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ABSTRACT

This geological study brings together the areas of geology
and engineering as related to highwall slopes in soft brown
coal mines. The approach centres on the role of the
engineering geologist whose main objectives relate to the
identification and prediction of the key geological factors
affecting slope stability. The Lochiel Coal Deposit in
South Australia is used as the example.

The Lochiel Coal Deposit is classified based on ;

geological setting - Midplate continental position with
depositional environments controlled by the interaction
of movement about tectonic structures and by eustatic
sea level changes. The depositional environments
examined are those characteristic of continental
shelves, including swamps, marshes, estuaries, deltas,
lagoons, barrier bars and fluvial.

engineering properties - fine grained, saturated soils
and weak rock characterised by early deformational
structures.

This study identified and analysed the key engineering
geological factors characteristic of soft brown coal mining
areas rather than those generic to other mines or
excavations in weak rock and soil.

Three formations typical of coal bearing sequences were
defined and analysed. The fluvio-deltaic Bumbunga Sand,
the fan-delta and lagoonal Warrindi Silt and the estuarine
Tarella Silt.

The key factors affecting slope stability for the study area
were identified as the strength and geometry of near

horizontal defects in the sediments. These defects are
generally concordant with the bedding in the surrounding
sediments and continuous over large areas. Where present

their strength and geometry largely determine both the
geometry of the slope as well as the direction of mining.

The location and formation of these defects is related to
the boundaries of significant cyclic depositional events.
The defects are located at the base of coarsening upward
cycles in close stratigraphic location to the top of the

previous cycle. The characteristics of the surrounding
sediments suggested an aqueous depositional environment
typical of lacustrine or estuarine basin infill sequences.

Detailed examination of the geological structures associated
with the major overburden defect (the Tarella Silt Shear
Zone) indicates that they are characteristic of shear
defects. The stresses controlling their formation appear to
be related to both compaction and the tectonic tilting of
the deposit area. Typically the defects have residual
friction angles as 1low as 7 . Furthermore, given that
cyclicity is characteristic of midplate continental margin



XVI

deposits, it is 1likely that such features are present in
other similar areas.

These defects are also a key factor affecting the rate at
which the fine grained sediments can be depressurised.
There are two aspects involved. First, the shear plane
itself acts as a relatively impermeable barrier to vertical
drainage and, second, the structures associated with the
shear zone act as vertical drains for the fine grained
sediments. The result is that the fine grained silts above
the shear zone behave as would a fractured rock mass but the
drainage of porewater vertically is restricted by the shear
zone.

. The relationship between tectonics, eustacy and
depositional processes and their effects on the key
factors affecting slope stability

The sequence in the study area encompasses two major
episodes of transgression/highstand/regression.

The first episode 1is represented by the fluvio-deltaic
Bumbunga Sand. Lithologically the sediments associated with
this phase fine upwards from gravel and sand at the base to
silt, clay and coal at the top. The accumulation of the
coal was eustatically controlled and appears to coincide
with a Highstand Systems Tract.

The second transgressive episode superimposed marginal
marine conditions on the area and is represented by the
fan-delta and lagoonal Warrindi Silt and the estuarine
Tarella Silt Formations.

The sources of sediment and the sites of tectonic movement
appear to be similar for both episodes. This provides the
unique opportunity to contrast the effects of marine
influence on the key factors of porewater movement and weak
zones against a non-marine influence.

The basin infill processes which led to formation of the
upward coarsening sequences containing weak zones were also
similar for both episodes. Furthermore, there 1is no
significant difference between the two episodes in terms of
geometry, location and strength of the weak zones. The
analysis also indicates that the location and
characteristics of clean sand lithofacies are similar for
both episodes.

The conclusion is that whilst eustacy controlled the
regional depositional setting and the conditions necessary
for coal formation, tectonics had the major control over the
depositional processes and the segmentation and
characteristics of 1lithofacies. The implication is that
within the study area, tectonics rather than eustacy was the
major geclogical control on engineering geological factors
affecting the movement of porewater and the properties of
weak zones.
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CHAPTER 1.0  INTRODUCTION N LHRRS

This geological study brings together the areas of geology
and engineering as related to highwall slopes in soft brown
coal mines. The approach centres on the intermediate role
of the engineering geologist whose main objectives relate
to the provision of predictive information on the key

geological factors affecting slope stability.
The specific objectives are specified as follows

1. Develop models which characterise the key engineering
geological factors in terms of depositional and

tectonic processes.

2o Classify the study area in terms of its global
tectonic and depositional setting thus providing a
basis for translating the results to other soft brown

coal mining sites.

3. Contribute to the understanding of the interaction of
tectonics, eustacy and depositional processes in the

St Vincent Basin.

In addition, there are a number of undeveloped soft brown
coal deposits within the world. It is anticipated that the
results of this study will illustrate the benefits of the
application of detailed engineering geological
interpretation to slope stability analysis and also provide

a model for further research.
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Discussion of the objectives and of the approach used
in this study

Many factors affect the stability of open cut mine highwall
slopes including mining, geomechanical, hydrogeological and
geological. Whilst recognising the importance of
integrating each of these, this study approaches the
jdentification and prediction of key factors from a
geological perspective and focuses on characterising them

from a geological rather than engineering viewpoint.

It is generally accepted that geological understanding can
provide the basis for predicting key engineering geological
factors ahead of mining. However, the application of this
principle is restricted because few models exist which
provide the basis for linking geological characteristics
with engineering properties, especially for deposits of

soft brown coal.

The models that do exist are generally based on geological
description of the materials. This tends to make the
models site specific and doesn't provide a good basis for
applying them to other mining areas. To address this
inadequacy the approach taken in this study is to first
classify the deposit in terms of tectonic and depositional
setting and, second, to identify and describe the
particular geological processes which have controlled the

development of the key factors.

1.1 Nature of engineering geological aspects of soft brown
coal mining areas

Brown coal mining takes place in sedimentary geological
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environments and, generally, the overburden consists of
saturated sediments with a strength between soil and weak
rock. However, soft brown coal deposits cover large areas
(the study area covers some 100 square kilometres) and
often there is a significant variation in the engineering
properties of these sediments. In the pre-mining stages
the engineering geologist has two related objectives with
respect to slope stability analysis. First, to identify
the geologically related factors which affect slope
stability and, second, to define and predict variations in
the properties of these factors within the mining area.

This study focuses on these objectives.

The geological factors affecting slope stability are the
result of processes which first deposited the sediments and
then modified them after deposition. This study analyses
both types of processes in order to develop engineering
geological models. Furthermore, as discussed earlier, the
models are defined in a global context to provide a basis

for translating the results of this study to other areas.

The benefits of Engineering Geological Models to slope

stability analysis
In recent vyears, slope stability studies have been
increasingly focused on the integration of geological,
geomechanical, hydrogeological and mining information
(Mathews and Rosengren, 1986, Shields 1986, and Hawley and
Stewart 1986). The development of engineering geological
models is an important contribution to this trend with
geological understanding providing the integrative

mechanism. The benefits provided by effective engineering
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geological models include ;

. the early recognition of potential problem areas
allowing timely development of cost effective
solutions,
the reduction of the economic and safety risk,
more cost-effective data gathering in the pre-mining

stages.

1.2 The Lochiel Coal Deposit — An example of a soft brown
coal deposit

The Lochiel Coal Deposit is located 130 km north of

Adelaide in the northern part of the Tertiary/Quaternary

St. Vincent sedimentary basin, South Australia (Figure

1.1).

In the period between 1975 and 1989, the Electricity Trust
of South Australia (ETSA) evaluated a number of soft brown
coal deposits as possible sources of fuel for future
electricity generation. The Lochiel Coal Deposit is one of
these deposits and since discovery in 1982, has been the
subject of a series of intensive geotechnical
investigations. The Author has been largely responsible
for the data collection and interpretation of the

engineering geological aspects of these investigations.

The sediments in the deposit are essentially flat lying,
undeformed and pre-consolidated. They were deposited in
fault controlled depressions in deltaic, marginal marine
environments, on a passive continental margin (Kremor,
1986). The coal is ranked as Soft Brown, Class 15 (ISO) or

Lignite B (ATSM), (Kremor and Springbett, 1989).
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1.2.1 Previous investigations

At the time of its discovery, no specific information
existed on the area although Stuart (1969, 1970), Alley
(1969, 1973), Harris (1966, 1971, 1980) and Meakin (1985)
had reported on the stratigraphy and structure of
surrounding areas. Subsurface information on the
stratigraphy south of the Lochiel area based on results of
coal exploration drilling had been reported by Anderson
(1950), Cooper (1976, 1977), Parkin (1952), Hillwood
(1961), Johnson (1960, 1964), Meyer (1976, 1980) and
Springbett (1980). A brief geological description of the
geology of a trial excavation in the Bowmans coal deposit
some 30 km south of Lochiel was also reported by Springbett

(1981).

The formal stratigraphic nomenclature for the Lochiel area
is defined by Kremor (in prep.) on the basis of this

thesis.

The work carried out for the mining studies is summarised
in ETSA (1989), and a summary of the integration of
geological analyses is described by Kremor and Muir,
(1987). A summary of the sequence and scope of
investigations undertaken for the Lochiel Coal Deposit is

provided on Figure 1.2.



Year Ending December

Evaluation Activities

Discovery and pre-feasibility stage

Deposit evaluation stage

Feasibility stage

10.

1L

Regional Exploration and initial discov-
ery.

Delineatory Drilling on a one Km grid.
Bulk coal sample site investigation and
initial geotechnical evacuations of V458.
Bulk coal sample - Im diameter cores.
Geotechnical and hydrogeological investi-
galions and analysis.

Geological interpretalion and modelling

based on core and geophysical logs.

Development of initial geotechnical

regimes.

1984 field program - geotechnical

. coring and sample collection

. laboratory testing

. clay seam coring

. trial depressurisation

. sclf boring pressure meter

. engineering geological modelling
and interpretation,

Regional hydrogeological pump testing

and analysis.

Infill drilling, coal coring to 500m centres

a. weak zone sampling

.o oan o

Trial Pit excavation

a. sile selection drilling & analysis

b. site instrumentation and installation of
pumping bores

c. excavation, pit mapping and sample
collection

d. laboratory testing

e. analysis and extrapolation of results

Feasibility mine design reporting

' L ' desovehoee U
1 1 1 [ 2N ] ] ]

1 1 ] ' e o @

1 1 1 1 0 1

' ' ' N e

Figure 1.2 Summary of

sequence of investigations




- 8 -
2.0 GEOLOGICAL SETTINGS OF SOFT BROWN COAL DEPOSITS -

CLASSIFICATION OF THE ST VINCENT BASIN

Soft brown coals are defined by the ISO system as having a
moisture content greater than 50 percent. Coals of this
rank have been formed early in the coalification process
with the fundamental coalification factors of heat and
pressure having had only a limited impact. In addition,
although the geological processes associated with the
deposition of soft brown coal deposits are essentially the
same as those for higher ranked coal deposits, the
sediments surrounding the coal seams in soft brown coal
deposits are likely to have been only marginally affected
by diagenetic factors. As a result the sediments are
generally classified in the engineering sense in the range

of soils to weak rocks.

2.1 Geotectonic and depositional settings of soft brown
coal deposits

Large scale coal formation can only occur in actively
subsiding sedimentary basins with plate tectonics being the
major factor causing basin formation. Curray (1975)
provided a classification model for the major
plate-tectonic settings and based on this model Diessel
(1980) identified the sites containing major deposits of
coal. This model is shown on Table 2.1. Three major
categories of coal deposit are identified by Diessel (1980)
as follows;

1. Midplate positions - Continental margin and interior

2l ; Rift zones - Divergent plate margins
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3. Subduction zones - Convergence — continental collision

- oceanic subduction

Table 2.1 Plate-Tectonic subdivisions of the earth. Sites
of major coalfields are emphasised by heavy
ruling (after Diessel, 1980).

PLATE EDGE CONTINENTAL CRUST OCEANIC CRUST
POSITION
MIDPLATE CONTINENTAL MIDPLATE OCEAN
POSITION CONTINENTAL FLOOR
MARGIN
NASCENT
RIFT ZONE RIFT VALLEY CONTINENTAL SPREADING
MARGIN RIDGE
CONTINENTAL SUBDUCTION ZONE{| ISLAND ARC
SUBDUCTION COLLISION CONTINENTAL AND TRENCH
ZONE MOUNTAIN RANGE MARGIN COMPLEX
TRANSFORM TRANSFORM FAULT TRANSFORM FAULT ACTIVE PART
FAULT CUTTING ACROSS TYPE CONTINENTAL OF FRACTURE
ZONE CONTINENT MARGIN ZONE

Sedimentation tends to be paralic in all but the Midplate

‘continental interior settings which tend to be limnic.

Limnic deposits have no connection to the open sea and
sedimentation is generally associated with lacustrine
depositional processes. Falini (1965) has developed a
number of models of depositional processes associated with
this type of deposit. Although limnic deposits of coal are
common the paralic deposits comprise a large majority of
economic coal deposits. For this reason, this study

focuses on paralic rather than limnic coal deposits.

Paralic deposits usually contain marine sequences within
their stratigraphic column. In paralic deposits coal seams

are associated with coastal environments such as marshes,
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coastal plains, deltas, lagoons and estuaries.
Transgression/regression of the sea, whether caused by
tectonics or eustacy, leads to migration of depositional
environments producing sometimes complex vertical and
lateral distribution of sediment types. A spatial
relationship of the major depositional environments for
coal bearing sediments associated with coastal settings is
provided by Horne et al. (1978) and reproduced on Figure

2.1 (see Figure 2.7 for detailed depositional models).

2.2 Geotectonic setting of the Lochiel Coal Deposit

As shown on Figure 2.2, the Lochiel Coal Deposit occurs at

the northern end of the St Vincent Basin and also

correlates with sediments of the Pirie Basin to the north.

AREA INFLUENCED BY AREA INFLUENCED
MARINE TO BRACKISH WATER BY FRESH WATER

A ‘ :
a I I | UPPER
BAR-l  BACK- | LOWER ITRANSITIONAL DELTA PLAIN-
RIER1 BARRIER DELTA PLAIN | LOWER © FLUVIAL

| : |DELTA PLAIN ,
|

A

SCALE
ORTHOQUARTZITE
] SANDSTONE SHALE
METERS
B co-L
0 10 20
KILOMETERS
Figure 2.1 Spatial relationship of major depositional

environments for coal bearing sediments associated
with coastal settings (after Horne et al. 1978).
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The St Vincent Basin has been defined by Glaessner and Wade
(1958), Ludbrook (1980) and Parkin (1969) and the Pirie
Basin by Lindsay (in press). These two basins were
previously considered to be separate but, based on
interpretation and correlation of drill cuttings and
geophysical logs, it was concluded by Kremor (1986) that

the two basins are contiguous.

As illustrated on Figure 2.2A, both the St Vincent and
Pirie Basins overlie a structural boundary (Torrens Hinge
Zone) which occurs between the stable Gawler Craton to the
west and the mobile Adelaide Geosyncline/Delamerian Fold

Belt (Preiss, 1987; Cooper, 1985) to the east and south.

2.2.1 Structure of the northern part of the St Vincent
Basin

The present margins of the St Vincent Basin are bound by
north-south trending and northerly converging faults

(Figure 2.2B). To the north of Pt Wakefield, these are
named the Ardrossan Fault (west) and the Redbank Fault

(east) .

A north-south elongate occurrence of ABC Range . Quartzite,
located between these marginal faults and known as the
Nantawarra High, is bound to the east by the Templeton
Fault and to the south by the east-west trending Whitwarta
Fault. A detailed north-south cross-section shown in
Figure 2.3 illustrates the relationship between the
basement faults and the sedimentary sequences of the
northern St Vincent Basin. The stratigraphic nomenclature

used on Figure 2.3 is discussed later in section 2.5.
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Figures 2.3 and 2.4 illustrate the major structural
elements occurring within the Lochiel area. Two basement
fault orientations are defined, northeast to southwest and
east-northeast to west-southwest. Although no faults have
been recognised within the sediments in the area, these
basement faults appear to have acted as hinge zones about

which very gentle monoclinal folding has occurred.

This is consistent with the findings of Stuart (1969). He
concluded that within the Cainozoic sediments on the
eastern side of the St Vincent basin, tectonically formed
structures are confined to gentle monoclinal folds with
more complex structures generally associated with basement

faults.

Structure contours of the floor of the basin indicate a
gentle (<1°) slope towards the west and northwest

reflecting a local basement tilting.

Magnitude of fault movements

The Ardrossan Fault (previously called the Kulpara Fault by
Crawford, 1965 and Alley, 1969) has displaced the Tertiary
beds near Clinton by about 650 m (Horwitz, 1961). Near
Lochiel this fault has a displacement of at least 500 m (the
elevation difference between the base of the Tertiary
sediments and the top of the South Hummocks ranges). Alley
(1969) estimated a displacement of some 330 m at Snowtown toO
the north (see Figure 1.1, page 5 for location). The

Whitwarta Fault has been traced south past the Bowmans coal
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Figure 2.4 Structural setting and elements of the
Lochiel Coal Deposit including structure
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deposit but is lost north of Snowtown (Figure 2.2). The
magnitude and sense of movement along this fault appears to
be related to the interaction of east-southeast trending
faults which are located north of Pt Wakefield (Figures 2.2
and 2.3). To the south of these faults the down-thrown
side is to the west whereas to the north, the eastern side

is down.

In summary, there is evidence for considerable tectonic
movement along the faults forming the margins of the
northern St Vincent Basin and also along faults forming the
margins of the study area. However, faults are confined to
the basement and do not appear to displace sediments within

the basin.

Timing of fault movements

Cooper (1985), suggested that the most active period of
faulting occurred during and immediately after Dbasin
initiation in the Middle Eocene with another distinct
period in the Pleistocene. In addition, as reported by
Selby and Lindsay 1982, and Stewart 1972, patterns of
sedimentation and recent seismicity indicate that episodes
of tectonic activity have occurred from the Middle Eocene

to present.

2.2.2 Igneous activity

Stuart (1969) first recognised the zeolite clinoptilolite

in the Blanche Point Formation. This mineral is often

regarded as indirect evidence for wvolcanic input. Jones
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and Fitzgerald (1984, 1987), from chemical and
mineralogical analyses of the formation regarded the non
biogenic portion to be an accumulation of volcanic ash
which settled through the water column. Furthermore, they
found that passive continental margins world wide contain a
common mineralogy typified by the presence of not only
clinoptilolite but also smectite and opal CT and that
explosive volcanic activity appears to have produced this
mineralogy. Jones and Fitzgerald (1987) surmised that the
preservation demands limited terrigenous input and a lack

of strong sea currents.

As described by Cooper and Lindsay (1978) the St Vincent
Basin had restricted marine access throughout its
geological history. At the same time it can be surmised
that the marginal peat swamps would have acted as filters
of clastic sediments as indicated by the nature of the coal
seams (see Chapter 5.4). It would appear that the
depositional conditions in the St Vincent Basin were

conducive to preserve such ash deposits.

Brown (1975) from analyses of samples from a borehole in
the south part of the St Vincent Basin found clinoptilolite
and smectite to be present in the South Maslin Sands,
Blanche Point Formation, Chinaman Gully Formation and the
Port Willunga Formation. If clinoptilolite and smectite do
represent volcanic input then it is apparent that volcanic
activity could have extended over a considerable time
period encompassing several eustatic and tectonic events in

the sedimentation history of the basin.
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The possible presence of volcanic sediments in the sequence
has significance. Weak seams of bentonitic clay formed
from the chemical weathering of volcanic ash are common in
mines from the western plains of North America, some of
which are up to 1000 km away from the volcanic source
(Wade, 1985). Furthermore, these weak seams can have

residual angles of friction as low as 5° (wade, 1985).

Volcanic activity is recorded in the Cainozoic in central
and western Victoria. Although these are some 400 km away
it is possible that they could have been a source of

volcanic ash.

The evidence for volcanic input into the basin is
inconclusive, however, it is possible that such sediments

are present.

2.2.3 Geotectonic controls and basin formation

According to Cande and Mutter (1982) there was a rapid
increase in the rate of separation of Australia and
Antartica at about the Middle Eocene. Cooper (1985)
considered that the commencement of basin formation is

related to this separation.

Bott (1971) pointed out that the principle stress which
acts on a divergent (passive) continental margin is tension
initjated by the juxtaposition of thick continental crust
against thin oceanic crust. The brittle continental crust

responds to this tension by normal faulting.
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Whereas these faults tend to align parallel to the
continental edge if associated with the divergent
continental margin, the faults in the area of the St
Vincent Basin are aligned perpendicular to the edge. The
conclusion is that whilst the separation of the two
continents is coincident with basin formation in the study
area, the stress regime which controlled the structure

cannot be directly related to the separation.

Basin formation

On the south-eastern margin there are a number of smaller
fault bounded basins which, on their southern ends, open
into the St Vincent Basin (Figure 2.2). By contrast, the
only such basin occurring on the western margin is the
Lochiel Basin. These smaller basins are bound by almost
vertical normal faults, concordant with the trends in the

underlying basement.

It was considered by Campana (1954), Forbes (1966), and
Cooper (1985) that these bounding faults formed along
pre-existing lines of weakness in the underlying
Precambrian/Cambrian basement rocks. Moreover, the
tensional stress field required to form these faults was
considered by Cooper (1985) to be related to the relative
difference in mobility between the Gawler Craton and the

Adelaide Geosyncline (refer to Figure 2.237).

The stresses produced from this relative difference in
mobility appear to offer a plausible geotectonic mechanism

for basin formatiom. It also explains the prevalence of
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the smaller basins along the margin of the more mobile

Adelaide Geosyncline.

2.2.4 Summary

Tectonic controls leading to the formation of the St
Vincent Basin are best related to tension developed between
two cratonised areas on a continental plate. It is also
recognised that the basin was in relatively close proximity
to the divergent continental margin formed Dby the
separation of Australia and Antartica (which could explain
the presence of sediments of possible volcanic origin in

the sequence).

The Lochiel Coal Deposit therefore appears to have formed
on a midplate continental margin position in the sense of
the classification model used by Diessel (1980) and

illustrated on Table 2.1.

2.3 Depositional characteristics of coal deposits on
midplate continental margins

Diessel (1980) provided a summary of the major depositional
characteristics of coal deposits formed on midplate

continental margin positions. Of significance is that such
deposits are ;

", .invariably paralic with intercalations of marine
sediments. They belong to a group of depositional sites
near the edge of a craton which are part of the
continental shelf environment."

Furthermore, Diessel pointed out that ;
"Such regions often have a setting intermediate between the

craton and other geotectonic domains, for instance,
geosynclines."



- 21 -

In the case of the St Vincent Basin these relate to the

Gawler Craton and the Adelaide Geosyncline respectively.

As a result of the interaction of tectonic movement of
faults and eustatic movement of sea levels, midplate
continental margin settings could be expected to oscillate
between the depositional environments typical of marginal

marine settings discussed in section 2.3.2.

2.3.1 Eustacy and sedimentary sequences

The concepts of sequence stratigraphy in relation to
eustatic changes in sea level were first described Vvail et
al. (1977a,b) and Micthum et al. (1977). These concepts
are used to assist with the interpretation and
characterisation of the vertical and lateral distribution

of the major formations in the St Vincent Basin.

Sangree and Sneider (1987) described three basic types of

eustatically controlled sequences (refer to Figure 2.5)

.Transgressive Systems Tract (TST) - sedimentation
associated with eustatic sea level rises. During this
period shoreline positions transgress landward.

.Highstand Systems Tract (HST) - As the eustatic rise
slows, regression begins as the sediments entering the
basin prograde back across the shelf.

.Lowstand Systems Tract (LST) - sediments related to low

- points in sea level. Sedimentation is similar to HST.



i 2:2 -
Condensed Section (CS) - thin accumulations of marine

sediments relating to the peak of the transgression.

Figure 2.5 Illustration of the concepts and terminology
of sequence stratigraphy (modified after
Vail, Hardenbol and Todd, 1984).
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In addition to providing the conceptual framework to
interpret eustatically controlled sequences, vail and
Hardenbol (1979) and Vail and Mitchum (1979) developed a
model of actual eustatic sea levels for the Cenozoic and
this is reproduced on Figure 2.6. Of significance are the
multiple transgressive/regressive episodes which occurred

during the Eocene and Oligocene.



2.3.2 Sedimentary environments

Typical depositional environments for midplate continental
margin settings include coastal plains and marshes,
lagoons, deltas, back swamps, estuaries and peat swamps.
Schematic models of these depositional environments are

reproduced on Figure 2.7.

Two basic sequences are developed through the interaction

of eustacy and tectonics; regressive and transgressive.

During regressive eustatic phases (represented by Highstand
Systems tract sediments) laterally coexisting sequences
prograde down the palaeoslope, with the coal seams covering
the sediments occurring closer to the sea. This results in
a broad sequence comprising basal marine sediments overlain
by coal bearing, deltaic and lacustrine sediments. For
basins on midplate continental margins, Diessel (1980)
considers this process to be analogous to the gradual

silting up of a lake.

The opposite is the case for transgressive eustatic phases
(TST) where coals seams are overlain by the marine

sequences.

(It must, however, be recognised that the actual
stratigraphic sequence 1is modified by the rate at which
sediments enter the basin and the discussion above relates

to a constant rate of sediment input.)



_24_

SEQUENCE STRATIGRAPHY

EUSTATIC

LANDWARD

I-Q
A

COASTAL ONLAP

BASINWARD
05 o]
1 I 1 1 1 L i

~|SEQUENCE
> |BOUNDARY
'IAGE

CURVES

200 150 1006 50 OM
I l ! A A

TIME IN M.YEARS

\

O
o

12-5

[ ¢
S

48-3

% 13:8 :
S \¥_._ o S—
= \\ 17-5 C
§ \ LONG TERM — %HORT TERM
3 i 222I S
. ~ . =
L N .
lg‘ - \ 30 / %
el \ 1
; 33
3 \ L.
= = > <
w = ol <
5 S, ~
\\ sl —1
e \ S
Zla
TN 5
(o] 465
w
. C

——

=120

=138

-140

a5

Span of the Lochiel
Coal Deposit

Figure 2.6 Eustatic sea level curves and relative change in

coastal onlap for the Middle Eocene to Late
Oligocene. (Modified after Hag et al. 1987)




WAVE TRAINS MARSH

BARRIER
B ISLAND

EBB-TIDAL

i

IDAL CHANNEL LAGOONAL

SHALE L imace SANDSTONE SHALE
SANOSTGNE >~ ISI0ON C1OsI-8103
ATHOGEARIELS >SS PLANAT CROS- BLDS

RAY SHALL

A10 ANO GRULN SHALL

E UMESTONS
- COAL
DISTRIBUTARY CHANNEL
LEVEE
L DESTIIEU!’J\R"&-
CREVASSE M BAY ST
Y T T ~ TS

“BAY-FILL
MUDS

SCALES

IN METERS

. sepOING

smnnou!
SHALE ANO
ﬁ SIISTONE

19371 ROOF STRUCTURES

= IIIF'I.(S

27> cnoss-nos

s FLOW BOULS
~ AURROW STRUCTURES

OISTRIBUTARY
CHANNEL

DepoSITIONAL MODEL

Barrier

Lower
Delta
Plain

Transitional

Lower
Delta
Plain

Upper
Delta
Plain

- Fluvial

oon WA MP
"TABANDONED
" TIDAL CHANNEL

~ITIDAL FLAT

LAGOON

245 TORM
WASHOVERS

"""" LAGOON

| sSwAmP
TIDAL CHANNEL
| TIDAL FLAT

HFLo0D-TIDAL
L. DELTA

LAGOON

[CREVASSE SPLAY
INTERDISTRIBUTARY BAY

- TLEVEE

CHANNEL

LREVASSE SPLAY
INTERDISTRIBUTARY BAY

< [CREVASSE SPLAY

INTERDISTRIBUTARY BAY
TLEVEE

CHANNEL

3T FLOOD PLAIN

BACKSWAMP
| LEVEE

=| CHANNEL

LAKE

["FLOOD PLAIN
BACKSWAMP

VERTICAL PROFILE

Figure 2.7

Depositional environments and vertical

profiles for midplate continental margin
settings (diagrams taken from Horne et al.
1978, Horne 1979a,b,c,d, Ferm and Horne 1979).




- 26 -
The implication for sedimentation and, therefore, the
characteristics of the overburden, is that the
stratigraphic profile will be determined largely by which
of the transgressive or regressive regimes was present
during deposition. Sequences related to predominantly
regressive phases (HST) are 1likely to have deltaic and
lacustrine sediments in the overburden whereas
transgressive sequences (TST) are likely to be dominated by

finer grained shallow marine sequences.

2.4 Palaeogeographical setting of the northern St Vincent
Basin

From palynological evidence both Ludbrook (1980) and Cooper
(1985) considered that sedimentation in the St Vincent
Basin commenced in the Middle Eocene. Daily et al. (1976)
concluded that prior to the commencement of sedimentation
the area now covered by the basin was undergoing weathering

and erosion.

2.4.1 Sources of sediment

The geographical studies by Alley (1969) are most
informative as to the nature of the drainage system
operating within the northern part of the basin and also to

hiatuses in deposition in this area.

A major conclusion of the work of Alley (1969) is that the
Broughton River, which enters the area from the east, has
maintained its middle and upper courses for most of the
period between the Eocene to the present day. Furthermore,

it was also concluded in subsequent studies (Alley, 1973)
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that for this period of time the ancient Broughton River
ran down the eastern side of the Templeton Fault (i.e. to
the east of the Lochiel area, refer to Figure 2.2). Alley
(1973) defined these fluvial sediments as the Snowtown

Sands.

The Snowtown Sands have been correlated stratigraphically
by the author with the Tarella Silt and Warrindi Silt in
the Lochiel area. More recent palynological analyses by

Alley (pers. comm., 1990) also support this conclusion.

The implication is that the ancient Broughton River
drained through the Lochiel area at least during parts of
the Oligocene. In addition, the conclusions reached in
Chapter 6.0 suggest that prior to this time it is likely
that drainage of the ancient Broughton River was into the
Pirie Basin to the north, the southern path being blocked

by an uplifted Nantawarra High.

Palaeocurrent analyses by Stuart (1970) on Middle to Late
Eocene fluviatile sediments occurring in the south of the
study area indicate sources also originated from the west
at that time. This is consistent with the findings of this
thesis (Chapter 6.0) which indicate that a major fluvial
source entered from the west (at the northern end of the
Lochiel area) during the Late Eocene and appears to have
drained to the north, probably coalescing with the ancient

Broughton River.
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Based on the discussion above, a palaeogeographical model
for the area for the Late Eocene to Miocene is presented on

Figure 2.8.

2.4.2 Cainozoic hiatuses

Alley (1969) defined three major erosional episodes based
on a study of erosional surfaces at the northern end of the

St Vincent Basin.

The oldest of these he named the Mt Herbert surface which

was characterised by heavily ferruginised and weathered

basement.

Figure 2.8 Palaeogeographical reconstruction of the
northern St Vincent Basin for the Oligocene
and Eocene.
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This surface was eroded to form the Moorundie etch surface.
Both these surfaces predate Tertiary deposition and equate
to the paleocene planation surface defined by Daily et al.

(1976) .

The second episode called the Huddleston surface with its
related etch, the Yacka Moorundie surface, was considered
to separate the Oligocene/Eocene sediments from the Miocene
sediments in the Snowtown area. The Huddleston surface was
considered to be a prolonged or intensive period of
weathering and erosion. It developed on a fairly 1level
surface with the base levels of erosion being dictated by
the level of the groundwater table. This surface is
characterised by the formation of a thin silcrete capping

which covers highly kaolinised bedrock.

Hard, silcrete bands have also been intersected in
boreholes in the Merriton and Crystal Brook areas at a
stratigraphic location coinciding with the top of the

Tertiary sediments, ETSA (1987).

According to Alley (1969) the third episode corresponds to
the present 1land surface and is called the Condowie

surface.

From a review of Alley (1969, 1973) it is not possible to
distinguish any erosional/weathering periods in the

Eocene/Oligocene.



2.4.3 Palaeoclimate

According to Cooper (1985), Cainozoic sedimentation in the
st Vincent Basin reflects deposition under temperate
climatic conditions although the appearance of large
foraminifera amongst the Late Eocene, Late Oligocene/Early
Miocene and Middle Miocene faunas (Lindsay, 1969; McGowran,

1979) is indicative of increased tropical influence.

A tropical climate for the Late Eocene is also supported by
palaeocbotanical studies by Christophel and Blackburn
(1978), Kemp (1978), and by the presence of widespread coal

formation.

2.5 Stratigraphic succession

The study area is located between the St Vincent Basin to
the south and the Pirie Basin to the north. The
stratigraphy of the northern part of the St Vincent Basin
has been described previously by Johnson (1960), Hillwood
(1961), Harris (1971), Meyer (1976), Cooper (1976, 1977)
and Stuart (1969, 1970). The stratigraphy of the Pirie

basin is described by Lindsay (in press).

A summary of the current stratigraphic nomenclature for the
Bowmans - Clinton, and Snowtown areas is presented on
Figure 2.9 and includes a correlation with eustatic sea
level curves of Hag et al. (1987) and with erosion surfaces
defined by Alley (1969, 1973). In addition, Figure 2.3 on
page 13 shows the relationship between sediments occurring

at the northern end of the St Vincent Basin.
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2.5.1 Tertiary - St Vincent Basin

Clinton Formation (formerly referred to as Clinton
Coal Measures)

Palynological studies by Harris (1966) assigned the
fluvio-deltaic brown coal bearing sand and clay in the
Bowmans area south of Lochiel to the Middle to Upper Eocene

Clinton Coal Measures.

Meakin (1985) and Harris (1987) divided the Clinton Coal
Measures in this area into upper and lower seqguences
(spanning late Middle Eocene to Early Oligocene) based on
the stratigraphic distribution of index palynomorphs.
Meakin (1985) inferred a hiatus of short duration and
correlated the upper sequence with the Chinaman Gully

Formation and the lower to the Blanche Point Formation.

More recent studies by Alley (pers.comm. 1990) also suggest
that the Clinton Formation in the Bowmans area 1is Late

Eocene to Early Oligocene.

Alley (1969) and Harris (1970, 1985) both considered that
the Clinton Coal Measures become progressively younger
towards the north. This trend is consistent as far south
as the Willunga embayment where Middle Eocene coal bearing

sediments are present (South Maslin and North Maslin Sand) .

Harris (1980) recognised the close correlation of sea level
cycles in the Eocene to the depositional architecture of
the basin and the occurrence of «coal. Based on

palynological evidence Harris suggested that the lateral
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distribution of coal deposits was related to the position
of the shoreline which in turn was controlled by eustatic

sea level changes.

A similar relationship is also envisaged by Holgate (1985)
for the extremely thick deposits of Tertiary age brown coal
in the Latrobe Valley. Holgate (1985) suggested that these

accumulated behind a sequence of barrier bars.

Although the formation of coal seams and major facies in
the St Vincent Basin appear to be related to eustatic sea
level changes, as discussed later in Chapter 6.0, it is
considered that the thickness and local facies
relationships are more influenced by the local tectonic

structure.

Also significant is that these deposits are both overlain
by marginal marine sequences (the Clinton Coal Measures in
the Bowmans area is overlain by the marginal marine Rogue
Formation) . This is also true of the Muloowurtie
Formation, a correlative of the Clinton Coal Measures
occurring on the Yorke Peninsula, which is overlain by the
marginal marine Throoka Silts and in turn by the marine

Rogue Formation (Stuart 1969, 1970) .

Based on the concepts of sequence stratigraphy it is
evident that the Clinton Formation and its correlatives are

representative of a Transgressive Systems Tract.



Rogue Formation

Stuart (1970) defined the Rogue Formation as being a mainly
marine sequence consisting of quartz sand, sandstones and
siliceous sandstones, siliceous and arenaceous limestones,
mudstones and clays. He assigned the Rogue Formation an
Late Eocene to Oligocene age based on palynological dating
of samples from the east coast of Yorke Peninsula. The
formation is characterised by numerous facies changes and

erosion has limited its distribution.

From the descriptions provided by Stuart (1969, 1970) it is
likely that the Rogue Formation represents marginal marine
and deltaic sedimentation. Furthermore, the Rogue in the
Bowmans area is represented by fine to medium grained sand

with thinner intercalations of silty and carbonaceous sand.

It is considered that these represent barrier bar and
shoreface deposits. This is consistent with the barrier
bar depositional environment attributed by Stuart (1970) to
the laterally equivalent Quartoo Sand Member occurring at

the top of the Muloowurtie Formation farther to the south.

Stuart (1970) also recognised that the Quartoo Member was
laterally equivalent to the marine Port Vincent Limestone
(includes parts of the Willunga Formation and the Blanche
Point Marls) farther south. Stuart (1970) hypothesised
that the relationship Dbetween the Muloowurtie-Quartoo
Sand-Port Willunga represented a regression, standstill and

then a northerly transgression respectively. He
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hypothesised that these lateral facies relationships were

tectonically controlled.

In addition, Harris (1985) on the basis of palynological
evidence concluded that the Rogue and Port Willunga

Formations were also lateral equivalents.

Stuart (1970) reported that clay minerals occurring in the
formation are mainly montmorillonites, mixed
montmorillonites and glauconite with variable amounts of

illite. The zeolite clinoptilolite is also common.

The Rogue Formation includes the Port Julia Greensands
Member, a thin green glauconitic gquartz sandstone and
arenaceous glauconitic mudstone (Stuart, 1970) which
contains occasional opaque minerals and chert nodules.
Cooper (1977, 1985) correlated this member to similar
biostratigraphic levels farther south in the basin and it
is considered to represent an erosional, transgressive

phase of marginal marine sedimentation.

Hillwood (1961) also identified similar sediments in the
Bowmans area and although Stuart (1969) proposed that there
was probably not a direct correlation with those described
on the Yorke Peninsula, it is possible that these sediments
represent an equivalent transgressive phase of

sedimentation.



Snowtown Sands

To the north and northeast of the Lochiel area, and on the
basis of palynological interpretation by Harris
(1969,1970), Alley (1973) assigned the name Snowtown Sands
to an interbedded sequence of Miocene fluvio-lacustrine
sands, clays and brown coals which overlay the Clinton
Formation. However, subsequent analysis by Alley (pers
comm. 1990) suggest that these sediments are Oligocene 1in

age, correlating "largely with the Oligocene Proteadidites

tuberculatus Zone."

Furthermore, lithological and geophysical log correlation,
suggests that the Snowtown Sands are laterally equivalent

to the Warrindi and Tarella Silts in the Lochiel area.

From vertical profile analysis of geophysical 1logs and
interpretation of drill cuttings and cores it appears that
the Snowtown Sands represent a mainly fluvial depositional
environment. The common occurrence of thin coal seams and
upward coarsening cycles of silt and fine sand also
indicate the lateral co-existence of peatswamp and

lacustrine and crevasse splay environments.

Port Willunga Formation

The Port Willunga Formation was defined by Lindsay (1967,
1969) and is equivalent to the Port Vincent Limestone
described by Stuart (1969, 1970). It is a bryozoal
limestone of Late Eocene to Middle Miocene age and the

distribution of the formation at the northern end of the
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basin coincides with and appears to be limited by major

structural features.

In general, the Port Willunga Formation thins towards the
north. Stuart (1970) suggested that this thinning can be
explained by the interaction of three controlling
mechanisms; angular unconformity at the top of the
formation, lateral gradation down to the Rogue Formation

and minor diastems within the formation.

Near Muloowurtie Point, Stuart (1969) described a
transgressive and erosional quartz sand only 1.2 m thick

directly overlying the Rogue Formation.

The occurrence of the erosional sands 1is common in
transgressive marine sequences and the base is defined by
Swift (1968) as the ravinement surface. It may be related
to the Ruwarung Member described elsewhere in the basin

(Cooper, 1977, 1985; Lindsay, 1967, 1987; McGowran, 1978) .
2.5.2 Tertiary - Pirie Basin

The Pirie Basin is defined by Lindsay (in press), and based
on the interpretation of drillholes, Kremor (1986) has
suggested a connection with the sequences in the Snowtown

and Lochiel areas (Figure 2.2).

The Basin contains two major stratigraphic sequences, the
Kanaka Beds and the Melton Limestone. The Kanaka Beds
consist of carbonaceous siltstone, shale and sand, with

minor lignite. The age of the Kanaka Beds has not been
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accurately determined, however, Lindsay (in press) suggests
a possible range from latest Eocene to Early Oligocene. It
is considered by the author that the the Kanaka Beds

correlate with the Clinton Formation.

The contact between the Kanaka Beds and the Melton
Limestone is characterised by the presence of a thin sand
unit representing the marine transgression which preceded

the deposition of the Melton Limestone (Lindsay, 1970) .

The Melton Limestone represents marine deposition
associated with five transgressive episodes between the
Late Oligocene and the early Middle Miocene. The Melton
Limestone is not present in the Condowie Basin, nor have
any sediments of Miocene age have been identified. It is
apparent that the for most of the Condowie Basin deposition
ceased between the Late Oligocene and the Early Middle
Miocene. However, it 1is considered that if some
sedimentation did occur, it is most likely that it would

have been against the Ardrossan and Templeton Faults.

2.5.3 Quaternary

Within the Lochiel deposit the Tertiary sequence 1is
overlain unconformably by the Hindmarsh Clay and by the
Gypsum Hill Beds. These sediments were described in detail
by Kremor (1989) but as they were not part of the coal
forming depositional environment detailed analysis 1is

beyond the scope of this study.
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2.6 Geotectonic and eustatic model for the stratigraphic
sequence of the Northern St Vincent Basin

From the review of the sedimentary formations occurring
within the basin it is possible to develop a broad model of
the laterally coexisting environments of deposition within
the northern St Vincent Basin. This model 1s shown on
Figure 2.10. The major depositional environments are

considered to be;

1. Fluvio-deltaic - Bumbunga Sand, Clinton Formation,
Muloowurtie PFormation, North Maslin Sand, Chinaman

Gully Formation.

2. Marginal marine - Warrindi silt, Tarella Silt, Throoka

Silts, Quartoo Sands, South Maslin Sands.

3. Marine - Port Willunga Formation, Blanche Point Marls.

4. Transgressive destructional units - Pt Julia Greensands,
Ruwarung Member of the Port willunga Formation,

Tortachilla Limestone.

Figure 2.6 on page 24 and Figure 2.9 on page 31 also
provide an indication of the interaction of eustatic sea
levels with sedimentation patterns. There is a general
rise in sea level up to the Eocene/Oligocene boundary after
which there is a general fall. Within these major trends
there are a number of relatively minor

transgressive/regressive episodes.
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A summary of the main features of the Late Eocene to Middle

Oligocene depositional settings are discussed below.

a) A northerly migration of the fluvio-deltaic sequences

culminating in the Late Eocene toO earliest Oligocene.

These equate to Transgressive Systems  Tract (TST)

sequences.

It is evident that from the commencement of basin formation
in the Middle Eocene to the Late Eocene/Early Oligocene,
eustatic rise in sea-level (transgression) was the major
controlling process. Notwithstanding this, a number of
smaller scaled regressive (HST) episodes also occurred
during this time. These HST episodes are characterised by

containing accumulations of coal and discussed below.

b) A number of smaller scaled regressive episodes within
the major transgressive episode often represented by

accumulations of coal.

This characteristic has important implications for both the
nature of basin subsidence and coal formation. As Diessel
(1980) pointed out coal can only accumulate when the depth
of water is within a range of no more than a few metres.
Greater depths tend to drown the vegetation whilst lower

depths lead to oxidation and hence destruction of the peat.
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The presence of thick coal seams such as those found in the
Bowmans and Lochiel deposits must, therefore, represent a
balance of eustatic and tectonic controls. That is, the
rate at which the sea level rises/falls 1is matched
approximately by tectonic subsidence and peat accumulation.
Theoretically this must occur at least at Highstand (HS)

points in the eustatic cycles.

It 1is evident that Highstand points are a likely
stratigraphic location for coal formation and coal seams.
At this time coal accumulation can be terminated by either

of two processes.

1. First, by a continued transgression in which case the
coal seams are overlain by the marginal marine and
marine sequences (as 1is the case for the Bowmans
deposit). A variation of this process occurs when
transgression is blocked by tectonic uplift along the
shoreline. 1In this case the peatswamp is also drowned
but a lagoonal/estuarine environment forms (as is the
case at Lochiel, and €for the Maslen Beach/Port
Willunga sequences). Both of these variations equate

to Highstand systems tract sequences.

2. Second, by progradation of the fluvio-deltaic
environments over the peatswamps. Again Highstand
systems tract sequences form, however, in contrast to

the above there is little or no marine influence.
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3. A hiatus and regression at the Late Eocene/Oligocene
boundary followed by a transgressive destructional

episode which reworked the underlying sediments.

This episode covered the area up to the Nantawarra High
with sediments of the marine Port Willunga Formation. In
this context the Port Julia Greensands and Chinaman Gully
Formation are representative of a condensed Section (CS).
It is appears that this episode coincided with having the

shoreline located in the Lochiel area.

2.7 Summary

The St Vincent Basin is classified on the basis of its
plate tectonic setting as representative of a midplate
continental margin position. The basin is bound by
north-south trending and northerly converging normal
faults. Within the basin a second set of faults with
east-west trends are common. In the Cainozoic, the most
likely cause of movement along these faults is related to
differential movement between the stable Gawler Craton to
the west and the more mobile Adelaide Geosyncline to the

east.

The midplate continental margin setting is a common site of
peat accumulation leading to coal seams. Typically, the
associated depositional environments are marginal marine in
character and include barrier bars, back-barrier

environments, estuaries, lagoons and deltas.
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Two major controls on sedimentation patterns and lateral
facies distribution are identified; tectonic movement along
basement faults and eustatic sea level changes. The major
Cainozoic formations can be interpreted on the basis of

these controls.

One major transgressive/regressive eustatic episode is
recognised in the stratigraphic sequence in the northern St
Vincent Basin. This eustatic episode resulted in deltaic
and marginal marine sediments (Transgressive Systems Tract
(TST) deposits) being overlain by marine sediments and
culminated in the formation of coal seams at both the
Lochiel and Bowmans deposits. A standstill (Condensed
Section (CS)) and then regression (represented by Highstand
System Tract (HST) sedimentation) appears toO have followed
the TST. The CS and HST phases led to the establishment of
marginal marine depositional environments within the

Lochiel area.

The controlling processes outlined above have led to the
sedimentary sequence now present within the Lochiel Coal
Deposit. In addition, the definition of these processes
and the classification of the study area within them
provides the basis for both translating the results of this
study to other soft brown coal occurrences and for the
detailed analysis of geological processes which follow in

Chapters 5 and 6.
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3.0 IDENTIFICATION OF ENGINEERING GEOLOGICAL FACTORS

AFFECTING SLOPE STABILITY IN THE LOCHIEL COAL DEPOSIT

The purpose of this Chapter is to identify the key
engineering geological features affecting slope stability

in the Lochiel Coal Deposit.

The analysis of slope stability necessarily identifies
which geological factors have the greatest impact on slope
stability. Therefore, results of slope stability analysis
underpin the approach used to identify the key factors to

be analysed in this study.

Considering that the role of the engineering geologist
centres on providing predictive information on the
engineering geological properties and for the geotechnical
engineer to analyse slope behaviour it is beyond the scope

of this study to undertake such slope stability analyses.

A large amount of information is available on how slopes
fail (the mode of failure) and on why they fail (mechanisms
for failure). Based on a review of this existing
information, the following section attempts to summarise
the key engineering geological factors which contribute to

the stability of an excavated slope.

The first step is to establish what are the key engineering
geological features relating to the mode and mechanjism of

failures in generic terms.
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The second step is to clarify the nature of these features
for the Lochiel Coal Deposit. This will be accomplished
using both interpretations made by the author as well as by
reviewing published information on slope stability analyses

for the deposit.

3.1 G@eneric Modes of slope failure in weak rock and soil.

Hoek and Bray (1977) and Ross-Brown (1979) provided
descriptions of the major types of failure. The major types
can be categorised into those with failure surfaces (plane,
wedge, two-block and certain types of circular failures)
and those without failure surfaces (toppling, ravelling and
most circular failures). These modes of failure are

illustrated on Figure 3.1.

a) Plane Failure.
Failure occurs when a geological discontinuity strikes
parallel to the slope face and into the excavation at
an angle greater than the angle of friction.
Variations to this occur when a tension crack forms,
or when the mean sliding plane is a combination of two
joint sets which form a stepped path.

b) Wedge Failure.
when two discontinuities strike obliquely across the
slope face and their line of intersection daylights in
the slope face, the wedge of rock resting on these
discontinuities  will slide down the line of
intersection, provided that the inclination of this

line is greater than the angle of friction.



_47_

Figure 3.1 Schematic representation of the
characteristics of the modes of failure for
weak rock and soil (modified after Hoek and
Bray, 1977).

Tension crack in upper

sl
ope surface of slope

failure surface

A Plane
Plane with associated
tension crack

AL

Wedge Circular

c) Circular Failure.
When material is very weak, as in a soil slope, the
failure will be defined by a single discontinuity
surface but will tend to follow a circular path. A
variation of this type of failure is the non-circular
failure, where the failure surface tends to run
parallel to a set of weakness planes.

d) Two Block failure
Occurs when an unstable wedge produces an active force
on a lower, second wedge which would otherwise be

stable, resulting in failure of both wedges.




e) Toppling Failure.
When blocks rotate about their lowest contact edge.
This mode of failure can occur when there is a
vertical or near vertical joint set.

f) Ravelling Failure.
When materials deteriorate on exposure and break off

in small blocks.

It is recognised that this summary of generic failure modes
is not exhaustive and that many failures actually involve
combinations of those 1listed above. However, it is
considered that this summary reflects the current state of

thinking for generic modes of slope failure.

Discontinuities in the sediments are crucial to all the
generic modes of failure listed above (although to a lesser
extent for circular €failures). The conclusion is that
discontinuities are a key geological factor affecting slope
stability. Furthermore, the key engineering properties of

discontinuities are location, geometry and strength.
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3.2 Mechanisms causing failure of slopes in weak rock and
soils

The science of predicting the behaviour of soils was
founded by Terzaghi in about 1918 (Stapledon, 1982). In
doing so Terzaghi provided a n .. framework that helps
engineers to organise, interpret and evaluate experience."
(Peck, 1962). This soil mechanics framework will be used
to develop a simplified description of the mechanisms
causing slope failure. It is recognised that in practice
the analysis of the causes of slope failure is a complex
exercise requiring the consideration of such factors as
time, slope geometry, movement of equipment, seismicity and
climate, however, such detailed analyses are beyond the

scope of this study.

Failures occur when the available shear strength is less
than the shear stress (mobilising force). The shear stress
required to cause sliding can be calculated for a soil by

using the following equation (Bolton, 1984) :-

T =c + dTan ¢

These components are illustrated on Figure 3.2.

It is apparent from this equation that for a particular
soil or weak rock, the shear strength (residual friction
angle and cohesion for intact materials and defects) and
the normal effective stress are the key factors in

determining the stability of a slope.
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Figure 3.2 Relationship between the factors affecting
failure along a discontinuity (modified
after Hoek and Bray, 1977).
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The normal effective stress (03 is defined by the following

equation ;

where o = normal stress and u = pore water pressure.

In soft brown coal mining areas the normal effective stress
(and thus the shear stress) can be varied to reduce the
probability of failure by reducing the porewater pressure

through activities such as dewatering and depressurising.
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Shear stresses can also be reduced by minimising any
imbalance between horizontal and vertical loads. In
practice, this can Dbe achieved by excavating part of the
overburden ahead of the highwall face (unloading or

pre-stripping) or by the design of the slope geometry.

As described in Section 3.1, there are a number of modes of
failure each of which is characterised by a particular
failure plane. Essentially these failure planes can
coincide with pre-existing geological features such as

shear planes, or can develop within intact material.

Further analysis of these or other methods of varying the
normal effective stress or shear stress is beyond the scope
of this thesis. However, for the purposes of this study it
can be concluded that slope failure is controlled by :

the normal effective stress,

cohesion,

strength of the sediment or of geological structures

(discontinuities) within the sediment.

In addition, it can be concluded that the methods available
to influence these controlling factors are
the rate and extent to which the porewater pressure
can be reduced,
geometry and stratigraphic location of the geological

structures.
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3.3 Review of slope stability analyses for the Lochiel
Coal Deposit

An extensive series of tests were undertaken to identify
the key geological features affecting slope stability for
the Lochiel Coal Deposit. The author was responsible for
the engineering geological input into the planning and
design of these tests and subsequently for the
interpretation of the results from a geological viewpoint.
A discussion on these tests and their limitations is

provided in Chapter 4.

Specific slope stability analyses were undertaken by Coffey

and Partners Pty Ltd (1988a).

3.3.1 Summary of stratigraphy

The stratigraphy and lateral continuity of sediments within
the Lochiel Coal Deposit is summarised on Figure 3.3.
Three Cainozoic formations are present, the Bumbunga Sand,
Warrindi Silt and the Tarella Silt. Each of these
formations is analysed in detail in Chapters 5 and 6 to
identify and define the processes which led to their

particular characteristics.

In addition, the deposit is overlain by the Pleistocene
Hindmarsh Clay. However, because the Hindmarsh clay was

not part of the depositional event associated with coal
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formation, it is not appropriate to include analysis of

this unit in this study.

3.3.2 Summary of engineering properties

The properties of materials present in the Lochiel Ccal

Deposit are summarised on Table 3.1.

The properties of the stratigraphic Formations can be

stated as follows

Tarella Silt - Firm to hard, highly carbonaceocus
clayey silt of low to high liquid limit. Moisture

content greater than plastic limit.

Wwarrindi Silt - Firm to hard, clayey silt, sandy
clayey silt of 1low to high 1ligquid limit.

Moisture content greater than plastic limit.

Bumbunga Sand :
F Zone and H Zone - Stiff to hard carbonaceous
sand.
Coal seams - Stiff to hard coal.
Condowie Silt - Firm to very stiff clayey silt
and silty clay of low plasticity and high

liquid limit.



Stratigraphy

Moisture Content

Dry Density

Unconfined Compressive

Intact Shear Strengths

% Strength (kPa) Mean Lower Bound
Mean Mean Mean c'(kPa) O0'(Deg) c'(kPa) O'(Deg
(Range) (Range) (Range)
Tarella Silt 57 1.0 244 65 26 33 22
(12 - 156) (0.4 - 1.9) (65 — 448)
Warrindi Silt 30 1.6 255 48 31 7 31
(16 - 81) (1.3 - 1.8) (67 - 548)
F-Zone 51 1.1 240 - - - -
(12 - 130) (0.7 - 1.8) (60 - 380)
GH Interseam 46 1.1 286 = - - -
(2 - 153) (0.5 — 1.4) (165 — 400)
H-Zone 58 0.9 317 = - - -
(29 - 88) (0.7 - 1.2) (198 - 513)
Coal 126 0.6 400 174 26 122 26
(21 - 186) (0.4 - 1.7) (134 - 675)
Condowie Silt 46 1.2 281 85 22 54 22
(24 - 103) (0.8 — 1.4) (104 - 375)

TABLE 3.1

Summary of engineering properties of sediments occurring in the Lochiel Coal Deposit

(summarised from tests performed for ETSA by Coffey and Partners 1987).

_gg_
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3.3.3 Modes of failure

Two modes of failure were analysed for highwalls in the
Lochiel Coal Deposit, circular and non-circular (plane
failure). Non-circular failures were found to have the
lowest factor of safety for a particular slope (Coffey and
Partners Pty Ltd, 1988a) and, therefore, non-circular

failures are the focus of this thesis.

The engineering geological factors affecting slope
stability in the Lochiel Coal Deposit are illustrated on
Figure 3.4. This model was developed from analysis of

failures within the Trial Pit (Plates 3.1 and 3.2).

The key factors affecting the mode of non-circular failures

were considered to be the ;

. shear strength and orientation of near horizontal
weak zones,
. porewater pressure (effective stress)

. location and orientation of tensional joints.

Stratigraphic location of weak 2zones and porevater
pressure
Figure 3.5 summarises the stratigraphic location of the
weak zones as well as the porewater pressure profile. Two
types of weak 2zone were jdentified, both relating to
sedimentary horizons and both being characterised by the

presence of a shear zone.
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3.3.4 Mechanisms causing failure

The Lochiel Coal Deposit is subject to artesian groundwater
pressures which tend to lower the effective stress,

adversely affecting mine slope stability.

It is common practice in mines with high porewater pressure
to increase effective stress Dby lowering the porewater
preSsure. The method which is used 1is to pump porewater

from bores at a rate greater than it can be recharged.

This reduces the porewater pressure of the sequence with
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the piezometric surface usually taken down to the level

required to maintain a stable slope.

In the Lochiel Coal Deposit the high porewater pressure
necessitates depressurisation of the fine grained sediments
(silts and clayey silts) and dewatering/depressurisation of

the coarser grained units (sands and gravels) .

The geological factors affecting the dewatering/
depressurising of sands are relatively well understood.
The geological factors relate mainly to grain size and soil

structure.

on the other hand, it is not common practice to attempt to
depressurise fine grained sediments such as silts. In
fact, conventional thinking at the time that the Lochiel
Coal Deposit was being evaluated was that £fine grained
sediments, such as those occurring within the overburden at
Lochiel, could not be economically depressurised within the

time limits imposed by the mine's coal schedule.

As discussed by Coffey and Partners Pty Ltd (1988b) and
illustrated on Figure 3.5, porewater pressure in fine

grained sediments (silts) is controlled by two mechanisms;

1, Radial drainage towards the pump OX drainage well
through aquifers (zones of relatively high

permeability such as sands);

2y Vertical drainage to an aquifer and then radial

drainage towards the pump OX drain.
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Figure 3.5 Radial and vertical drainage.mechanisms and
their relationship with pumping bores.
£ schematic representation WELL Hydro -
§' STRATIGRAPHY of types and relative importance geological

of drainage mechanisms.

A T S

Characteristics

C——— > Radial drainage

T

(Size

Vertical drainage

'\ Fine ;
_ raine
Tarelia Silt 7 _—",,’:, |/ gorbonaceous
-1t =, N N ~ sediments
"=z Tarella Silt Shear Zone
oo N LOW_BARRIER
1 H h 20 V——7F
Warrindi Sift *° g WARRIND! SILT :
....... AQUIFER N | Aquifer
= - )
2 5 =
< S e
w O£
So Fine
éi r\ grained
carbonaceous
a0 ;" / sediments
< C . !
- Condowie Silt Shear Zone
% Condowie Silt NN SN\ VERTICAL FLOW BARRIER, N S
@
% LR i NANTAWARRA
m SAND
AQUIFER )
Nantawarra Sand Aquifer
60 —fum -
- - m
¢ o b -7L===_
USUSS
basement ,_,ILGE__NR,

of arrow represents relative hydraulic conductivity)



_60_
A number of tests were undertaken within the Lochiel Coal
Deposit to examine the Tresponse of the fine grained
sediments to depressurisation through pumping from
wells. The effect of pumping on the porewater pressures

within the sediments is illustrated on Figure 3.6.

It became apparent from these tests that the porewater
pressure of the majority of the fine grained sediments
could be lowered within a reasonable timeframe. However,
within the sequence there were several relatively
impermeable zones which determined the rate at which the
sediments could be depressurised. of particular
significance is that the impermeable zones are the weak
zones described above. As further evidence of the affect of
these weak zones on vertical drainage it was observed in
the  Trial Pit that water accumulated and run out from

directly above these weak zones.

3.4 Review of engineering properties

3.4.1 Intact material strength

Shear strength is defined by the Mohr-Coulomb Law as

described in Section 3.2, page 49. The fundamental
components of shear strength are effective normal stress,
cohesion and friction angle. As described on page 50,
effective stress parameters are a function of both normal
stress and porewater pressure. To evaluate what
constitutes a significant effective stress parameter,

shear strength may be viewed as related to two
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basic components, physical and physio-chemical. For
cohesive soils (such as most fine grained clayey soils) the
physical components of shear strength arise primarily from
the resistance to relative movement of sliding of one
particle over another and, to interlocking between
particles (Young and Warkentin, 1975). Rosenquist (1955)
divided the interlocking phenomena into macroscopic and

microscopic.

Macroscopic interlocking is important for granular (i.e.
sandy) soils where appreciable movement of granular

particles normal to the failure plane is required.

Microscopic interlocking is crucial for fine grained (clay)
soils where small movements can result in alignment of
particles parallel to the failure plane. This study is
concerned mainly with the shear strength of fine grained
soils and the following section concentrates on the aspects

related to shear failure of these.

3.4.2 Physical components of shear strength in fine
grained soils

For the purposes of examining the major factors affecting
shear strength, fine grained soils can be viewed as
consisting of two types of particles; discrete minerals and
bonded sets of discrete minerals. Conceptually, shear
strength of fine grained soils is comprised of an
interaction of particles through an absorbed particle layer
(cohesion or physio-chemical interaction) and also the
interaction directly between particles (physical

interaction) .
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Cohesion

When two particles are brought into contact under stress,
the close proximity of contacting areas results in adhesive
or frictional resistance due to the electrical forces of
attraction. However, in a clay—water system the
interaction of clay particles and fabric units with water
is such that there may be little actual particle-particle
contact. In these soils, cohesion is a component of shear
strength which arises mainly from the interaction of clay
particles through the layer of absorbed water and through

diffuse layers of exchangeable cations.

. Direct particle contact

During shear, particles and fabric units in the failure
plane become oriented parallel to each other. At shear,
the soil particles are arranged to give a minimum particle
interference and this is best accomplished by a parallel

arrangement at or near the failure plane.

This concept is reinforced by stress-strain relationships
developed after failure. Typically, the stress—-strain
relationship is characterised by a peak stress required to
cause failure and then once failure has occurred a lesser
stress is required to cause movement along the failure
surface. The latter state is referred to as the residual

shear strength (Skempton, 1964).
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In cases where the soil has previously been sheared the
stress-deformation curve may not exhibit a peak. This is
the case for the shear zones occurring in the Lochiel

Deposit.

3.4.3 Residual angle of friction vs mineralogy and
grain shape

Mitchell (1975) found from tests relating residual strength
to particle shape that low residual friction angles were
associated wiﬁh platy particles (clays), with angular and
rod-shaped particles giving higher residual friction

angles.

Lupini et al. (1981) investigated residual shear behaviour
using thin section and electron microscope techniques and
recognised three modes; turbulent, transition and sliding,
depending mainly on the dominant particle shape and on the

mineralogy (coefficient of interparticle friction).

Turbulent shear occurs with essentially granular soils and
is characterised by relatively high residual strength. The
sliding mode is typical of clay soils and is characterised
by low residual shear strength. The transitional mode

occurs in mixtures of clay and granular particles.

Skempton (1964) first suggested that there was a general
relationship between clay content and the residual angle of
friction. This relationship is presented on Figure 3.7 and
illustrates a gradual increase in residual strength with

decreasing clay content.
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Figure 3.7 Relationship between residual friction angle
and clay fraction (modified after Lupini et
al. 1981).
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Vaughan and Walbanke (1975), as reported in Lupini et al.
(1981), postulated a discontinuous relationship between
residual friction angle and Plasticity Index (Ip) (Figure

3.8).

They postulated that the controlling factor was likely to
be related to the proportion of platy clay minerals present
and that this would correlate with Ip for clays of similar
activity. Bucher (1975) also found a similar relationship
between Ip and residual friction angle and Seycek (1978)
after performing his own tests and summarising the work of
others reported that there was a better correlation between

residual friction angle and Ip than any other parameter.
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Figure 3.8 Relationship between residual friction angle
and plasticity index for the Lochiel Coal
Deposit (modified after Coffey and Partners
1985).
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In summary, the proportion of clay minerals and their
mineralogy have a major affect on the residual shear
strength and this relationship is likely to be reflected in

the plasticity indices.

As illustrated on Figures 3.7 and 3.8 these relationships
are found to hold for the weak zones occurring within the
study area. A summary of results of Atterberg, total
organic carbon, XRD and moisture content tests for the

Tarella Silt is provided on Figure 3.9.
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Directional properties

Bishop et al. (1966) from extensive tests on London clay
concluded that both peak and residual strengths were
approximately constant whether samples were cut across oOr
parallel to bedding. However, Barden (1972) from
microscopic examination of London Clay considered that
there was only a tendency to horizontal orientation so
Bishop's findings may not be applicable to clays with a

strong tendency for preferred orientation.

It could be reasonably expected that the peak strength of
clays may vary in strongly oriented samples, however, the
residual strength is an intrinsic property and thus
independent of directional properties. James (1971),
however, tested samples of Oxford Clay and reported
repeatedly higher residual strength for samples tested
perpendicular to dip direction compared with those
parallel. He suggested that particle orientation resulting
from depositional characteristics or the consolidation of
the formation has an important bearing on the path to the

residual in any particular direction.
Summary

‘The clay content, clay mineralogy and to a lesser extent
directional properties have a significant -impact on shear
strength. The characteristics of each of these properties
can be related to geological processes and are, thus,
within the scope of this study. However, the primary

objective of this thesis is relates to the modelling of the
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key factors affecting slope stability rather than the
actual properties of these factors. In line with this the
characterisation of these properties is considered to be a

minor or supporting objective of this study.

3.5 Discontinuities and weak zones

Discontinuities and weak zones in soils can be related to

two basic types of geological processes :-

Tectonic,

Sedimentary.

3.5.1 Tectonic discontinuities

Tectonic discontinuities are those produced by the
progressive deformation of the intact soil when subjected

to external stresses.

Specific studies on tectonic processes forming soil
structures are limited. Based on analysis of the geometry
and type of defects in a stiff, overconsolidated Siwalik
Clay, Fookes (1965) and Fookes and Wilson (1966) postulated
that their formation was controlled by folding due to basin
subsidence, leading to the development of shear stresses in

the more competent beds.

Ssimilarly, Sullivan (1982) in his study on the origin of
defects in heavily overconsolidated clays and oil shales,
concluded that soil macro-structure is related to basin

folding.



Characteristics of tectonic discontinuities

Skempton (1966) defined a shear 2zone as consisting of
single or multiple discontinuities along which a finite
shearing has taken place. Tchalenko (1970) compared the
morphology of different magnitudes of shear zones and
Morgenstern and Tchalenko (1967a,b) compared shear features
of experimentally deformed kaolin with regard to the
primary fabric. Each of these studies found that both the
same types of defects and similar geometric relationships

existed.

The development of shear stresses leads to the progressive
development of shear defects in the soil. Based on direct
shear and microscopic test observations, Morgenstern and
Tchalenko (1976) described three stages of formation of

shear zones as shown on Figure 3.10.

3.5.2 Sedimentary weak zones

Weak zones are characterised by having a relatively high
clay content in contrast with the surrounding sediments.
These clay-rich zones form from clay settling from
suspension in standing bodies of water. Furthermore, it
has been shown by Staub and Cohen (1978) that clays
flocculate rapidly when they come into contact with high
acidity waters which are characteristic of coal forming

depositional environments.



_.71_.

Figure 3.10 Discontinuities associated with tectonically
formed shear zones (after Skempton, 1966) .
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The geometry of the clay seams is related to the geometry
of the surface on which they were deposited and on the

effects of differential compaction.

Clay seams can theoretically form as conformable beds
within both progradational and aggradational sequences Or
as disconformable beds draped over erosional surfaces.
These depositional locations are jllustrated on Figure

3.11.
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Progradational clay seams

For progradational sequences such as crevasse splays and
fan deltas or tidal deltas, clay deposition is most likely
to occur either at the waning stages of particular
depositional episodes (i.e. at the top of a sedimentary
cycle) or at locations distal from the sediment source,
refer to Figure 3.11A. These two processes have
implications for the location and geometry of the clay

seams with two types of clay seam being possible.

First, thin beds of clay deposited between two sedimentary
cycles. The lateral continuity would be largely determined
by the presence and location of the lake/swamp/marsh which

covers the area.

Second, clay-rich sediments deposited at distal locations
within the basin. Because these form as part of an
actively prograding sequence, the location, thickness and
extent are largely determined by the nature of the sediment
source. When the sediment supply is constant in volume and
mineralogy, then the prograding sequence would form a zone
of clay-rich sediments at its base and this zone is likely

to be both laterally continuous and extensive.

Aggradational weak zones (refer to Figure 3.11B)

Because deposition of clay relies on still or almost still
water, clay seams in aggradational sequences such as those
deposited by fluvial processes rely on a mechanism which

produces episodic or cyclic water movements. The most
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striking example of this are sequences formed within the

tidal range.

Clay seams are deposited on point bars during high and low
tide and characteristically form "bundles" of clay seams
separated by sand. A variation to these occurs when a
meander channel is cut off and is filled with fine grained
sediments. Both of these types of sequence are common to
the sequence occurring in the Athabasca Tarsands in Canada

(MacCallum et al., 1979).

For the purposes of this study the conclusion is that the
geometry and lateral continuity of clay seams are

controlled by the depositional environment.

3.6 Porewater movement

The key information required on the hydrogeology is on the
hydraulic properties of the sediments and their variation
within the deposit. For soils, the hydraulic properties
are controlled by grain size and soil structure/soil
fabric. For soil stability analysis, particle size
distributions are used to given indications of

permeability, capillarity and likely material behaviour.

A summary of the grain size analysis and well test results
for the Lochiel Coal Deposit are provided on Figures 3.12
and 3.13. For sand and gravel soils, the shape of the
grading curve can be useful to determine some aspects of
engineering behaviour. A smooth curve indicates a well

graded soil in engineering terms (poorly sorted in
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geological terms) and hence unlikely ¢to be subject to
reduction in volume due to vibration or washing out of the
finest fraction. If the soil is to be used as a drainage
layer then a uniform particle size distribution (well

sorted) would indicate highest porosity and permeability.

Sedimentary soil deposits are likely, however, to show
marked variation between horizontal and vertical
permeability due to stratification and grain fabric. Lambe
and Whitman (1969) and Bolton (1984) considered that the
use of particle size distribution for fine grained soils is
questionable because the chemical and mechanical treatment
given for the analysis wusually results in effective
particle sizes which are quite different to those of

natural soils.

Rowe (1972) demonstrated by tests on silty clays that soil
structure can give in situ permeabilities 100 - 1 000 times
higher than remoulded samples. He emphasised that gradings
and index tests alone are not indicative of engineering

performance.

As discussed by Pettijohn et al. (1987), there is nearly
always a good correlation between effective porosity and
permeability within a facies but not between facies. This
is because permeability is related to specific surface area
so that two facies of differing grain size may have
equivalent effective porosity but the finer facies will

have a lower permeability.
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With respect to porewater movement the conclusion is that
it is essential to first understand the facies
characteristics and relationships before interpreting the

results of grain size analysis.

Figure 3.12 Summary of grain size analyses for sandy
sediments occurring within the Lochiel Coal
Deposit. (GH and FG interburden are
discussed 1in section 5.4 and represent
intercalations between the coal seams).
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Hole No. Stratigraphy Aquifer Hydraulic Tragsmissivity
Thickness Con uctiviEy (m~/day/m)
(m) (m”/day/m™)
vV 572 Tarella Silt - TL1 3.3 2.1 7.0
V 611 Tarella Silt - TL1 2.1 6.7 14.0
vV 533 Warrindi Silt - WA2 3.3 2.1 7.0
V 623 Warrindi Silt - WA1O0 2.3 32.0 73.0
Vv 437 Warrindi Silt - WA4 2.5 3.0 7.5
vV 627 Kooliata Coal - FG 0.7 7.1 5.0
V 620 Bumbumga Sand - NS2 13.5 2.3 31.0
VvV 629 Bumbunga Sand — NS2 6.8 2.9 20.0
V 614 Bumbunga Sand - NS1 15.8 3.9 61.0
V 613 Bumbunga Sand - NS3 3.0 2.3 7.0
| V 611 Darnleigh Park Sand 4.0 40.0 160.0
V 640 Bumbunga Sand - NS1 30.0 13.0 400.0
V 630 Bumbunga Sand - NS1 20.0 8.0 160.0

Figure 3.13

summary of well test

results (see Appendix 6 for location of test sites.)
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CHAPTER 4.0 METHODOLOGY AND DATA AVAILABILITY

The methodology applied to the analysis of the Lochiel Coal
Deposit relies on the integration of geological and
engineering interpretation techniques. The interpretation
is based on a number of differing data types and the
limitations on these need to be reviewed prior to detailed

analysis.

The analysis to follow is supported by a series of Tables
and Figures. These are included in the text when they are

considered to be of direct support to the analysis.

There are, however, a number of figures which either
provide more detail on the figures included in the text or

provide indirect support to the analysis. These figures are

set out in a series of appendices in Volume II. These
include;

Appendix 1 Photographs referred to in Volume I.
Appendix 2 Geophysical log response models for the

Bumbunga Sand Formation.
Appendix 3 Geophysical and lithological correlation
sections for the Bumbunga Sand Formation.
Appendix 4 Geophysical and lithological correlation
sections for the Warrindi and Tarella Silts.
Appendix 5 Structural analyses for the Tarella Silt.

Appendix 6 Borehole location plan.



- 79 -

4.1 Data availability and limitatioms

Unconsolidated sedimentary deposits, such as Lochiel, are
generally flat lying with few or no surface exposures. 1In
these settings subsurface methods of obtaining data are
used. Four types of data are available for the study of

the Lochiel Coal Deposit :-

Drillholes - cuttings and core,
Geophysical downhole logs,
Hydrogeological test sites,

Trial excavations.

A summary of both the number and types of data collection
gites used in this study is presented on Figure 4.1 with a

detailed borehole location plan available in Appendix 6.

These data types are the fundamental source of all
information on the geological and engineering
characteristics of the sediments. Furthermore, these types
of information are also generic to other soft brown coal

deposits.

However, it is important to realise that even in the design
stage, the spacing of data points in the deposit will be
relatively broad, especially when compared to the geometry
of the operating pits and of significant engineering
geological features. To compound this limitation, the
engineering and hydrogeological test sites make up only a

small percentage of the total number of data points (for



KMS | 0

/, 2490IoomE 2450:)omE
' summary of Data sites
/ Type Numbexr Total metres Legend
/ (approx.}
’ partially cored 26 300 A
/ Fully cored 14 1200 ©
Water wells 29 O
/ open hole sites 236 23000 .
Trial depress. site 4 TD
Trial pit site 1 TP b
Bulk coal core site 2 B :
/ o7 3
2 g ~}-6250000mN :
o) S lIrl |'
) @., © }_;’ . . :
h ' A ;
B ;'} ot W }
A f: -"":} . e e . . :
" I.w—---u"" .
- © '
£ 3 L 1
. i 3 H
. v "_;' . ' L . . ‘
/ . :
. ‘. . . A i _
&, k
:,1- . b. . . LI . L] . *
by
R s 's ) .
o . E (o] »ie . A . . . "
! . . - 4 A A A A . . ~} e248 coomN
: BT
! A Tp
. F . . . . ’f ® DB‘ . .
{ § / R4 A
i S a2 A A A A -
{‘ A _r": . i . . . . §
% B / A B
r e A . . . . ) ® x .
> , « w @ * = B l
:F ,"'{ * b . .
.% ; P > e ; & A . " - . .
LocHer Ny . ;
®g ‘
- 2 . A - -
+ . —+6240000mN
SCALE
! 2 3KMS

Figure 4.1

summary of number and types
collection sites

of data



_81_
Lochiel, fully cored geotechnical holes make up less than

5% of the total number of holes drillied).

Drillholes

Apart from when a trial excavation is undertaken,
drillholes are the only means of obtaining subsurface
material for engineering testing. Drillcores of diameter
up to 0.9 metres can be obtained but generally diameters of

0.063 and 0.100 metres are recovered.

Apart from the limitations concerning the spacing of data
points, a significant limitation with having to rely on
drillcores for samples in unconsolidated sediments is that
parts of the sequence are often missed due to core losses.
This factor can have an significant impact especially if
the lost section contains a significant feature such as a

weak zone.

Almost all of the holes drilled are vertical thus limiting
the effectiveness of obtaining data on steeply dipping
tectonic defects. A possible solution to this is to drill
inclined holes, however, as the tectonic structures in soft
sedimentary environments are difficult to distinguish even
in exposed faces, angle holes will provide 1little

additional data, especially if they are not oriented.

Geophysical borehole logs

Geophysical borehole 1logs are used extensively in the

petroleum industry for the quantitative analysis of
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material properties. Some geophysical logs are also used
to characterise physical rock properties (Mathewson and
Cato, 1986). However, the application of quantitative
interpretation techniques to engineering geological aspects

of soils is largely impractical because :-

of the nature of the properties being measured. Most
defects cannot be detected from the tools currently
available. In ideal conditions (where there is a
contrast in material types) the tools currently
available can detect features down to 50 mm thick. In
the Lochiel deposit, the sub-horizontal defects are
mostly less than 10 mm thick, with little contrast in

material type.

of the strength of both the intact soils and the
defects are in general so low as to be out of the

normal operating range of the sonic tools.

drilling in unconsolidated sediments is normally done
by rotary mud techniques. The technique cuts and
flushes the soils often resulting in holes of uneven
diameter and mudcake thickness. This effect 1is
further compounded when drilling takes place in areas
of high artesian pressure, such as at Lochiel, because
the additives which are included to control the flow
of water can invade the formation to give inaccurate

tool responses.
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These problems can be overcome by modifying the
drilling technique and enhancing the capabilities of
the logging tools and their processing. However, these
solutions are relatively expensive and rarely

employed.

Notwithstanding these limitations, and because geophysical
logs are normally available for every drillhole, the
geophysical logs can be a prime source of data for

geological stratigraphic interpretation.

To minimise the limitations described above, a suite of

logs have been used as the basis for interpretation.

A set of typical log signatures are defined for the various
sedimentary facies. These signatures are based primarily
on the responses of the gamma—gamma density, neutron and
natural gamma tools and were derived from detailed
correlation of geophysical log responses to 8 fully cored
drillholes (approximately 700 metres of core). Detailed
core to geophysical log correlation sheets are not included
in this thesis but are stored by Coal Resources Department,

ETSA.

The geophysical signatures provide the means to interpret
geophysically logged open drillholes. This interpretation
forms the primary basis for correlating and mapping the

sedimentary sequence around the deposit.
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. Hydrogeological test sites

Four detailed tests were undertaken (including the trial
excavation site) to obtain data on the rate and extent to
which the porewater pressure could be reduced. These tests
involved a pumping bore and a number of piezometers set in

each of the major stratigraphic units.

Sites must be selected so as to be representative of the
total deposit. This can be difficult to achieve especially
early in the exploration and investigation programme
because of the lack of information available for

interpretation.

Trial excavation (refer to Plate 4.1)

The Lochiel Trial Pit provided the opportunity for a

3-dimensional view of the relationship between sedimentary

and structural features.

A trial excavation also has the advantages of being able to

demonstrate the actual behaviour of the slope and allows

for detailed analysis of the failure mechanism.

The major limitation of a trial excavation 1is that it

provides data on only one site. Other limitations concern

the geometry and timing of the excavation.

4.2 Methodology

The purpose of interpreting data is to produce predictive
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geological models which describe the key factors affecting
slope stability. These models are then used by the
geotechnical engineer to analyse the behaviour of the key
factors when subjected to mining induced stresses. The

purpose of this section 1is to

describe the interpretive methods in current use,
describe the types of models produced,

define the limitations of the methods and models.

For the interpretation to be effective, the elements of the
model must have significance to the context of the
objectives of the study. The key factors for the
geological, geomechanical and hydrogeological aspects have
been described previously and the following discussion will
examine how well the methods of interpretation and the

models address these factors.

4.2.1 Principles of geological interpretation and
modelling

Geological interpretation relies on an understanding of
geological processes and the outcomes of these processes,
or in the words of Stapledon (1979) "finding out what's
down there by understanding how it got there". Further, he
stated that "without (an) understanding of the geological
environment we are unlikely to ask the right geological
questions, that is the geological gquestions which are
relevant to the geological environment and the proposed

operation.”
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Tt is considered that these views capture the essence of
geological interpretation. In sedimentary deposits, such
as Lochiel, the processes are broadly controlled by the
depositional environments  present at the time of
sedimentation and by the processes which deform the

sediments subsequent to deposition.

A principle around which this thesis is developed is that
an understanding of these processes will facilitate the

prediction of the key factors affecting slope stability.

Key aspects of the geological interpretation process

The geological interpretation process involves a sequence
of iterative steps during which the level of detail in
understanding is progressively enhanced. The recognition
of depositional facies relies on the experience of the
analyst and in particular his or her knowledge of
precedents. Numerous accounts of sedimentary facies in
coal bearing environments currently exist and these can be

used to provide additional detail.

However, because of the variations in the controls
affecting the sedimentary processes, these precedents can
only act as a guide to the detailed nature of the

sediments.

When examining a deposit from an engineering viewpoint, and
particularly for slope stability studies, it is common for
these detailed features to be the key aspects. Hence,

although the traditional methods employed by the
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environmental analyst can provide valuable information, it
is unlikely to provide the key information unless the site
specific controls on the process forming the features are

understood.

a) Facies classification

The design of the facies classification system is critical
for successful interpretation, and was stated by Lindholm
(1987) as "one of the most difficult aspects of facies

analysis...".

Lindholm (1987) and Walker (1984) emphasised that both the
degree and scale of subdivision is governed by the
cbjectives of the study. Further, the classification
system should also be simple enough to allow easy
understanding and use. In practical terms Anderton (1985)
considered this to mean that the number facies be kept to a
minimum. The only caveat is that the facies defined
adequately encompass all rock types present in the study

area (Miall, 1984).

Anderton (1985) and Lindholm (1987) considered that the
classification system be designed in a hierarchial manner.
Furthermore, the classification criteria selected should
allow objective description and measurement to enable use

by successive workers.

b) Cyclic sedimentation - Classification
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Sedimentation within the overall vertical sequence at
Lochiel is characterised by cyclic sequences with both

rapid and gradational changes between cycles.

Clastic cycles may be divided into three types on the basis
of grain size. These are upward fining, upward coarsening
and homogeneous cycles. As described by Miall (1984),
these can be caused by a variety of sedimentary, climatic

and tectonic mechanisms.

As discussed by Beerbower (1964), these mechanisms may be
divided into two types, those related to
1. the depositional system, autocyclic,

2. an external cause, allocyclic.

Generally, the autocyclic mechanisms are related to
sedimentation mechanisms such as channel switching, the
building and breaking of bars and Dbanks, shoreline

migration, channel avulsion and delta building.

Allocyclic mechanisms include tectonics, sediment supply,
palaeoslope, sea level changes and climate, and are large
scale controls which effect the whole of the basin at one

time.

Thus a sedimentary sequence may be divided into two scales
of cycles. First the large scale cycles which were
initiated and terminated by allocyclic mechanisms and
second, smaller scale cycles which are related to

autocyclic mechanisms.
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Miall (1984) related these mechanisms to depositional
systems analysis and facies analysis respectively. Each
allocycle is made up of one or many autocycles and in
terms of depositional environment, the allocycle represents
a sedimentary system while the autocycle represents the

numerous subenvironments making up that system.

These concepts are a useful adjunct to the concepts
discussed in Chapter 3 and together will be applied to the

interpretation of the Lochiel sequence.

c) Stratigraphic correlation

Generally, two processes are involved in building
sedimentary sequences, vertical accretion and lateral

aggradation.

Vertical accretion  occurs in static systems where
sedimentation is uniform, developing stratigraphic =zones
with homogeneous properties and a tabular geometry.
Correlation of these zones is relatively easy (the G seam

of the Lochiel Coal Deposit is an example).

Lateral aggradation occurs where deposition is related to
migrating environments which may build up or out or both.
The distribution of enviromments is controlled by internal
or external (autocyclic or allocyclic) mechanisms leading
to variable geometry and rapid lateral changes of facies.
Detailed correlation in migrating systems is thus more

difficult than for aggradational systems.
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Within both of these types of sequences lithological
boundaries correspond to time horizons. Where both
processes are acting at the same time in 1laterally
equivalent depositional environments, such as fluvial
systems and lakes, distinct lateral facies changes occur.
Correlation across these boundaries is difficult because of
marked lithological changes but equivalent facies can be
confidently correlated if contained between known time

horizons.

In the Lochiel area such time horizons may be identified at
the top or base of vertical accretion deposits such as coal
seams. This provides a means of correlating and

interpreting complex facies associations.

d) Correlation procedures

Correlation of sediments was based on geophysical 1log
responses. The interpretation £flow path as shown in
Figure 4.2 consists of an initial calibration phase in
which geophysical responses were matched with drillcore to

obtain a set of geophysical signatures for the sediments.

Using these signatures as a basis, all open holes were then
interpreted manually for lithology and depositional facies.
Lithological columns were then placed on orthogonal cross-
sections encompassing all holes in the area and the
lithology/geophysical log responses representing major
changes correlated. At that stage, the sequence was
divided into members which were then analysed in detail in

terms of depositional system and facies.
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Figure 4.2 Core and geophysical log response
interpretation flow path.
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Y
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signatures defined holes for lithology

Correlation of vertical lithological profiles on orthogonal
cross-sections

Interpretation of depositional facies

.

Relationships with engineering properties

e) Geological description and representation

Sediments are generally described under the following
general headings of sedimentary structures, grain fabric,
trace fossils, particle morphology, mineralogy, grain size,

colour, fossils.
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The description and representation of sediments under these

headings serves two purposes :

It documents in detail sediments at a particular site,
thus providing a basis for reinterpretation or

comparison with engineering test data.

Provides a basis for environmental interpretation to

allow prediction of geological properties elsewhere.

Interpretation is based on the way in which various facies
are associated and on the geometry and internal

characteristics of the sediments.

Analysis of the depositional environment is done Dby

comparison with modern and ancient models.

Isopach, structure contour and ratio maps adequately define
the geometry and orientation of facies while also enabling

easy comparison with other modern or ancient models.

For comparison of internal characteristics, graphic 1logs
are used. The most commonly used columns are those which
graphically represent sedimentary structures and variation
in grain size with one of more other features (Miall, 1984;

Collinson, 1978; Lindholm, 1987).

Anderton (1985) discussed the use of graphic logs for
presenting geological information and suggested that the
use of standardised symbols tended to "result in only a

small part of the available sedimentological detail being
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recorded on the log". He went on to suggest that "logs
should be as detailed and realistic as the ability of the
drawer will allow" and that this could be accomplished by
using symbols which accurately depict the relevant

features.

In this study, standardised symbols are used but these
symbols are designed in such a way so as not to lose
detail. This type of approach is required in this study to
allow detailed correlation of engineering test data and

facies. The legend is presented on Figure 4.3.

Figure 4.3 Legend for stratigraphic symbols
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4.2.2 Principles of engineering geological interpretation
and modelling

Geotechnical interpretation aims to assign values of

engineering properties to the geological models.

The traditional practice is to divide the deposit into
sectors or regimes in which similar geotechnical conditions
exist (Wade, 1985; Kremor, 1988). The definition of the
regimes is based solely on the results of analyses directed
toward specific questions. These commonly relate to slope
stability, dewatering/depressurisation and spoilpile

stability (Kremor, 1988).

This approach can be deficient if it presents only the
average conditions for each regime without giving any
indication of the relationship between regimes. This study
addresses this issue by providing a detailed basis for
understanding the relationship between each regime based on

geological understanding.
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4.3 Stratigraphic nomenclature for the Lochiel Coal

Deposit

The sediments which comprise the Bumbunga Sand Formation
correlate with the Clinton Formation described by Harris
(1966, 1971) in the St Vincent Basin to the south and also
to the informally named Kanaka Beds of the Pirie Basin to

the north (Lindsay, in press).

The Bumbunga Sand represents the initial phase of basin
infilling in the Lochiel area. The sediments were derived
from surrounding uplifted basement and transported to the
depositional site by fluvial channels originating from the

northwest.

The character of sedimentation farther north indicates that
several fans were present during that time with the

channels coalescing to form a longitudinal system.

Regional correlation of the channel facies suggests that
the flow was south to north, with the thickest accumulation
of fluvial channel sediments occurring in the narrow neck
of the basin near Crystal Brook. Channel facies sediments
in the Bumbunga Sand are confined to the north and central
areas and do not extend south. This is also true for the
area to the east of the Nantawarra High where borehole
information indicate the existence of a basement high

overlain only by Hindmarsh Clay.
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The implication is that the sediments north of the
Nantawarra High block were deposited in a basin which was

separate from the St Vincent Basin.

The alternative is that there was a continuity at the time
of deposition but subsequent uplift of the Nantawarra High
has led to erosion. Uplift is known to have occurred
because the elevation difference between the coal seams in
the Bowmans deposit and those in Lochiel is in the order of
about 100 metres (Kremor and Springbett, 1989). Any
sediments which may have overlain the Nantawarra High could
have been eroded. However, the interpreted 1limits of
successive units (from the base of the sequence upwards)
lie progressively further to the south, overlying the

Nantawarra High.

In addition, the Nantawarra High in known to be a source of
sediment throughout the Late Eocene-Oligocene. The
conclusion is that uplift and erosion are not the cause of

the present distribution.

To the north, there appears to be a connection with the
Pirie Basin (Kremor, 1986). Although this Basin is not
well defined, Lindsay (in press) considers the sandy,
carbonaceous and coal bearing Kanaka Beds to be Late Eocene
to Early Oligocene in age and can be correlated with the

Bumbunga Sand in the Lochiel area.

There is strong evidence to suggest that the sediments
north of the Nantawarra High were deposited in a discrete

basin, separate from the St Vincent Basin to the south.
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The channel facies can be correlated north past Crystal
Brook and it is considered that it is likely that the basal
sediments are continuous with the Kanaka Beds in the Pirie

Basin to the north.

There are, however, other considerations relating to the
definition of the stratigraphic nomenclature. There 1is
evidence which indicates that during the deposition of the
sediments of the Warrindi and Tarella Silt Formations there
was a connection with the St Vincent Basin to the south.
However, as discussed in Chapter 5.0, these differ in
lithology from their stratigraphic equivalents in the St

Vincent basin.

Staines (1985) suggested the establishment of new
stratigraphic nomenclature only where it will aid the

geological interpretation of the area.

To promote a clearer understanding of the stratigraphy and
sedimentology it is proposed that the Tertiary sequences
occurring between the Nantawarra High and Crystal Brook and
between the Ardrossan Fault and the Redbank Fault be
assigned to a separate basin, the Snowtown Basin.
Accordingly, the basal, Late Eocene sediments are to be
assigned to the Bumbunga Sand Formation which contains the
Nantawarra Sand, Condowie Silt, Darnleigh Sand and Kooliata

Coal Members (Figure 3.3).
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CHAPTER 5.0 ANALYSIS OF SEDIMENTS OCCURRING BELOW THE

OVERBURDEN

The aim of this Section is to analyse the Bumbunga Sand
Formation to;
describe the lithology and lateral variation of the
sediments,
identify the major factors controlling sedimentation
and develop a model which will assist in interpreting
these controls,
define the relationship between the key geological
features affecting slope stability and characterise
these features in terms of their engineering

properties.

The stratigraphy is summarised on Figure 3.3 (page 53).

5.1 Bumbunga Sand Formation - Nantawarra Sand Member

The Nantawarra Sand Member unconformably overlies both the
Rosehaven Clay and the ABC Range Quartzite. The member
ranges in thickness up to 65 m in the northwest and laps
out to the south and east (Figure 5.1). To the west it
abuts the Ardrossan Fault and is laterally continuous with
fluvial and lacustrine sequences of similar character to

the north.

Lithologically the formation exhibits a gradational lateral
change from fining upward and stacked cycles of clean

quartz sand (NS1 Braided Stream Facies) in the northwest
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Figure 5.1 Thickness and lateral distribution of ‘the
Nantawarra Sand Member
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through interbedded clean sand (NS2, Floodplain Channel
Facies) and carbonaceous sand (NS3, Distal Floodplain
Facies) in the central areas and carbonaceous silty sand in
the south and southeast (Figure 5.2 and Appendix 2 for

detailed geophysical log response models).

Figure 5.2 Nantawarra Sand Member - Lateral variation
in lithology and vertical sequence.

LATERAL LITHOLOGICAL VARIATION ANALYSIS
VERTICAL PROFILE

Braided Stream Distal Fioodplain
vEes V571 597

I NS2
| GRAIN SIZE DISTRIBUTION
I

NS3

5.1.1 Lithology and lateral variation

. Northwestern area (NS1 facies)

To the northwest of the area, the Nantawarra Sand Member

comprises a relatively thick sequence of stacked and

truncated fining upward, coarse to fine grained clean sand
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and gravel cycles interbedded with fine sand, carbonaceous
sand and sandy coal. The clean sand within this facies is’®
generally poorly sorted and subangular, ranging in grain

size from medium sand to fine gravel.

Individual sand zones range up to 10 m in thickness and are
composed of cycles up to 2 m thick. Bedding within the
sand and gravel zones 1is indistinct, probably due to the
homogeneous nature of the sediments being deposited, but
occasionally individual ©beds are outlined by £fine
carbonaceous matter. Crossbedding with dips of up to 35°

have been observed within the zones.

Both the individual cycles and the sand zones tend to fine
upwards in grain size and characteristically have sharp,
irregular and erosional lower contacts with 1large clay

galls and wood pieces lying on the boundary (Plate 5.1).

As shown by Plate 5.2, the fining upward cycles are often
truncated at the tops of the cycles by overlying cycles to
form stacked sequences of clean sand. Where the top of the
cycles are not truncated, they continue to grade upward
into a sequence of interbedded fine clean sand,

carbonaceous silt and dirty coal.

The carbonaceous zones are up to 18 metres thick and often
distinct coarsening upward cycles up to a metre thick are
present within the sequence. These comprise silty coal or
clayey, highly carbonaceous silt at the base and become
less carbonaceous and more sandy upward. Towards the top,

the cycles are characterised by indistinct parallel
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laminations of fine to very fine, clean white sand (refer
to Plate 5.3) with an occasional thin bed of fine sand at
the top. Generally these coarsening up cycles are
bioturbated and rooted and characteristically have sharp,

planar upper and lower boundaries.

There is a strong trend characterised by a rapid increase
in grain size towards the west corresponding to the
location of the Ardrossan Fault. Drillholes located close
to this fault intersect a sequence dominated by cobble

sized particles.

The characteristics of NS1 appear to correlate with those
described by Coleman and Prior (1982) as being typical of

braided stream deposits.

The trend towards a rapid increase in grainsize towards the
west indicates a change in gradient towards the Ardrossan
Fault. It is common for braided stream deposits to be
laterally equivalent to alluvial fans with the extent of

the latter being controlled largely by the gradient.

It is considered that NS1 represents an alluvial

fan/braided stream depositional environment.

Central area (NS2 facies)

In the central part of the area, the fining upward cycles

grade laterally into a sequence of interbedded clean sand

and silty carbonaceous sand.



- 103 -
The clean sand present in this interbedded zone is usually
less than 2 metres thick and rarely do individual cycles
stack to form thicker units. The sand is fine grained,
moderately well sorted and generally fines upward into
carbonaceocus sand comprising an abundance of wood fragments

in a slightly carbonaceous, silty sand matrix.

Bedding is rarely observed, being destroyed by intensive
bioturbation and rooting. Occasionally, the carbonaceous
sands grade into dirty, woody coal seams up to 1.0 metres

thick.

The features described for the NS2 facies are
characteristic of lacustrine fill environments as described
by Coleman and Prior (1982) and Horne et al. (1978) or as
fan deltas (alluvial fans entering bodies of water) as
described by Wescott and Etheridge (1980). The clean sands
are considered to represent distributary channels entering

a swamp environment.

Southeastern area (NS3 facies)

Farther to the southeast, the Nantawarra Sand Member grades
into a carbonaceous sand facies. A number of carbonaceous
sand lithologies are present. Many of these lithologies
are present in other parts of the sequence and an
abbreviated nomenclature is developed to assist with the

description of these other parts.
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a) Inferior coal facies (SAS5)

A large proportion of the Nantawarra Sand Member in the
southeastern part of the area consists of an abundance of
wood fragments of varying size in a slightly carbonaceous,
silty sand matrix. This is equivalent to the SA5 lithology
present in many of the overlying members as well as being
common in the Nantawarra Sand Member. Bedding is rarely
observed in these beds, being disrupted by intensive
burrowing and root systems. Depending on the amounts of
plant fragments, the material may grade into coal but only

thin seams have been observed.

b) Sand with a fine grained carbonacecus matrix (sa3)
(refer to Plate 5.4)

This type of sand 1is often present both within the
Nantawarra Sand Member and in overlying members. Within
the former it consists of indistinctly bedded sand with a
fine to very fine carbonaceous matrix. The carbonaceous
matrix forms a cement for the sand grains and depending on
the proportion of carbonaceous matrix, the sands vary from
uncemented (designated SA2 type sand) to weakly cemented
(sAa3). The sand comprises very well rounded, poorly to
moderately well sorted quartz varying from fine to coarse

grained.

c) Bioturbated fine sand facies (SA6)

Occasionally, thin beds of fine to very fine grained,

clean, white sand occur within the carbonaceous sequence.

These zones are usually strongly bioturbated and
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indistinctly laminated with 1light brown silt or silty
sands. The laminations often become more obvious towards
the base of the zone and dips range up to 30°.
Characteristically the upper contact is sharp and irregular

while the lower contact is gradational, usually with a

clean sand zone.

d) Non-carbonaceous silt

Occasionally thin zones of partially indurated
non-carbonaceous, light-brown to cream silt and sandy silt
occur as interbeds within the carbonaceous sequence. These
zones are structureless apart from being extensively
rooted. Generally these zones have sharp, irregular upper
boundaries and gradational basal contacts. They appear to

represent soil horizons.

The NS3 facies represents the distal equivalent to the fan

delta environment (NS2).
o). 1.2 Depositional environment - Nantawarra Sand Member
Based on the characteristics of the sediments described

above a palaeogeographic reconstruction of the area is

presented on Figure 5.3.
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Figure 5.3 Schematic representation of the depositional
setting for Nantawarra Sand Member

ALLUVIAL
FA

BRAIDED

-—

%dras:an Fault
—-

The drill hole locations for Figure 5.2 are indicated by
the numbers.
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The 1lateral 1lithological variations are considered to
represent a depositional setting characterised by the

lateral association of ;

SWAMP - NS3 facies
FAN DELTA - NS2 facies
BRAIDED STREAM - NS1 facies
ALLUVIAL FAN - NS1 facies

It is apparent from the thickness distribution, grain size
and facies distribution that the source of sediments

originated from an uplifted area to the northwest.

Regional correlation undertaken by Kremor (1986) also
suggested that the braided streams coalesced and formed
part of a major fluvial system which drained to the north

into the Pirie Basin.

5.1.3 Engineering properties

The Nantawarra Sand Member is the major sub-coal aquifer in
the area. Particle size analyses are presented on Figure

3.12, page 76.

The NS1 facies exhibit a significantly higher hydraulic
conductivity than the NS2 and NS3 facies (Figure 3.13, page
77) . This relates to the greater proportion of clean sand
and also the trend of increasing grain size towards the

source of the alluvial fan/fan delta.
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5.2 Bumbunga Sand Formation - Darnleigh Park Sand Member

The Darnleigh Park Sand Member 1is present only at the
northern end of Lake Bumbunga. It has an average thickness
of about 13 metres, and attains a maximum thickness of

24 metres (Figure 5.4).

The lateral and vertical relationship between the Darnleigh
Park Sand and the Nantawarra Sand Members is illustrated in

Appendices 2 and 3.

The Darnleigh Park Sand Member is laterally equivalent to
the Nantawarra Sand Member to the north and erodes into the

upper parts of the condowie Silt Member to the south.

The member is considered to represent continued
alluvial/delta fan sedimentation but is assigned a separate
formal name on the basis of its stratigraphic and areal
location and because of its importance to the

hydrogeological regime.

5.2.1 Lithology and lateral variation

The Darnleigh Park Sand Member is described from core from

v571, (Appendix 3) and the vertical lithological profile

and geophysical log response is summarised on Figure 5.5.
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Figure 5.4 Thickness and lateral distribution of the

Darnleigh Park Sand Member.
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Figure 5.5 Darnleigh Park Sand Member Geophysical log
response and vertical lithological profile.
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Overall, the sequence is upward fining from poorly sorted,
subangular, clean, coarse sand/fine gravel at the base to
silt and clay at the top. Within the lower part of the
sequence there exists a number of truncated/erosional

upward fining cycles.

Trough crossbedding is indistinct due to the monomineralic
nature but occasionally beds are outlined by fine detrital
carbonaceous matter. Large (> 0.1 metre diameter) wood
pieces are also present. A 0.5 metre thick bed of medium
grained sand with 10% clay galls is present towards the top
of the sequence. The galls are 5 mm in diameter, rounded,
elongate (formed by compaction) are composed of cream and

fawn silty clay.
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The upper part of the sequence comprises interbedded dark
grey-brown, bioturbated, fine to medium grained sand and
moderately carbonaceous silt. The beds are generally
discontinuous and partly anastomosing with crossbed dips up

to 15°.

These beds grade from light brown to cream mottled clayey
silt and a silty clay into the overlying the H zone. This
contact is characterised by intensive bioturbation and

rooting (Plate 5.5).

The Darnleigh Park Sand Member appears to have eroded
laterally into the Condowie Silt Member, however, to the
north it merges with the Nantawarra Sand Member where it
becomes indistinguishable on geophysical log response

(Appendix 2).

The characteristics of the Darnleigh Park Sand Memeber are
similar to those of the Nantawarra Sand Member and it is
considered that the two members are representative of a
braided stream environment. However, because the
Darnleigh Park Sand Member represents a single episode of
deposition it is possible to analyse in greater detail the

features of the braided stream system in the study area.

5.2.2 Depositional environments

The Darnleigh Park Sand Member has the following definitive
characteristics
e Upward fining grain size and sedimentary features.

2. Lateral consistency of cyclic patterns.
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3. Erosional, scoured base.

4. Cross bedded sands.

5. Intraclast, gravel and wood fragments at the base of
cycles.

6. Sands represent 80% of the cycle.

7. Sharp lateral contact.

These characteristics are similar to the sequences

described by Cant (1982) and Miall (1978) including

A. Channel Floor - trough cross beds and intraclast strewn
scour surfaces developed in coarse sandstone.
Sediments are poorly sorted and internal

stratification is poorly defined.

B. In channel - trough cross beds in slightly finer
gsandstone with intercalations of planar crossbedded

sandstone.

C. Bar top - interbedded rippled sandstone, mudstone and

low angle to horizontally laminated sandstone.

Interpretation of the vertical profile on the basis of

these depositional sites is included on Figure 5.6

Vertical and lateral depositional environment
relationships

Braided rivers are laterally unstable and migrate leaving
sheet or wedge shaped deposits of channel and bar
complexes, preserving only minor amounts of flood plain

material (Schoelle and Spearing, 1982). Characteristically



- 113 -
braided stream deposits may be divided into two scales of
sand bodies, the largest of these representing the
migration of the river system itself and the smaller
representing lateral migration of channels within the

system.

cant (1982) drew a hypothetical picture of stacking of
fluvial facies sequences, with the major features being
major erosional surfaces associated with migration of the
entire river system and truncation surfaces associated with

channel migration within the river system.

The geophysical lithofacies section (Appendix 3)
illustrates these features within the Nantawarra Sand
Member and the Darnleigh Park Sand Member. The section
also indicates that the Darnleigh Park Sand Member

represents an erosional phase of sedimentation.

5.3 Bumbunga Sand Formation - Condowle Silt Member

The Condowie Silt Member conformably overlies the
Nantawarra Sand Member and is truncated to the north of the
area by the erosional Darnleigh Park Sand Member. The
Condowie Silt Member laps onto basement on the eastern and
southern margins and terminates against the Ardrossan Fault

on the western side.

Over most of the area the member has a thickness of
approximately 22 metres and attains a maximum thickness of

30 metres in the south (Figure 5.6).
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Thickness and lateral distribution of the

Condowie Silt Member.
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The Condowie Silt Member has been divided into three
submembers named CN1, (top), CN2 and CN3. The definition of
the these submembers is based on the 1lithological and
geophysical log response changes which occur in the

vertical sequence in the centre of the area (Figure 5.7).

Figure 5.7 Condowie Silt Member - Geophysical log
response and vertical lithological profile
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From the central area, the geophysical signatures have been
correlated to the margins of the deposit utilising

lithological descriptions from cored holes where available.
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These correlations have attempted to follow entire
depositional systems and as such transgress facies
boundaries. This type of correlation procedure has
inherent difficulties and relies on trend recognition and

lithostratigraphic distinction between and within cycles.

In the centre of the deposit, very distinct cyclic
sequences are developed, allowing for confident definition
of submembers. At the southern end of the deposit the
distinction between cycles is poor and a lower level of

confidence should be placed on interpretations.

Lithofacies and geophysical 1log response models are

presented in Appendix 2.

The CN1 and CN2 submembers each consist of a single cycle
whereas CN3 consists of multiple cycles. All three
submembers follow the same thickness trends of being
thicker in the south and then thinning to the north (Figure

5.8a,b &c).

The CN3 submember also thickens again at the northern end

of the deposit.

5.3.1 Lithology and lateral variation

Each of CN1,2 & 3 displays a similar lateral 1lithologic
variation and each can be divided into either a silty or a
sandy facies. The silty facies occur in the north and
central areas while the laterally equivalent sandy facies

are present in the south.
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Figure 5.8a Thickness and lateral distribution of the

CN3 unit - Condowie Silt Member.
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Figure 5.8b Thickness and lateral distribution of the
CN2 unit - Condowie Silt Member.
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In vertical profile CN1 and CN2 share similar lithologic
characteristics. Both are single sedimentary cycles so will
be described together whereas CN3 comprises multiple cycles
and is described separately. In comparison with the CN2 and
CN1l cycles, CN3 cycles are thinner, contain more sand and

are laterally more variable.

CN3 lithology and lateral variation

CN3 conformably overlies the Nantawarra Sand Member and
consists of multiple coarsening upward sedimentary cycles.
CN3 reaches a maximum thickness of about 16 metres in the
south, and thins to less than 10 metres in the central area

(Figure 5.8a) .

Towards the north CN3 appears to grade laterally into the

upper sections of the Nantawarra Sand Member (Appendix 2, )

In the central area, CN3 comprises upward coarsening cycles
interbedded with clean sand, carbonaceous sand and coal.
The coarsening upward cycles are up to four metres thick
and consist of a basal clayey, carbonaceous silt which
grades upwards into very fine grained and laminated silty

sand or sandy silt.

Bedding within these cycles is often indistinct and rarely
present in the lower portion of cycles, where present
bedding is less than 10°. Interbedded with these coarsening
upward cycles are zones, generally less than two metres
thick, of fine grained clean sand, carbonaceous sand and

coal.
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These types of vertical profiles are common in
alluvial/deltaic fan environments and can be attributed to
either crevasses splays (Galloway and Hobday, 1983; Davies,
1980), or to lacustrine delta fills (Coleman and Prior,

1982) .

Crevasse splay deposits are generally small in areal
distribution (maximum of several square kilometres,
Galloway and Hobday, 1983) and require a nearby fluvial
source. This is inconsistent with the area covered by the
CN3 silty facies and further, none of the drillholes in the
area have intersected erosional channel sand in this

facies.

However, the size and lateral continuity of beds 1is
consistent with lacustrine delta f£fill deposits and this
model is also supported by the radial location of marginal
facies laterally equivalent to the carbonaceocus sand swamp
facies of CN3 and the braided stream facies of the

Nantawarra Sand Member.

To the south and west CN3 grades into a carbonaceous sand
facies (SA5 lithology). This facies thickens towards the
margins and is considered to represent small deltas which
were fed from small streams originating from tectonically
uplifted basement. The high proportion of carbonaceous
matter in the sediments indicates that these deltas were

heavily vegetated.
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CN1, CN2 lithology and lateral variation

a) Silty facies - CN11, CN21 - lithological description

The silty facies are present over the central and northern
parts of the area with the silty facies of CN1 extending

further south than CN2 (Figures 5.8b & cC).

The silty facies has a characteristic vertical lithological
sequence which is easily distinguished from geophysical
logs, in particular, the density response, (Figure 5.8,

Appendix 1, Figure 3).

The sequence coarsens upwards and grades from a highly
carbonaceous silt at the base to a fine to very fine
grained laminated sand at the top. Where CN1 and CN2 are

superimposed, they are in sharp contact (Plate 5.6).

The silt at the base of the cycles is commonly clayey and
highly carbonaceous, brown to dark brown and often contains
sub-horizontal, slickensided shear planes and striated
subvertical joints. Thin, irregular horizontal clay seams

are also present in this basal 2zone.

The highly carbonaceous silt zone is generally less than
one metre thick and passes vertically into a gradational

silt zone which is up to six metres thick.

The gradational silt zone is characterised by a decrease in
clay and carbonaceous content and an increase in

discontinuous fine to very fine grained sand laminations
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upwards. The sand laminations are usually bedded at less

than 50.

Near vertical joints are common in this zone and towards
the top of the zone these are sometimes infilled with fine

sand from overlying beds (Plate 5.7).

As the number of fine sand laminations increases, the
sequence gradually passes into a thin zone of indistinctly
laminated fine to very fine grained sand and silty sand.
This zone is commonly rooted and bioturbated with bedding

dips up to 10°.

The contact with the overlying H zone is gradational at the
south end of the deposit and sharp in the central and

northern parts.

b) Sand facies - CN12, CN22

Towards the south, the silt facies CN11 and CN21 grade
laterally into sand facies. The lateral gradational zone
is between 500 metres and 2 000 metres. Lithologically the
lateral gradation is characterised by the basal part of the
silt facies becoming progressively more sandy. This sand
facies thickens in a southerly direction, gradually

replacing the silt facies (Appendix 2.).

The sand facies is variable in grain size, consisting of
fine grained, poorly sorted, subangular silty sand

containing up to 50% plant fragments. The plant fragments
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consist of organic debris such as twigs and leaves, as well

as large wood fragments (SAS5).

The thickness of clean sand is shown on Figure 5.9 and
indicates sediment input from sources to the north, south

and west.

5.3.2 Depositional environments

The lateral and vertical variations and associations
observed within the Condowie Silt Member may be summarised

as consisting of:

1. vertical coarsening upward cycles,
2. lateral coarsening towards the margins,
3. lateral association with fluvial sediments.

The Condowie Silt Member is associated with the
alluvial/delta fan sediments of the Nantawarra Sand Member
and represents deposition in a lacustrine delta £fill

environment.

Lacustrine depositional environments

Fouch and Dean (1982) considered that it is difficult and
potentially misleading to propose a set of physical and
biological criteria that uniquely identify specific
lacustrine enviromments because of the dynamic nature of
these depositional sites. They considered that tectonics,
bathymetry and water chemistry to be the most important

mechanisms controlling sedimentation.
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Picard and High (1972a,b, 1981) also recognise the
variability of lacustrine sediments and did not attempt to
define a generalised model on the distribution and
occurrence of sediment types. They also considered that

climate was a major factor controlling sedimentation.

In the deeper parts of the lake basins, sedimentation is
almost entirely from suspension and there is a distal
fining of sediment away from the source. However, Picard
and High (1981) noted that deposition in the centre of the
lake
may not develop bedding,
can be continuous and develop bedding,
may develop bedding but bedding may be destroyed by
organisms (Reading (1978) considered that because of
this, bedding lamination will only be preserved in
reducing conditions) .
The result is that the sediments may be finely laminated or

non-bedded.

Picard and High (1981) and Twenhofel (1932) considered the
ideal lacustrine pattern to consist of an outer belt of
relatively coarse grained shore deposits which

gradationally become finer towards the centre.

This reflects the deltaic, progradational process which is
common for lacustrine deposits as described by Reading

(1978) .

As lakes are ultimately filled, regressive processes

dominate and the ideal lacustrine sequences grades upward



- 127 -
from fine to coarse grained sediments. This corresponds to
a lateral migration of environment from fine sediments
occurring below wave base into coarser shore and on-shore

sediments.

The transition from nearshore to offshore 1is generally
abrupt and if wave action is limited, the nearshore to
offshore phases can consist of organic, fine grained

materials.

Visher (1965) suggested that lakes are filled by deposition
of fine materials over the entire basin floor and thus
extensive deposits of below wave base sediment will occur

and shore environments will be restricted and irregular.

Summary of depositional environments and controlling
processes

CN3 represents a transitional phase of sedimentation in
which the depositional environment changed from a
floodplain distributory environment to an essentially
lacustrine environment. As such CN3 consists of numerous

interbeds of materials from each of these environments.

These have been categorised into three depositional facies,
fan delta sand, lacustrine silt and marginal forest/swamp
carbonaceous sand. A schematic representation of the
depositional setting for the Condowie Silt Member is

presented on Figure 5.10.

1 and CN2 represent deposition during a relatively stable

tectonic period&. This allowed for extensive areas of
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Figure 5.10 Depositional setting for the Condowie Silt

Member
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lacustrine sediments to be deposited over most of the area
but with a marginal forest/swamp facies being present in

the south.

These sediments represent cyclic phases of lacustrine delta
£i11. During this sedimentation episode, the northwestern
source had little influence on the depositional patterns.
The major source of sediment was from a fan delta to the
south but with sediments also entering from the western

margin.

The gradation between lacustrine and fan delta sediments is
characterised in vertical profile by a gradual increase in
sand from the base upwards. This trend is consistent with
prograding sequences which typically coarsen upward,

Galloway and Hobday (1983).

5.3.3 Properties of weak zones

The silty facies of the Condowie Silt Member is a firm to
very stiff, clayey silt and silty clay of low plasticity
and high liquid limit. A summary of the intact properties
is presented on Table 3.1 (page 55) with the location of
test sites and results of strength testing shown on Figure

5.11.

The weak zones are characterised by polished partings and
are stratigraphically located at the base of coarsening
upward lacustrine cycles. This stratigraphic location
coincides with a relatively high clay content and is

related to deposition in the distal part of the lake.
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This type of weak zone is of the progradational type

discussed in section 3.5.2.

From drillcores alone it is not possible to conclude on the
lateral continuity of these weak zones. However, their
stratigraphic position and relationship with CN2 and CN2
implies that their distribution coincides with the silty

lacustrine facies.

5.4 Bumbunga Sand Formation - Kooliata Coal Member

The Kooliata Coal Member conformably overlies both the
Darnleigh Park Sand Member and the Condowie Silt Member.
The coal zone has a cumulative thickness of about 15 metres
over most of the area but the thickness increases towards

the margins (Figure 5.12).

This trend reflects a change from silt and coal in the
centre, to sand at the margins. Figure 5.13a, b, ¢, 4 and e
show the lateral facies relationships and thickness for all

units within the Kooliata Coal Member.

The coal zone 1laps onto basement on the southern and
eastern margins, is continuous with Bumbunga Sand Formation
equivalents to the north and in faulted contact with

basement to the west.

The Kooliata Coal Member correlates with the coal bearing
horizon in the Bowmans deposit although Harris (1987)
concluded from palynological dating that the coals in the

Bowmans and Clinton areas were slightly older. The Kooliata
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Figure 5.12 Thickness and lateral distribution of the
Kooliata Coal Member.
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Coal Member represents a major coal forming episode in the
Lochiel area with coal formation being periodically
interrupted by deltaic sedimentation entering the area from

the west, northwest and southeast.

Three correlatable coal bearing zones separated by well
defined interbeds of sand, silt and clay have been defined.
The coal zones are named H, G, and F with the respective
interseam sediments of GH and FG (refer to Figure 5.13f).
Vertical and lateral lithological variations and
geophysical log response models are presented in Appendix 2

and a geophysical correlation section in Appendix 3.

5.4.1 H Zone

The H zone conformably overlies the Condowie Silt Member in
the south and the Darnleigh Park Sand Member to the north.
It ranges up to 13.5 metres thick in the south where
dominated by a sandy facies but over the majority of the
area, it maintains an average thickness of about 6 metres
(Figure 5.13a). The thickness distribution reflects the

trends of CN1 and CN2.

Lithology and lateral facies distribution

The H zone can be divided into a clean coal facies and a
carbonaceous sand facies (SA5). These two facies are
laterally gradational and the variation in vertical profile

is represented in Appendix 3.
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a) Coal facies

The coal facies is composed of carbonaceous material with
less than 30% ash on a dry basis. The coal attains a
maximum thickness of 5.5 metres at the northern end of the
lake. In this area the coal is in sharp contact with both
the Condowie Silt Member and the Darnleigh Park Sand
Member. Elsewhere, the coal grades down into a
carbonaceous, silty sand (SA5) of the H 2zone. The upper
contact of the H seam is generally sharp and the top 0.5 m
of coal is often extensively burrowed with the burrows

infilled with fine white sand (Plate 5.8).

The coal in the H seam consists of large woody fragments in
a fine grained matrix and often vertical root structures

are observed in the core.

Only minor partings of carbonaceous, sandy silt are present
within the seam. The partings generally thicken towards the
north and northwest and grade into fining upward cycles of
delta fan channel sand. Partings of highly carbonaceous,
fine grained sandy silt with thin discontinuous beds of
silty clay also occur in the central areas. These appear to

be isolated from the marginal sediments.

b) sand facies

The coal seam grades laterally into a sandy coal facies
(SA5), which is equivalent in lithology to the sand facies
of the Condowie Silt Member and also the carbonaceous sand

facies of the Nantawarra Sand Member. It consists of large
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plant fragments, including roots, in a fine to medium

grained, poorly sorted sand matrix.

Oon the basis of trends in the vertical profile, the H zone
may be divided into three laterally gradational areas, see
Appendix 3. These trends correspond to changes in the
relative proportions of sand and carbonaceous matter and
have been identified from interpretation of the apparent

density logs.

1. At the southern end the vertical profile becomes more
carbonaceous downward and thin, dirty coal seams may
be present. In the central and south-central area, the
vertical sequence shows little or no variation in

vertical profile and no coal occurs in this area.

2. Farther north, the wvertical profile Dbecomes more

carbonaceous upward and grades into the H seam coal.

3. In a relatively small area at the northern end of the
lake, the sequence consists almost entirely of H seam

coal.

These variations are considered to be the result of the
interaction of sediment sources, primarily from the south
and west. The increase in carbonaceous content upward
reflects a waning of the source whilst the decrease upwards
indicates an increase in sediment input. Given that these
two source areas are subject to the same climatic controls
it can Dbe concluded that the variations relate to

variations in tectonic movement about the source areas.
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5.4.2 GH interseam sediments

The GH interburden conformably overlies the H zone with a
sharp conformable contact, the thickness distribution 1is

presented on Figure 5.13Db.

The unit reaches a maximum thickness of 6.3 metres to the
northwest but averages about 2.5 metres elsewhere. The GH
interseam sediments wedge out to the south, and are
laterally equivalent to Bumbunga Sand Formation equivalents

to the north.

Lithology and lateral facies distribution

The lateral facies distribution and thickness of clean sand
is presented on Figure 5.13b. Over most of the area the GH
interseam sediments consist of a silty facies but a linear,
east-west trending sand body is present in the centre of
the area. South of this sand body the GH grades laterally
into a SAS5 facies which is indistinguishable from the H

zone.

a) Silty facies

The vertical sequence of the silty facies is consistent
over the area. It may be divided into two parts, a basal
section of sandy silt and an upper section consisting of a

¢vparsening upward cycle.
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The basal section consists of about 0.8 metres of light
grey to brown, very fine grained silty sand or sandy silt.
It is intensely bioturbated with many of the burrows
extending into the top of the H seam (Plates 5.8 and

5.9a,b).

Often roots are present within the zone and at Vé53 a large
stump was intersected. The presence of these stumps and the
bioturbation suggest a drowning of the peatswamp by

relatively shallow water.

Ooverlying the basal section with a sharp contact are
2.5 metres of fine grained sediments forming a coarsening

upward cycle.

This cycle begins with a dark brown, slightly carbonaceous
silty clay and grades upwards to a laminated, fine to very
fine grained, micaceous, silty, fawn sand and carbonaceous
brown silt (Plate 5.10). Ooften a thin layer of fine
grained, white sand is present at the top of the cycle.
This sand layer is often penetrated by small rhizomes
originating from the G seam coal above but no large roots

are present.

Of particular interest is the presence of a polished shear
zone at or near the contact between the two lithologies.

This shear zone is discussed in section 5.4.7.

The characteristics of these sediments are consistent with
the those of lacustrine environments as discussed

previously.
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b) Sandy facies

In the central part of the area the GH interseam consists
of a basal section of light brown to fawn, fine to medium
grained, moderately sorted, subangular sand with rare well
rounded coarse grains. This sand grades upward into a
laminated section consisting of light brown fine sand and
medium brown, slightly carbonaceous silt. The contact with
the overlying G seam is usually sharp. This sand body is
elongate in an east-northeast direction and appears to

originate from the western margin.

The lateral gradation between the clean sand facies and the
silty facies is characterised by a progressively higher

proportion of silt and clay towards the north.

5.4.3 G Zone

The G seam is present over most of the area and has an
average thickness of about 6.5 metres (Figure 5.13c). The
seam thins towards the margins and is split by a parting at
the southern end. In this area the G seam is divided into
the ¢ (lower seam) and Gl (upper seam). As with the other
seams it grades into carbonaceous silty sand (SA5) at the

margins.
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Lithology and lateral facies variation

a) G Seam Coal

A number of coal lithotypes are present in the G seam with
earthy, fibrous and woody types common. The vertical
profile generally contains woody coals at the base with the

fibrous and earthy types occurring higher in the sequence.

Christophel (1983) concluded from examination of a limited
number of samples of plant macrofossils from the southern
part of the area that the coal represents a swampy

environment with few emergent trees.

From a microscopic examination of the coal, Springbett
(pers. comm. 1989) found a high proportion of detrital

plant matter and suggested that the seam is allochthonous.

This is supported by the absence of a well developed seat
earth and large tree roots at the base of the coal.
Springbett also mapped the distribution of coal lithotypes.
In general he found a high degree of lateral consistency
and was able to correlate specific lithotypes for several

kilometres.

At both the southern and northern parts of the deposit the
G seam is split by partings (Figure 5.14c). These partings
thicken towards the margins of the area forming a wedge

shape.
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The partings to the south consists of carbonaceous sandy
silt which gradationally becomes more sandy towards the

margins.

b) G1 seam coal

The G1 seam is present at the southern end of the area. It
has an ovoid shape with the coal gradually thickening to a

maximum of 3.0 metres at the centre.

The coal is generally fibrous and woody with small
fragments of charcoal common. Towards the margins of the
seam, the coal appears to be fractured giving it a friable
texture. The coal is also characterised by inclusions of
fine sand and silt as pods or discontinuous beds near the

contacts, especially towards the margins.

The upper contact is sharp and as with the F seam, a
fusain-rich zone is present at the top of the Gl seam. The
lower contact is also sharp and is sometimes inclined at up
to 20°. A fusain-rich band is also often present directly

below the Gl seam.

Structure

A feature of the G Seam at the V653 bulk sample site is the
presence of near vertical extension joints (Plates 5.11 and
5.12). These joints are planar with very irregular sides.

Many extend through the entire thickness of the G seam.
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The joints are infilled with either a very fine coal mass
or a fine to medium grained light brown sand and appear to
be parallel. However, is was not possible to orient the
core samples so the orientation of these joints could not

be determined.

No such extensional joints were present at the trial pit

site.

5.4.4 FG Interseam sediments

The sediments between G zone and F zone have an average
thickness of about 1.2 metres but thicken radially towards
the margins (Figure 5.13d4). These sediments were

intersected in the Trial Pit.

Lithology and lateral facies variation

The distribution of facies within the FG interseam 1is
presented on Figure 5.14. Four facies are present, clean
sand; anastomosing sand and coal; and two silty
carbonaceous sands, one north and the other south of the

clean sand facies.

a) Clean sand facies

The sand body is elongate in an east-west direction,

thinning to the eastern, northern and southern margins and

continuous to the Ardrossan Fault to the west.
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Where the sequence is thickest, it comprises three parts.

1. The basal part consists of 0.35 metres of dark brown,
moderately carbonaceous, medium grained sand
equivalent to the SA3 type. This sand has a sharp,
planar contact with the underlying G seam coal and is
gradational upwards. Bedding in the basal part is
indistinct or absent.

2. The basal zone 1is overlain by 2.5 metres of clean,
white medium to coarse, moderately well sorted,
rounded to subangular quartz sand which becomes finer
grained upwards. The sand is bedded at 15° in the
lower section and 30° towards the top. Bedding 1is
characterised by variations in grain size between beds
and rounded pyrite nodules up to 20 mm in diameter are
common.

3. The clean sand facies grades into a transitional zone
consisting of interbeds of silty, sandy coal and
medium grained, ripple crossbedded sand with beds
dipping at 30°. In the trial pit, which is located on
the margin of the sand body, the interseam sediments

consist of 0.6 metres of SA2 type sand.

The association with the Ardrossan Fault, the geometry of
the sand body and the lateral facies relationships suggest
that the FG interseam represents a delta fan depositional
environment. Furthermore, the controls discussed for the

GH interseam sediments appear also to apply to FG.
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b) Anastomosing sand and coal facies

The clean sand facies grades 1into a broad 2zone of
anastomosing beds of clean medium grained sand and sandy

coal (refer to Plate 5.13).

This zone averages 1.0 metre thick and thins and becomes
less sandy towards the north. The anastomosing sand and
coal facies grade vertically into the overlying F seam coal

and is in sharp contact with the underlying G seam coal.

Structure

At the V653 bulk sample site the anastomosing facies was
intersected by near vertical extensional joints (Plate
5.14) . These joints were infilled with a very fine grained

coal and are continuous with similar joints in the G seam.

It is apparent that at least two tensional episodes caused
the formation of these Jjoints. The first being
characterised by coal infilled joints and the second by

sand infilled joints (Plate 5.12).

¢) Silty facies - north

Farther to the north, the anastomosing facies becomes
increasingly carbonaceous and silty and at the northern end
of the area it consists of 1light brown, indistinctly
laminated clayey silt with some charcoal fragments. In a
small area to the northeast the FG interburden thickens and

consists of laminated silt and fine grained sand.
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d) Silty facies - south

To the south, the clean sand facies grades laterally into a
silty carbonaceous sand facies. The FG interseam sediments
in this area were also influenced by sources to the east
and south. The sediments consist predominantly of fine
grained, well sorted, silty, carbonaceous, quartz sand of

the SA3 type.

Laterally the lithology grades through the SA6 type towards
the Clean sand facies and into a SA3 to the south and east.
The sediments generally contain some fusain fragments at

the top of the sequence.

5.4.5 F Zone

The F zone averages about 5 metres in thickness over most
of the area (Figure 5.13e). As with the H and G seams the F
seam thins radially towards the margins where it grades

into a Sas facies.

Lithology and distribution of sediment types

a) F seam

The F seam is present in the central and northern part of
the area. The coal varies considerably in thickness with a
1.6 metre vertical change over a 4.0 metre horizontal
distance being observed at the V634 large diameter site.
The seam thickness averages 2.0 metres but ranges between

2.3 metres and 8.0 metres.
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The coal is fine grained and earthy or fibrous with a layer
of hard, black and brittle charred coal, (fusain), often
present at the top of the seam. Fusain is formed from a
number of processes but forest and peat fires are the most
common mechanisms, ICCP (1971). It appears that this
mechanism caused the considerable variation in the

thickness of coal in seam F.

The upper contact with the overlying Warrindi Silt is

usually sharp and in addition to the fusain zone it is also

often lined with a thin band of fine grained clean sand.

5.4.6 Depositional environments

The Kooliata Coal Member is made up of two basic facies

associations:
(1) Coal zone facies association
(2) Interseam sediment facies association

The depositional settings for each of these associations
are illustrated on Figure 5.14. In addition a geophysical
and lithological model for the Kooliata Coal Member is

presented in Appendix 2.

The continuity of the coal zone has enabled the definition
of the relatively thin interbeds which on the current
drilling spacing would otherwise have been impossible. The
definition of these interbeds has alsoc enabled a reliable

appraisal of the nature of lateral facies variations and
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trends for fan deltas in the Lochiel area and possibly also

for the St Vincent Basin.

Coal Facies

The controlling factor as to whether a backswamp area will
become a peatswamp or an open lake depends on the position
of the groundwater table (Diessel, 1980). Plant growth and
peat accumulation can only occur in a limited range of
water depths. A lack of water cover will enable aerobic
decay processes to quickly disintegrate any plant debris,
while deep water will not allow plant growth and only

transported carbonaceous material will accumulate.

Once the peatswamp is established, the passage of sediments
into the area is restricted by the sediment trap of

vegetation.

All coal seams in the area have a characteristic facies
association consisting of a coal and a carbonaceous sand
facies. This association is indicative of a sediment trap

mechanism as illustrated on Figure 5.15.

b) Interseam sediments

Both the GH and FG interseam sediments contain elongate,
east-west trending bodies of clean sand. These lithologies
are considered to represent a fan delta entering the area
from an uplifted area to the west. Of particular note is
the coincidence of the trend of the facies with an inferred

basement structure. It is probable that movement along
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Figure 5.15 Mechanism controlling peat accumulation
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this fault (north side down) led to drowning of the
peatswamp (H seam and G seam) and its replacement with a

shallow lake.

The lateral and vertical facies distribution are consistent
with the infilling of this lake. Two stages of infilling
are recognised for the GH Interseam sediments. The first
stage was associated with the fan delta to the west and the
second stage with sources to the north and south. The
progradation of the latter produced the characteristic

upward coarsening sequence.
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5.4.7 Synthesis of geological controls and engineering
properties

Factors affecting porewater movement

Transmissivity of the G sseam coal was 5 m3/day/m with a
relatively high hydraulic conductivity of 7.1 nﬁ/day/mz,
refer to Figure 3.13 (page 77). Based on the relatively
the uniform grain size recorded from core logging it is
expected that similar properties are likely where the clean
sand facies is present. However, as only one pump test was
completed it is not possible to draw direct conclusions as

to the lateral variations in hydraulic properties.
Properties of weak zones

A weak zone characterised by a polished shear plane was
identified within the GH interseam sediments. The lateral
and stratigraphic location together with a summary of the

residual shear strength is presented on Figure 5.16.

As with the Condowie Silt Member weak zones, the GH weak
zone occurs at the boundary of two distinct sedimentary
cycles. 1In particular the weak zone occurs at the base of
a coarsening upward cycle which was formed by lacustrine

infill processes.

The higher shear strength results for V680 and V683 related
to shear along intact material and the presence of surface
irregularities respectively. Discounting these two

tésults, the remaining shear plane results show
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uniformly zero cohesion,

friction angle increasing from west to east.

5.5 Bumbunga Sand Formation - Synthesis of geological
processes controlling the properties of weak zones and
porewater movement

In the Lochiel area, the vertical sequence consists of one
fining upward allocycle (Figure 5.17). From the base, this
cycle is comprised of braided stream-fan delta-lacustrine-

peatswamp depositional environments.

Sediments for the Bumbunga Sand Formation were supplied
from major sources of sediment which originated from the

northwest, west and south.

For the Nantawarra Sand Member, the depositional axis runs
parallel to the Ardrossan Fault with the depocentre located
against this fault in the northwest of the area. This
strongly suggests that the Ardrossan Fault had a major
control on sedimentation and, in the sense of Beerbower
(1964) and McLean and Jerzykiewicz (1978), controlled the

allocyclicity of the Nantawarra Sand Member.

The Nantawarra Sand Member comprises three laterally
equivalent and gradational facies. The gradation between
each of these is across a northeast-southwest trending axis
and these two axes coincide with two inferred fault lines.
Furthermore, these inferred fault lines also coincide with
major facies changes for both the Condowie Silt Member and

the Kooliata Coal Member and mark the southern limit of the
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Darnleigh Park Sand Member. On this basis it is considered
that these structures provided the major autocyclic

controls for the Bumbunga Sand Formation.

Effects of depositional controls on the properties of
weak zones and porewater movement.

For the Bumbunga Sand Formation it is concluded that
tectonics was the major geological control. Movement along
the Ardrossan Fault controlled the timing, rate and
location of sediment input whilst the east-west trending
basement faults appear to have controlled the distribution

of these sediments.

The depositional models presented on Figures 5.3, 5.10,
5.14 provide the basis for predicting the distribution of
aquifer zones. In general they coincide with the braided

stream and distributory part of the fan delta enviromnments.

Weak zones occur at the boundaries between distinct
depositional episodes. Lithologically they occur at the
base of coarsening upward cycles and these cycles have been
shown to represent lake infill processes and a lacustrine
depositional environment. They are considered to represent
progradational weak zones as discussed in section 3.5.2

(page 70).
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CHAPTER 6.0 ANALYSIS OF OVERBURDEN SEDIMENTS

The purpose of this Section is to analyse the overburden
sediments, however, as discussed in Chapter 2 the analysis
is confined to those formations which are associated with
coal deposition. The aim is to
describe the lithology and lateral variation of the
sediments,
 identify the major factors controlling sedimentation
and develop models which assist in interpreting these
controls,
define the relationship between the key geological
features (identified earlier as discontinuities and
porewater movement) affecting slope stability and
characterise these features in terms of their

engineering properties.

The stratigraphy is summarised on Figure 3.3 (page 53).
The overburden sequence comprises two formations, the
Warrindi Silt Formation at the base overlain by the Tarella

Silt Formation (Figure 6.1).

6.1 Stratigraphic nomenclature

Palynological analysis by Harris (1982, 1983, 1986) gives
the Warrindi and Tarella Silt Formations an
Oligocene-Miocene age. Formations which fall into this
time range are the Rogue Formation (south, Stuart, 1970)
and the Snowtown Sand (north, Alley, 1973). However,
neither of these two provides a good lithological

correlation.
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The Rogue Formation contains a significant proportion of
calcareous (biogenic) and glauconitic sediments; none of
these are present in either the Tarella or Warrindi Silt

Formations.

The Snowtown Sands appear to represent sandy and
carbonaceous, fluvial delta plain sediments (Alley, 1973),
however, more recent analysis by Alley (1990) suggested
that there is also an estuarine influence. The Warrindi
and Tarella Silt Formations represent predominantly £an
delta, delta front and estuarine environmments, but, while
the estuarine influence tends to favour an association with

the Snowtown Sands, lithologically they are quite distinct.

Oon the basis of the discussion above it is, therefore,
appropriate to assign both the Warrindi and Tarella Silts

formation status.

Before commencing the description of sediments it should be
noted that sometime after the deposition of sediments of
the Warrindi and Tarella Silt Formations, and prior to the
deposition of the overlying Hin@marsh Clay, the area
underwent a period of uplift, tilting and erosion. This
erosion is thought to partially account for the thinning of
the Warrindi Silt Formation on the southern and eastern
margins and also the thinning of the upper part of the
Tarella Silt Formation. (It should be noted that in
attempting to clarify the stratigraphic nomenclature it was
apparent that the available palynological evidence was
insufficient to provide a reliable basis on which to base

regional correlations.)
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6.2 Warrindi Silt Formation

The Warrindi Silt Formation overlies the Kooliata Coal
Member . It is the most complex formation in the area in
terms of lithology and facies relationships and is been
assigned an Oligocene to Miocene age by Harris, (1982, 1983

and 1986) .

The nature of the contact between the Kooliata Coal Member
and the Warrindi Silt Formation appears to be variable. The
top of the Kooliata is characterised by the presence of a
thin zone of fusain-rich sediments. However, the F seam
has this fusain zone only at the very mnorth of its
occurrence, the remainder of the seam having a sharp,
apparently conformable contact with the overlying Warrindi

silt.

The presence of this oxidised zone suggests that after the
deposition of the Kooliata Coal Member there was a hiatus
over most of the area, but to the south sedimentation

appears to have been continuous.

Figure 2.9 (page 31) indicates a eustatic fall in sea level
at the boundary between the Early and Late Oligocene. The
hiatus described above may correlate with this sea level

change.

Stratigraphic correlation by Kremor and Springbett (1989)
also suggested a correlation with the Rogue Formation
occurring to the south in the Bowmans area (refer to Figure

2.3 page 13).
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It is probable that the Warrindi Silt Formation represents
a period of sedimentation coinciding within the major
eustatic transgression discussed in section 2.6 (page 39).
Moreover, the Warrindi Silt Formation would appear to
represent or be laterally equivalent to a transgressive
systems tract in the sense of Sangree and Sneider (1987)

(refer to Figure 2.5 and section 2.3.1 page 21).

Elsewhere in the St Vincent Basin the equivalent of the
Bumbunga Sand Formation, the Clinton Formation is overlain
by the glauconite-rich Pt Julia Greensand, which Harris
(pers. comm. 1989) interpreted to be a condensed section in

the sense of Sangree and Sneider (1987).

In general, the Warrindi Silt is about 4 metres thick in
the centre of the area but thickens radially as the fine
grained facies grade into more sandy facies towards the

margins (Figure 6.2).

The Warrindi Silt Formation attains a maximum thickness of
over 20 metres in the southern part but this area has been
subject to erosion and the original thickness was greater.
As with the underlying formations, the Warrindi 8Silt
Formation laps onto basement in the southern and eastern
margins, is laterally continuous to the north and truncated

by the Ardrossan Fault to the west.
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6.2.1 Lithological description, facies relationships
and depositional processes

The Warrindi Silt Formation has been divided into five
gradational depositional phases based on a detailed
correlation of all drillholes in the area (refer to Figure

6.3a,b and c).

Phases 2 and 4 represent active periods of sedimentation
associated with local tectonic uplift of surrounding source
areas whilst phases 1,3 and 5 represent relatively quiet
depositional episodes between phases 2 and 4. Each
depositional phase comprises a number of laterally
equivalent facies. Figure 6.3a 1is a cross-section
illustrating the vertical and lateral relationships between
the depositional phases while Figure 6.4 summarises these

relationships.

The lithofacies for each phase are defined on the basis of
geophysical log response (refer to Figure 6.3b). The fine
grained facies associated with phases 2 and 4 are
characterised by a relatively high natural gamma log
response reflecting the higher proportion of clay within

the sediments.

The fine grained facies are WA6 for phase 1, WA7 for phase

3 and WAS and WA9 for phase 5.

All facies grade laterally either directly or through other

facies into the WA3 facies in the centre of the area.
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Three major source directions are recognised for the
Warrindi Silt Formation, from the north and northwest,
several points from the west and the third from the south
and southeast (see Figure 2.8, page 28). As with the
Bumbunga Sand Formation, the relative influence of each of
these varied with time as did the specific entry point of

the supply channels.

The sources to the northwest and west were associated with
small streams originating from areas uplifted Dby the
Ardrossan Fault. These sources, although intermittent,
provided a supply of sediment throughout all depositional
phases and are now represented by the WA4 facies (delta
fans). The WA4 facies is hence laterally equivalent to and
gradational with facies from each of the four depositional

phases.

Lithology and lateral variation

Phase 1 sedimentation - WA6 lagoonal facies

Wae

WA6 occurs in a restricted area in the central part of the
deposit. It overlies the F zone and F seam with a sharp
contact which is commonly lined with fine grained 1light
brown silty sand. WA6 averages 1.5 metres in thickness and
its lateral distribution closely follows that of the F seam

(refer to Figure 5.13e, page 138).
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WA6 consists of moderately to highly carbonaceous
(sometimes reaching coal quality), dark brown silt which
has undergone extensive brecciation. Breccia blocks are
generally less than 100 mm in width and fractures are
commonly infilled with fine silty sand. As depicted on
Figure 6.4, it is considered that phase 1 coincided with a
eustatic rise in sea level which resulted in the formation
of a lagoon. This rise in sea level would have also
terminated peat formation by drowning the peatswamp (refer
to the discussion in section 2.6 page 39). The brecciation
represents a period of exposure and desiccation at the end
of the phase 1 associated with a fall in the sea level.

This event marked the commencement of phase 2.

Phase 2 sedimentation - WAl and WA2 delta front and fan
delta facies.

. WAl delta front clean sand facies.

WAl occurs as an elongate east-northeast trending body of
clean sand reaching a maximum thickness of 3.5 m (Figure
6.5). 1In the Trial Pit the WAl member averages 3.1 metres
in thickness and the main 1lithology is well sorted,
rounded, medium grained, light brown to white, bioturbated,
quartz sand (Plate 6.1). A detailed vertical profile is
presented on Figure 6.6. The basal part of WAl is
comprised of a 0.3 metre bed of fine to medium grained
clean sand (Plate 6.2). Bedding in this sand is horizontal
although some ripple crossbeds are present at the base.

This bed overlies the F zone with a sharp irregular contact
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marked by a change in carbonaceocus content (Plate 6.3).

Beds equivalent in lithology, distribution and thickness
also occur in the F zone and FG interburden in the Trial
Pit. It is considered that all three are representative of
the same depositional processes. A feature of these
sediments in each of the FG, F zone and WAl is that they
each contain thin, laterally continuous carbonaceous sand
beds within the clean sand (Plate 6.4). These carbonaceous
beds are characterised by irregular, slumped lower contacts
and sharp upper contacts. They are thought to represent
quiet periods where sediments are deposited from suspension
in a standing body of water. In the F zone and FG
interseam, this facies is characterised by occasional logs
along the base aligned in a northeast-southwest orientation
and by small channel infill structures. NO logs are present

in the bed in WAl in the Trial Pit.

The association of these clean sand beds with a major delta
fan (WA2) (originating from the southeast as indicated by
lateral lithological correlation and by the orientation of
the logs in the F zone) and the presence of small channels
indicate that these sediments represent deposition typical
of sheet floods as described by Galloway and Hobday (1983)
and Banerjee (1989). Furthermore, the presence and
character of the carbonaceous beds indicates that the sheet
floods entered a standing body of water (probably a lake
for the F zone and FG interburden, and as discussed later,

a lagoon for WA1l).
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The basal section of the WAl is characterised by a number
of beds similar to the sheet flood beds discussed above.
In addition, the beds in the basal section commonly contain
small fining upward cycles (Plate 6.5) which Galloway and
Hobday (1983) and Banerjee (1989) also considered
characteristic of sheet flood processes. This conclusion
is supported by the presence of mud chips and carbonaceous
detrital matter within the sand beds (Plate 6.5). McGowen
(1971), from a study of the Gum Hollow fan delta in Texas,
observed that mud chips are a feature of sheet flocd

depositional processes.

In the middle and upper parts of WAl both fining and
coarsening upward cycles are present and carbonaceous sand
beds are very rare. In order to identify the depositional
setting of the middle and upper parts of WAl, it is useful
to consider its location between delta fan (WA2) to the
south and a lagoon (WA3) to the north. This location

suggests a lagoonal shoreline environment.

In these settings, two processes control sedimentation.
First, wave reworked delta front sands transgress the delta
front and second, subsidence causes lagoonal development on
the landward side. With continued subsidence, wave
reworking of the delta front ceases, and the lagoon
eventually extends over the abandoned delta and delta front
gsands. As muds and silts are deposited first, the result

is a drape of mud and silt on the contact.



- 176 -
Galloway and Hobday (1983) considered that the geometries
of river dominated lacustrine deltas are commonly elongate
or lobate. However, the geometry of WAl is arcuate
suggesting that the delta was tide or wave dominated, or
that it represents a modified distal delta, or a

combination of both.

It is also important to recognise that the
northeast-southwest trending structural feature described
in Chapter 2 (refer to Figure 2.4 page 15) coincides in
both location and orientation to that of the WAl facies.
As with the FG and GH clean sand facies it appears that
this basement structure was a major factor controlling the

lateral location of these sand facies.

WA7 overlies WAl with a very sharp, planar contact lined by
a thin, discontinuous clay drape (Plates 6.6 and 6.7).
According to Galloway and Hobday (1983), Galloway (1986)
and Penland and Suter (1982) such contacts typify abandoned

deltas.

WA2 fan delta silty carbonaceous sand and coal.

To the south WAl grades into the WA2 facies. WA2 attains a
maximum thickness of over 20 metres at the southern margin
and thins to the north and west forming a wedge shaped body
(Figures 6.3a,b, 6.4 and 6.7). WA2 consists of moderately
to highly carbonaceous fine to medium grained, poorly
sorted, silty sand (SA3,4,5) with thin interbeds of fine to
medium grained clean sand and woody coal. The gradational

zone between WAl and WA2 was intersected in the Trial Pit.
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Figure 6.7 Warrindi Silt Formation - Thickness and
distribution of the WA2 Member.
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The carbonaceous material occurs as a fine grained matrix
but many discontinuous and thin (< 10 mm) fibrous coal
bands are also present. The fine carbonaceous matter
appears to have partially cemented the sand. Bedding is
often outlined by carbonaceous matter with dips of between
o

15° - 20° common and basal bedding contacts are generally

sharp and irregular.

WA2 is considered to represent a fan delta which entered
the area from the south. Fan deltas are defined by Wescott
and Etheridge (1980), Holmes (1965) and Pettijohn et al.
(1987) as alluvial fans that enter a standing body of water
such as a lake or sea from an adjacent highland (in this

case the Nantawarra High) .

Although fan deltas have been recognised and documented for
almost three decades, few attempts have been made at
categorising them. Wescott and Etheridge (1980) provided a
summary based on recent and ancient deposits on the basis
of tectonic, geologic and geomorphic settings while Hayes
and Michel (1982) examined fan deltas in a macrotidal
setting and recognised five types based on sediment supply
and the influence of waves. Of the examples discussed by
Hayes and Michel (1982), the marginal coast of southwest
Texas, and the Gulf of Arabia and Red Sea coasts appear to

be analogous to the WA2 depositional environment.

The occurrence of fan deltas was considered by Pettijohn et
al. (1987) to be an indicator of tectonic activity. This
is consistent with the fan delta association at Lochiel as

the alluvial fan must have originated from the Nantawarra
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High which is known to be fault bounded and tectonically

mobile.

Further, Alley (1969) recognised the presence of a well
developed erosion surface cut across the sandstone and
quartzite on the southern part of the Nantawarra High which

would have provided a local source of sediment.

A characteristic feature of the WA2 sediments is the high

carbonaceous content.

A clue to the origin of this carbonaceous matter is its
fine grained nature. None of the core intersections of
carbonaceous sand contain any large intact plant material
even though such material is common in the coal. This
suggests that the fine carbonaceous material is

allochthonous.

The question arises as to the nature of the source of this
carbonaceous material. There are two possibilities.
First, it could be derived from vegetation growing higher
on the delta or, second, it could be derived from reworking
of peat which had accumulated prior to this phase of

sedimentation.

If the material was derived from vegetation (and as
indicated by the 1large wood pieces in the coal this
vegetation would have included at least some large trees)
then the minimum transport distance was probably less than

1 kilometre (the distance to vegetated parts of the delta).
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It is considered most unlikely that complete disintegration

of the plant matter could be achieved in that distance.

On the other hand, there must have been a ready source of
peat and other carbonaceous lithologies derived from uplift
of the Bumbunga Sand Formation along the structure(s)
controlling the formation of the fan delta. Based on the
discussion above it is considered that reworking of
carbonaceous sediments is the most likely source of the
detrital carbonaceous matter contained in the sediments of

WAZ2.

As indicated on Figure 6.3b by the natural gamma log
response (borehole 661) as well as from observations in the
Trail Pit and from core, WA2 is in sharp contact with the
overlying WA7 indicating a rapid change in the depositional
regime. This characteristic is considered to reflect a
change in the sedimentary environment, not greatly

influenced by tectonism.

Phase 3 sedimentation - WA7 intertidal to subtidal facies.

WA7 intertidal to subtidal sandy silty clay.

The WA7 lithofacies is laterally continuous with WA3 to the
north and overlies both WAl and WA2 to the south (Figure
6.3a). As shown on Figure 6.3b the geophysical 1log
response of WA7 is characterised by a gamma peak of between
40 and 120 API units. This characteristic provides the
basis for detailed correlation over a large area even

though it is only between 1 to 3 metres thick.
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At the Trial Pit site, WA7 is 1.7 metres thick and overlies
WAl with a very sharp, planar irregular contact which is
lined by a thin, discontinuous clay drape (Plates 6.6 and

6.7).

As shown on Plates 6.6 and 6.7 and on Figure 6.8, WA7
comprises two intensely bioturbated types of sediments;
1. sandy fining upward cycles and

2. brecciated carbonaceous silts.

The fining upward sand beds are no more than 0.2 metres
thick. They consist of fine sand at the base grading up
into flaser bedded sand and clay (as described by Reineck
and Wunderlich, 1968). Sometimes these beds also have a
thin, brecciated carbonaceous silt at the top. According
to Clifton (1982) flaser bedding constitutes one of the

most characteristic features of tidally deposited sand.

The brecciated, carbonaceous silt beds are generally less
than 0.20 metres thick (Plate 6.7). Lithologically they
comprise brecciated, angular blocks of carbonaceous silt
surrounded by fine grained sand. These beds probably
represent mudcracks developed from periodic exposure of

lagoonal silts.

The association of flaser bedded sand and desiccated
lagoonal silts indicates an intertidal to subtidal

depositional environment.

The upper half of WA7 has rare breccia layers and consists

primarily of grey silty clay with gradational interbeds of
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GRAIN SIZE

LITHOLOGICAL DESCRIPTION

SILT. dark brown, carbonaceous, clayey, occaslonal

f coarsening up cycles with ripple cross
bedded sand at top.

——SILT, Interbedded coarsening up cycles.Light brown

bloturbated at base to dark brown -green

at top.

—__SILT, dark brown, carbonaceous, clayey.Occasional

coarsening up cycles.

SILT, dark brown, carbonaceous at base to ripple
cross bedded sand & silb at top.

WAS

64+

INTERBEDDED coarsening up cycles.Dark brown silty
sand at base to cross bedded sand at top.
Irregular conlacts.

——SILT, bioturbated, dark brown, carbonaceous
becoming more sandy to top.

SAND, light brown-white, many smail plant
fragments & Intensely bloturbated.

SAND, Interbedded & cross bedded urbonatéous
slity, white sand.

63

WAS8

62

el i) (1)
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SAND, white, grading to carbonaceous al base.

SAND, light grey with many small plant fragments.

—t

SAND, light brown to fawn, slightly carbonaceous,
Indistinct cross bedding.

SAND, light brown to medlum brown, more
carbonaceous to top & base.CLAY ORAPE at
base.

SAND, light brown to light grey, very slightly
carbonaceous at base.

\SAND, light grey to Ught brown, poorly sorted.

SAND, light brown, bedded, Irregular & discontinuos
drape al base.

a0

61

WA7

60

IRTSEYAFGTN

o HASA

R SILY, medlum grey.

: __/SAN_D, light brown, siity.
—SAND, poorly sorted, subangular, light grey.
TN\ SAND, poorly sorted, coarsening up.
SILT, highly clayey, medium grey.
SILT, highly clayey, medlum grey.
SAND, light grey, discontinuous white beds.
SILT, medium grey, clayey.
SAND, lUght grey-brown, clay drape at top.
SAND, fining up, clayey at top.
SILT, medium brown, carbonaceous.
SAND, flning up, clay drape at top.
SAND, light brown-grey, cross bedded at top.

DEPOSITIONAL
FACIES

subtidal
Estuarine
Facies

Intertidal
Facies

Distributary
Channel
Facies

Intertidal
to subtidal
lagoonal
Facies

WAS, WA7 and WA8 - Detailed lithological
description and vertical profile for the Trial

Pit site.
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poorly sorted, subangular, coarse grained sand and fine
gravel. The rarity of brecciated beds and the generally
finer and more homogeneous nature of the sediments

indicates a progressive increase in the depth of water.

The coarse grained beds occur in thin upward fining cycles.
Their presence in this part of the sequence raises the
question as to the source of these coarse sediments. As
described later, coarse grained, angular sediments occur in
the sediments associated with Phase 4 sedimentation. It is
considered that their appearance in WA7 marks the beginning
on local tectonism which led to Phase 4. The fining upward

nature indicates a sheet flood process of deposition.

WA7 grades into WA3 towards the north.

Phase 4 sedimentation - WA8 and WA10 distributary channel
and fan delta.

WA8 distributary channel silty carbonaceous sand.

WA8 is present in the south-central part of the area. It
reaches a maximum thickness of 10 metres. The member thins
to the west and north where it grades vertically and
laterally into WA5. To the south and east it grades into

WAl10.

On the basis of lithology and sedimentary structure, WA8 in
the trial excavation can be divided into two depositional
facies

1. Sheet flood sand,

2. Distributary channel sand,
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1. Sheet flood sand facies (refer to Plate 6.8)

This facies 1is about 0.7 m thick and consists of
interbedded fining upward cycles containing mottled,
intensely bioturbated, light grey-brown well sorted fine
sand at the base and grading to medium brown carbonaceous
laminated silty sand at the top. An interbed of coarse,
angular sand similar to those in the underlying WA7 is also

present.

2. Fan delta distributary sand (refer to Plate 6.9)

This facies is about 1.1 metres thick and consists of fine
grained, well sorted, slightly carbonaceous silty sand with
interbeds of fine grained clean sand. Abandoned channel
infills, trough crossbed sets and finer grained overbank
deposits were also observed in the Trial Pit (see Plate
6.9). The contact between the sheet flood sand and the
distributary sand is very sharp and irregular and lined

with a very thin (1 to 2 millimetres) clay drape.

WA8 grades to the east and south into coarse sand and
gravel of WAlO0. Elsewhere in the deposit, WA8 also
consists of interbedded carbonaceous sand and clean sand,
however, farther to the west and south it becomes

considerably more carbonaceous.

This is a progressive change and reflects a decrease in the
wave processes away from the shoreline. Thin horizons of
well rounded quartzite pebbles and cobbles were intersected
in core from V458 (refer to Appendix 6 for location) and
these are considered to represent shoreline reworking of

the delta fan sediments.
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WA10 fan delta clean sand and gravel.

WA10 is located on the southern and eastern margins of the
study area. This lithofacies reaches a maximum thickness
of 12 metres on the eastern margin and thins to the west
and north. The top of WAl0 is eroded on the margins and
the thickness trend is partly in response to this. The
description of this member is from cuttings descriptions

and interpretation of geophysical logs.

From geophysical logs, WA10 has a distinct coarsening
upward vertical profile. This coincides with carbonaceous
silty sand at the base of the sequence and a gradation to
interbedded gravels and pebbles and cobbles of quartzite

and coarse sand at the top.

Based on the facies distribution and geometry, the source
appears to have been from the east and to a lesser extent

to the south.

Phase 5 sedimentation - WAS5 and WAS intertidal to subtidal
facies

. WAS5 intertidal flaser and lenticular bedded sand.

WAS is 1.0 m thick and overlies WA8 with a sharp, erosional
contact (Plates 6.10, 6.11 and 6.12). As indicated on
Figure 6.4 it is considered that the change in depositional
environment from WA8/WA1l0 to WAS5/WA9 represents another

period of sea level rise and/or decrease in tectonism.
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The base of WA5 is marked by a thin (< 10 mm) bed of medium
to coarse grained, sub-angular white and brown carbonaceous
sand. This is followed by a sequence of silty carbonaceous
sand and white fine grained well sorted sand which diplay

flaser, lenticular and wavy bedding (Plate 6.12).

Small erosional channels were also observed within WAS.
These were generally infilled with carbonaceous, fine
grained sand and silt and often lined with a very thin

silty clay drape (Plate 6.13).

It 1is apparent from these features, particularly the
bioturbation, that this lithofacies represents an
intertidal depositional environmment which was cut by tidal

channels.

It is considered that this sand unit formed when the
shoreline began reworking the WA8/WA10 delta fan and marks
the beginning of a major transgressive episode which led to

the deposition of sediments of the Tarella Silt Formation.

Elsewhere in the deposit, equivalent sediments contain clay

drapes.

In v723 (refer to Appendix 6 for location), the clay beds
occurred as drapes on fine grained sand beds. One of these
clay drapes was concordant with bedding while the other had
a dip of 10°. The clay beds were up to 20 mm thick and the
uppermost bed was observed to contain a polished shear
plane. 1In V360, the clay bed also contained a shear plane

but was parallel to the surrounding, horizontally bedded
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carbonaceous silt. These clay drapes are thought to

represent the basal lining of channel infills.

The intertidal sand is overlain by 0.2 m of light brown,
fine grained sand (Plates 6.14 and 6.15) in the Trial Pit
area. A number of phases of sedimentation and erosion are
recognised in this bed. One major phase is characterised
by planar and shallow angle crossbedding consisting of
alternating beds of carbonaceous and non-carbonaceous sand
and by a thin zone of carbonaceocus sand at the base. This
thin carbonaceous sand at the base 1is considered to

represent deposition into a tidal lagoon.

A number of subsequent depositional phases reworked the
sediments in small erosional channels. The size of these
is indicated by the channel infill structures which average

about 0.15 m in depth and 0.4 m in width.

The lithology and geometry of these beds suggest a storm
redeposited sand or a crevasse splay entering into a

distributary bay.

WA9 subtidal carbonaceous clayey silt.

WA9 attains a maximum thickness of 2.5 metres and attains a
relatively constant thickness of about 2.0 metres
(Figure 6.9). This facies occurs at the top of the
Warrindi Silt Formation (Plate 6.16). The contact between
the overlying Tarella Silt Formation is sharp and planar
and coincides with the Tarella Silt Formation shear zone

discussed later in section 6.4.3. Towards the south the



- 188 -
WA9 is composed of highly carbonaceous silts, interbedded
with thin clay seams (Plate 6.17) and clay shear zones,
non-carbonaceous silt beds, thin carbonaceous sand beds and

flaser and lenticular bedded sand (Plate 6.18).

The carbonaceous material in the silt is very fine grained
and dispersed evenly throughout. Petrographic analysis
indicates that most of this material is fine grained and
broken suggesting transportation and that a high proportion

of the exine coal groups is present (see page 191).

Within this silt, thin seams of clay up to 40 mm thick
occur and these generally dip at less than 5° (Plate 6.17).
The clay seams are of two types: as part of small scale
coarsening upward cycles and as discrete beds with no

apparent relationship with surrounding beds.

These two types of clay seams were present in a 900 mm
diameter core taken at site V634 (refer to Appendix 6 for
location) . The discrete clay seam consisted of 3 mm of
light brown clay, slickensided on one side and
discontinuous because of numerous intersecting sedimentary
faults. Displacement in these faults was of the order of
50 mm. These thin clay seams characteristically have dips

of less than 5°.

The second type consists of a relatively thick zone (up to
100mm) of silty clay occurring at the base of a coarsening
upwards cycle. It is common for the clay-rich base of

these zones to be sheared.



- 189 -

SCALE
KMS |

1
240 ooomE

—+ 62438 0comN

3

LocrieL NN+ ¢

-

6240 000mN

IKMS

Figure 6.9

Warrindi Silt Formation - Thickness of WA9.
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At the Trial Pit site, WA9 overlies WA5 with a sharp
contact. At this location WA9 is about 1 metre thick and
consists of interbedded coarsening upward cycles comprising
highly carbonaceous silt at the base and grading to silty
fine sand at.the top. These sands are characterised by

lenticular and flaser bedding (Plate 6.18).

Cycles vary from 10 mm to 20 mm in thickness. Occasional,

small erosional distributary channels were also present.

In the Trial Pit area the upper 0.4 metres of WA9 is
comprised of highly carbonaceous, black silt or coal. From
the base upwards, this 1lithology gradually becomes less
carbonaceous and more clayey and grades vertically into the
overlying TL4. No bedding or lamination was visible but
elongate intraformational clay pellets or clasts are
present in the gradational zone (Plate 6.19). The Tarella
Silt Formation shear zone is located on the boundary
between the Warrindi Silt and the Tarella Silt Formations
and 1is the subject of detailed analysis to follow in

section 6.4.3.

The features of WA9 suggest that at least in the initial
stages of sedimentation the depositional site was subject
to tidal influence. However, the absence of sand at the
top of the sequence indicates a cessation of input of sand
to the depositional site. From the presence of
allochthonous carbonaceous matter it is 1likely that the
environment graded from intertidal to subtidal. The

inclusion of clay pellets within the upper parts of WA9
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indicate that there were erosional channels flowing through

this subtidal environment.

Petrology

The highly carbonaceous black silt or coal was examined to
determine the nature of the organic constituents. A number
of representative samples were examined using microscopic

reflectance and fluorescent techniques (Plates 6.20a,b).

The samples contained a high proportion of liptodetrinite
indicating that much of the organic matter was transported

prior to deposition under anaerobic conditions.

The presence of Botryococcus related telalginite and
phytoplankton indicate deposition in an estuarine

environment.

Sedimentation in the centre and western margins of the area

WA3 lagoonal clay and silty clay

In the central part of the area, the Warrindi Silt
Formation consists of about 4 metres of slightly to
non-carbonaceous silt (Figure 6.3). A laterally continuous
band of interbedded highly carbonaceous silt and
carbonaceous fine grained sand is present in the middle of
the sequence. This sand is generally less than one metre
thick and often contains coal breccias and thin clay beds.
The silt above is generally slightly carbonaceous, brown

and bioturbated and has a sharp contact with the overlying
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The contact with the overlying WA9 is generally gradational

but overlies WA6 with a sharp contact.

WA4 fan delta distributary channel sand

This facies is present on the western margin of the deposit
and from the thickness distribution appears to have been
related to movements along the Ardrossan Fault (Figure

6.5).

WA4 is comprised of subrounded, moderately sorted, non-
carbonaceous and medium grained sands. These occur in
discrete cycles up to 2.5 metre thick. In the fully cored
hole V582 (refer to Appendix 6 for location) only the basal
section of these sand beds were recovered but from these
and from interpretation of geophysical logs, it appears

that they are part of upward coarsening cycles.

These cycles commence as a series of interbedded,
carbonaceous, bioturbated, sandy and clayey silts usually
with gradational boundaries followed by poorly sorted,
subrounded, non-carbonaceous sands. The upper-most cycle
in V582 was characterised by a carbonaceous and silty fine

to medium grained sand.

The sand zones can be correlated over large distances and
the cumulative thickness tends to increase towards the
margins in response to an increase in the number of sand

zones present in the sequence.

The limited amount of core available adds difficulty to the
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interpretation of the underlying members, the association
of sandy units adjacent to faults in the Lochiel area is

diagnostic of fan deltas.

To support this, the geophysical logs and limited core
strongly suggest the sand occurs in upward coarsening
cycles. These are widely accepted as one indicator of

progradational environments typical of deltas.

6.2.2 Summary of depositional processes

The stratigraphic sequence in the Warrindi Silt Formation
represents a complex interaction of both tectonic and
eustatic controls and depositional processes. It is
apparent that a sea level change at the end of the Late
Eocene led to encroachment of the sea from the south. This
produced a depositional setting characterised by marginal

marine depositional environments (Figure 6.10).

The major characteristics of this setting include a
lagoon/estuary in the central part of the area surrounded
by fan deltas. The major source of sediment for these fan
deltas was from the south and southeast, from the west and,
to a lesser extent, from the north. The interaction of
these depositional environments produced a complex vertical

and lateral facies association.

Depositional architecture

A synthesis of the facies distribution with the major

depositional controls of tectonics and eustacy is provided
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Five phases of sedimentation are recognised £for the
Warrindi Silt Formation. These phases resulted in a
lateral shift of depositional environment and produced the

facies distribution observed in the the study area.

The position of the shoreline can be interpreted from the
location of the intertidal depositional enviromments and
the tectonic movements for the southern source are
interpreted from the stratigraphic distribution of fan

delta sands and gravels.
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6.2.3 Engineering properties

A summary of the intact engineering properties of the
Warrindi Silt Formation is presented on Table 3.1, page 55.
These properties relate mainly to the WA3 and WAS members.
In general, it can be concluded from Table 3.1 that the
properties of the Warrindi Silt Formation are similar to

the Tarella Silt Formation.

Geological factors affecting porewater movement

Hydraulic conductivities and grain size distribution for
the Warrindi Silt Formation are presented on Figures 3.12

and 3.13 (pages 76 and 77 respectively).

The high hydraulic conductivity recorded for V623 is
attributed to its location in the WA10 lithofacies. WA10
is characterised by an interbedded sequence of coarse
grained sand and gravel and as such would be expected to

have a relatively high hydraulic conductivity.

It is apparent that the location and properties of aquifers
are primarily controlled by tectonics. Movement on faults
at the margins of the area have produced several different
sources of sediment which were active intermittently
producing a series of stacked and laterally variable sand

aquifers.

In contrast to the Bumbunga Sand Formation, the Warrindi
Silt Formation represents deposition in a marginal marine

depositional environment. Notwithstanding this, the



- 197 -
essentially the same, fan deltas entering a central body of
water, and it is apparent that the eustatic sea level rise

had little effect on these processes.

The conclusion is that for the study area, tectonics was
the major factor affecting the location, distribution and

properties of the aquifers.

Geological factors affecting Weak Zones

A number of weak zones characterised by thin seams of clay
are present within the Warrindi Silt Formation and the
depositional and stratigraphic association of these is

shown on Figure 6.11.

These clay seams have been identified in association with;
a) Intertidal lithofacies (WAS, WA7)

b) Subaqueous lithofacies (WA3, WA9)

The clay seams present within the study area can be
attributed to two geological processes;

1. Tidally influenced distributary channels

A model for the location of clay seams in tidally

influenced channels is presented on Figure 3.11.

Clay drapes can form on the crossbed sets, being
deposited at either high or ebb tide, or as linings of
abandoned channels. Only the latter has been observed

within the study area.
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24 Onlap of aqueous depositional environments during

regressive periods.

A prime site for the deposition of fine grained
sediments and clay is at the distal end of
distributary channels. The processes are similar to
those described for the clay zone occurring within CN1

and CN2 (refer to Figure 3.11, page 72).
Engineering properties

As presented on Figure 6.11, the test results for the few
clay seams from the Warrindi Silt Formation indicated
relatively high residual shear strength with a mean of 15°°
and cohesion of 30 kPa. Only 5 samples were tested from a
total of 4 sites and it is considered that it is not

possible to draw any conclusions as to lateral variation.
Petrology of clay seams

A sample of core taken from V723 (see Appendix 6 for
location) and containing a sheared clay seam was examined
using microscopic techniques (Plates 6.21a, b, ¢, 4, e and

£) .

Some experimentation was required regarding impregnation
techniques because the samples were very friable, wet and
water sensitive. The samples were impregnated using
"vapour exchange" techniques by the Waite Research

Institute, Division of soils in Adelaide.
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The sample examined has five distinct beds;

1. top bed of fine grained sand with distinctly
angular detrital grains and intergranular

carbonaceous material,

2. Thin (<1 mm) lamination of carbonaceous clay,
3. 30 mm bed of weakly carbonaceous silt,
4, 10 mm bed of highly carbonaceous clay which

includes a polished shear plane,

5a fine grained angular sand with intergranular

carbonaceous material as for bed (1.)

The top (1) and bottom (5) beds are of similar sediment and
comprise a very loosely packed aggregate of angular sand
grains moderately to well sorted with an average size of
0.15mm. Carbonaceous material is common  as an
intergranular matrix and in the thicker, lower bed is often
more abundant than the quartz grains. Minor flakes of clay
are also present in the lower bed and there is an apparent

primary porosity forming up to 30% of this lithology.

A gently wavy lamination of highly carbonaceous clay (2)
separates the upper most fine sand £from the underlying

middle silt bed (3).
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The middle silt bed (3) is a fairly homogeneous massive
sediment, composed of a random compact aggregate of angular
quartz silt grains, and minor fine detrital muscovite, with

a subordinate matrix of very slightly carbonaceous clay.

Minor extremely fine discrete grains of carbonaceous
material and clay occur sporadically along the bedding.
Small poorly defined mud clasts (carbonaceous clay mixed

with silt) occur in the lower portion of this bed.

The highly carbonaceous clay bed (4) consists almost
entirely of carbonaceous clay with a trace of dispersed
silt material. Throughout most of bed 4 the clays have a
common orientation probably reflecting their primary

bedding orientation and compaction.

Two shear zones are contained in bed (4) and these appear
to have the same mineralogy as that of the host bed.
Wwithin these zones the clays have a turbulent orientatiomn.
The shear zones are less than 1 mm thick and parallel to

bedding.
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6.3 Tarella Silt Formation

The Tarella Silt Formation overlies the Warrindi Silt
Formation with a sharp contact. The formation attains a
maximum thickness of 25 m in the north-central part of the
area and overlaps on the southern and eastern margins

(Figure 6.12).

The formation has been divided into four lithofacies based
on lithology and geophysical log response. A typical
vertical profile illustrating these subdivisions is
presented in Figure 6.13. The top of the Tarella Silt
Formation represents a surface of weathering and erosion

{({Plate 6.22).

6.3.1 Lithology and lateral variation

s TL4

TL4 overlies WA9 with a gradational contact. This contact
coincides with the location of the Tarella Silt Formation
Shear Zone discussed later in section 6.4.3. As shown on
Figure 6.13 and Appendix 4, TL4 grades vertically into the
overlying TL3. TL4 is distinguished from TL3 above and WA9
below by having a relatively low carbonaceous content
(higher apparent density response) and relatively high clay

content (higher natural gamma response).

The material consists of a medium brown, moderately
carbonaceous silt with rare remains of arenaceous

foraminifera dispersed throughout (Plate 6.23a and b).
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Tarella Silt Formation - geophysical log
lithology and nomenclature.

response,

GEOPHYSICAL LOG RESPONSE
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Vague bedding is the only sedimentary structure in the

sequence. TL4 varies from zero thickness in the south to a

maximum of 6.5 m in the northwest. The thickness

variations of this subunit are complementary to those of

the overlying TL3 unit (Figures 6.14 and 6.15).

TL3

TL3 wvaries 1in thickness from =zero in the south and

south-east up to 10.5 metres in the central area, thinning

again farther north (Figure 6.15). It represents a

gradational zone consisting of moderately carbonaceous,
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medium brown silt at the base to interbedded slightly
carbonaceous silt and fine grained sand at the top. A
characteristic feature 1is the presence of arenaceous
foraminifera (Lindsay, pers. comm., 1987) which increase in

number up the sequence.

The upper 2 metres characteristically comprises flaser and
lenticular bedded fine grained sand and carbonaceous clayey

silt.

TL2

TL2 overlies TL3 with a sharp contact. TL2 consists of up
to 4.7 metres of carbonaceous silt (Figure 6.16). It 1is

similar in lithology and cycle type to the underlying TL3.

The base of the cycle consists of dark brown, highly
carbonaceous silt. The silt becomes gradationally less
carbonaceous towards the top until the upper 0.5 metres is

essentially non-carbonaceous grey silt.

As the silt becomes 1less carbonaceous upwards, the
proportion of fine to very fine grained white and 1light
brown discontinuous sand interbeds increases. These beds
are irregular both in thickness and geometry. Generally
they are less than 5 mm and dip at 5° to 10° with maximum
dips up to 15°. They are typical of the flaser and

lenticular bedded sediments.
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Some discontinuous medium brown silty clay seams up to
20 mm thick also occur within the flaser and lenticular
bedded sediments. These clay seams generally occur as
lenses but occasionally the 1lenses overlap to form

contiguous beds.

TL2 grades into the overlying TL1.

TL1

TL1 is considered to represent the last phase of Tertiary
sedimentation in the area and also to represent the same
depositional environment as the underlying Tarella Silt
members (section 6.3.2). The top of TL1l is weathered and

eroded.

TL1 reaches a maximum thickness of 8.1 metres (Figure 6.17)
on the northwestern side of the area and thins
gradationally to the east and south. This thickness trend
is thought to reflect both the weathering and erosion and a

depositional trend.

TL1 is comprised of fluvial sand and overbank and

lacustrine silt and clay (refer to Figure 3.11 page 72).

The fluvial sand is up to 5 metres thick (Figure 6.18) and
comprises fining upward medium to fine grained, moderately
well sorted, subrounded and non carbonaceous sand. The
dequence becomes more silty towards the top and is

occasionally overlain by thin (<0.3 m.) coal seams.
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Figure 6.18 TL1 - Thickness and distribution of
the clean sand facies.
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bedded 1light grey or cream sandy and clayey silt

representing crevasse splay and overbank sediments.

The fluvial and overbank and lacustrine facies are overlain
by a zone of brecciated silty clay. This zone is up to
4 metres thick and comprises angular to subangular blocks
of green, grey, yellow and brown clay in a light grey silty
clay matrix (Plate 6.24). The blocks vary in size from
5 mm to greater than 100 mm and often appear to be
weathered, having carbonaceous centres which gradually
become less carbonaceous towards the edges. The breccia
zone is associated with thin coal seams and where these are
interbedded the breccia is extensively rooted. This breccia
is considered to represent exposures and partial

desiccation of lacustrine sediments.

6.3.2 Summary of facies relationships and depositional
environments

The Tarella Silt Formation represents deposition in a
mainly subaqueous, estuarine and Dback-barrier lagoon
environment (Figure 6.19). Three distinct phases of

sedimentation are recognised; TL3/4, TL2 and TL1.

TL3/4 and TL2 comprise coarsening upward sequences with
highly clayey, carbonaceous sediments at the base grading
to discontinuous interbeds of carbonaceous clayey silt and
silty fine grained sand at the top. These sequences are
considered to represent estuary/lagoon infills grading from
aqueous at the base (carbonaceous silt) to subaqueous and
intertidal at the top (flaser and lenticular bedded). The

sediments exhibit a similar lateral distribution to the
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organic shales described by Piasecki et al. (1990). They
found that hypolimnic sites were characterised by higher
carbonaceous content (TL3) whilst the epilimnic sites were
generally less carbonaceous (refer to Figure 3.9, page 67

for Total Organic Carbon (TOC) content of TL3 and TL4) .

Bs discussed previously, TL1 represents fluvial and

lacustrine depositional environments.

Of particular note is that the characteristics of the
upward coarsening sequences in the Tarella Silt Formation
are essentially the same as those for the Warrindi Silt

Formation, GH interseam and Condowie Silt Member.

It is apparent that the depositional processes for each of
these was equivalent, being controlled by tectonic movement
along basement faults. However, the mnature of the
depositional environments changed from lacustrine for the
GH intersem and Condowie Silt Member to marginal
marine/estuarine for the Tarella Silt Formation reflecting

the influence of eustacy.
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Figure 6.19 Schematic representation of the depositional
setting of the Tarella Silt Formation.
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6.4 Tectonic structures in the Tarella Silt Formation

In contrast to the underlying sediments, the Tarella Silt
Formation is characterised by the presence of a number of
tectonic structures. As discontinuities were identified in
Chapter 4 as being a key factor affecting slope stability
the purpose of this section is to

describe the tectonic structures and their

interrelationships,

define the geological factors which control their

location, distribution, geometry and strength.

An understanding of the structural geology provides the
basis for interpreting the properties of the defects
present in the materials. However, before proceeding with
the interpretation it is necessary to define the data

available and the procedures best suited for analysis.

6.4.1 Data available

Data on tectonic structures is derived from two sources,

core from drillholes and from the Trial Pit.

The core information was limited mainly to subhorizontal
defects, whilst the trial excavation provided the
opportunity to examine in detail the characteristics of all

defects occurring at the Trial Pit site.

At the Trial Pit site, structural data was collected by

three methods
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1. Line mapping of cut faces.

A tape was run between two survey points and any
structural feature which intersected the tape was
measured and described on a structural logging form
for inclusion into a computer data base. Orthogonal
lines were used to eliminate geometric bias (Priest,

1985) .

2% Floor mapping. Plans of joint geometry and type were

prepared using tape and compass.

3. Detailed shear zone structural lines. Two orthogonal
surveys of the surface structure of the Tarella Silt
Formation Shear Zone were carried out. Measurements
of all associated shear surfaces were surveyed at

points with a spacing of about 0.5 metres.

Tectonic structures in the Tarella Silt Formation

A number of types of structures were recognised in the
Tarella Silt Formation. Characteristics of these are
summarised on Table 6.1 and discussed in the following
section. The structures have been classified into
g%tensional and shear and each of these structures was
further categorised on the basis of morphological

characteristics and orientation.
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Table 6.1 Structural features in the Tarella Silt
GENETIC MORPHOLOGIC ORIENTATION
TYPE TYPE
Extension |. Mineralised |. Pyrite Near vertical
. Sand
Non mineralised Near vertical
Shear . Polished Near vertical
. Polished, slickensided, Near vertical
Ribbed
. Polished, continuous Near horizontal
6.4.2 Extensional structures

. Pyrite infilled joints

These occur as vertical to sub-vertical discontinuities
infilled with pyrite/marcasite (Plates 6.25, 6.26 and
6.27). Pyrite is ©present as continuous and rough
mineralisation ranging in thickness up to 10 mm and
averaging 5 mm. Although there is considerable variation
in the vertical extent of these joints they are commonly
continuous from the top of TL3 to the shear zone at the

base of TL4.

Stereographic projection of poles to these defects indicate

a mean strike of 025° (Figure 6.20).
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Floor mapping shows that the Jjoints are continuous and
curved (Figure 6.21). It is this curvature which leads to
the Dbroad scatter exhibited by the stereographic

projection.

Normalised spacings for large continuous joints were
analysed with a lognormal distribution providing the best
fit (Appendix 5). This analysis gave a mean spacing of

2.9 metres.

The pyrite infilled joints often grade upward into sand

infilled joints and down into shear joints.

In the trial pit pyrite infilled joints also occur below
the Tarella Silt Formation in WAS. These joints are small,
grading upward into Jjoints with shear features and
terminate against the Tarella Silt Shear Zone. Towards the

base, these joints terminate against WAS.

Sand infilled joints

Stereographic projections of poles indicate a wide scatter
of orientations with weak preferred orientation strike
trends at 030°, 095° and 120° (Figure 6.20). The joints
occur as continuous vertical to near vertical
discontinuities infilled with fine to very fine grained
silty sand (Plate 6.28 and 6.29). The infilling is
thickest at the top of TL3 (maximum thickness 30 mm),

wedging out downward.
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the Tarella Silt Formation from mapping of
an intermediate floor of the Trial Pit.
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The sand infilled joints have irregular, rough and curved
surfaces at the top grading to planar at the base. The
lower parts of the sand infilled joints commonly grade into
pyritic joints. Less frequently, the sand infilling grades

into silty clay.

The sand infilled extensional joints are laterally
continuous for up to 5 m, terminating against other sand
infilled joints or wedging out into the formation. Rarely,
the joints continue down to the Tarella Silt Shear Zone but

in all cases terminate against this shear zone.

Analyses of spacings of sand infilled joints indicate a
lognormal data distribution with a mean spacing of
2.7 metres (Appendix 5). Measurement and observations of
these joints in the Pit indicates a bimodal spacing. The
joints occur in sets with the sets having a mean spacing of
2.7 metres. These sets are about 1 metre wide and contain

a number of closely spaced sand infilled joints.

Non-mineralised, extensional joints

These joints occur as vertical to near vertical, open
defects which are continuous vertically between the top of
TL3 and the shear zone. Laterally these features have been
mapped for distances of at least 30 metres and a
diagrammatic representation of their occurrence is
presented on Figure 6.22. The joints have curved to planar
surfaces (Plate 6.30) and often have rib structures (as
defined by Hodgson, 1961) near their termination against

the Tarella Silt Shear Zone (Plates 6.31 and 6.32).
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Figure 6.22 Lateral continuity and correlation of open
joints in the Trial Pit
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Stereographic projections of normals to these features
indicate a strong alignment of strike trend at 310° with
relatively minor sets occurring at 090° and 220° (Figures
6.20 and 6.22). These minor sets were not observed
consistently over the trial pit area and are laterally
discontinuous. Statistical analyses of the spacing between
these joints indicates a lognormal distribution with a mean

joint spacing of 2.4 metres {Appendix 5).
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A summary of the types of shear joints occurring in the

Trial Pit is presented on Table 6.2.

The dipping joints

generally terminate against the Tarella Silt Shear Zone

though some continue through and are offset by this zone.

Table 6.2 Summary of the types of shear structures in the
Tarella Silt Formation

Genetic| Range of |Average Preferred Morphology
Type Dip Dip Strike Trend
Shear Near 0° Polished, striated
slickensided
Shear 0° - 30° 15° 310° Polished,
slickensided
60° - 80° 70° 310° Polished, ribbed,
slickensided
80° - 90° 310° Polished,
slickensided
Terminology used 1is according Skempton  (1966),
Morgenstern and Tchalenko (1967) and Tchalenko (1970).

Tarella Silt Shear Zone (Dip near 0°)

The Tarella Silt Shear Zone has been studied to define the

natur

e of the:

stratigraphic location

regional and local structural dip

surface features

relationships with other structural discontinuities

sense of movement.
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a) Stratigraphic location and description

The shear zone is stratigraphically located at the base of
the Tarella Silt Formation and coincides with the clay-rich
base of a coarsening up cycle as indicated by the natural

gamma geophysical response (Figure 6.13).

The morphology of the Shear Zone appears to be typical of
those described elsewhere, consisting of a continuous
principal shear plane surrounded by a number of smaller,

discontinuous shear slices (Plates 6.33-6.35 and Figure

6.23) .

Figure 6.23 Tarella Silt Shear Zone - types and _
geometric relationships of assocliated
structures
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The thickness of the shear zone (principal shear pilus
slices) in the deposit area ranges between a few
millimetres where only the principal shear surface is

present up to 50 mm where several shear slices are present.

The lateral extent of the Tarella Silt Shear Zone is shown
on Figure 6.24. This interpretation is based on the

stratigraphic location and intersections in cored holes.

In the Trial Pit area, and from the interpretation of core,
there was a gradation in the thickness of the shear zone
from the northwestern side of the pit to the eastern and

southern sides.

on the western side of the Trial Pit the shear zone
consisted of three shear planes with the shear zone being
40 mm thick whereas on the eastern and southern sides the
Shear Zone contains only a single shear plane (equivalent
to the principal shear plane) less than 1 mm in thickness.
For V709, the shear plane was indistinct. Observations on
the shear zone within the Trial Pit confirm this trend
though the minimum thickness of the shear zone was 10 mm
and consisted of two shear planes (principal plus one

slice).

These observations and measurements suggest that the shear
zone is gradationally thinner to the south and east. This
corresponds to a decrease in the shear character of the
zone (fewer slices, indistinct principal shear plane) and
is possibly related to the marginal location of the pit

with respect to TL4.
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b) Structural dip

As measured by detailed survey, the structure of the
Tarella Silt Shear Zone in the Trial Pit area is shown on
Figure 6.24. The maximum dip is .93° and this is confirmed
from two detailed section lines. This dip is consistent
with the regional dip derived from interpretation and

surveying of all drillholes.

c) Surface features

The shear planes are highly polished with only indistinct
striations. 1In order to determine the nature of undulation
and asperities, measurements were taken at a spacing of
about 0.5 m along orthogonal lines. These lines are

plotted and presented on Figure 6.24.

The average maximum dip of the principal shear zone is
0.60° and 0.72° to the west and north respectively. From
the line mapping it was found that the principal shear
plane of the Tarella Silt Shear Zone exhibited an
undulation with average variation in dip angle for the

south-north line being 0.3° using a 0.5 m sample interval.

d) Relationships with other structural discontinuities

The other discontinuities which are present in the Tarella
Silt Formation are considered to be directly related to the
shear stresses and strains leading to the formation of the
shear zone. All the extensional joints (pyritic, sand,

open) terminate against this zone, though some shear joints
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were observed to displace the principal shear plane by up

to 10 mm, within the shear zone.

The shear zone forms a continuous, clay-rich layer within
the stratigraphic sequence. Groundwater has been observed
to accumulate above this layer in the end walls of the pit
indicating that the shear zone acts as a relatively
impermeable layer between the overlying jointed

carbonaceous silt and the underlying sandy silt.

e) Sense of movement

In order to evaluate the direction of movement,
measurements were made on striations occurring on the
principal shear plane at a number of locations in the pit.
Two distinct and consistent orientations were present
towards 274° and 243° as shown on Figure 6.24. The 274°

set is the better developed.

Tarella Silt Formation - slickensided and polished
shgar joints (Reidel shears dipping at between 0° and
307)

These joints originate on the principal shear zone and are
continuous upward for up to 4 metres. They become
progressively less distinct upward and generally terminate

on vertical or near vertical shear joints.

Laterally they are disrupted by intersecting open joints
but individual shear joints were observed to continue for

at least 5 metres.
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These joints are considered to be equivalent to the Riedel
shears of Skempton (1966). They have a strong preferential
orientation with an average dip and dip direction of 15°

towards 310° (Figure 6.20).

Tarella Silt Formation - slickensided and polished
shear joints dipping between 60° and 80°

Shear joints of this geometry occur in two stratigraphic

horizons, at the top of TL3 and at the base of TL3.

a) Top of TL3

Shear joints of this orientation are rare. They occur as
striated and slickensided planes continuous for less than

2 m vertically and less than 4 m laterally (Plate 6.36).

b) Base of TL3

These joints occur as ribbed and slickensided planar
features which have been observed to continue for up to 10

metres laterally.

Vertically they are discontinuous, terminating against the
Tarella Silt Shear Zone at the base and against other
steeply dipping shear joints upward. Rib features on the
surface of these joints (Plate 6.37) are indicative of
lateral movement along these planes, probably in
association with movements across the Tarella Silt Shear

Zone.
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As indicated on Figure 6.20(d) these shear defects have a
preferential dip and dip direction of 70° toward 310°.
However, striations on the principal shear plane indicate a
direction of movement towards 274°. It is likely that this
was probably the latest of a number of movements along the
principal shear plane with the changes in stress directions

resulting in the formation of the rib structures.

Tarella Silt Formation - polished and slickensided
shear joints dipping at between 80°and 90°

These are the most common types of shear joint in the
Tarella Silt Formation. They are laterally continuous and
grade vertically upward for up to 4 metres. Often the

upper part of these joints are infilled with pyrite.

These joints have been observed to intersect and offset the
Tarella Silt Shear Zone by up to 10 mm (Figures 6.23 and
6.24). Joints of this type are considered to be equivalent

to the conjugate Riedels of Skempton (1966).

6.4.4 Origins of tectonic structures

The tectonic features observed in the Tarella Silt
Formation can be divided into those associated with
extensional stresses and those associated with shear

stresses.

It is apparent from the facies distribution in the study
area and from observations by Stuart (1969) that the
sediments in the St Vincent Basin drape over normal faults

in the underlying basement (Figure 6.25). It is generally
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accepted that these normal faults have been active
intermittently since basin formation in the Middle Eocene

to present.

Extension along the major principal stress axis would be
conducive to the presence of these normal faults. This
tension is considered to be related to the relative
movement of the more' mobile Adelaide Geosyncline in

relation to the stable Gawler Cratomn.

At least three sets of extensional joints are identified
based on the type of infilling material (sand, pyrite and

open) .

Gramberg (1966) developed a joinﬁ classification model and
proposed that when "brittle" materials are subject to low
confining pressures axial fractures are developed parallel
to the compressive stress direction. The general character
of the extensional joint sets suggests that they were
formed under direct tensile stress at low confining

pressure.

Two major orientations are identified for the extensional
joints in the trial pit area. First, a NNE-SSW trending
set of pyrite infilled joints (Figure 6.20(a)) and, second,
a NNW-SSE set of open joints (Figure 6.20(c)). The open
joints are observed to intersect the pyrite infilled joints
and on this basis are considered to be younger. The sand
infilled joints appear to be related to the pyrite infilled

joints.
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It is apparent from both the orientation of the two sets of
extensional joints and the relationship with each other

that there have been two different compressive episodes.

The first of these compressive episodes had the major
stress axis aligned NNE-SSW and the second episode a
NNW-SSE axis. These two trends parallel the strike of
major basement structures in the study area. In addition,
from the orientation of the shear features in the area it
is apparent that shear stresses were related primarily to
the first compressive episode. There is also a secondary
set of shear features parallel to the extension features
associated with the second episode (refer to Figure

6.20(d4)) .

This is supported by measurement of striations on the
principal shear plane in the Tarella Silt Shear Zone which

indicate two directions of movement on the shear plane.

Figure 6.25 presents a possible model for the formation of
structural features present in the Lochiel area. This model

is based on the first of the compressive episodes.

Notwithstanding the affects of tectonic movement on the
formation of structures, there was also likely to be a
secondary stress field associated with drainage and

compaction of the sediments.
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6.5 Synthesis of geological processes and engineering
properties for the Tarella Silt Formation

6.5.1 Strength of the Tarella Silt Shear Zone

For the purposes of determining the properties of the
Tarella Silt Shear Zone, a major program of sampling and
geotechnical laboratory testing was undertaken. Most
samples were recovered from drillcores taken in the study
area but some samples were also collected within the Trial

Pit.

Testing procedure and limitations
The tests associated with the Tarella Silt Shear Zone were
carried out by Coffey and Partners Pty Ltd. Strength
testing of the shear zone was by the direct shear method
and the testing procedure is detailed in Coffey and

Partners Pty Ltd (1988).

A number of aspects influence the accuracy of results
obtained from direct shear tests including;
size of the test sample. A number of different sizes of
samples were tested including 100mm, 900mm and 500mm.
accuracy of the test procedure. From detailed mapping of
the trial pit exposures it was concluded that the
Tarella Silt Shear Zone contained a principal shear
plane surrounded by a number of other associated
shears. It is anticipated that the peak strength
results are affected by the alignment of this
principal shear plane within the shear apparatus.
(Refer to Plate 6.38 for example of how 500mm samples were

collected in the Trial Pit.)
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orientation of the shear plane. As discussed in Section
3.4.3 page 64 there is likely to be a difference in
shear strength based on whether the shear test is
performed across the dip direction or along the dip
direction. An attempt was made to assess the
significance of this aspect on samples taken in the

trial excavation however results were inconclusive.

Test results

A summary of the location and results of the direct shear
tests undertaken on the Tarella Silt Shear 2Zone is

presented on Figure 6.26.

No lateral trends in strength variation are recognised and
it is considered that any small variation which may be

present is clouded by the accuracy of the test results.

6.5.2 Porewater movement

A synthesis of the effects of pumping on the piezometric
profile for the trial pit area and the major geological
features is presented on Figure 3.5 (page 59). A number of
lithofacies within the sequence at the trial pit site
developed near vertical porewater pressure profiles
indicating a relatively high vertical permeability. Within
the coal bearing sequence these included the

Tarella Silt Formation above the shear zone - probably

due to the presence of vertical open joints and

vertical sand infilled joints
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Warrindi Silt Formation, F =zone and FG interseam
sediments - these are mostly sand and are therefore
likely to be free draining. The exception is WA7
which is silty but this lithofacies is characterised
by intensive bioturbation which would.provide drainage
paths.
Also of significance are the relatively impermeable zones
coinciding with the
Tarella Silt Shear Zone - The shear zone truncates the
vertical extension structures above it and in the pit
free water ran out from this zone down the face (note
the significant step in piezometric profile across the
shear zone illustrated on Figure 3.5).
G seam coal - In the trial pit area the G seam is
relatively structureless unlike in other areas of the
deposit where the joints indicate that there has been
at least 2 periods of extensional deformation.
Boundary between the Condowie Silt Member units CN1

and CN2 - This is the site of a clay-rich shear zone.

As indicated on Table 6.3, vertical permeabilities for the
Tarella Silt Shear Zone (TLSZ) are extremely low. This is
probably due to the alignment of platy minerals along the

shear plane.

Table 6.3 Summary of estimates of vertical permeabilities
and coefficient of consolidation (after Coffey
and Partners Pty Ltd in ETSA 88/13).

Stratigraphy Vertical Vertical
Permeability Coefficient of
Consolidation
cm/sec x 10-8 m2/year
CN1/CN2 3 135
G seam coal 5 90
TL Shear Zone 0.25 8
TL above shear 2000 950
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Partners Pty Ltd, 1988).
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CHAPTER 7.0 SUMMARY OF ENGINEERING GEOLOGY OF THE
LOCHIEL COAL DEPOSIT

This section summarises the engineering geological

characteristics of the Lochiel Coal Deposit.

The aim is to categorise the deposit into discrete regimes
which could provide the basis for slope stability analyses.
A flowpath for defining regimes is provided on Figure 7.1.
The regimes are defined based on differences in the
following:
1. Intact material characteristics.
These are primarily the thickness of the various
sediment types (see Chapter 5.0) and the thickness of
overburden (Figure 7.2).
2. Hydrogeological characteristics.
The criteria used are the percentage and
characteristics of clean sand facies in the overburden
(Figure 7.3a and b) and the thickness of the Tarella
Silt Formation (Figure 6.12). These criteria are
appropriate because together they control the rate at
which the sediments can be dewatered/depressurised.
For the Tarella Silt Formation an arbitrary thickness
cut-off of 5 metres is used.
3. Near horizontal weak zone characteristics.
In the overburden these occur in the Tarella Silt
Formation and GH interseam whilst below the coal
seam(s) they are present within the Condowie Silt

Member (Figure 7.4).

The regimes are confined to the area within the 6:1 strip

ratio (cubic metres of overburden per tonne of coal).
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7.1 Description of regimes

The locations of the Regimes are defined on Figure 7.5.
Figure 7.6 also shows the lateral stratigraphic

relationships between the Regimes.

Regime 1

Located at the northern end of the deposit. The depth
to the base of coal averages 70m, with the sediments
comprising predominantly silty facies of the Warrindi

gilt and Tarella Silt Formations.

The Tarella Silt Formation contains the shear zone and

also the TL1 aquifer.

Regime 2

Occurs in the north-central and eastern sections of
the deposit. The overburden comprises mainly silt and
clay and has the lowest percentage of sand within the
deposit. The boundaries are defined approximately by
the 0.5m clean sand isopach but also by the 70m
overburden thickness isopach to the north. Depth to

the base of coal averages 60 metres.

The Tarella Silt Shear 2Zone is present within this

regime.
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Regime 3

Is located in the central-western area of the deposit.
Tts boundaries are defined on the basis of a marked
increase in depth to the base of coal. This increase
in depth is associated with the regional tilting of
the basin. The sediments are mainly silts and clays
and include aquifers in the Warrindi Silt Formation
and Kooliata Coal Member. The depth to the base of

coal averages about 65 metres.

The Tarella Silt Shear Zone is present within this

regime as is the weak zone in the GH interseam.

The WA4 aquifer is also present with the thickness of
clean sand increasing to the west. In addition, the

TL1 aquifer is present.

Regime 4

Occurs in the central and southeastern sections of the
deposit. It is an area with a relatively uniform
depth to coal and the southern boundary is defined by
the lateral contact between the Tarella Silt Formation
and the sandy facies of the Warrindi Silt Formation.
The depth to the base of coal is about 50 metres and
the overburden contains a mixture of sandy and silty
facies of the Warrindi Silt Formation and the silty
Tarella Silt Formation. The Trial Pit is located in

this regime.

This Regime contains the Tarella Silt Shear Zomne.
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Within this Regime aquifers include GH, FG, WAl, WA4

and WA2.

Regime 5

Is located in the south of the deposit. It is the
only regime which contains no Tarella Silt Formation.
The overburden comprises mainly silt and sand. The
depth to the base of coal is of the order of 35

metres.
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design regimes.
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CHAPTER 8.0 SUMMARY AND CONCLUSIONS

As stated in the Introduction (Section 1.0, page 1) the
primary aim of this thesis is to bring together the related
areas of geology and engineering within the context of
highwall slope stability analysis for soft brown coal
mines. The approach has centred on the intermediate role
of the engineering geologist whose main objectives relate
to the provision of predictive information on the key

factors affecting slope stability.

The specific objectives were specified on page 1 as follows

1. Develop models which characterise the key engineering
geological factors in terms of depositional and

tectonic processes.

2. Classify the study area in terms of its global
tectonic and depositional setting thus providing a
basis for translating the results to other soft brown

coal mining sites.

3. Contribute to the understanding of the interaction of
tectonics, eustacy and depositional processes in the

St Vincent Basin.

The Lochiel Coal Deposit, which was used as the example,
can be classified in geological and engineering terms as

follows
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geological setting - midplate continental position with
depositional environments controlled by the
interaction of movement about tectonic structures and
by eustatic sea level changes. The depositional
environments examined are those characteristic of
continental shelves, including swamps, marshes,

estuaries, deltas, lagoons, barrier bars and fluvial.

engineering properties - fine grained, saturated soils
and weak rock characterised by early deformational

structures.

This classification provides the basis for translating the
results obtained to similar mining areas elsewhere in the

world.

The intention of the study was to analyse in detail key
factors which are characteristic of soft brown coal mining
areags rather than those generic to other mines oOr
excavations in weak rock and soil. The study focused on
analysing and modelling the geological processes
controlling the Kkey engineering geological factors of

defect strength and geometry and porewater movement.

The approach taken to analyse these factors was to examine
the relationship between the key engineering properties
relating to these factors and the geological properties of
the sediments. Data included drillholes, geophysical
borehole 1logs, core, and Trial Pit mapping for the
geological data and tests on COre and pit samples for the

engineering data.
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8.1 Geological processes

The sedimentary sequence in soft brown coal mines on
midplate continental margins is controlled by an

interaction between the affects of eustacy and tectonics.

Tectonic movement largely controls the amount of sediment
input into the area whilst eustacy controls the position of
the shore face and therefore the specific depositional
environment. The Lochiel Coal Deposit is an example of

this type of interaction.

8.1.1 Bumbunga Sand Formation

Initial basin formation commenced in the Middle Eocene
after a period of weathering and erosiom. The major
controlling structures were two north-south trending normal
faults, the Ardrossan to the west and the Whitwarta to the
east. These formed a half graben whose floor was tilted to

the northwest.

Initial sedimentation was fluvial with the major source of
sediment being from the west. Regional correlation of this
fluvial system indicates that the palaeoslope was inclined
towards the north, flowing into the Pirie Basin. These
fluvial sediments graded into lacustrine silts and clays to

the south.

These silts and clays are assigned to the Condowie Silt
Member of the Bumbunga Sand Formation. A characteristic

feature of these sediments is the strongly cyclic, upward
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coarsening nature. This 1is considered to represent a
sedimentation response to intermittent tectonic movements
along the major faults. No evidence of marine influence

has been distinguished for these sediments.

Towards the end of this basal depositional episode there is
strong evidence that several other sources of sediment
became active. These emanated from the Ardrossan Fault to

the west and also from the Nantawwarra High to the south.

In addition, towards the end of this depositional episode
peatswamps formed and lead to the accumulation of the three
major coal seams. These seams are separated by interseam
sediments originating from small deltas which entered the

area from the west.

The Bumbunga Sand Formation represents a typical basin £ill
sequence culminating in the formation of thick coal seams,

the Kooliata Coal Member.

8.2 Warrindi Silt and Tarella Silt Formations

The Bumbunga Sand Formation is overlain by a paralic
sequence of carbonaceous silts and fine sands with fewer
interbeds of non-carbonaceous sediments. Deposition spans
the Late Eocene to the Early Oligocene and is characterised
by a series of major transgressive/regressive episodes. In

broad terms the depositional controls included
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major sources of sediment from the north,

southeast and to a lesser extent the west,

Continued tectonic movement on the north-south
trending faults but with significant influence

from movement about east-west trending faults,

a migrating shoreline characterised by micro

tidal ranges,

a largely stationary body of water in the centre

of the area but whose depth varied over time.

Sediments are typical for continental margin coal settings
and relate to shoreface, barrier bar, lagoonal, estuarine

and deltaic environments subject to tidal influence.

8.3 Key engineering geological features affecting slope

stability

The key features affecting slope stability in soft brown
coal mines on midplate continental margins have been

identified as:

Defect strength and geometry,

factors affecting porewater movement.

The analysis has demonstrated that whilst each of these

factors is of importance to slope stability in the study
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area, it is the near horizontal shear zones which are the

single most important feature.

These defects are generally concordant with the bedding in
the surrounding sediments and continuous over large areas.
Where present their strength and geometry are likely
influence significantly the design of the highwall and the

direction of mining.

As shown in this study and illustrated on Figure 8.1, the
location and formation of these defects is related to the
boundaries of significant cyclic depositional events. The
defects are located at the base of coarsening upward cycles
in close stratigraphic location to the top of the previous
cycle. In particular the nature of the surrounding
sediments suggests an aqueous depositional environment

typical of a lacustrine or estuarine basin infill sequence.

Detailed examination of the defects associated with the
Tarella Silt shear Zone 1indicates that they are
characteristic of shear defects. The stresses controlling
their formation appear to be related to both compaction and
the tectonic tilting of the deposit area. Typically the

defects have residual friction angles as low as g,

Furthermore, given that cyclicity is characteristic of
midplate continental margin deposits, it is likely that

such features are present elsewhere in similar areas.



GEOLOGICAL AND GEOPHYSICAL CHARACTERISTICS OF SHEAR ZONES

DEPOSITIONAL
NATURAL GAMMA DENSITY CYCLES PROCESS ENVIRONMENT

API gm/cc

infill Bay

~ ~ e o e ~SHEAR PLANE \ / TRANSGRESSION——
ripple zone Tidal flats

— i z

infill o

TRANSGRESSION———]

marsh Supratidal

/f’; algal swamp flats

Progressively
deeper water
E S T UARYY

Figure 8.1 summary of geological factors controlling the location and
engineering properties of near horizontal shear zones.

- §6¢ -




- 256 -
These defects are also a major factor determining the rate
at which the fine grained sediments can be depressurised.
There are two aspects involved. First, the sheared
material acts as a relatively impermeable barrier to
vertical drainage and, second, some of the extension
structures associated with the shear zone act as vertical
drains for the fine grained sediments. The result is that
the fine grained silts above the shear zone behave like a
fractured rock mass but the drainage of porewater

vertically is restricted by the shear zone.

8.4 The relationship between tectonics, eustacy and
depositional processes and engineering geological
factors affecting slope stability

In essence the sequence in the study area encompass two

major phases of transgression/highstand/regression.

The first phase produced an allocycle equating to a TST
(Nantawarra Sand , Darnleigh park Sand and Condowie Silt
Members) and HST (Kooliata Coal Member) sedimentary
sequence. Lithologically the sediments associated with
this phase fine upwards from gravel and sand at the base to

silt, clay and coal at the top.

The formation of the coal was eustatically controlled and
equivalent to a highstand with the depositional setting
characterised by a barrier bar system located to the south

of the study area.

Within the overall system, tectonics was the main factor

controlling the segmentation of 1lithofacies and 1in
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particular the clean sand lithofacies. Tectonic episodes
also produced the fine grained coarsening upward cycles

which contain weak zones.

The second transgressive episode superimposed marginal
marine conditions on the area. During this time, the
sources of sediment and the gites of tectonic movement
appear to be similar to the first episode. This provides
the unique opportunity to contrast the effects of marine
influence on the key factors of porewater movement and weak

zones against a non-marine influence.

The results of the analysis indicate that the autocyclic
depositional processes for the second episode remained
essentially the same as those of the previous episode. In
particular, the location and characteristics of clean sand
jithofacies and the coarsening upwards cycles containing

weak zones are similar for both episodes.

The conclusion is that whilst eustacy controls the regional
depositional setting and the conditions necessary for coal
formation, tectonics is the major control over the
depositional processes and the segmentation and
characteristics of lithofacies. The implication is that
within the study area, tectonics rather than eustacy was
the major geological factor affecting the subsequent

movement of porewater and the properties of weak zones.
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