 22s 629 589 561 368Record no. 23 24 25 26



Sample number 8064/J53 8064/J55 8064/J57 8064/J59Group/Batholith Murray Murray Murray Murray
Formation

Basin Basin Basin BasinUrana Urana Urana Urana
Rock type
Grid reference

clay clay clay clay

Map sheet Jerilderie Jerilderie Jerilderie JerilderieAdditional data 
Biblio. ref.

1236m 1263m 1293m 1318m

Si02 49.82 50.62 49.95 50.45Ti02 0.74 0.72 0.73 0.75AI2O3 21.87 21.38 21.73 21.335e2°3 9.43 8.81 9.38 9.04MnO 0.10 0.09 0.10 0.10MgO 4.21 4.04 4.22 4.17CaO 0.53 0.61 0.56 0.65Na20 0.93 1.20 1.05 1.13k2o 5.79 5.42 5.70 5.60
u2n5 <0.01 0.18 0.14 0.14h2o+ 4 .93 5.09 5.20 5.48co2 0.82 0.83 0.22 0.48Rest 0.28 0.27 0.26 0.28Total 99.45 99.26 99.24 99.60
Ba 994 896 958 914Rb 265 238 256 256Sr 59 68 59 59V 207 202 207 202Cr 185 157 178 171 .Ga 15 15 22 22S 352 392 272 376Record no. 27 28 29 30
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LEGEND USED IN KJCURES AND ENCLOSURES, CHAPTER 10
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