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ABSTRACT

The reservoir potential of sandstones in the Narrabeen Group (excluding Garie
and Newport Formations), which ranges in age from Late Permian to Early Triassic,
in the Sydney Basin varies considerably, depending on a combination of
depositional and diagenetic factors. The determination of the factors affecting

reservoir quality is important in predicting the distribution of high guality reservoirs.

The aims of this study are to carry out facies analyses; to document petrological
characteristics of the sandstones and deduce the sandstone provenance; to
identify authigenic minerals and establish their paragenetic sequence; to analyse
stable isotopes of diagenetic minerals and determine K-Ar ages of authigenic illite;
to measure homogenisation and ice melting point temperatures of aqueous fluid
inclusions in quartz overgrowths; to reconstruct chemical evolution of pore fluids
with time and temperature; and to discuss the factors affecting reservoir quality and

assess the distribution of high quality reservoirs.

A total of 7648.5 meters of cores from 26 boreholes, which cover an area of about
80 km x 240 km, were geologically logged. Of the boreholes penetrating the whole
Narrabeen Group, a maximum thickness of 716 m of the group (excluding Garie
and Newport Formations) was recorded with an average thickness of about 433 m.
Based on the logging, 417 sandstone samples were collected for various
laboratory studies. Of them, 324 were selected for quantitative evaluation of
composition and visible porosity under a petrological microscope, 167 for
SEM/EDX examinations, 63 for XRD studies, 20 for microprobe analyses, 9 for
isotope measurements, 4‘for fluid inclusion investigations, and 175 for porosity and

permeability measurements.

Using gamma ray and neutron logs, the Narrabeen Group (excluding Garie and

Newport Formations) is subdivided into five operational units. From bottom to top,



they are Wombarra (WQO), Scarborough (SC), Lower Bulgo (LB), Upper Bulgo (UB),
and Bald Hill {BH) Operational Units (Galloway and Hamilton, 1888). They are
regarded as time stratigraphic units. The thickness of these units range from 11 to
193 m for the WO unit, from 20 to 181 m for the SC unit, from 10 to 149 m for the LB
unit, from 16 to 185 m for the UB unit and from 12 to 76 m for the BH unit. The group
was deposited in fluvial / lacustrine depositional systems. Channel fill, inter-
channel floodplain / lacustrine and channel margin are the principal facies
recognised with the channel margin facies being of minor volumetric importance.
Medium to very coarse sandstones and conglomerates are the principal lithological
components of the channel fill facies with sandstone being of much more
quantitative importance. The floodplain / lacustrine facies consists largely of shales
/ mudstones and very fine sandstones. The channel margin facies is represented

lithologically by silty shale, very fine and fine sandstones.

The sandstones in the Narrabeen Group consist largely of detrital quartz grains
with a range of 5-80 % of the total sandstone and lithics (including chert) with a
range of 0-75 %, which vary inversely with each other. Detrital feldspar is a minor
component (0-15 %). Detrital clasts are consolidated by clays (both detrital and
diagenetic) (0-32 %) and carbonate cements (0-49 %), which are inversely related
to each other. Quartz cement is less important as it accounts for less than 2 % of the
total sandstone in the majority of sandstones studied. Visual primary porosity varies

from 1 to 17 % and secondary porosity from 0 to 11 %.

The percentage of detrital quartz generally increases upwards from 20-40 % of the
total detrital clasts at the basal part of the group to 80-95 % in the BH unit and that
of detrital lithics decreases from 60-85 % to 20-40 %, particularly in the boreholes
in the southern Sydney Basin. However, these changes do not proceed at a
uniform rate. Depending upon the borehole location, one to three distinctive
boundaries, across which the detrital composition has a sudden and significant

change, and / or one abnormally lithic-rich interval can be recognised in different



boreholes. The lowermost boundary is defined as DB3, the middie one as DB2,
and the uppermost one as DB1 with-DB2 being the most obvious. Across DB2
upwards, a sudden 20-35 % increase of detrital quartz clasts and a sudden 20-35

% decrease of detrital lithics occur.

Regionally, the average percentage of detrital quartz clasts in the sandstones of a
given stratigraphic horizon decreases and that of detrital lithics increases
eastwards and less obviously northwards. The variations in detrital compositions of

sandstones were used for deduction of detrital sources and source changes.

During deposition of the Narrabeen Group, there existed three sources: the
Lachlan Foid Belt supplying detrital quartz clasts, the New England Fold Belt
supplying detrital lithics as weli as detrital quartz clasts, and an eastern volcanic
source lying east of present day coast line offshore from Cape Banks 1 borehole
(Borehole J). The first two were more important quantitatively than the latter. The
existence of the third source (the eastern volcanic source) was recognised by the
abundance of volcanic lithics in sandstones from the boreholes in the southern
east coast zone and petrological evidence. The lithics from this source seem to be
intermediate volcanic clasts, which are different from the acidic volcanic rock
fragments from the New England Fold Belt. The eastern volcanic source supplied
detritus to the basin from middle WO time and seemed to be very active only during
two periods: early SC time and early and middle UB tirﬁe. The presence of the
abnormally lithic-rich interval correlating with the lower part of the SC unit is directly

related to this volcanic source.

The New England Fold Belt was the major source during early WO time. As
sedimentation proceeded, its influence gradually decreased. The Lachlan Fold Belt
played a more and more important role in supplying detritus to the basin and finally
replaced the New England Fold Belt as the major source. However, this

replacement did not take place uniformly throughout the whole basin. It happened



in the early period of WO time in the west margin, in the middle period of WO time
in the western portion of the southern region, at the end of WO time in the central
part of basin, and in the late period of SC time in the southwestern portion of the
northern region. in the northeastern portion of the northern region, the source

change did not take place until the end of UB time.

There are three principal types of diagenetic minerals in the Narrabsen Group
sandstones: carbonates, clay minerals, and quartz. Carbonates consist of calcite,
dolomite, ankerite, and siderite with siderite being the most common. Clay minerals
include kaolin (kaolinite and dickite), illite, mixed-layer illite / smectite, and chlorite
with kaolin being the most common. Micro-quartz, mega-quartz and quartz
overgrowths comprise quartz cements with quartz overgrowths being the most
common and abundant. In addition, authigenic albite was commonly found in the
sandstones containing detrital plagioclase. A minor amount of haematite, pyrite,

apatite, anatase, analcime, and dawsonite were also found.

Based on petrological observations, a paragenetic sequence of these diagenetic
minerals was established. Diagenesis of the Narrabeen Group sandstones began
with the formation of rare grain coating haematite and early clays including kaolin,
grain coating mixed-layer illite / smectite and chlorite. Following the formation of
these early clays, major carbonate cementation took place. Among the diagenetic
carbonates, calcite coating detrital grains was the first to crystallise and was
succeeded by siderite coating detrital grains, pore filling calcite, pore filling siderite,
and pore filing ferroan calcite and pore filling ankerite. After the major carbonate
cementation, kaolin, quartz overgrowth and filamentous pore-bridging illite

crystallised. The last cements to form were minor amounts of calcite and ankerite.

The formation of early authigenic clay minerals was mainly controlled by physico-
chemical conditions of pore waters. The early mixed-layer illite / smectite coating

detrital grains and early kaolin (generation |) were precipitated in sands with



oxygenated and mildly acidic pore waters whereas the chlorite crystallised in
sands with anoxic and neutral to mildly alkaline pore waters. The formation of
chlorites was also controlled by the detrital composition of sandstones, as
suggested by the close association of the occurrence of authigenic chlorite with

abundant volcanic rock fragments.

The type of carbonate formed during carbonate cementation was controlled by the
relative concentration of Ca2+, Fe2*, Mg2+ and Mn2+ and physico-chemical
conditions in pore waters. Non-ferroan calcite crystallised in pore waters where
Fe2+was virtually absent. The extensive presence of Fe2+in pore waters during the
carbonate cementation determined the limited formation of non-ferroan calcite.
Non-ferroan calcite coating detrital grains was found in only two samples, which
are from the west margin. Pore filling non-ferroan calcite is restricted to some
volcanic lithic-rich sandstones in the east coast zone and northern region of the
basin. In the presence of a high concentration of Fe2+, Fe calcite, or dolomite, or

ankerite, or siderite could have crystallised depending upon the concentrations of

other cations and physico-chemical conditions in pore waters.

The Fe2+ used in forming Fe bearing carbonates was derived from reduction of
FeoQg, alteration of volcanic rock fragments and organic matter in that order of
importance. The Ca2+ used in forming Ca bearing carbonates was largely derived
from the initial hydration of volcanic rock fragments. The Ca?*+ produced was
incorporated with HCO4- at or near where it was produced so that pore filling calcite
and ankerite are restricted to the lower Narrabeen Group sandstones, which are

generally rich in detrital volcanic lithics.

Kaolins were formed by direct precipitation from migrating pore waters and
alteration of volcanic rock fragments, feldspar and mica. They are more common

and abundant in the sandstones rich in quartz.



Quartz overgrowths developed in two ways and / or a combination of them: overlap
and / or emergence of the initial micro-quartz crystals and ehvelopment of earlier
multiple overgrowths by an outer shell. They are more common and abundant in
quartz-rich sandstones than in lithic-rich sandstones. The silica used for the

overgrowths was largely derived from pressure solution.

Precipitation of post quartz overgrowth illite was related to the build up of K+ in pore
waters following quartz overgrowths. Cessation of illitisation of smectite was

probably the principal contributing factor for the build up of K+.

The data from stable isotope analyses suggest that the diagenesis of the
Narrabeen Group sandstones proceeded in two different fluid flow regimes: early

dynamic fluid flow regime and late slow flow / static fluid regime. The former was

characterised by a slight increase of the 3180 of pore waters from the estimated

initial value of -15 %. to -12 %. with the temperature increasing from ~ 10 °C to 80-
85 oC. During early diagenesis, early clays and pore filling carbonates were

precipitated from the pore waters. The late slow flow / static fluid regime was
characterised by a rapid 80-enrichment process. The 3180 of pore waters

increased from -12 %. to -3 %. with the temperature increasing from 85 °C to 110-

135 oC. During late diagenesis, kaolin (generation 1), quartz, and illite crystallised.

Means of measured homogenisation temperatures of aqueous fiuid inclusions in
quartz overgrowths are 45 to 60 °C higher than the current formation temperatures
at the sample depths of 500-600 m. The high fluid inclusion temperature, together
with vitrinite reflectance data, imply that a section with a thickness of ca 1600 to
2200 m was eroded away in the southern basin. The heat flow varied with time. A

peak of the heat flow of 2.1 HFU relatively to the current values of 1.7-1.9 HFU was



reached in late Cretaceous time (~ 90 Ma BP), which is coincident with the

youngest dated illite age of 90.5 Ma.

Chemical kinetic modelling suggests that significant volumes of oil were generated
(~ 400 bbls/104m3) in, and expelled from, the lllawarra Coal Measures. Oil migrated
through the sandstones of the Scarborough and Lower Bulgo Operational Units
during and probably after precipitation of quartz overgrowth, as indicated by the
presence of liquid hydrocarbon inclusion in quartz overgrowths and fractures. Qil
migration probably occurred at a time of 190 Ma to 170 Ma BP. There may have

been oil columns at that time.

Porosity and permeability of the Narrabeen Group sandstones are controlled by a
combination of depositional and diagenetic factors. The former include detrital
composition of sandstones and texture of sandstones (grain size, sorting, and clay
matrix) and the latter mechanical compaction, cementation by diagenetic minerals
and dissolution. Sandstones with a porosity of > 15 % and permeability > 50 md
have the following three general features: (1) a high percentage of detrital quartz
clasts, (2) medium to coarse grain size (better if moderately to well sorted), (3)
quartz overgrowths and siderite as the principal cements. Quartz-rich sandstones
with grain coating siderite / calcite are high quality reservoirs. The potential of the
Narrabeen Group sandstones as hydrocarbon reservoirs can be summarised as:
(1) in terms of stratigraphy, the BH unit has the highest potential, which is
succeeded in order by the LB unit, UB unit, SC unit and WO unit; (2)
Geographically, the west margin has the highest potential, followed by the southern

region, northern region and the east coast zone.
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CHAPTER ONE
SYDNEY BASIN: STRATIGRAPHY AND DEPOSITIONAL ENVIRONMENT

1.1 INTRODUCTION

1.1.1 GENERAL STATEMENT

W.B. Clark, who is credited to be the first trained geologist to work in Australia, was
the first to recognise the Sydney Basin as a geological entity. In 1847, he predicted
the coal seams present at the basin margins occurred at depth in the basin (Mayne
et al., 1974). Since then, abundant literature on the Sydney Basin has

accumulated.

Previous work has been discussed by Carne (1903), Vallance and Branagan
(1968), Packham (1969), Mayne et al. (1974), Menzies {1974), Branagan et al.
(1976), and Herbert and Helby (1980). The most recent"comprehensive study of the
Narrabeen Group in the Sydney Basin was undertaken by Galloway and Hamilton

(1988) and Hamilton and Galloway (1989).

1.1.2 DEFINITION OF THE SYDNEY BASIN

The Sydney Basin (Fig 1-1) is the southern part of the Sydney-Bowen Basin
(Bembrick et al., 1973). It is bounded to the northeast by the Hunter Thrust System,
which developed at the Middle Permian time (Leitch, 1974). To the west, the
Permo-Triassic sequences of the basin thin and onlap the Lachlan Fold Belt. Thus
the western boundary is depositional or erosional, rather than structural. The basin
is separated from the Gunnedah Basin by the Mount Coricudgy Anticline in the
northwest (Stuntz, 1969). The southeastern margin is a rifted margin and its exact
location is still to be determined. However, Mayne et al. (1974) defined the edge of
the continental shelf as the probable southeastern boundary, but the tectonic
boundary is more likely to be the base of the continental slope adjacent to the

oldest magnetic anomaly. The Sydney Basin covers an area of about 52,000 km2,
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of which 6, 000 km2 is offshore, if the edge of the continental shelf is taken as the

southeastern boundary of the basin (Mayne et al., 1974).

The onset of sedimentation in the basin is not defined here. In fact, most definitions
are vague in terms of the onset of sedimentation in the basin (Herbert, 1980a}.
According to Herbert, the Upper Carboniferous and Lower Permian sediments are
included in the sediments of the basin even though the Sydney Basin took shape
only from the mid-Permian. The Carboniferous to Triassic sediments were
deposited in an alternating marine and non-marine environment. Of them, the
Carboniferous and Triassic sediments were largely laid down in non-marine

environment.

1.1.3 NOMENCLATURE AND CORRELATION OF STRATIGRAPHY

Sediments contained in the Sydney Basin range in age from Late Carboniferous to
Middle Triassic (Fig 1-2). However, Devonian sediments, which lie beneath
Carboniferous sediments in the northeast margin of the basin, may occur at depth
in the basin, especially in the Hunter Valley area'(Bembrick et al., 1973).
Carboniferous sediments are mostly absent in the more southerly areas where
Permo-Triassic sequences rest directly on a Palaeozoic basement of granitic and
metamorphic rocks and Upper Devonian sediments. Permian sediments outcrop in
separated areas along the margins of the basin. Triassic sediments are exposed

over a great part of the central area of the basin.

The way in which the sediments contained in the basin crop out complicates the
nomenclatures for the stratigraphy, particularly for the Permian sediments. Three
different nomenclature schemes have evolved for the western area, northern area,

and central and southern areas (Fig 1-3).

Mayne et al. (1974) made a correlation of the stratigraphy in different areas of the
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basin. They divided the Permo-Triassic sequence into fourteen sedimentary
subdivisions, which were defined as “intervals". Based on a combination of
paleontological evidence, lithology, order of stratigraphic superposition and
evidence from seismic reflection sections, they correlated the fourteen sedimentary
intervals throughout the whole basin. According to them, however, the precision of
the paleontological age dating throughout the basin is not accurate enough to
prove the temporal equivalence of each interval over a long distance. The
correlation schemes by Bembrick and Lonergan (1976) and Branagan et al. (1976)
incorporate Upper Carboniferous sediments. Except for this, both schemes are

similar to that by Mayne et al. (1974).

The correlation scheme used in the thesis (Fig 1-3) largely follows that by
Branagan et al. (1976) with minor modifications using the correlation scheme by
Bembrick and Lonergan (1976) and other recent literature. Although recent deep
drilling and geophysical studies have aided correlations within the basin, some

problems still remain to be resolved.

1.2 STRATIGRAPHY AND DEPOSITIONAL ENVIRONMENT
A comprehensive discussion of the topic was made by Packham (1969), Mayne et
al. (1974), and Herbert and Helby (1980). The following general discussion is

summarised mainly from the publications by these authors.

in their study of the Sydney Basin, Mayne et al. (1974) adopted the "interval
concept. The interval was defined as an informal interval subdivision of the rocks
into wide-spread units that have genetic significance. lts boundaries were taken at
lithological changes in a sequence in such a way that they approximate time lines
as close as possible. Due to the limited paleontological dating data, however, the
age accuracy of an interval is still to be determined. Using the "interval® concept,
Mayne et al. divided the Permo-Triassic sequence of the Sydney Basin into 14

intervals.




Herbert (1980a) developed the "depositional episode” concept in his discussion of
the sedimentation in the Sydney Basin. This term is not the same as the
"depositional episode” used by Frazier (1974) in his description of the stratigraphy
of the Gulf Basin. Herbert (1980a, p.19) defined his depositional episode thus: "A
DEPOSITIONAL EPISODE is envisaged herein as a period of continuous
deposition during a relatively major regression or transgression which is now
represented by a more or less conformable stratigraphic sequence of sediments.
All sediments deposited during a single depositional episode may not be of
equivalent age because sediments bacome progressively younger in the direction
of progradation. Also, part of one depositional episode may co-exist in time with
another.” Using his depositional episode concept Herbert, following a system of
tectonic stages proposed by Scheibner (1976), grouped the Late Carboniferous to
Middle Triassic sedimentary sequence of the basin into 13 different depositional

episodes. They took place in four different tectonic stages.

Herbert's "depositional episode” had no certain relationship with Mayne et al.'s
"interval”. In terms of the components of rock units, one depositional episode can
include several intervals and vice versa. (e.g. The Greta Depositional Episode
includes Intervals 1 and 2; Interval 12 includes the Lower, Middie and Upper
Narrabeen Depositional Episodes.) In other cases, one depositional episode is the
equivalent of one interval. { e.g. Interval 14 and the Wianamatta Depositionat

Episode are equivalents.)

1.2.1 TALATERANG GROUP AND CORRELATIVE SEAHAM FORMATION

In the southern area of the Sydney Basin, the oldest sediments, whose age is
determined to be Late Carboniferous by spores (Helby and Herbert, 1971), rest
unconformably on much older strongly folded Palaeozoic rocks. These sediments
comprise the Talaterang Group (Gostin and Herbert, 1973). The group is

represented only in two narrow east-west trending palaeo-valleys and was laid



down in a glacial-fluvial environment (Herbert, 1972; 1980b). In the northern area
of the Sydney Basin, its correlative, the Seaham Formation, experienced a similar

depositional environment (Bembrick and Lonergan, 1976).

1.2.2 LOCHINVAR FORMATION; ALLANDALE FORMATION AND ITS
CORRELATIVE WASP HEAD FORMATION

The Lochinvar and Allandale Formations consist of shale to conglomerate and
interbedded pyroclastics. The Lochinvar Formation is restricted to the northern area .
of the basin. It has a thickness of 835 m in the Lochinvar area but is poorly exposed
(Osborne, 1949). Mayne et al. (1974) attributed the two formations to marine
deposition in a northwesterly trending trough in the northern Sydney Basin. Sea
water invaded the trough from both the northwest and southeast. The marine
sedimentation was accompanied by intrusive and extrusive basic to intermediate

volcanism.

The Allandale Formation represents a sublittoral sandstone and conglomerate
facies. Its correlative to the south, the Wasp Head Formation, has similar lithologies
and consist largely of sandstones, pebbly sandstones and conglomerates. it is
restricted to a small area at Durras on the south coast and was deposited in a

littoral to nearshore environment {Runnegar, 1980).

1.2.3 RUTHERFORD AND FARLEY FORMATIONS AND THEIR CORRELATIVE
PEBBLY BEACH FORMATION

The Rutherford Formation is composed of shale and siltstone with thin limestones
and marls occurring in the Pokolbin area (McClung, 1980). The formation crops out
so poorly that no type section has been established. However, a 384 m section was
intersected in the Sunwell No.1 borehole (McClung, 1980). The overlying Farley
Formation is 300 m thick in its type section at Farley Railway Station where it
consists of fine to medium grained, moderately fossiliferous, silty sandstone

(Osborne, 1949). The sandstone becomes coarse towards both the top and the



northern source area. The two formations together have been correlated with the
Pebbly Beach Formation in the central and southern areas of the basin (Fig 1-3),

whose lithology is dominated by siltstones, silty fine and very fine sandstones.

The sediments of the Rutherford and Farley Formations were deposited during a
marine transgression, which began in Lochinvar Formation time (Mayne et al.,
1974). According to McClung (1980), however, most of the sediments of the two
formations were laid down during a slow marine regression after an initial marine

transgression.

The silty sediments of the Pebbly Beach Formation were laid down in a tidal flat
environment (Gostin and Herbert, 1973). Landward of the tidal flat, peat
accumulated in isolated swampy coastal plains, which resulted in the deposition of

the Clyde Coal Measures in part of the Clyde River area.

The Lochinvar, Allandale, Rutherford, and Farley Formations discussed above
comprise the Dalwood Group in the northern area of the Sydney Basin (Fig 1-3). It
is generally the product of marine sedimentation, which was accompanied by

active volcanism {McClung, 1980).

124 GRETA COAL MEASURES AND CORRELATIVE SNAPPER POINT
FORMATION

The Greta Coal Measures consist of conglomerates and sandstones with
subordinate siltstones and mudstones. Several coal seams, of which the Greta
‘Coal Member is the most important, are interbedded with these sediments. The
Greta Coal Measures have a thickness of 242 ft in their type section near Greta
(Raggatt, 1938). They have a transitional relationship with the underlying Farley
Formation in the Lochinvar Anticline area. The relationship implies a gradual
shallowing, which led to deposition of non-marine sediments. Facies relationships

and current directions in the Greta Coal Measures suggest a northerly source area
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(Rattigan and McKenzie, 1969), which is also supported by the southward thinning
of the unit in the subsurface (Mayne et al., 1974; McClung, 1980). The Greta Coal

Measures resulted from a marine regression.

The correlative of the Greta Coal Measures in other areas of the basin, the
Snapper Point Formation, has a similar lithology but is lack of coal seams. The
formation thins eastwards (Herbert, 1980Db). In outcrops, which are extensive in the
southwestern area of the basin, it is a sublittoral sand. The sand coarsens
westwards where beach and even fluvial facies may occur (Runnegar, 1980). The
formation exists in most parts of the southern, western and central areas of the
basin. In fact, the Snapper Point Formation marks the first of the two major

transgressions which invaded to the western margin of the basin (Runnegar, 1980).

As indicated above, the Greta Coal Measures are the product of a marine
regression whereas the Snapper Point Formation resulted from a marine
transgression. Thus it seems unreasonable that the Greta Coal Measures correlate
with the Snapper Point Formation. Runnegar (1980) attempted to resolve this
troublesome correlation problem. According to him, the Snapper Point Formation
appears more likely to be the southern expression of a major transgression which
followed the brief Greta regression. The major transgression also resulted in the
deposition of the basa! part of the Branxton Formation in the northern area of the
Sydney Basin. However, Runnegar did not discuss which rock units correlate with

the Greta Coal Measures.

The Wasp Head, Pebbly Beach, and Snapper Point Formations discussed above
comprise the Conjola Sub-Group. It is the basal part of the Shoalhaven Group in

the southern and central areas of the basin (Fig 1-3).

1.2.5 WANDRAWANDIAN SILTSTONE AND CORRELATIVE BRANXTON
FORMATION (EXCLUDING BASAL FPART)
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The Wandrawandian Siltstone is dominated by siltstones. It contains dispersed
clasts and megaclasts, which are also common in the underlying Conjola Sub-
Group. It thins westwards from about 250 m at the coast to its disappearance on the
western margin of the basin where the overlying Nowra Sandstone rests directly on
the Snapper Point Formation (Runnegar, 1980). It correlates with the Branxton
Formation {excluding the basal part) to the north. The basal part of the Branxton
Formation correlates with the top part of the Snapper Point Formation and consists
of sandstone.s and conglomerates. However, towards the top the Branxton

Formation is dominated by silty sandstones and siltstones.

The Wandrawandian Siltstone was laid down in a quiet shaliow shelf envirocnment
below wave base. The dispersed clasts and megaclasts contained in the unit were
probably transported to the quiet marine environment by ice rafts and icebergs from
the south (Herbert, 1980b). To the north, the Branxton Formation resulted from a

steady marine transgression following the Greta regression (McClung, 1980).

1.2.6 NOWRA SANDSTONE AND CORRELATIVE MUREE SANDSTONE

The Nowra Sandstone and its correlative to the north, the Muree Sandstone,
consist of quartzose to lithic quartzose sandstones with some interbedded
siltstones. They show well-developed cross-stratification. Thickness reaches up to

80-90 m but commonly is less than 50 m (Bembrick and Lonergan, 1976).

The sediments of the Nowra and Muree Sandstones were laid down in a
nearshore marine environment during a brief regression followed by a major
transgression (Mayne et al., 1974). However, Runnegar (1980) thought the
deposition took place well out on the Permian continental shelf. McKelvey et al.
(1971) suggested that the Nowra Sandstone resulted from northerly flowing
longshore currents during transgression. It was derived from the south while the

Muree Sandstone had its source in the north.
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1.2.7 BERRY FORMATION AND CORRELATIVE MULBRING SILTSTONE

The Berry Formation consists of dark to mid-grey siltstones. It is recorded to have a
maximum thickness of 550 m in the Stockyard Mountain No.1 borehole (Bowman,
1980) and thins westwards. Its correlative to the north, the Mulbring Siltstone is
aiso dominated by siltstones. It reaches a thickness of 330 m at its type section

near Mulbring (McKellar, 1969).

The sediments of the Berry Formation were deposited in the distal to prodelta fringe
of Visher's (1965) delta classification (Bowman, 1980). The Mulbring Siltstone was
laid down in deeper quiet water during and after the transgression that began with

the deposition of the Nowra and Muree Sandstones (Mayne et al., 1974).

The Branxton Formation, the Muree Sandstone and the Mulbring Siltstone
discussed in above three sections comprise the Maitland Group in the northern

area of the Sydney Basin (Fig 1-3).

1.2.8 BUDGONG SANDSTONE

The Budgong Sandstone conformably overlies the Berry Formation. It consists of
quartzose sandstones although to the east altered volcanic rock fragments are
increasingly common. It has a thickness of 370 m at Saddleback Mountain area
(Bowman, 1980). To the north it correlates with the bésal part of the Singleton Coal

Measures.

The Budgong Sandstone represents a nearshore sand, which was deposited
during a regression. The regression produced the overlying lllawarra Coal
Measures (Bowman, 1970). In a later publication Bowman (1980) concluded that
the lower part of the Budgong Sandstone was deposited below wave base while

the rest of the unit was !aid down above wave base.

The Conjola Sub-Group, the Wandrawandian Siltstone, the Nowra Sandstone, the
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Berry Formation and the Budgong Sandstone together comprise the Shoalhaven
Group in the central, western and southern areas of the Sydney Basin (Fig 1-3).
The group and its correlative in the northern area of the basin are dominated by
marine sediments which were deposited as a resuit of alternating marine

transgressions and regressions.

Of those transgressions taking place during the Shoalhaven Group time, the
transgression during the deposition of the Snapper Point Formation and the one
during the deposition of the Mulbring Siltstone are the two major ones. The earlier
one resulted in the marine deposition of the Snapper Point Formation in the
western area of the basin for the first time (Bembrick and Lonergan, 1976). The
later one is the most widespread in the Sydney Basin (Mayne et al., 1974). Faunal
evidence (Dickins, 1968) suggests that the sea was connected with the Bowen
Basin at this time. The situation lasted until the end of Budgong Sandstone
deposition when a regression occurred and resulted in the end of the dominant

marine sedimentation in the Sydney Basin.

1.2.9 SINGLETON COAL MEASURES (EXCLUDING BASAL PART) AND
CORRELATIVE ILLAWARRA COAL MEASURES

A widespread regression throughout the whole Sydney Basin took place at the end
of Budgong Sandstone deposition and led to the formation of extensive coal
swamps and associated sediments. In the northern basin, the regression ended
marine sedimentation and produced a sequence of thick coal measures of fluvial
origin - the Singleton Coal Measures (Conolly and Ferm, 1971). Further south
towards the basin centre, terrestrial sedimentation at this time was interrupted by
sevaral brief marine transgressions. The deposition of the Kulnura Marine Tongue
and equivalents within the Tomago Coal Measures recorded one of these brief

transgressions.

The Singleton Coal Measures are divided into the Wittingham Coal Measures and
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the overlying Wollombi Coal Measures in the Upper Hunter Valley and the Tomago
and the overlying Newcastle Coal Measures in the Lower Hunter Valley where the
Singleton Coal Measures consist of some 1200 m of predominantly terrestrial

sediments (Diessel, 1980).

The Tomago Coal Measures were deposited on tidal mud flats. Throughout its
deposition, marine or at least brackish influence remained. The overlying
Newcastle Coal Measures represent the product of a high energy terrestrial setting

(Diessel, 1980), which is shown by the substantial increase of coarse sediments.

The Singleton Coal Measures {excluding the basal part) correlate with the lllawarra
Coal Measures in other areas of the basin. The lllawarra Coal Measures are
divided into the Cumberiand Sub-Group and overlying Sydney Sub-Group in the
central and southern areas of the basin, and the Nile Sub-Group and the Charbon

Sub-Group in the western area of the basin (Fig 1-3).

The Cumberland Sub-Group consists of the Pheasants Nest Forrhation and the
overlying Erins Vale Formation. The Pheasants Nest Formation represents deltaic
plain sediments grading from coarse sandstone at the base of the sequence to
siltstone and coal at the top. It has a general thickness of about 75 m with a
maximum thickness being up to 185 m (Bowman, 1980). The overlying Erins Vale
Formation consists of poorly sorted, often bioturbated volcaniclastic sandstone and

is the product of a marine transgression.

The Sydney Sub-Group is separated from the underlying Cumberland Sub-Group
by a marked erosion surface. The sub-group consists of lithic sandstone, laminite,
siltstone, mudrock, and coal with minor amounts of tuff. Its thickness reaches up to
165 m. It was deposited in a lower deltaic plain environment (Bowman, 1980). The
sediments of the sub-group seemed to have been derived from a southern

andesitic source while those of the Sydney Sub-Group from a northern quartz-lithic



15

SOurce.

In the western area of the basin, the Nile Sub-Group represents the transition from
marine siltstones and sandstones of the Berry Siltstone to delta sandstones and
top-delta coals. The overlying Charbon Sub-Group is composed of fluvial point bar

sandstones, with floodplain siltstones, claystones, and coals (Bembrick, 1980).

1.2.10 NARRABEEN GROUP
The Narrabeen Group (excluding Newport and Garie Formations) is the
stratigraphic unit studied in this project. The stratigraphy and depositional

environment of the group will be discussed in more detail.

In 1887, Wilkinson first applied "Narrabeen” to a rock unit in the Sydney Basin
(Hanlon et al., 1953). After the pioneering work of Raggatt (1938), the Permo-
Triassic "Narrabeen Beds" of the Sydney Basin were eventually defined as the

Narrabeen Group by Hanlon et al. (1853).

Historically the Narrabeen Group was considered to be the lowermost part of the
Triassic rock units in the Sydney Basin. However, further palynological evidence
(Balme and Helby, 1973) suggested that the Permo-Triassic boundary does not
correlate with the base of the Narrabeen Group but lies within the fluvial sediments
of the Narrabeen Group (i.e. in the upper part of the Caley Formation). Therefore,
the Narrabeen Group ranges in age from Late Permian to Early Triassic. The
Group has a variable thickness in different parts of the basin. It varies from 90 m on
the basin edge, 90 to 510 m on the basin slope, to 510 to 700 m on the basin floor
(Mayne et al., 1974).

The formal stratigraphic nomenclature for the Narrabeen Group was described by
Hanlon et al. (1953) in coastal regions and by Crook (1956) in western districts.

Crook's nomenclature was later applied over a wide area from the Burragorang
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Valley (Helby, 1961) to Glen Davies district (Goldbery, 1970) and the upper Colo-St
Albans region (Galloway, 1967). However, the subdivision scheme for the group
introduced by Hanlon et al. (1953) was modified as a result of further studies by
Stuntz (1961, cited in Ward, 1971b) and Bradley (1964, cited in Ward, 1971b). The
history of nomenclature modification prior to 1970 has been summarised by
Herbert (1970). Ward (1971b) gave a lithological correlation of the rock units of the
Narrabeen Group (Fig 1-4).

Galloway and Hamilton (1988) proposed a new subdivision scheme for the
Narrabeen Group. Based on all available geophysical log data, principally gamma
and neutron logs, they established a correlation framework throughout the whole
Sydney Basin and subdivided the Narrabeen Group into five operational units,

which will be discussed in Chapter 4.

Following the study of the sedimentation of the Narrabeen Group by Ward (1971a,
1972), further details were discussed by Bembrick (1980), Conaghan et al. {1982),
Hamilton et al. (1987) and Galloway and Hamilton (1988). The Narrabeen Group is
generally considered to be derived from fluvial / lacustrine depositional systems. As
deposition proceeded, the energy of the depositional system declined (Ward,

1972). The following general discussion reviews the views from these authors.

(i) Caley Formation and Wombarra Shale

These two stratigraphic units consist largely of shaly sediments. To the north and
northwest, they become interbedded with conglomeratic units, the Munmorah
Conglomerate in the east and the Widdin Brook Conglomerate in the northwest
(Goldbery, 1970). Palaeocurrent data from the overlying Grose Sandstone in the
westarn district show that the mean direction of the palaeocurrent is 155° (Ward,
1972). The lateral relationship and palaeocurrent data led Ward to the conclusion

that the two units were deposited at the outwash end of a southeast flowing alluvial
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system, which also produced the Munmorah Conglomerate in the north. The basal
part of the Caley Formation was deposited in a lacustrine environment and

represents swampy facies (Galloway and Hamilton, 1988; Chapter 4}.

(i) Coal Cliff, Scarborough, Bulgo and Grose Sandstones

The Coal Cliff, Scarborough, Bulge and Grose Sandstones are the sandy units of
the Narrabeen Group. They are from different parts of the basin and are of different
age (Fig 1-4). Despite the differences, these sandy units have many
sedimentological features in common (Ward, 1972). Ward ascribed these
sandstones to a fluvial deposition. The fluvial depositional system changed during
sedimentation. The Coal CIiff, Scarborough Sandstones and the lower part of the
Grose and Bulgo Sandstones were laid down in a braided fluvial system. By
contrast, the upper parts of the Grose and Bulgo Sandstones represent the point

bar sediments of a meandering fluvial system.

In his discussion of the Blue Mountains geology, Bembrick (1980) increased the
rank of the stratigraphy. He defined the Grose units as the Grose Sub-Group
instead of the Grose Sandstone. Thus the Banks Wall Sandstone Member
becomes the Banks Wall Sandstone. Bembrick indicated that marine incursions
had been found in the basal part of the Grose Sub-Group (Burra-Moko Head
Sandstone). Following the suggestion of Conolly (1969) that the Grose Sub-Group
was deposited in a fluvial environment, he proposed that marine incursions should
become evident in the lower deltaic plain environment from outcrops in the lower

Blue Mountains and eastwards.

(iii) Stanwell Park Formation

The Stanwell Park Formation consists largely of red-brown and grey-green
laminated claystones with minor friable conglomerates. Like the Caley Formation
and Wombarra Shale, it is also interbedded with conglomeratic sediments to the

northwest. Conolly (1969) indicated that the shaly sequence might represent a
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marine transgression into the basin. In contrast, Ward (1972) thought the unit was
the product of a sub-aerial accumulation derived from a newly exposed volcanic
source east of present coastline. it represents inter-channel floodplain / lacustrine

facies (Chapter 4).

(iv) Burralow Formation

The Burralow Formation is the uppermost part of the Narrabeen Group in the Blue
Mountains area. It consists largely of fine grained micaceous sandstones which are
quartzose and quartz-lithic, with minor interbedded claystones and siltstones. The
formation was deposited in a fluvial to fluvial-deltaic environment in the Blue
Mountains (Bembrick, 1980). To the east the formation merges progressively with
the Newport Formation, which was deposited in a shallow estuarine environment

(Bunny and Herbert, 1971).

(v) Gostord Formation

The Gosford Formation, which was recently named as the Terrigal Formation by
McDonnell (1980), is the uppermost part of the Narrabeen Group along the north
coast. It is composed of sandstones and siltstones. McDonnell (1974) ascribed the
Gosford Formation to deposition in an alluvial inchannel and floodplain
environment. Later he developed this interpretation and divided the formation into
seven fine grained and six coarse grained subdivisions. In the Terrigal area, the
Gosford Formation is the product of at least six stages of fluvial deposition

(McDonnell, 1980).

(vi) Bald Hill Claystone

The Bald Hill Claystone is the most important stratigraphic marker in the Sydney
Basin. It has a distinctive red-brown or chocolate colour. The Wentworth Falls
Claystone Member, which is within the Banks Wall Sandstone in the Blue
Mountains area, correlates with part of the Bald Hill Claystone in the southern and

central areas of the basin (Goldbery and Holland, 1973). To the north, the Bald Hill
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Claystone interfingers with the Gosford Formation. However, the distinctive
chocolate beds disappear from the sequence completely. The Bald Hill Claystone
has a unique mineralogy (Loughnan, 1963). It consists almost entirely of haematite
(locally siderite) and well-ordered kaolinite. Quartz and any unstable minerals such

as feldspar and mica are virtually absent.

The origin of the chocolate beds within the Bald Hill Ciaystone and the Wentworth
Falls Claystone Member is highly controversial (Goldbery and Holland, 1973). Two
different interpretations have been proposed for the origin of haematite in the red
beds. One is that the haematite is produced by laterization and then transported to
an oxidising environment to be deposited. The other is that haematite results from
in situ diagenetic breakdown of iron-rich minerals. Both modes of origin require a
combination of particular climatic conditions, source materials and oxidising

environment.

Based on the single clay mineralogy, high concentration of haematite, and relative
absence of quartz, Loughnan et al. {1964) postulated that the Bald Hill Claystone
resulted from lateritic weathering of a basic to intermediate volcanic source. This
interpretation was later followed and developed by Ward (1972) and Goldbery and
Holland (1973). However, with regard to the source area, differences appeared
between them. Ward thought that the Bald Hill Claystone was derived from the
same exposed volcanic source 1o the east of the present coastline as the Stanwell
Park Claystone. It perhaps represents a terrestrial accumulation which occurred on
the flank of the delta, in an area free of other clastic influx. Goldbery and Holland
(1973) ascribed the Bald Hill Claystone to a newly developed northerly drainage
system and was derived from a southern source and deposited in a piedmont
environment. They also suggested that chocolate beds in the Blue Mountains area
were derived from western and southern sources and deposited in a floodplain
environment. The source for the Bald Hill Claystone at Long Reef north of Sydney

was uncertain (Goldbery and Holland, 1973). However, they suggested that the
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sediments might also come from the southern source.

(vii) Garie and Newport Formations

The Garie Formation, formerly known as Garie Member, has a mineralogy similar to
that of the underiying Bald Hili Claystone except that the iron-bearing mineral is
siderite instead of haematite. It is composed of sideritic fiint or kaolinite claystone
and also contains abundant pisolitic and brecciated clasts. The formation
correlates with the flint clays which lie about 9 m above the Wentworth Falls

Claystone Member of the Banks Wali Sandstone (Goldbery and Holland, 1973).

The origin of the Garie Formation was discussed by Loughnan (1962, 1970) and
Goldbery and Holland (1973). Loughnan thought the formation was produced by
silicification of transported bauxitic minerais, which were Iaid down in reducing low-
lying vegetated swamps. This interpretation was later modified by Goldbery and
Holland. They ascribed the formation to the rapid deposition of bauxitic materials
on the flanks of exposed bauxitized area on the eastern and southern margins of

the basin.

In the Garie Formation, Bunny and Herbert (1971) recognised the presence of root
remains in leached shales, which led them to the conclusion that a depositional
break existed at the top of the Bald Hill Claystone. This was supported by Goldbery
and Holland {(1973). They thought that the depositional break was consistent with

the final bauxitization introduced by them in their discussion of the Garie Formation.

The Newport Formation overlies the Garie Formation. It consists of shaly sediments
in the lower part and sandy sediments in the upper pant. The lower part was
deposited in a combined deltaic, interdistributary bay and sub-aerial levee
environment and the upper part in a fluvial environment (Bunny and Herber,
1971). The upper part contains a number of point bar or fining upwards sequences.

By considering the persistence of beds and laminations, Ward (1972) suggested
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that many beds within the Newport Formation represented distributary mouth bar
deposits, or the product of a similar environment which involved wide, but shallow

water under mild current activity.

1.2.11 HAWKESBURY SANDSTONE

The Hawkesbury Sandstone has an extensive exposure. It dominates the
landscape within 100 km of Sydney and has a maximum thickness of 250 m
{Conaghan, 1980). The stratigraphic unit consists of quartzose sandstones with
minor thin-layered claystones and siltstones. It was deposited in a braided fiuvial
depositional system, which led to the paucity of claystones and siltstones within the

unit (Conaghan and Jones, 1975; Conaghan, 1980).

1.2.12 MITTAGONG FORMATION

The Mittagong Formation, previously known as the "Passage Beds" (Lovering,
1954), was included within the base of the Wianamatta Group by Bryan et al.
(1967), and Lovering and McElroy (1969). However, Herbert (1980c) showed that
the formation was related genetically to the underlying Hawkesbury Sandstone
rather than the overlying Ashfield Shale. Thus he agreed with Lovering (1854) and

excluded the Mittagong Formation from the Wianamatta Group.

The Mittagong Formation consists of fine to medium grained quartzose sandstones
identical to the underlying Hawkesbury Sandstone in terms of mineral composition.
It has a thickness of 15 m at its type section in Gib Tunnel, but is usually less than
10 m. In some areas, it is absent (Herbert, 1980c). According to Herbert, the
Mittagong Formation represents an overbank complex of levee, abandoned
channel, and swamp sediments. It is actually the preserved floodplain sediments of

the palaeo-Hawkesbury Sandstone river.

1.2.13 WIANAMATTA GROUP

The Wianamatta Group is the uppermost part of the Permo-Triassic sequence in
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the Sydney Basin. It consists largely of shales with minor sandstones. It reaches a
thickness of 304 m at Razorback Range (recorded in the DM Razorback DDH 1
borehole, Herbert, 19786, cited in Herbert, 1980c).

The group was divided into three subdivisions by Herbert (1980c). From bottom to
top they are the Ashfield Shale, the Minchinbury Sandstone, and the Bringelly
Shale. The Wianamatta Group experienced a single regressive episode after the
inundation of the Hawkesbury Sandstone - Mittagong Formation aliuvial plain. The
regression resulted in the deposition of the Wianamatta Group which graded
upwards from lacustrine to brackish or shallow marine deposits at the base,
through a shoreline sand, and finally into alluvial sediments at the top (Herbert,
1980c).

1.3 DEPOSITIONAL HISTORY SUMMARY.
The depositional deveiopment of the Sydney Basin has been comprehensively
discussed by Herbert (1980a). The following general discussion is required to give

the setting for the core samples analysed in this thesis.

Sedimentation in the Sydney Basin was both initiated and controlled by tectonism
and can thus be discussed within a tectonic framework (Herbert, 1980a). During its
development, the Sydney Basin experienced four tectonic stages. They are the
Late Carboniferous Currabubula Tectonic Stage, the Early Permian Hunter
Tectonic Stage, the Late Permian Bowen Tectonic Stage, and the Early to Middle

Triassic Hawkesbury Tectonic Stage (Fig 1-3).

During the Currabubula Tectonic Stage, the Sydney Basin did not yet exist as a
structural entity. The incipient Sydney Basin (the eastern part of the Lachlan Fold
Belt) experienced fluvial-glacial conglomerate sedimentation (Talaterang Group
and correlatives). These conglomerates are restricted to valleys surrounded by

highlands of moderate elevation.
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Up to the beginning of Early Permian times, the New England Foid Belt and the
eastern margin of the Lachlan Fold Belt slowly subsided so that a broad continental
she!f was created. During the Hunter Tectonic Stage, the lower Shoalhaven, the
Dalwood and the lower Maitland Groups were deposited on the inner continental
shelf during extensive marine transgressions. Incipient orogenic movement, which
occurred within the New England Fold Belt, interrupted the shelf sedimentation and
resulted in the deposition of the Greta Coal Measures with a wedge shape in the
northern part of the developing Sydney Basin. The deposition of the overlying
Branxton Formation and the Muree Sandstones and their correlatives also took

place during this tectonic stage.

Mid-Permian diastrophism (Leitch, 1974) led to the development of the Hunter-
Mooki Thrust System, which is defined as the northeastern boundary of the present
day Sydney-Gunnedah Basin. At this time, the Sydney Basin began to take shape

and persisted as a structural entity until the end of the Middle Triassic time.

The mid-Permian diastrophism (Hunter Orogeny) resulted in the uplift of the New
England Fold Belt and the rapid subsidence of the adjacent Sydney Basin. Thus in
terms of plate tectonics, the Sydney basin is a foreland basin. During the Bowen
Tectonic Stage, most sediments were derived from the uplifted New England Fold
Belt and minor, intermittent sediment inputs from the southwestern margin. These
sediments (Singleton Coal Measures, their correlatives - lllawarra Coal Measures
and Budgong Sandstone) were deposited in a newly formed foredeep (the Sydney
Basin) during three major regressive depositional episodes: Lower, Upper Tomago
Depositional Episodes, and Newcastle Depositional Episode. Terrestrial sediments
of this tectonic stage contain the most important coals in the Sydney Basin. They

are named in different areas as the lilawarra, Newcastle / Tomago Coal Measures.

All three regressive depositional episodes are characterised by repeated
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progradation of depositional environments. Close to the northeastern source area,
coarse conglomerates were deposited in alluvial fan and aliuvial plain
environments. To the southwest, finer sandstones, siltstones and shales were laid
down in deltaic, marine deltaic front, and prodeita environments. Peat swamps

formed in all the major terrestrial environments.

During the Hawkesbury Tectonic Stage, four major lithological stratigraphic units
were deposited. They are the Narrabeen Group, the Hawkesbury Sandstone, the
Mittagong Formation, and the Wianamatta Group. It is generally considered that
these units were deposited in a fluvial-deltaic system. At different times, the New
England Fold Belt and the Lachlan Fold Belt acted as the major source which

supplied sediments to the basin. Deposition ceased at the end of Middle Triassic.

After a Late Triassic depositional hiatus, Lower Jurassic sediments with an
unknown thickness were deposited unconformably over the Middle Triassic
sediments of the Sydney Basin. According to Herbert (1980a), these sediments are
more likely to be related to the developments of the Great Australian Basin than to

the tectonically extinct Sydney Basin.

1.4 STRUCTURE

The structural subdivision of the Sydney Basin was discussed first by Bembrick et
al. (1973). This discussion was later summarised by Bembrick and Lonergan
(1976) and Bembrick et al. {1980) . The following discussion is largely based on

the three papers by these authors.
The Sydney Basin, which is the southern part of the Sydney-Bowen Basin, can be
further divided into lower category structural units. They include six plateaus, one

belt of folds and one secondary category basin (Fig 1-5).

The Hunter Valley Dome Beit ("Dome Belt" of Voisey, 1959}, lies in the most
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northeastern part of the basin. It is bounded by the Hunter Thrust to the northeast,
and by a less distinctive basement fault - possibly a thrust - to the southwest (Fig 1-
5). The basement fault is paraliel to the escarpment of Triassic rocks, which forms
the southern side of the Hunter Valley. The dome belt is characterised by a series of
approximately north-trending folds of varying amplitudes, of which the Lochinvar
Anticline and the Muswellbrook Anticline are the most prominent. Two distinctive
sets of faults exist in the dome beit. The first set of faults are parallel to the Hunter
Thrust System. The other set of faults trend north-south and are associated with

folding. They are predominantly normal faults with displacement of up to 300 m
(Mayne et al., 1974). |

The Blue Mountains Plateau lies in the western part of the Sydney Basin. It is
bounded to the north by the Mount Coricudgy Anticline and the basement fault
’mentioned above. To the east the Lapstone Monocline-Nepean Fault complex
forms the boundary. The western boundary is a regional unconformity along the

edge of the Sydney Basin. To the south, the plateau merges with the lllawarra
Plateau.

The illawarra Plateau lies south of the Blue Mountains Plateau. It is bounded to the
northeast by the Nepean Fault and associated minor faults, and then by the
Nepean Monocline and its projection to the coast south of Wollongong (Fig 1-5). To
the south, a basement low, which is a Carboniferous to Early Permian river
channel, is taken as the boundary with the Sasafras Plateau. To the west, the

plateau is bounded by a regional uncontormity along the edge of the Sydney

Basin.

The Sassafras Plateau lies south of the lllawarra Plateau and is also delineated on
the west by the regional unconformity. To the south, it is separated from the Boyne
Mount Plateau by the east-west oriented Talaterang Low (McElroy and Rose,

1962), in which sudden thickening of Permian sediments has been observed (Fig
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1-5). The thick sequence indicates the existence of some sort of basement
discontinuity. The presence of the Milton Monzonite along the Talaterang Low

further supports this idea.

The Boyne Mount Plateau lies immediately south of the Sassafras Plateau. It is the
southernmost structural subdivision of the Sydney Basin. The regional

unconformity forms its southwestern boundary (Fig 1-5).

The Homnsby Plateau lies south of the Hunter Valley Dome Belt and east of the Blue
Mountains Plateau (Fig 1-5). To the south, it is separated from the Cumberland
Basin by the Hornsby Warp. Large scale low amplitude, north-north-easterly

trending foids are present over most of the plateau.

The Woronora Plateau lies northeast of the lllawarra Plateau. To the north, it is
separated from the Cumberland Basin by the South Coast Warp. The boundary
with the lllawarra Plateau is well defined as a series of tensional structures, which
are reflected in variations of sedimentary facies and thickness. The Camden
Syncline is the most prominent structure in the Woronora Plateau. The Bulli
Anticline and its north-westerly bifurcation, the Woronora Anticline (Fig 1-5),.are the
most significant structures related to the deposition. However, the whole area within

the plateau is gently deformed.

The Cumberland Basin is the only secondary structura! low recognised in the
Sydney Basin. As shown in Fig 1-5, it lies east of the Lapstone Monocline and is
bounded by the Hornsby Warp to the north, and by the South Coast Warp to the
south. The axis of the Cumberiand Basin is considered to be identical with that of
the Sydney Basin, further lower category structural lows such as the Penrith,
Fairfield and Botany Basins are also recognised. They are located in an

undistinctive trough (Bryan et al., 1967).
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Bembrick et al. (1973, 1980) and Bembrick and Lonergan (1976) did not mention
when and how these lower category structural units developed. However, Mayne et
al. (1974) made a brief discussion of the timing for prominent structures in the basin
in their review of Sydney Basin geology. According to them, most of the folding and
faulting of the two prominent Lochinvar and Muswellbrook Anticlines and other
structures in the Hunter Valley Dome Belt developed during the Tatarian (iate
Permian) and all other prominent structures in the basin formed during the Late
Tertiary Kosciusko Uplift of the eastern Australia. The uplift ied to the development
of the Blue Mountains, Hornsby and Woronora Plateaus and the Cumberland
Basin. However, recent studies (e.g. Schmidt and Embleton, 1981, Middleton and
Schmidt, 1982) and fission track analyses of basement apatites between
Wollongeng and Melbourne (Moore et al., 1986) and this study {(see Chapter 7) all
indicate thermal uplift and erosion in the mid Cretaceous just prior to the onset of
Tasman Sea spreading. This uplift must have contributed to the development of
lower category structural units in the basin to some extent. In his discussion of
eastern highlands of Australia, Wellman (1987) proposed that the tectonic uplift of
the highlands took place throughout the late Cretaceous and Cainozoic. This
implies that the uplift initiated at mid Cretaceous probably persisted throughout this
period in plateau areas of the basin. Thus, the lower category structural units in the

basin was most likely to have developed from mid Cretaceous to late Cainozoic.
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CHAPTER TWO
SANDSTONE DIAGENESIS REVIEW

2.1 INTRODUCTION

The term "diagenesis” was first introduced to geological literature by Von Guembels
in 1868 (Chilingarian, 1983). However, it did not receive much attention until the
1950's and it is only recently that it has been discussed in much more detail.
Following the book edited by Larsen and Chilingar (1967), which summarised the
previous work on diagenesis, a number of monographs on diagenesis have been
published. Among them, "Diagenesis in Sediments and Sedimentary Rocks" by
Larsen and Chilingar (1979a, 1983), "Aspects of Diagenesis" by Scholle and
Schluger (1979), "Sediment Diagenesis” by Parker and Sellwood (1983), "Clastic
Diagenesis™ by McDonald and Surdam (1984), "Roles of Organic matter in
Sediment diagenesis™ by Gautier (1986), and "Diagenesis of sedimentary

sequence” by Marshall (1987) are the most important.

Diagenesis is defined as all the processes that begin to operate from the moment
of sediment deposition and cease at the: moment when solid rocks go into the
realms of metamorphism or weathering {Larsen and Chilingar, 1979b). But not
everyone agrees with this definition. Some authors (e.g. Chilingarian, 1983) define
it as the processes that turn sediments into solid rocks and exclude the later
processes from diagenesis. A more detailed discussion of this topic was made by
Larsen and Chilingar (1979b). Authigenesis is one aspect of diagenesis. It refers to
the formation of new or secondary minerals within enclosing sediments or

sedimentary rocks (Fairbridge, 1983).

The classification of diagenesis into several phases by Russian authors was quite
confusing in the 1950's and 1960's. This resulted in different schemes by different
authors and different meaning of the same term introduced by different authors.

Larsen and Chilingar (1979b) quoted a summary of different classification by
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Soviet authors by Vassoevich (1971, p.14) in which classifications were discussed.
They also mentioned a quite confusing term "metagenesis” in Soviet literature.
According to them, the term was almost simuitaneously introduced to literature in
three different published works in 1957. However, the definition of the term was
quite different. "Vassoevich (1957), in using it, referred to metamorphism, whereas
A.G. Kossovslaya, N.V. Logvinenko and V.D. Shutovc in Vassoevich (1971, p.14)
defined metagenesis as early metamorphism prior to regional metamorphism.
Strakhav (1957 in Vassoevich 1971, p.14) agreed with the later authors as far as
the lower boundary of metamorphism is concerned, but included catagenesis in

this term.” (Larsen and Chilingar, 1979b, p.5)

In the English speaking world, the subdivision of diagenesis is generally
congistent, Fairbridge (1967) classified diagenesis into three phases:
syndiagenesis, anadiagenesis, and epidiagenesis. Syndiagenesis includes the
initial stage and the biological activity. Anadiagenesis includes the compaction and
maturation stages of diagenesis and it is characterised by long duration.
Epidiagenesis is not undergone by solid rocks in every sedimentary basin. In some
sedimentary basins, the strata are uplifted to the surface and exposed to the

ground water zone (fresh water). This phase is the so called epidiagenesis.

In their study of carbonate porosity, Choquette and Pray (1970) proposed three
diagenetic stages: eogenesis (early), mesogenesis (middle), and telogenesis
(late). The three stages are slightly different from those of Fairbridge (1967) in
emphasising the temporal sequence. Schmidt and McDonald (1979a) thought that
the classification scheme by Choquette and Pray (1970) was appropriate for study
of secondary porosity in sandstones and so they adopted the scheme.
Eodiagenesis takes place at or near the surface and it is chéracterised by the
surface environment controlling the properties of interstitial fluids prior to effective
burial (the burial under strata which shields the sediment from the impact from the

surface environment and thus the chemistry of interstitial fluids is not controlled by
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it.). Mesodiagenesis is defined as the subsurface regime under effective burial.
Telodiagenesis is the regime at or near the surface after effective burial when the
rocks have been exposed. The scheme of Choquette and Pray (1970) was used by
Kantorowicz (1985) in his case study of diagenesis of Middle Jurassic sediments,

Ravenscar Group, Yorkshire (U.K.}).

There are other classification schemes (e.g. Bjerlykke, 1983} which do not take the
last stage of Schmidt and McDonald (1979a) into account. Bjgrlykke subdivided the
diagenetic reactions in sandstones into only two stages: early diagenesis and
burial diagenesis. In this scheme, the burial depth is taken as the major factor _
defining diagenetic stages. By comparing the scheme with the one by Schmidt and
McDonald (1979a), it can be found that the early diagenesis of Bjarlykke generally
corresponds to the eodiagenesis, and that the burial diagenesis to the
mesodiagenesis. Therefore, no significant difference exists between the two

schemes except for the lack of counterpart for the last stage - telodiagenesis of

Schmidt and McDonald's scheme in Bjarlykke's scheme.

2.2 FACTORS AFFECTING SANDSTONE DIAGENESIS
There are a number of factors affecting sandstone diagenesis depending on the

history of the sedimentary basin. The five most important are described below.

2.2.1 PORE WATER CHEMISTRY
The influences of pore water chemistry on sandstone diagenesis have been
discussed by a number of authors. They include Almon et al. (1976), Davies et al.

(1979), Bjorlykke (1983), Burley (1984), and Kantorowicz (1985).

In their study area, Almon et al. (1976) found two distinct cement assemblages:
corrensite + calcite + dolomite and montmorillonite + calcite. They recognised three

characteristic features in the cements: (1) The former assemblage is only found in
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samples from delta distributary channel and distributary mouth bar environments
while the latter assemblage occurs only in samples from bay-beach, crevasse
splay, iagoon, barrier island and shallow subtidal environments. (2) Each
assemblage is uniminerallic with regard to clay minerals. (3) The corrensite and the
montmorillonite are mutually exclusive. All the evidence supports the conclusion
that the formation of authigenic clay minerals was controlled by original pore fluid

chemistry.

Davies et al. (1979) considered the pore water chemistry to be the most important
control on diagenesis of Tertiary-Holocene volcaniclastics in their case study. The
formation of three successive cements, haematite-geothite; montmorillonite plus
haematite;: montmorillonite plus heulandite, was mainly controlled by pore water

chemistry.

Bjerlykke (1983) contributed a general discussion of the initial pore water chemistry
and cement precipitation in different types of pore water. He divided initial pore
water into three different types: sea water, evaporitic water and meteoric water. Sea
water is present in marine environment and it is characterised by constant
composition. Upward moving pore sea water due to compaction precipitates
carbonates, iron and manganese oxides. Of them, carbonates are the most
important. In addition, pyrite, iron-rich chlorite and glauconite may also precipitate
from sea water. In suitable conditions, silica can also be precipitated as a less

stable phase and later change to quartz.

Evaporitic pore water occurs in both marine and continental evaporitic basins. It is
characterised by high concentrations of ions. In addition to carbonates and
sulphates, zeolites are common early diagenetic minerals in this environment.
Furthermore, the special conditions of the environment stabilise the smectite. In the
vadose zone of arid environments, early calcite and also iron and manganese

oxides are common cements.
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Meteoric water occurs in continental environments. It is characterised by low ion
concentration and variable pH values. It is initially undersaturated with respect to
most minerals. However, as it leaches unstable particles, it becomes saturated with
some minerals such as gypsum and carbonates and precipitates them. Silica, illite,
montmorillcnite, and kaolinite can be produced by dissolution of feidspar and other

silicate minerals.

Burley (1984) thought the overall chemistry of the near-surface pore waters and the
interaction of unstable minerals with the pore waters largely controlied the
eodiagenetic minerals of the Sherwood Sandstone Group, a conclusion supported
by Kantorowicz (1985). According to Kantorowicz, during the ecdiagenetic stage
quartz overgrowths and vermiform kaolinites were precipitated in sandstones with
oxygenated and mildly acidic pore water while chlorites and quartz overgrowths
were restricted to sandstones with anoxic and neutral pore water in the Middle

Jurassic Ravenscar Group of Yorkshire (U.K.).

All the discussions made above show that pore water chemistry has an effect on
sandstone diagenesis. However, due to the complexity of pore water chemistry, the
influence of pore water chemistry on sandstone diagenesis is not the same at

different areas. In addition, the chemistry changes with time.

2.2.2 DETRITAL MINERALOGY

(i) Volcanic Lithic Sandstone

Clearly, detrital minerals affect sandstone diagenesis. A number of papers on
diagenesis of volcanic lithic sandstones have been published (e.g. Galloway, 1974,
1979: Davies et al., 1979; Surdam and Boles, 1979). Galloway (1974) indicated
that the formation of calcite cement is the common reaction in volcanic lithic
sandstone. During diagenesis, the unstable particles such as pyroxene and

volcanic glass are dissolved and thus pore water chemistry is changed (Davies et
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al., 1979). In regard to the porosity characteristics of the volcanic lithic sandstone,
Surdam and Boles (1979) concluded that the diagenesis of volcanic glass and
volcanic rock fragments can greatly reduce or even completely destroy the original
primary porosity, but later diagenesis may create secondary porosity through

dissolution of unstable components.

(ii) Feldspathic Sandstone

The most characteristic feature of diagenesis in feldspathic sandstones is the
dissolution of feldspars and the replacement of them by clay minerals and / or
carbonates. In very acidic environments (pH < 5), the rate of feldspar dissolution is
determined by activity of hydrogen ions whereas it is independent of pH when pH
value is more than 5 (Bjorlykke, 1983). Feldspars are stable in basic solutions of
high alkali and silica concentrations. The alteration of feldspars to clay minerals
was described by Hawkins (1978). According to him, kaolinite replaced feldspars in
coarse grained sandstones whereas illite replaced feldspars in fine grained

sandstones in Upper Carboniferous sandstones in Bothamasall Qilfield (U.K.).

(ili) Quartzose Sandstone

Quartzose sandstones are stable and simple in terms of their detrital compositions.
Thus their diagenesis is relatively simple compared with that of feldspathic and
volcanic lithic sandstones. Schmidt and McDonald (1979a) described a number of
models of quartzose sandstone diagenesis from a purely theoretical viewpoint. The
model is a function of the source of silica cement, the type of carbonate cement and
the content of detrital carbonate fragments. The most common features of
quartzose sandstone diagenesis are pressure solution and quartz overgrowth.
Authigenic clay minerals and / or carbonates may also be precipitated in quartzose

sandstones.

2.2.3 DEPOSITIONAL ENVIRONMENT

Depositional environment controls initial pore water chemistry and detrital
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mineralogy composition of sandstones to a certain extent. Therefore it must have
an influence on sandstone diagenesis. It is only during early diagenesis that it
greatly affects diagenesis (Fuchtbauer, 1983). Since the role of initial pore water in
sandstohe diagenesis has been discussed above, a discussion of depositional
environments on sandstone diagenesis is omitted here. A comprehensive

discussion of the topic was made by Fuchtbauer (1983).

2.2.4 HEAT FLOW (TEMPERATURE)

The influence of temperature on sandstone diagenesis has been discussed by a
number of authors (e.g. Galloway, 1974, 1979; Bjerlykke, 1983; Loucks et al,,
1984). Bjerlykke (1983) summarised the impact of temperature on sandstone
diagenesis in four ways: (1) temperature affects the solubilities of minerals; (2) the
effect of hydration of ions will be reduced by increasing temperature so that the
ions such as Fe2+, Mg2+ which are easily hydrated at surface temperature are more
available to get into mineral phases; (3) increasing temperature makes hydrous
minerals (e.g. montmorillonite and kaolinite) become unstable and transform to
less hydrous mineral phases. This process also releases water; (4) pore water will
expand with increasing temperature so that fluid pressure will increase if the pore

fluid cannot escape.

Based on his study of diagenesis of sandstones in northwest Pacific arc-related
basins, Galloway (1974, 1979) concluded that temperature had a great impact on
diagenesis of some sandstone suits. Therefore, the preservation of porosity in
these sandstones was mainly controlled by temperature. The correlation between
temperature and porosity was also shown by Loucks et al. (1984) in their study of
diagenesis of lower Tertiary sandstones along the Texas Gulf Coast. In the Wilcox
Group and Frio Formation, porosity decreases with increasing temperature. This
relationship is not only shown in a vertical profile but also more significantly in an

areal sense: at the same burial depth, the sandstones in the inland area with a



37

higher temperature have a lower porosity than those in the area along the coast

with a lower temperature.

A discussion of the paleothermometry of the Sydney Basin has been made by
Schmidt and Eimleton (1981) and Middleton and Schmidt (1982). Schmidt and
Elmleton (1981) concluded with confidence that the rocks present at the surface
throughout much of the coastal areas of the Sydney Basin were elevated to
temperatures of at least 100 © 10 200 °C at some time prior to 80 m.y. This
conclusion was supported by Middleton and Schmidt (1982) based on overprinting
of magnetisations of Upper Permian and Mesozoic rocks and the rank of Permian
Coals and Mesozoic phystoclasts {(coal particles). They proposed that the rocks
exposed at the surface of the Sydney Basin might have been raised to
temperatures of 200 °C or even higher. Both Schmidt and Embleton (1981) and
Middleton and Schmidt (1982) attributed the high temperatures to a thick sediment
sequence, which overlay the current surface rocks and was later eroded away. A
sediment sequence with a thickness of between 1 and 2 km was regionally lost and
locally a 3 km thick sediment sequence was probably lost (Middleton and Schmidt,
1982). However, this conclusion was disputed by Branagan (1983). He thought that
the evidence for a thick cover, which was eroded away, was poor. The thickness of
sediments eroded was much less than 1 km. He attributed the high vitrinite
reflectance to heat flow resulting from volcanic intrusion rather than deep burial.

The heat flow history model of the basin will be discussed in detail in Chapter 7.

2.2.5 PRESSURE
The solid rocks at subsurface undergo pressure from overburden materials. This

pressure is calied confining pressure (Po) (North, 1985). it comprises the fluid |
pressure (Pf) and the effective pressure or grain to grain pressure (dp}). The effective

pressure can be expressed in the following formula:
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op = Po - Pt (North, 1985, p.219)

Obviously it is the effective pressure that controls the mechanical deformation and
pressure solution. The infiuence of the effective pressure on sandstone diagenesis
is shown by the Brent Sandstone of Viking Graben in the North Sea (Chiarelli and
Duffaud, 1980). They showed that the sandstone, now at 2.5-3.0 km, was in an
overpressure zone {where the fluid pressure is more than the normal hydrostatic

pressure) and remained loose and friable.

in addition to the factors discussed above: pore water chemistry, detrital
mineralogy, depositional environment, heat flow, and pressure, there are several
other factors affecting sandstone diagenesis such as texture, tectonics, and
subsidence history and rate. The texture factor was discussed by Fuchtbauer
(1983) and Stonecipher et al. (1984) and the latter factors by Bjarlykke (1983).

However, these factors are generally less important than the ones mentioned

above.

2.3 POROQSITY

2.3.1 GENERAL STATEMENT

Porosity is defined as the ratio of pore space to the total rock volume and it is
usually expressed as a percentage. It includes two types: effective and absolute
porosity. The former is the percentage of inter-connected pore space in the total
rock volume. The latter is the percentage of total pore space in the total rock
volume. The porosity can be primary, secondary or a combination of the two.
Primary porosity is that which the rock possesses at the end of its depositional
phase. Secondary porosity is additional void space due to post-depositional or

diagenetic processes.

2.3.2 POROSITY REDUCTION
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Hayes (1979) classified porosity reduction processes into three types: (1) chemical
(cementation, replacement and recrystallisation), (2) mechanical {(compaction by
deformation and fracture of detrital grains), and {3) combination of the above
(alteration of a detrital grain accompanied by compaction). Bjerlykke (1983}
thought there were four processes responsible for porosity reduction. They were (1)
mechanical compaction of the grains, (2) precipitation of cement in the primary
pore space, (3) mineral reaction forming expanded hydrous minerals, and (4)
pressure solution. The two schemes are similar. The (2) and (3) of Bjarlykke can be
classified into (1) of Hayes. The (1) and (4) of Bjerlykke correspond to the (2) and
(3) of Hayes respectively.

Cementation is obviously a porosity reduction process. A lot of minerals have been
noted as cements in sandstones. A summary of these minerals was made by
Hayes (1979, p.128). Mechanical compaction includes particle rearrangement,
plastic deformation and particle breakage. Chilingarian (1983) had a lengthy
discussion of this topic. Biotite alteration and pressure solution belong to the
combination of chemical and mechanical porosity reduction processes (Hayes,
1979).

2.3.3 POROSITY ENHANCEMENT (SECONDARY POROSITY)

Although several processes reduce poreosity or even completely destroy it,
sandstones at deep burial may still have a quite high porosity. The porosity is either
a combination of primary and secondary or nearly totally secondary. In fact, the
high porosity of many oil reservoirs results from the formation of secondary porosity

(Hayes, 1979).

Secondary porosity may occur in any sandstone of Phanerozoic age (Schmidt and
McDonald, 1979a). Its recognition was a great advance in the study of sandstone
diagenesis. A discussion of secondary porosity in sandstones was already made in

the literature quite a long time ago such as Phipps (1969), Morgan and Gordon
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(1970), and Heald and Larese (1973). Recently numerous articles have been
published on this topic. They mainly deal with the origin and recognition of
secondary porosity in a general sense (e.g. Hayes, 1979; Schmidt and McDonald,
1979a, b; Bjerlykke, 1983, 1984; Surdam et al., 1984 ) and the formation and
recognition of secondary porosity in a particular formation in a sedimentary basin
(e.g. Lindquist, 1977; McBride, 1977; Boles, 1984; Crossey et al., 1984, Moncure et
al., 1984).

Of the criteria for recognition of secondary porosity in thin sections proposed by
these authors, those proposed by Schmidt and McDonald (1979b), are perhaps the
most complete and valuable. These useful criteria include (1) partial solution, (2)
moulds, (3) inhomogeneity of packing, (4) oversized pores, (5) elongate pores, (6}
corroded grains, (7) intra-constituent pores, and (8) fractured grains. The origin of
secondary porosity was attributed by Schmidt and McDonald {1979b) to five
different processes. They are (1) fracturing , (2) shrinkage, (3) dissolution of
sedimentary grains and matrix, (4) dissolution of authigenic pore-filling cement,
and (5) dissolution of authigenic replacive minerals. Of them, dissolution is the

most important process.

The formation of secondary porosity was also discussed by Surdam et al. (1984)
and Bjerlykke (1984). The former mainly discussed the secondary porosity from
chemical viewpoints. Like Schmidt and McDonald (1979b), Bjorlykke also
considered dissolution as the major process of porosity enhancement. In the
dissolution process CO, plays a very important role. Unstable particles are
dissolved by meteoric water at initial burial or by formation water rich in CO, at
deeper burial. But according to Bjerlykke, CO,, which is released from
decarboxylation of kerogen at deeper burial, is not enough to produce the
observed leaching of feldspar and carbonates in some sedimentary basins. Thus
he proposed two alternative processes to explain large scale leaching of

carbonates and feldspars. One is the clay reactions including the transformation of
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kaolinite and smectite to illite releasing H+and the other is the reactions between

clay and carbonates releasing CO,.

The dissolution process generally creates the majority of secondary porosity. It can
take place both at shallow depth and at deep burial. However, Schmidt and
McDonald {19794, b) discounted the shallow dissolution process by meteoric water
rich in CO,, as being important. Their interpretation that the secondary porosity in
the Jurassic Brent sandstones of the North Sea resulted from later formed CO, by
kerogen maturation was challenged by Bjeriykke et al. (1979) who interpreted that
the leaching process, which may have taken place early, was responsible for the

formation of secondary porosity in these sandstones.

2.4 PERMEABILITY
it is defined as the property of a medium of allowing fluids to pass through. it without
change in the structure of the medium or displacement of its parts (North, 1985,

p.121). Porosity and permeability comprise the two most important criteria for

measuring the quality of oil reservoirs.

Factors affecting permeability may be different from those affecting porosity. For
example, a few percent of authigenic clay minerals can greatly reduce permeability
of a sandstone but it has little influence on porosity (Almon and Davies, 1979).
Thus permeability does not have a definite relationship with porosity. However,
higher permeability generally corresponds to higher porosity in sandstones.
Permeability and porosity data from the Wilcox Group of the Gulf Coast shows that
permeability generally increases with porosity {Loucks et al., 1984). This is also the

case for the Narrabeen Group sandstones (see Chapter 8).
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CHAPTER THREE
STUDY AIMS, DATA BASE AND METHODOLOGY

3.1 STUDY AIMS
The main aims of this study are to discuss petrology and diagenesis of the
Narrabeen Group sandstones and to assess the potential of these sandstones as

hydrocarbon reservoirs. More specifically, they can be stated as seven points.

1) Basic facies analyses of the Narrabeen Group based on the geological logging

and available geophysical logs.

2) Quantitative analyses of petrology of the Narrabeen Group sandstones in the
whole Sydney Basin to establish compositional variations of these sandstones
vertically from the bottom to the top of the group and regionally across the basin,

and to deduce the detrital sources for the sediments.

3) Identification of authigenic minerals, establishment of paragenetic sequence for

authigenic minerals and discussion of diagenetic history.

4) Stable isotope (oxygen, carbon and deuterium) analyses of diagenetic clays,
carbonates and quartz overgrowths, and potassium / argon age dating of
authigenic illites in the Narrabeen Group sandstones to constrain temperature and

pore water chemistry.

5} Homogenisation temperature and ice melting point temperature measurements
of aqueous fluid inclusions within quartz overgrowths to constrain formation
temperatures of quartz overgrowths, to deduce heat flow history, and to carry out

kinetic chemical modelling of hydrocarbon generation.

6) Combining petrological observation data with stable isotope and fluid inclusion
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data to construct pore fluid chemical evolution with time and temperature.

7) Laboratory measurement of porosity and permeability of selected sandstones of
the Narrabeen Group. Integrating these data with all other data to discuss the

potential of the Narrabeen Group sandstones as hydrocarbon reservaoirs.

3.2 DATA BASE

In the Sydney Basin there are pienty of boreholes from coal and petroleum
exploration activities. For the current study, 26 boreholes (represented by 26 capital
letters, Table 3-1) are selected. They were selected to allow study of both the
regional and local variation in the basin (Boreholes K and V are in the adjacent

Gunnedah Basin but near the border of the two basins) {Fig 3-1).

Detailed 1:100 geological logging of 7648.5 meters of cores from the 26 boreholes,
which cover an area of about 80 km x 240 km, was made. The logging includes
detailed basic lithological description and sedimentological analyses (colour, grain
size estimation, sedimentary structure, upper and lower contacts, vertical texture
profile and a preliminary interpretation of the genetic facies associations). It forms
the major basis for selecting sandstone samples used in various laboratory studies
and facies interpretation. The interval logged in each borehole is listed in Table 3-

1.

Based on the geological logging, a total of 417 sandstone samples were collected
for detailed analyses. The sampling principle was to take samples from every
significant change of sandstone lithology. Sampies vary from very fine sandstones
io very coarse sandstones. The sampling interval is about 15-20 meters. However,
more samples were selected from relatively porous sandstone intervals of
Boreholes W and X. The sample taken from the drill core is about 8 ¢cm long, which
supplies enough materials for thin section, SEM/EDX, XRD, microprobe, isotope,

fluid inclusion studies and porosity and permeability measurements. Sample no. is



Table 3-1 List of boreholes used in this project, their symbols, position (latitude and longitude),
elevation relative to sea level, and interval logged in each borehole.

Symbol Borehole Name Latitude Longitude Elevation  Logging Interval
to Sea Level (m) (m)
A" DM Wollongong 45 34°16°55" 150051'13" 308.00 110.00 -366.80
B* Coal Cliff DDH 17 34°11°00" 151002'25" 217.32 85.00 -418.00
C* Coal Cliff DDH 13 34913'29" 150059'49' 187.80 13.00 -269.00
D DM Jilliby CK DDH 1 33006’ 151021’ 51.82 40.00 - 308.00
E DM Brush CK DDH 1 33009’ 151016’ 41.12 98.00 - 397.00
F DM Murrays Run DDH 1 33°06¢’ 151011’ 134.51 40.00 - 759.00
G  AOG Higher MacDonald 1 33013’ 150056 17.70  533.50 -600.00
H* MIH ST Albans DDH 1 33021°27" 160058'39"” 7.62 304.00 -710.00
I NW Qil L.ongley DDH 1 33021’ 151017’ 276.70 294.00 -905.00
J* DM Cape Banks DDH 1 33059'26" 151014’59"” 21.50 448.40 -688.00
K DM Doyles CK DDH 10 32016’ 150038” 140.00 23.00 -120.00
L* DM Liverpool DDH 91 33059'59" 150059'47" 85.00 260.00 - 765 .00
M  Stevens Cape Three Pts 33029’ 151026’ 67.00 91.50 -609.70
N*  Armco lllawarra DDH 8 34°37°46" 150032’1” 701.12  152.00 —201.00
O  South Colah DDH 1 n.a. n.a. 147.00 278.00 -760.00
P* Moonshine DDH 9 34014'07" 150040'10" - 208.79  420.00 -470.00
Q Victoria Park 1 n.a. n.a. n.a. 415.00 -462.50
R* DM Never Never DDH 1 32045'52" 150014'47" n.a. 3.00 -128.00
S DM Howes Valley DDH 32052’ 150048’ 155.92 446.00 -657.00

14%



Symbol Borehole Name Latitude Longitude Elevation  Logging Interval
to Sea Level (m) (m)
T*  Wancol Mt Tomah DDH 1 33029'21” 150029'02" 460.00 307.70 -449.00
U* DM Coolamin DDH 1 32052'10" 151004'38" 99.50 112.00 - 371.00
Vv DM Doyles CK DDH 4 32032’ 150056 177.10 9.00 - 68.00
W*  Weromba 2 33059'47" 150033'25" 301.00 175.00 -534.50
X*  Cobbitty 3 34000'15" 150039°01" 78.70 273.50 -692.60
Y*  Campbelltown 5 34°01'14" 150045'31" 04.80 343.00 -778.00
Z"  Campbelitown 2 34003'43” 150047°07" 121.80 340.00 -776.00

* Latitude and longitude are converted from co-ordinates in the ISG grid.

n.a. = not available.

Sy



Fig 3-1 Locations of boreholes used in this study.
(Modified from Galloway and Hamilton, 1988)
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named by the borehole letter and then drilling depth (in meters) at which the
sample was selected. For example, X531.9 means that the sample is from

Borehole X {Cobbitty 3) at a drilling depth of 531.9 m.

Thin sections were cut for all the 417 sandstone samples and examined under a
petrological microscope. Of the 417 samples, 324 were selected for quantitative .
evaluation of composition and visible porosity {point counting), 167 for SEM/EDX
examinations, 63 for XRD studies, 20 for microprobe analyses, 9 for isotope
measurements, 4 for fluid inclusion investigations, and 175 for porosity and
permeability measurements. The majority of the samples subject to SEM/EDX
examinations and / or porosity and permeability measurements are from the 324
samples which underwent point counting. The samples studied by XRD and / or
microprobe were selected from the 167 samples examined under the SEM/EDX.
The 9 samples for isotope measurements were chosen from those subject to both
point counting and SEM/EDX examinations. The 4 samples for fluid inclusion
investigations were selected from these 9 samples. The samples used in this

project, together with a list of the analyses performed, are presented in Appendix |.

Geophysical data are also available for the study. They are wireline logs, which
include spontaneous potential, conventional resistivity, gamma ray and neutron
logs with the latter two being more useful. For the current study these wireline logs

are used to confine the geological logging and aid facies analyses.

3.3 METHODOLOGY

Bjoriykke (1983) made a summary of the principal means used in the study of
sandstone diagenesis. They include the petrologic microscope, the porecast, the
scanning electron microscopy (SEM), the microprobe, cathodoluminescence, X-ray
diffraction (XRD), and stable isotope. The petrological microscope is still the most
useful tool in the study of sandstone diagenesis. SEM has become the most useful

tool in delineating the delicate features of sandstones {(e.g. microporosity and
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authigenic clay minerals). XRD is of much value in correctly identifying clay

minerals and semi-quantitatively studying them.

In this project, a number of techniques are used. They range from the petrological
microscope to the more recently developed technique - stable isotope ! K-Ar age
dating of illite and fluid inclusion investigations. In addition to these, other
techniques include X-ray diffraction (XRD), scanning electron microscope (SEM)
and energy dispersive X-ray analyses (EDX), microprobe, and porosity and

permeability measurement.

Sample preparation and methodology for each of these techniques will be
described in the relevant chapter, Namely, Chapter 5 - petrological microscope
studies, Chapter 6 - SEM/EDX, XRD and microprobe analyses, Chapter 7 - isotope
geochemistry analyses and fluid inclusion investigations, and Chapter 8 - porosity

and permeability measurements.
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CHAPTER FOUR
STRATIGRAPHIC UNITS AND FACIES ANALYSES OF THE NARRABEEN GROUP

4,1 STRATIGRAPHIC UNITS

A complex variety of lithological and paleoenvironmental facies within the
Narrabeen Group have resulted in a complex and bewildering stratigraphic
nomenciature for the group (Herbert, 1980a). In different areas of the basin,
different nomenclatures were proposed (see Fig 1-4). In their recent Sydney Basin
reservoir studies, Galloway and Hamilton (1988) established a new subdivision
scheme for the Narrabeen Group. Using neutron and gamma ray geophysical logs,
they subdivided this group (excluding Garie and Newport Formations) into five
operational units: Wombarra (WO), Scarborough (SC), Lower Bulgo (LB), Upper
Bulgo (UB), and Bald Hill (BH) Operational Units (Fig 4-1). Each unit is defined by
characteristic depositional style and geophysical log pattern (Fig 4-2). The
boundaries of the units are marked by the characteristic peaks or lows in the
neutron and gamma ray logs. The defined operational units can be regarded as
time - stratigraphic units (Galloway and Hamilton, 1988). Their correlation with the
conventional stratigraphic units introduced by previous researchers is shown in Fig
4-3. This subdivision scheme is followed in this thesis for its nomenclature
consistence throughout the basin. Petrology and reservoir potential of the
Narrabeen Group sandstones will be described under this stratigraphic subdivision
framework. The following description of the five operational units is summarised

from Hamilton et al. (1987) and Galloway and Hamilton (1988).

4.1.1 WOMBARRA OPERATIONAL UNIT

This operational unit is the lowermost part of the Narrabeen Group and
conformably overlies the Permian Coal Measures. In the geophysical logs, the
base of the unit is marked by a strong low on both the gamma ray and neutron logs
(Fig 4-1). In bore cores, it was recognised by the sudden absence of coal seams

from the Permian Coal Measures to the Narrabeen group. The informally known
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LOG FACIES TYPES FOR THE NARRABEEN GROUP
(gamma log)
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Fig 4-2 Log facies types for the Narrabeen Group.
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Fig 4-3 Correlation chart for uppermost Permian and Triassic strata of
the Sydney Basin (After Galloway and Hamilton, 1988).
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"W" marker is taken as the top of the unit. It generally represents a thick shaly break
in the sequence. It also marks the log pattern change from type | log facies to type 1l

log facies (Figs 4-1 & 4-2).

4,1.2 SCARBOROUGH OPERATIONAL UNIT

This operational unit overlies the Wombarra Operational Unit and is separated from
the overlying Lower Buigo Operational Unit by the informally known "green
marker", which corresponds to a strong peak in the gamma ray log (Fig 4-1). It
generally represents a shaly horizon. However, the marker is not lithologically
controlled. For example, in Borehole W, it represents a very fine sandstone horizon.
Hamilton et al. (1987) attributed the anomaly to a contemporaneous scattering of
radioactive material, which is probably caused by a voicanic eruption or similar

event.

4.1.3 LOWER BULGO OPERATIONAL UNIT

This unit includes the strata overlying the "green marker' up to the informally
termed "brown marker", which is a regionally persist marker and represents a shaly
horizon in the sequence. In geophysical iogs, it corresponds to a gamma peak
within the highly serrate log package (Fig 4-1). The marker does not have any
depositional meaning since the depositional style above and below it is essentially

the same {Hamilton et al., 1987).

4.1.4 UPPER BULGO OPERATIONAL UNIT

This operational unit includes the strata extending from the "brown marker” to the
base of the overlying Bald Hill Operational Unit, which marks the sudden change of
log facies from the highly serrate type to the blocky motif of the Bald Hill

Operational Unit.

4.1.5 BALD HILL OPERATIONAL UNIT

This unit is characterised by the chocolate coloured claystones within it. It overlies
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the Upper Bulgo Operational Unit and its top is marked by the informally known
»Bald Hill* marker. The marker is recognised on geophysical logs by a low on the
neutron log and strong gamma spike (Fig 4-1). Lithologically it correlates to a

distinctive pelletoidal claystone horizon.

4.2 FACIES ANALYSES
4.2.1 STRATIGRAPHIC CORRELATION

In this study, twenty-six boreholes are selected with 24 in the Sydney Basin and the
other 2 in the adjacent Gunnedah Basin (Fig 4-4). Five of the 26 boreholes
{(Boreholes C, K, L, R, and V) were not used by Galloway and Hamilton (1988). Of
the other 21 boreholes, nine (Boreholes A, B, D, E, F, H, |, J, and S) are from the 15
key boreholes used by them. Detailed 1:100 geological logging of each of the 26
boreholes was made. The logging includes basic lithological description and
detailed sedimentological analyses (colour, grain size estimation, sedimentary
structure, upper and lower contacts, vertical texture and a preliminary interpretation
of the genetic facies associations). The geological logging, together with available
geophysical logs, form the bases for facies analyses. Also based on the geological
logging, two west - east and three north - south stratigraphy correlation sections
were drawn, as shown in Figs 4-5 to 4-9 (enclosures). The legends for Figs 4-5to
4-9 are shown in Fig 4-10. For the 21 boreholes also used by Galloway and
Hamilton (1988), the boundaries of the five operational units are taken from their
correlation results with those in the other five boreholes being correlated with

adjacent boreholes by this author. These boundaries are presented in Table 4-1.

4.2.2 TERMINOLOGY

The classification and systematic description of the clastic rocks are based on the
Wentworth - Udden Grade Scale (Wentworth, 1922), which provides a three - fold
subdivision of sediments into gravel, sand and mud (silt and clay), as shown in

Appendix Ii. The definition of every term used is given in the book - A GUILD TO



Fig 4-4  Borehole locations and cross sections.
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Table 4-1 Boundaries of operational units in the 26 boreholes.

Borehole Depth (measured in metres) interval of operational units

A# 113.33 BH 131.72 UB 207.58 LB 244.55 SC 328.13 WO 366.80
B# 99.00 BH 119.28 UB 215.00 LB 279.00 SC 345.00 WO 415.00
c* <13.00 UB 74.20 LB 132,40 SC 205.25 WO 264.50
D# <41.00 SC 1839.00 WO 308.00
E# <100.00 SC 252.00 WO 392.00
F# 42.00 BH 106.00 UB 263.00 LB 412.00 SC 566.00 WO 758.00
G <533.50 WO 595.00
H# 62.00 BH 138.00 UB 322,52 LB 429.00 SC 581.05 WO 703.79
I# 315.16 BH 376.61 UB 491.00 LB 619.20 SC 756.00 WO 902.82
J# : 390.00 LB 463.00 SC 597.00 WO 683.50
L* 269.70 BH 308.00 UB 442.00 LB 524.50 SC 656.50 WO 762.00
M 33.53 BH 98.75 UB 220.83 LB 331.85 SC 468.25 WO 609.70
N 131.00 BH 143.00 UB 159.35 LB 169.56 SC 189.25 WO 200.46
O 289.25 BH 322.84 UB 481.89 LB 545.90 SC 637.87 WO 755.90
P 147.00 BH 195.00 UB 216.00 LB 300.00 SC 404.00 WO 457.80
Q 368.00 SC 420.31 WO 456.14
R* 3.00 WO 120.20
S# 370.00 SC 551.00 WO 657.00
T 186.00 SC 326.00 WO 449.00
U 59.45 SC 192.00 WO 354.85
v* <9.00 WO 67.40
W 175.00 BH 237.00 UB 352.00 LB 400.00 SC 477.00 WO 530.00
X 275.79 BH 330.91 UB 448.69 LB 513.53 SC 606.52 WO 692.60
Y 350.00 BH 387.00 UB 506.00 LB 583.00 SC 668.00 WO 776.00
Z 347.46 BH 380.70 UB 500.14 LB 569.27 SC 672.68 WO 776.00

BH = Bald Hill, UB = Upper Bulgo, LB = Lower Buigo, SC = Scarborough
WO = Wombarra Operational Unit.
# Key boreholes used by Galloway and Hamilton (1988).
* Boreholes not used by Galloway and Hamilton (1988).
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CORED ROGCKS IN THE SYDNEY BASIN by Ward et al. (1986). The following

terms are defined here.

Siltstone: a rock in which more than 75% of the framework particles are of silt size
(0.06 to 0.004 mm ). The rock may be stratified (laminated) or massive. Although silt
- sized particles can be differentiated from very fine sand by techniques such as the
use of hand lens with a graticule scale, it is very difficulty to distinguish siltstone
from very fine sandstone by visual examination. Therefore, siltstones are classified

into very fine sandstones during geological logging of these boreholes.

Claystone: It is a general term defined here. 1t refers to all rocks in which more than
75 % of the particles are of clay size {less than 0.004 mm). it includes mudstone
and shale. The former refers to the claystone which has a massive structure. The
latter refers to the claystone which has a laminated structure. The claystone which
has an observed amount of silts {less than 25 %) is called silty mudstone or silty
shale. The definition of the three terms are slightly ditferent from those given by
Ward et al. (1986).

4.2.3 FACIES ANALYSES

A facies is a body of rock with specified characteristics (Reading, 1986). It can be
used in a strictly observational sense, €.g. cross-bedded sandstone facies” and
“green mudstone facies”. It can also be used in an interpretive sense, e.g. “turbidite
facies” for a rock or a suite of rocks which are thought to have resulted from turbidity
currents, and “fluvial facies” for a rock or a suite of mixed rocks which are thought to
have formed in a fluvial environment. Obviously facies analyses should be

approached by observing facies relationships both laterally and vertically.

The importance of facies relationships was recognised first by Walther in 1894 and
emphasised by Walker (1984) and Reading (1986). Walther's Law of Facies (1894)

states that “It is a basic statement of far-reaching significance that only those facies
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and facies areas can be superimposed primarily which can be observed beside
each other at the present time.” As Middleton (1973) has pointed out, Walther

stressed the law was applicable only to succession without major breaks.

The introduction of the concept of a depositional system is a major advance in the
study of facies and facies relationships since it provides a genetic basis for facies
analyses. This concept was first introduced by Fisher and McGowen (1967) in their
study of Tertiary Wilcox Group of Texas. A depositional system is a three
dimensional assemblage of sedimentary facies linked genetically by inferred
sedimentary environments and depositional processes (Fisher and Brown, 1984,

cited in Hamilton, 1991).

A detailed study of sedimentary facies of the Narrabeen Group was undertaken
recently by Galloway and Hamilton (1988). On the basis of lithotacies maps, cross
sections, core descriptions, outcrop analyses, and key summary papers (Bembrick,
1980: Herbert, 1980a), they recognised five principal depositional systems within
the Narrabeen Group (excluding Garie and Newport Formations): Wombarra
lacustrine system, Munmorah fluvial system, Bulgo braidplain system, Patonga
fluvial / lacustrine system, and Bald Hill fluvial system, which are named informally
after the outcrop stratigraphic units displaying typical aspects of each depositional
system. Figs 4-11 and 4-12 show the five depositional systems and their spatial
relationships. As illustrated in these figures, two different depositional systems can
interfinger at any one time. This reflects the evolving importance of the New
England Fold Belt provenance (Munmorah, Patonga) and the Lachlan Foid Belt
provenance (Bulgo, Bald Hill). The provenance changes wil! be discussed in detail
on the basis of sandstone petrology data in the next chapter. From isopach, net
sandstone, percentage sandstone, and net conglomerate maps drawn for each
operational unit of the Narrabeen Group, Galloway and Hamilton (1988)
reconstructed the paleogeographic environment for each of the five units and the

resultant maps are also published in a separate paper (Hamilton et al., 1987).
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Fig 4-11 East-west correlation cross section showing boundaries (dashed lines) of the operational units and
boundaries (solid lines) of the principal depositional systems. The section follows regional section 1.
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The WO unit, which ranges in thickness from 11 to 192 m, was the product of a bed-
load to mixed-load fluvial system (Munmorah fluvial system) with low to moderate
sinuosity (Figs 4-11 & 4-12). Sediments were principally deposited in southwesterly
flowing tributary streams emanating from the New England Fold Belt (Herbert,
1980a) and a trunk complex flowing south and southeasterly along the basin axis
(Galloway and Hamilton, 1988). The slight dominance of detrital quartz over lithics
in the sandstones in the upper part of the unit in Boreholes W and X along the
western margin of the basin (refer to Fig 5-41) suggesis that the Lachlan Fold Belt
supply quartzose detritus to this part of the basin during the deposition of the upper
WO unit.

The WO unit consists of sandstones and shales / mudstones with conglomerates
occurring locally. The ratio of sandstones to shales / mudstones varies from one
borehole to another. In Borehole O, shales / mudstones dominate the WO unit
whereas in Boreholes D, E, K, and V, this unit consists largely of sandstones as

well as conglomerates.

The sandstones in this unit are dominated by medium to very coarse, volcanic lithic
- rich sandstones. They are massive or cross bedded. Some of them show
undistinctive cross bedding. A sandstone facies shows upward decrease in grain
size. It may be overlain by claystone facies. This vertical texture variation of
sandstones is typical of channel fill deposits in a meandering fluvial channel. Thus
sandstones in this unit are interpreted to be upward fining channel fill or

amalgamated channel fill deposits (Figs 4-13 & 4-14).

In the southern and western parts of the basin, the basal part of this unit consists of
dark grey to black shales and interbedded very fine sandstones (Fig 4-15). Some
of the shales have lenticular bedding. The interbedded very fine sandstones show

flaser bedding and / or ripple cross-lamination. The shales / mudstones and
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Fig 4-13 Amalgamated upward-fining channel-fill sandstone facies (centre of
photograph) and inter-channel floodplain / lacustrine mudstone / shale facies (left
and right of photograph) in the WO unit in Borehole Z. Each core length is

approximately 1.1 m. The number on the wood block is the drilling depth in feet.

Fig 4-14 One complete upward fining sequence (centre of photograph) with
conglomerate and sandstone representing channel fill (point bar) facies and green
mudstone inter-channel floodplain facies. Conglomerate and sandstone overlying
the sequence (right of photograph) are channel fill facies and silty mudstone and
very fine sandstone underlying it (left of photograph) inter-channel floodplain
facies. From the WO unit in Borehole M. Each core length is approximately 1.1 m.

The number on the wood block is the drilling depth in feet.
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Fig 4-15 Dark grey silty shale and interbedded very fine sandstone and shale
in the basal part of the WO unit in Borehole Z. The shaly sedimentary sequence is
interpreted to be the product of swampy deposition. The overlying light grey lithic
sandstones represent channel fill deposits. Each core length is approximately 1.1

m. The number on the wood block is the drilling depth in feet.

Fig 4-16 Green mudstone / shale in the basal part of the WO unit in Borehole
G. The mudstone / shale is interpreted to be the product of inter-channel floodplain
/ lacustrine deposition. The overlying light grey sandstone and conglomerate
represent amalgamated channel fill facies. Each core length is approximately 1.1

m. The number on the wood block is the drilling depth in feet.
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interbedded very fine sandstones in the basal part of the unit are interpreted to be
products of a swamp / lacustrine environment, deposited in the Wombarra
lacustrine system (Galloway and Hamilton, 1988) (Fig 4-11). The dark colour

resulted from the preserved organic matter in these shales / mudstones.

Grey to green shales / mudstones within this unit (Figs 4-13 & 4-16 ) overlying and /
or underlying upward fining channel fill facies represent inter-channel floodplain /
lacustrine deposits. The green to grey colour of the shales / mudstones was related

to the paucity of preserved organic matter in them.

Between channel fill sandstones and inter-channe! floodplain / lacustrine
claystones, interbedded fine or very fine sandstones and dark grey shales are
occasionally found. The sandstones may show ripple cross-lamination. They

probably represent natural levee / crevasse splay facies.

The SC unit ranges in thickness from 20 to 152 m. It is a composite one in terms of
genetic sequences. The lower part of it was derived from the New England Fold
Belt whereas the upper part of it predominantly from the Lachlan Fold Belt
(Galloway and Hamilton, 1988). The composite character is also reflected by the
geophysical log facies in the southern basin. {n Boreholes W to Z, the lower part of
this unit is characterised by log facies IA, IB, and IC whereas the upper part of it by
log facies !IB (Figs 4-2 & 4-5). The sandstone petrology data of this author suggests
that the composite feature of this unit in the southern basin is probably more related
to an eastern volcanic source. The lower part of this unit was largely derived from
this eastern volcanic source rather than the New England Fold Belt and the upper
part of it from the Lachlan Fold Belt in the southern basin (see next chapter). The
presence of this source is also supported by the occurrence of lithic conglomerate
and very coarse sandstones in the lower SC unit in the boreholes along the south

coast (Fig 4-12).
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Principal facies recognised in the lower SC unit include upward fining channel fill,
amalgamated and inter-channel floodplain / lacustrine facies (Figs 4-17 & 4-18).
Channel margin (levee and crevasse splay) facies developed but were not
common. Braided channel fill and amalgamated braided channel fill quartzose
sandstones (Fig 4-19) comprise the bulk of the upper SC unit. Inter-channel
floodplain / lacustrine facies rarely developed due to erosion by the lateral

migration of braid channels, as indicated by Walker and Cant (1984).

To the far northeast part of the basin, the whoie unit was deposited in the
Munmorah fluvial system with sediments largely derived from the New England
Fold Belt (Galloway and Hamilton, 1988). Upward fining channel fill, amalgamated
channel fill fac-ies and inter-channel floodplain / lacustrine deposits are the

principal facies recognised (Fig 4-20).

The LB unit has a thickness of 10 to 149 m. It is extremely sandy in most of the
boreholes studied. In Boreholes W to Z of the southwest part of the basin,
sandstones account for more than 85 % of the unit. The majority of them show
cross bedding with the remainder being massive. Galloway and Hamilton (1988)
concluded that this unit was deposited in a major easterly and southeasterly
flowing fluvial apron of the lower Bulgo braidplain system with sediments derived
from the Lachlan Fold Belt. This conclusion is supported by the petrology data of
sandstones of the unit (see Fig 5-52). Principal component facies includes braided
channel-fill {(log facies 11B) and amalgamated braided channel fill {log facies lIC)
{Fig 4-21). Inter-channel floodplain / lacustrine facies was rarely found except in the
northeast part of the basin near the New England Fold Belt. In this part of the basin,
mudstones / shales dominate the unit in Boreholes F, |, and M. Sandstones of this
unit in these boreholes contain roughly equal amounts of detrital quartz and lithics
(see Figs 5-44 & 5-45), suggesting that the New England Fold Belt continued to
supply sediments to this part of the basin during the deposition of the LB unit. In the

northeast part of the basin, the unit was the products of the lower Patonga fluvial /
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Fig 4-17 Amalgamated channel fill sandstone facies in the lower part of the
SC unit in Borehole Z. Channel lag deposits, which consist of intrabasinal
mudflakes, can be recognised at the base of channel fill facies {centre of
photograph). Each core length is approximately 1.1 m. The number on the wood

biock is the drilling depth in feet.

Fig 4-18 Upward fining sequence (central left of photograph) with sandstone
representing channel fill {point bar) facies and shales inter-channel floodplain
facies. Sandstones overlying the sequence are interpreted to be amalgamated
channel fill facies. From the lower part of the SC unit in Borehols J. Each core
length is approximately 1.1 m. The number on the wood block is the drilling depth

in feet or meters.
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Fig 4-19 Amalgamated braided channel fill sandstone facies (left and centre
of photograph). Dark grey silty shales within the facies are interpreted to be inter-
channel floodplain facies. Dark grey silty shales and light grey very fine to fine
sandstones (right of photograph) also represent inter-channei floodplain facies.
From the upper part of the SC unit in Borehole Y. Each core length is
approximately 1.1 m. The number on the wood block is the drilling depth in feet or

meters.

Fig 4-20 Upward fining sequences in the SC unit in Borehole 1. Sandstones
are interpreted to be channel fil! (point bar) facies and mudstones inter-channel
floodplain facies. Each core length is approximately 1.1 m. The number on the

wood block is the drilling depth in feet.
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Fig 4-21 Amalgamated braided channel fill sandstone facies. The rare silty
shales intercalculated within the facies represent inter-channel floodplain facies.
From the UB unit in Borehole Y. Each core length is approximately 1.1 m. The

number on the wood block is the drilling depth in feet or meters.

Fig 4-22 Amalgamated braided channel fill sandstone facies. The rare silty
shales intercalculated with the facies represent inter-channel floodplain facies.
From the UB unit in Borehole Z. Each core length is approximately 1.1 m. The

number on the wood block is the drilling depth in feet.
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lacustrine system (Galloway and Hamilton, 1988) (Fig 4-12). In Boreholes F, 1, and
M, upward fining channel fill {log facies I1A) and inter-channel floodplain / lacustrine
facies are the principal component facies. Channel margin facies is also

recognised and consists of fine, very fine sandstones and silty shales.

The UB unit ranging in thickness from 16 to 185 m is also a sandy unit, but
sandstones in this unit are generally finer than those in the underlying LB unit in
grain size and shales / mudstone are slightly more abundant. It was deposited in
the upper Bulgo braidplain system with sediments being largely derived from the
Lachlan Fold Belt (Galloway and Hamilton, 1988), which is supported by the
sandstone petrology data (see Fig 5-52). Channel fill and amalgamated channel fill
(Fig 4-22) are thé principal facies recognised in this unit. The eastern volcanic
source active during deposition of the lower SC unit again became active and
Supplied sediments to the southern basin during the deposition of the lower UB
unit, as supported by the occurrence of conglomerates and very coarse
sandstones in the lower UB unit in Boreholes A, B, and C along the south coast
and the vertical variation of detrital composition of sandstones in these boreholes
(see Fig 5-47). These conglomerates and sandstones consist largely of
intermediate volcanic clasts, which are different from the silicic volcanic clasts
derived from the New England Fold Belt. The similarity of detrital compositions of
sandstones in the top part of the UB unit and the overlying BH unit {see next
Chapter) implies that the top part of the UB unit was more likely to be deposited in
the Bald Hill fluvial system (Figs 4-11 & 4-12).

To the northeast part of the basin, in Borehole F, the UB unit is dominated by
sandstones, which are interpreted to be upward fining channel fill deposits. In
Boreholes M and |, shales / mudstones dominate the unit particularly the lower part
of it. Sandstones of the unit in the two boreholes are upward fining channel fili
deposits and shales / mudstones represent inter-channel floodplain / lacustrine

deposits (Fig 4-23). Channel margin facies, which consist of fine sandstones and
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Fig 4-23 Inter-channel floodplain chocolate mudstone facies (left and right of
photograph) and amalgamated channel fill sandstone facies (centre of
photograph) in the UB unit in Borehole 1. Each core length is approximately 1.1 m.

The number on the wood block is the drilling depth in feet.

Fig 4-24 Amalgamated braided channel fill sandstone facies. The sign "+
marks the top of the Bald Hill Operational Unit. From the BH unit in Borehole W.
Each core length is approximately 1.1 m. The number on the wood block is the

drilling depth in metres.
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interpedded very fine sandstones and shales, are also recognisable. The guartz-
rich composition of sandstones in the top part of this unit in the three boreholes (see
Figs 5-44 & 5-45) suggests that sediments were largely derived from the Lachlan
Fold Belt and deposited in the Bald Hili fluvial system (Fig 4-12). The Lachlan Fold
Belt finally replaced the New England Fold Belt as the major source for this part of

the basin.

Geological logging data of the BH unit, which ranges in thickness from 12to 76 m,
show that grain size and percentage of sandstones generally decreases from west
to east (from Borehole W to Borehole L, Fig 4-5). These changes, together with the
eastward decrease of detrital quartz in sandstones (see Fig 5-53), imply that the
detritus was Iargely derived from a western source. During the deposition of the BH
unit, the Lachlan Fold Belt was the major source. This is consistent with the
conclusion that this unit was deposited in an easterly to southeasterly flowing
mixed - load system (Bald Hill fluvial system) (Galloway and Hamilton, 1988). An
eastern volcanic source also contributed sediments, mainly clays, to the basin

during deposition of Bald Hill Claystone - equivalent of this unit (Ward, 1972).

The depositional style of the BH unit seems to vary from one location to another. In
Borehole W in the west margin of the basin, the operational unit is dominated by
medium and coarse sandstones. The sandstones are massive (in the lower part,
237.5-200.5 m) or cross-bedded (Fig 4-24) (the upper part, 200.5-175.00 m). The
paucity of vertical accretion deposits (claystones and very fine sandstones) and the
absence of parallel lamination in the sandstones are characteristics similar to those
found in the Battery Point section (Cant and Walker, 1976). Thus it is interpreted
that the operational unit in Borehole W was deposited in a braided fluvial
environment. Braided channel fill and amalgamated channel fill (Fig 4-24) are the

principal facies.

In Borehole X, the operational unit is dominated by mudstones and interbedded
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very fine sandstones and shales. The sandstones account for about 20 % of the
unit. Sandstones vary in grain size from fine to coarse grained. The thick
mudstones characterised by log facies IV (Fig 4-2) are interpreted to be the product
of inter-channel floodplain / lacustrine deposition. In the unit, two distinctive
upward-fining sections (log facies |A, Fig 4-2) can be recognised (311.0-297 m and
317-311 m). The upper section consists of massive and cross-bedded medium
sandstones at the base then parallel laminated fine, very fine sandstones,
interbedded very fine sandstones and shales and finally mudstones. The lower
section grades upwards from cross-bedded medium sandstones, to ripple cross-
bedded fine sandstones and finally to shales. Thus the sandstones in the two
sections are of channel fili origin, representing point bar deposits and shales /

mudstones are products of inter-channel floodplain deposition.

in Boreholes Y, Z and L, the operational unit consists largely of mudstones and
shales. The sandstones account for less than 10 % of the total unit. In the shales or
mudstones, root structures are recognised (Fig 4-25). The mudstones and shales
vary from dark-grey, grey to green, white, mixture of grey and chocolate colour, to
chocolate in colour (Fig 4-26). The shales / mudstones of the unit in the three wells
is considered to be deposited in a floodpiain environment. The medium to very
coarse sandstones within it represent upward fining channel fill and amalgamated
channel fill deposits and ripple cross laminated fine and very fine sandstones

channel margin (levee and crevasse spiay) deposits.

Similarly in other boreholes, the sandy beds are the products of channel fill
deposition. The claystones and the interbedded very fine sandstones and
mudstones / shales resulted from the floodplain / lacustrine deposition. Ripple
cross laminated fine and very fine sandstones, which occur between upward fining
channel fill sandstones and inter-channel floodpiain / lacustrine shales /

mudstones and / or within the floodplain facies, represent channel margin deposits.
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Fig 4-25 Root structures within shales of the BH unit. From Borehole Y at

drilling depth of 382.1 m.

Fig 4-26 Inter-channel floodplain claystone facies in the BH unit in Borehole Z.
The white claystone is of pyroclastic origin. Chocolate claystone was deposited in
oxidising environments and dark grey claystone in reducing environments. Each
core length is approximately 1.1 m. The number on the wood block is the drilling

depth in feet.
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4.2.4 FACIES DESCRIPTION

Channel fill, inter-channel floodplain / lacustrine and channel margin are the three
principal component facies recognised in the Narrabeen Group. They have already
been mentioned in the previous section. In this section, the individual component

facies will be described in some detail.

(i} Channel Fill Facies

Channel fill facies consists of coarse sediments retained in the fluvial system.
Conglomerate and sandstone are the lithological components of the channel fill
deposits in the Narrabeen Group with sandstone being of much more volumetric

importance.

Conglomerates in the channel fill facies generally show massive structure and
occasionally flat - bedded structure. They may themselves comprise the bulk of
channel fill facies or the entire facies (Fig 4-14), but this is rare in the boreholes
studied in this project. More commonly conglomerates occur as thin beds on the
scoured base of the channel. In these cases, they are interpreted to represent
channel lag deposits, which could be transported only during peak periods of
flooding. Fig 4-27 shows an example of channel lag deposits. The deposit is 8 cm
thick and lies on the eroded surface of the underlying cross bedded fine sandstone.
The lag pebbles consist of intrabasinal chocolate mudfiakes, which were derived
from erosion of inter-channel floodplain mudstones, and extrabasinal volcanic lithic
clasts, which were transported there from source areas. The subrounded feature of

the mudflakes reflects rolling around by strong currents and slow sedimentation.

Sandstones commonly comprise the entire channel fill facies by themselves
although in some cases sandstones, together with channel lag conglomerates,
make up channel fill deposits. Channel fill sandstones vary in colour from oftwhite,
light grey, mid grey to green, depending on the composition of the sandstones.

Quartz - rich séndstones generally show offwhite colour whereas lithic - rich
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Fig 4-27 Channel lag deposits on the eroded surface of underlying fine

sandstones. From Borehole Z at drilling depth of 725.8 m.

Fig 4-28 Cross bedding shown by grain size variation of sandstones. From

Borehole Z at drilling depth of 609.8 m.
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sandstones show light to mid grey colour. Sandstones with chlorite, which is
identified with SEM/EDX analyses, generally show green colour. In terms of
structure, four principal t.ypes of facies can be distinguished for channel fill
sandstones. They include cross - bedded, massive, ripple - cross laminated, and

paralle! laminated sandstone facies.

Cross Bedded Sandstone Facies: Cross bedding is the most common structure
recognised in the channel fill sandstones of the Narrabeen Group. It includes two
major types: planar - tabular cross bedding and trough cross bedding. The narrow
core width limits the distinction of the two types. The type of cross bedding cannot
always be identified in cores. Cross bedding is illustrated by variations of grain
sizes of sandstonés (Fig 4-28), sideritic laminae (Fig 4-29), and grey silty clay
laminae (Fig 4-30). it commonly occurs in medium to very coarse sandstones. In
Fig 4-30, the silty clay laminae represent settling of suspended fine material during
low river stage. The medium to coarse sandstones, showing planar - tabular cross
bedding, were transported at high river stage and deposited in the low flow regime
during falling river stage. Cross bedding was produced by migration of

megaripples and sand dunes.

Massive Sandstone Facies: Sandstones are more or less homogeneous. No
internal lamination / bedding can be seen with naked eyes. Massive structure
occurs from fine to very coarse sandstones. Reineck and Singh (1980) mentioned
several modes of origin for the massive structure. It can be the result of strong
bioturbation activity. Organism bioturbation can lead to complete destruction of
primary layers, producing homogeneous mass. It can also be created by inorganic
process, €.g. water draining out of sediments duting compaction. Massive structure
can be primary in origin. In the case of rapid sedimentation, sediments are
deposited as a massive homogeneous mass. The massive sandstone facies of the
Narrabeen Group is most likely to be primary in origin and is the product of rapid

deposition.
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Fig 4-29 Cross bedding shown by sideritic laminae. From Borehole X at drilling
depth of 427.9 m.

Fig 4-30 Cross bedding shown by clay laminae. From Borehole X at drilling
depth of 456.7 m.
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Ripple Cross Laminated Sandstone Facies: Ripple cross lamination is generally
restricted to fine sandstones in the top level of channel fill deposits. It is illustrated

by carbonaceous (Fig 4-31) or sideritic laminae (Fig 4-32).

Parallel Laminated Sandstone Facies: The development of a plane bed {without
ripples or dunes) is favoured by higher velocities, shallow depth and finer grain
size. Parallel lamination results from deposition on the plane bed (Walker and
Cant, 1984). It was found in all levels of the upward fining channel fill (point bar)

facies.

With or without conglomerates as channel lag deposits, the four principal types of
sandstone facies comprise channel fill facies in a number of ways of combinations.
Two typical combinations represent deposition in two different channels:
meandering and braided. A channel fill facies, which consists of massive and / or
cross bedded and / or parallel laminated medium to very coarse sandstones at the
lower level and ripple cross laminated fine sandstones at the higher level, makes
up an upward fining sandstone sequence with a thickness of around 2 m. The
sandstone sequence, which was deposited by lateral accretion of sediments, is
often overlain by inter-channel floodplain shales / mudstones. The channel fill
facies represents a point par, deposited in a meandering fluvial channel. Upward
fining sandstone facies can be stacked together to form a multistory amalgamated

channel fill facies (Figs 4-13 & 4-16), which can be up to 15 m or more thick.

The other typical combination of sandstone facies is that massive and / or cross
bedded sandstones comprise the bulk of the channel fill facies with ripple cross
laminated fine sandstones occurring in the top part. The grain size of the channel
fill sandstones does not show any characteristic vertical variations. The channel fill
sandstones are overlain by inter - channel flood plain shales / mudstones, which

are much thinner than the sandstones. This sort of channel fill facies was deposited
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Fig 4-31 Ripple cross lamination shown by carbonaceous laminae. From

Borehole Y at drilling depth of 685.7 m.

Fig 4-32 Ripple cross lamination shown by sideritic laminae. From Borehole Z

at drilling depth of 756.7 m.
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by vertical aggradation of sediments and is interpreted to represent braided
channel fill deposits. Braided channel fill facies can be stacked together to form

amalgamated braided channel fill facies.

(ii) Inter - Channel Floodplain / Lacustrine Facies

The facies consists of fine suspended load sediments, which are deposited in the
flood basin during flood stage. Shales / mudstones and very fine sandstones are
the principal lithological components for this facies in the Narrabeen Group. Some
of the shales show lenticular bedding and the very fine sandstones often show
paralle! lamination and / or ripple cross lamination, illustrated by carbonaceous or
sideritic laminae. In terms of colour, the claystones (shales and mudstones) can be
divided into four faéies: chocolate, green, grey to black, and white facies. Chocolate
claystone facies is interpreted to result from deposition in oxidising environments.
By contrast, green and grey to black claystone facies resuited from deposition in
reducing environments. The dark grey and black colours are related to the
preserved organic matter in the claystone. White claystone facies is of pyroclastic

origin.

(i) Channel Margin Facies

The facies includes natural levee and crevasse splay facies. The former bounds
the channe!l and the latter extends into floodbasin from breaches or low areas of
the levees. In the Narrabeen Group, the facies is of minor volumatric importance
and consists of silty shales, very fine and fine sandstones. Fig 4-33 shows an
example of channel margin facies. It consists of interbedded silty shales, very fine
and fine sandstones. The interbedding of shales and sandstones suggests periodic
flooding with sandstones being deposited during flood periods and shales during
waning periods. The parallel lamination of the sandstones resulted from settling of
suspended fine material and ripple cross lamination from migration of bed load

sediments in the lower flow regime.
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Fig 4-33 Crevasse splay facies consisting of interbedded silty shale and very
fine to fine sandstones, which is marked at its top and bottom by the sign “+". The
overlying green mudstone is interpreted to be inter-channel floodplain facies.
Ottwhite medium to very coarse sandstones (left and right of photograph) are
channel fill facies. From the SC unit in Borehole Z. Each core length is

approximately 1.1 m. The number on the wood biock is the drilling depth in feet.
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CHAPTER FIVE
PETROLOGY OF THE NARRABEEN GROUP SANDSTONES

5.1 INTRODUCTION

McElroy (1954) was the first to study the composition and texture of the Narrabeen
Group sediments in a systematic manner. Later Loughnan (1963) made a
petrological study of a vertical section in the Narrabeen Group at Helensburgh. The
most comprehensive petrological studies of the Narrabeen Group sediments in the
southern Sydney Basin were undertaken by Ward (1971a, b). All the studies show
that the content of detrital quartz grains generally increases toward the top of the

group and that of detrital lithic fragments generally decreases.

The aims of this petrological study are to determine the variation of detrital
composition of sandstones, to deduce their detrital sources, and to assess the
effects of the detrital composition on diagenesis and the quality of sandstones as
hydrocarbon reservoirs. The influence of detrital composition of sandstones on

diagenesis and reservoir quality will be discussed in Chapters 6 and 8.

5.2 METHODOLOGY

Thin sections were cut for all the 417 sandstone samples collected from the 26
boreholes subject to geoclogical logging. They were impregnated with a blue dye to
facilitate observation of porosity in thin sections. All thin sections were examined
under a Leitz - Wetzlar petrological microscope to observe grain size, framework
mineralogy, texture, porosity, dissolution features and cementation history. Some
samples are altered to such an extent that the detrital lithics cannot be
distinguished from the clay matrix and are considered to be unsuitable for reliable
point counting. Of the 417 samples, a total of 324 thin sections were selected for
point counting. Photomicrographs were taken of selected thin sections using an

Olympus (Model BHSP) camera with 100 ASA film.
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There are two different point counting methods for modal analyses of sandstones:
traditional point counting method and the so called Gazzi-Dickinson point counting
method (Ingersoll et al., 1984; Zuffa, 1985). The key difference between the two
methods lies in the treatment of rock fragments. In the traditional point counting
method, all rock fragments are included in the lithic pole. By contrast, the lithic pole
in the Gazzi-Dickinson method includes only the fine grained lithic fragments in
which no individual crystal or grain is larger than 0.0625 mm in size (the lower limit
of sand size). For the coarse grained lithics, which are composed of crystals or
grains larger than 0.0625 mm in size, the sand sized crystal or grain is counted into

the category of the crystal or grain rather than that of the lithic fragment.

The traditional point counting method is generally applied to the study of sandstone
diagenesis (e.g. Burns and Ethridge, 1979; Loucks et al., 1984; Kantorowicz,
1985). The Gazzi-Dickinson point counting method is widely used by workers who
put greater emphasis on using petrographic techniques to deduce the
provenances of arenites in areas of active tectonism / magmatism (e.g. ingersoll,

1978; Dickinson et al., 1982; Jett and Heller, 1988).

For this project, the traditional point counting method has been used (the rare
presence of coarse grained lithics in the Narrabeen Group sandstones ensures
that selection of point counting method makes little difference to the results of
modal analyses). The quantitative evaluation of composition and visible porosity of
the sandstones was carried out using a Swift Automatic Point Counter (Modei F
415 C) and counting 500 points per thin section under the cross hairs at the
maximum grid spacing, which resulted in coverage of the entire thin section. The

results of point counting are presented in Appendix il

Carbonates were counted into two categories "carbonate cement” filling pore



85

spaces and "replacement carbonate" replacing partly or completely detrital grains
for samples from Boreholes A to V. However, for samples from Boreholes W to Z,
which were counted during early stage of the modal analyses, carbonates were

counted under the term "carbonates”.

Grain size was measured directly under the petrological microscope by means of a
micrometer eyepiece. The measurement was cairied out by 1) randomly select ten
detrital grains {not necessarily the same type of detrital grains), 2) measure the
longest intercept across the grain in the X axis without rotating the microscope

stage, and 3) average the values of the ten measurements.

Sorting and rounding were estimated from thin section examinations. The degree
of sorting ranges from very poorly, through poorly and moderately to well sorted.
The degree of rounding ranges from angular, through subangular and subrounded

to well rounded.

Even though porosity characteristics were examined under the petrological
microscope, the study of porosity characteristics is not an easy task since the blue
dye penetration is not always complete in every thin section and the inadequate
grinding of thin sections can create artificial pore spaces. in some thin sections, the

determination of porosity and its origin by this method is very subjective.

As indicated by Ingersoll (1978) and Moore (1979), the uncertainty of identifying
detrital clasts is only one of the sources of counting errors. This means that the
counting error purely due to the statistical variation is the minimum estimate of the
total errors. At the 95 % confidence level (20) and counting 500 points, 4.6 % is the
maximum counting error wholly resulting from the statistical variation (Van Der Plas

and Tobi, 1965)
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5.3 DESCRIPTION OF COMPONENTS AND POROSITY
5.3.1 QUARTZ

The detrital quartz grains recognised consist of three types: (1) unstrained
'monocrystalline grains displaying uniform extinction (Figs 5-1 & 5-2), (2) strained
monocrystalline grains dispiaying undulatory extinction (Fig 5-3), and (3)
polycrystaliine grains. In addition, a trace amount of chalcedony was also
recognised in a few thin sections. Types (1) and (2) were counted under the term
"monocrystalline quartz® whereas type (3) as well as chalcedony were counted

under the term "polycrystalline quartz”.

The highest detrital monocrystalline quartz content is recorded in samples X281.3
and X297.7 (the letter prefix of sample numbers refers to the borehole location
shown in Fig 5-4, the following number is the drilling depth in meters from which the
sample was taken) in which it accounts for 73.2 % of the total sandstone (Appendix
). Samples K030.7 and K057.3 have the lowest detrital monocrystalline quartz
content of 3.4 % of the total sandstone. In other samples, the content varies
between the two extremes, largely depending upon the stratigraphic horizon from

which the sample was selected, which will be discussed later.

As indicated by Pettijohn et al. (1987), it is commonly impossible to assign special
grains in a sandstone to one or another source even though there may be
differences in the statistical average for several different source rock types. This is
considered to be true for most of the detrital monocrystalline quartz grains in the
Narrabeen Group sandstones. For some of the monocrystalline quartz grains,
however, they do show the characteristics typical of one particular source rock as

proposed by Blatt et al. (1980).

The high proportion of coarse grained monocrystalline quartz grains in some

coarse quartz rich sandstones in the Bald Hili, Upper and Lower Bulgo Operational
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Fig 5-1 Unstrained monocrystalline quartz grains (Q) with overgrowths (O).
Note: one of the detrital quartz grains (centre of photograph) contains many fluid
inclusions. This may imply that the detrital quartz grain is of hydrothermal vein
origin. Top - plane polarised light, bottom - crossed nicols. From Brush CK 1 at

drilling depth of 128.0 m (sample E128.0). Scale bar is 0.125 mm.
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Fig 5-2 Unstrained monocrystalline quartz grains (Q) with overgrowths (O). C
marks single carbonate crystals. Top - plane polarised light, bottom - crossed
nicols. From Cobbitty 3 at drilling depth of 490.9 m (sample X490.9). Scale bar is
0.25 mm.
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Fig 5-3 Strained monocrystalline quartz grain (Q), deformed muscovite (M),
argillized volcanic rock fragments (V), and chert (C). Top - plane polarised light,
bottom - crossed nicols. From Coal Cliff 17 at drilling depth of 234.7 m (sample
B234.7). Scale bar is 0.25 mm.







Fig 5-4 Borehole locations and regional subdivisions of the Sydney Basin.
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Units in the west margin and western portion of the southern region of the basin |
(Fig 5-4) implies that at least some of the quartz grains were derived from granites
(cf. Blatt et al., 1980). Some of the quartz grains in sandstones, which are from the
Wombarra and Scarborough Operational Units in the northern region and the east
coast zone of the basin (Fig 5-4), show an originally euhedral crystal form,
sometimes with exsolved boundaries. This indicates that they are volcanic derived
quartz. Some of the detrital monocrystalline quartz grains contain many fluid
inclusions and have a very cloudy appearance under plane polarised light (Fig 5-

1). They are most likely derived from hydrothermal vein sources.

Detrital polycrystalline quartz grains are present in three different forms: (1)
composite consisting of uniformly sized crystals, which have mostly straight or
sutured contacts (Fig 5-5). (2) composite consisting of different sized crystals (Fig 5-
6), and (3) composite with preferred orientation of elongate crystals, of which some

have sutured contacts (Fig 5-7). Type (3} is the least abundant.

The highest content of detrital polycrystalline quartz grains is recorded in sample
X476.2 as 23.2 % of the total sandstone. In sample W334.9, no detrital
polycrystalline quartz grains were recognised. In most other samples, the content
ranges from 2.0 % to 7.0 %. The abundance of detrital polycrystalline quartz grains
in sandstones is controlled by the grain size and the detrital source. This will be

discussed later in some detail.

The detrital polycrystalline quartz grains are considered to be largely derived from
metamorphic rocks including quartzites as most of them contain more than 5
monocrystaliine crystals, sutured contacts (Fig 5-5) and / or preferred orientation
(Fig 5-7) (cf. Blatt et al., 1980). In addition, a small number of the polycrystalline
quartz grains show a cloudy appearance under plane light, which is caused by

abundant fluid inclusions (Fig 5-6). Like the detrital monocrystalline quartz grains
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Fig 5-5 Polycrystalline quartz grain (PQ), monocrystalline quartz grain (Q),
silicified volcanic rock fragment (V), and carbonate cement {(C). Top - plane

polarised light, bottom - crossed nicols. From Cobbitty 3 at drilling depth of 490.9

m (sample X490.9). Scale bar is 0.25 mm.
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Fig 5-6 Polycrystalline quartz grain (PQ) and monocrystalline guartz grain
(Q). Note: the polycrystalline quartz and the monocrystalline quartz marked with Q
contain many fluid inclusions. This may imply that they are of hydrothermal vein
origin. Top - plane polarised light, bottom - crossed nicols. From Cobbitty 3 at

drilling depth of 508.2 m (sample X508.2). Scale bar is 0.25 mm.
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Fig 5-7 Zoned polycrystalline quartz grain (PQ) and monocrystalline quartz
grains (Q). Top - plane polarised light, bottom - crossed nicols. From Weromba 2 at

drilling depth of 289.8 m (sample W289.8). Scale bar is 0.625 mm.
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with a cloudy appearance, they were probably derived from hydrothermal vein

sources.

Quartz overgrowths were recognised in a number of thin sections, particularly
those rich in quartz (Figs 5-1 & 5-2), and in some thin sections it is not easy or
possible to distinguish quartz overgrowth from the detrital quartz grain due to lack
of a clear boundary (Fig 5-8). For the samples from Boreholes A to V, quartz
overgrowths were counted into a separated category "quartz overgrowths”. The
counting results show that quartz overgrowths are rarely fnore than 2.0 % of the
total sandstone. No quantitative evaluation of quartz overgrowths was made for the
samples from Boreholes W to Z. In these samples, quartz overgrowths on detrital
monocrystalline quartz grains were counted under "monocrystalline quartz®
whereas those rare occurrences on detrital polycrystalline quartz grains were
counted under "polycrystalline quartz". In the majority of these sandstones,
however, the content of quartz overgrowths was estimated to be less than 2 % of

the total sandstone.

In addition to quartz overgrowths, quartz cement (Fig 5-9) as mega-quartz was
seen in three samples B234.7, C132.6, and J514.8 from the southern east coast
zone (Fig 5-4). In these three samples the quartz cement accounts for 3.2 %, 8.8 %

and 8.8 % of the total sandstone respectively.

5.3.2 FELDSPAR

Feldspar was counted into two categories: potassium feldspar and plagioclase.
The former consists largely of orthoclase (Fig 5-10) and sanidine and to a lesser
extent microcline (Fig 5-11) and perthite (Fig 5-12). The latter is composed of
oligoclase - andesine (Figs 5-13 & 14), as also recognised by Martin and Baker
(1987). The potassium feldspar is generally more abundant than the plagioclase.

Feldspar overgrowths on both orthoclase (Fig 5-10) and plagioclase grains (Fig 5-
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Fig 5-8 Carbonate cement (C) postdating quartz overgrowths (O). Note:
quartz overgrowths are corroded by the carbonate cement (arrow). The boundary
between the detrital quartz grain and the overgrowths is not clear. V marks the
argillized volcanic rock fragment. Top - plane polarised light, bottom - crossed
nicols. From Oil Longley 1 at drilling depth of 781.5 m (sample 1781.5). Scale bar

is 0.25 mm.
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Fig 5-9 Later formed quartz cement (mega-quartz crystals) marked by MQ
and earlier formed chlorite coating detrital grains (arrows). Top - plane polarised
light, bottom - crossed nicols. From Coal Clitf 13 at drilling depth of 132.6 m
(sample C132.6). Scale baris 0.125 mm.
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Fig 5-10 Orthoclase (Or) with overgrowths (O). Top - plane polarised light,
bottom - crossed nicols. From Brush CK 1 at drilling depth of 128.0 m (sample

E128.0). Scale baris 0.25 mm.
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Fig 5-11 Microcline (M) partly replaced by carbonate. Carbonate also
replaces volcanic rock fragments (R). C marks carbonate cement, V argillized
volcanic rock fragments, Q monocrystalline quartz, and CH chert. Crossed nicols.

From Liverpool 91 at drilling depth of 595.2 m (sample L595.2). Scale bar is 0.25

mm.
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Fig 5-12 Perthite (P), silicified volcanic rock fragment (V), chert (C), and
monocrystalline quartz (Q). Top - plane polarised light, bottom - crossed nicols.
From Qil Longley 1 at drilling depth of 629.3 m (sample 1629.3). Scale bar is 0.25

mm.
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Fig 5-13 Plagioclase {P) with overgrowths (albite ?) (O). Crossed nicols. From
Brush CK at drilling depth of 128.0 m (sample E128.0). Scale bar is 0.25 mm.

Fig 5-14 Plagioclase (P) corroded by carbonate cement (C). Carbonate (R)
also partly replaces volcanic rock fragment (upper right corner of
microphotograph). Crossed nicols. From Cape Banks 1 at drilling depth of 650.3 m
(sample J650.3). Scale bar is 0.125 mm.
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Fig 5-13 Plagioclase {P) with overgrowths (albite ?) {O). Crossed nicols. From
Brush CK at drilling depth of 128.0 m (sample E128.0). Scale bar is 0.25 mm.

Fig 5-14 Plagioclase (P) corroded by carbonate cement (C). Carbonate (R)
also partly replaces volcanic rock fragment {upper right corner of
microphotograph). Crossed nicols. From Cape Banks 1 at drilling depth of 650.3 m
(sample J650.3). Scale bar is 0.125 mm.
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13) were seen, but they are very rare.

In the west margin (represented by Boreholes Q, T, W, and R), the western porticn
of the southern region {represented by Boreholes X to Z) and Borehole K (Fig 5-4),
the majority of the sandstones, especially those rich in detrital quartz grains, have
less than 2.0 % detrital feldspar. Both detrital potassium feldspar and plagioclase
are more abundant in the east coast zone of the basin (represented by Boreholes
B, C, L, J, and M). Sample L579.2 contains the most abundant potassium feldspar

and plagioclase (10.0 % and 5.0 % of the total sandstone respectively).

Detrital feldspar grains are generally altered (Fig 5-10). In fact, some of them have
altered to such an extent that it is impossible to identify the type of feldspar. In this
case, the grains were counted as detrital potassium feldspar. In addition detrital
feldspar grains are easy targets for carbonate replacement. Some have been partly
or completely replaced by carbonates (Figs 5-11 & 14) and some of the secondary
pore spaces seen in thin sections are created by the dissolution of detrital feldspar
grains. Patchy kaolin flakes with the outline of detrital K-feldspar grains are

considered to result from kaolin replacement.

5.3.3 LITHIC FRAGMENTS
Rock fragments are dominated by volcanic rock clasts with a trace amount of

granitic, metamorphic and sedimentary rock fragments.

(i) Igneous Rock Fragments

In the Narrabeen Group sandstones, igneous rock fragments are overwhelmingly
composed of volcanic lithics. They were mainly derived from silicic (rhyolite -
dacite) and to lesser extent intermediate flows and tuffs. They show a wide range of
textural variations, as also recognised by Martin and Baker (1987). Many grains

show typical igneous textures such as porphytitic, spherulitic and trachytic.
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The detrital volcanic lithics consist of two major groups: felsitic (silicified) and vitric
(argillized) types of Dickinson (1970, 1985). The former broadly resemble the
detrital chert grains (Fig 5-12) and were derived from silicic volcanic rocks or flows
and tuffs which have been silicified. Their distinction from detrital chert grains is
very difficult and even impossible in some thin sections. The distinction can be
made with confidence only if they contain microphenocrysts, or have
groundmasses coarse enough to show the contrast in Rl between quartz and
feldspar crystallites or if the detrital chert grains contain radiolaria. The argillized
lithics are largely composed of clays, together with feldspar and quartz (Figs 5-3 &
5-8). They originated from glassy flows and tuffs which have been devitrified and
altered to illite / smectite during diagenesis. All argillized volcanic lithics tend to
have a dirty surface under plane polarised light due to alteration. This feature,
together with texture characteristics, was used to distinguish them from detrital

chert grains and other fine grained rock fragments.

In addition to these two major groups, microlithic (Dickinson, 1970; 1985) volcanic
rock fragments were occasionally seen under the microscope (Figs 5-15 & 5-16),

and a trace amount of granitic rock fragments were identified in a few samples.

The highest content of igneous rock fragments reaches 64.0 % of the total
sandstone in sample K030.7. Sample W209.8 has the lowest content of igneous

rock fragments of 0.4 %.

(ii) Sedimentary Rock Fragments

Sedimentary clasts consist of mudstone, shale (Fig 5-17) and siitstone (Fig 5-18)
fragments. Some of the mudstone / shale fragments are intrabasinal mud clasts
derived from inter-channel floodplain deposits. The mudstone and shale fragments

were recognised by several characteristics: much larger than surrounding detrital




104

Fig 5-15 Volcanic rock fragment (V) with feldspar lathworks and silicified
volcanic rock fragment (V1). Top - plane polarised light, bottom - crossed nicols.
From Brush CK 1 at drilling depth of 243.6 m (sample E243.6). Scale bar is 0.25

mm.
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Fig 5-16 Volcanic rock fragment with feldspar lathworks (V). Top - plane
polarised light, bottom - crossed nicols. From Brush CK 1 at drilling depth of 128.0
m (sample E128.0). Scale bar is 0.25 mm,
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Fig 5-17 Shale fragment (S) deformed by adjacent quartz grains. Top - plane
polarised light, bottom - crossed nicols. From Liverpool 91 at drilling depth of

595.2 m {sample L595.2). Scale bar is 0.25 mm.
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Fig 5-18 Siltstone fragment (S), crossed nicols. From Qil Longley 1 at drilling
depth of 830.4 m (sample 1830.4). Scale bar is 0.625 mm.

Fig 5-19 Chent grain (C) with radiolaria, which appear as spherulitic bodies
consisting of chalcedony. Crossed nicols. From Weromba 2 at drilling depth of

430.8 m {sample W430.8). Scale bar is 0.625 mm.
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grains in size and tending to enguif the adjacent hard detrital grains as well as
sedimentary lamination for shale fragments (Fig 5-17). However, they are very
easily confused with argillized volcanic lithics. Thus it is very likely that the
" mudstone and shale fragments with a grain size similar to that of the surrounding
detrital grains were counted as volcanic rock fragments. The sedimentary rock
fragments generally account for less than 2.0 % of the total sandstone. In most of
the thin sections, no sedimentary rock fragments were recognised.

{iii} Metamorphic Rock Fragments

Metamorphic rock fragments consist mainly of siate and schist fragments. They
were recognised by the preferred orientation of eiongate minerals in the fragment.
In most of the samples no metamorphic rock fragments were seen. in the samples
which do contain such fragments, the content is very small, generaily less than 1.0

%, of the total sandstone.

5.3.4 CHERT

Chert is made up of microcrystalline quartz (Midgley, 1951; Folk and Weaver,
1952), as determined by X-ray diffraction. It is distinguished from detrital
polycrystaliine quartz grains by its crystal size and from volcanic rock fragments by
its relative cleanness of surface under the petrological microscope and its quartz
composition. As mentioned before, the distinction between silicified volcanic lithics
and detrital chert grains is actually not easy or possible in some thin sections. In
this case, the uncertain detrital clast was counted as chert. In some chert grains,
radiolarian remains, which occur as nearly perfect spheres filled with quartz, were
recognised (Fig 5-19). Their presence is the strongest evidence for the

identification of the grain as detrital chert.

In the southern Sydney Basin, the content of detrital chert grains is controlied by

the stratigraphic horizon from which the sample was selected. Point count data



109

show that the chert content decreases upwards towards the top of the Narrabeen
Group. The samples taken from the upper Narrabeen Group mostly have chert
contents less than 1.0 %. By contrast, the lower Narrabeen Group is relatively rich
in chert with contents of more than 2.0 %. The highest chert content was recorded
in sample J501.2 in which detrital chert grains account for 17.0 % of the total

sandstone (see Appendix [lI).

In the northern Sydney Basin, the detrital chert content does not vary with the
stratigraphic horizon in a systematic way. In these sandstones, the majority of them

have chert contents of 2.0 % to 4.0 %.

The detrital chert abundance generally increases with the increase of the detrital
volcanic lithics. Sandstones rich in detrital volcanic lithics from the Wombarra and
Scarborough Operational Units have the most abundant detrital chert grains. This
relationship between the detrital volcanic lithics and detrital chert is expected as
radiolarian cherts are apundant in the New England Fold Belt and rare in the
Lachlan Fold Belt.

5.3.5 MICA

Mica includes muscovite and biotite with muscovite being more abundant. Due to
mechanical compaction, elongated muscovite plates are usually deformed around
the adjacent hard detrital grain (Fig 5-3). Approximately half of the samples do not
contain mica. In the other hali, its content ranges from 0.2 % to 1.2 % of the total

sandstone.

5.3.6 HEAVY MINERALS
The heavy minerals tend to have a grain size smaller than the average grain size of
the sample containing them. They include leucoxene, tourmaline and zircon (Fig 5-

20). The percentages of heavy minerals are extremely low. In the majority of
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Fig 5-20 Detrital zircon grain (centre of photograph). Top - plane polarised
light, bottom - crossed nicols. From Oil Longley 1 at drilling depth 596.6 m (sample
1596.6). Scale bar is 0.125 mm.
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samples, no heavy minerals were identified. In the samples with heavy minerals,
the content is generally 0.2 % to 0.4 %. The highest content of heavy minerals is

0.8 % in sample Y566.1.

5.3.7 OXIDES

Iron oxides are absent from most of the samples. In other samples, they are 0.2 %
to 0.4 % of the total sandstone with the highest content of 1.2 % being recorded in
samples Z512.4 and A295.6. They are determined by the brownish colour, irregular
shape, opaqueness and aphanitic texture. Most of them are detrital grains.
Diagenetic iron oxides have been recognised and they occur as coatings on
detrital grains (Fig 5-21) and replacement of detrital grains (Fig 5-22). However, no
attempt was made to separately count the two kinds of iron oxides since they

account for a very minor proportion of the total sandstone.

5.3.8 CARBONATE

Carbonate occurs in two types of texture: microcrystalline and macrocrystalline with
the latter as the dominate one. The former usually occurs as irregular patches filling
inter-grain pore spaces. The latter generally shows two clear groups of cleavage
and has a clean surface under plane polarised light. it is present as
monocrystalline crystals (Figs 5-2 & 5-5) or mosaic crystals (Fig 5-23). The
macrocrystalline carbonate crystals not only fill inter-grain pore spaces (Figs 5-5 &
5-23) but also partly or completely replace / corrode detrital grains (Figs 5-8 & 5-11)
as well as coat detrital grains (Fig 5-24). Those coating detrital grains are much
less common than those filling inter-grain pore spaces and those replacing /

corroding detrital grains.

The majority of the sandstones contain carbonate cement. The highest content of
carbonate (carbonate cements and replacement carbonate) was recorded as 56.0

% of the total sandstone in sample J650.3.
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Fig 5-21 Diagenetic iron oxides (arrows), which coat detrital quartz {Q) and
chert grains (CH), and carbonate cement (C). Top - plane polarised light, bottom -
crossed nicols. From Coal Cliff 13 at drilling depth of 101.6 m (sample C101.6).

Scale bar is 0.25 mm.
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Fig 5-22 Diagenetic iron oxides (O) replacing the volcanic rock fragment,
chlorite (marked by arrow) coating detrital grains, and quartz cements (mega-
quartz marked by Q) postdating chiorite. The rhombohedral crystals with an
offwhite interference colour are probably siderites. The iron oxides might be
formed by oxidation of the siderites. Top - plane polarised light, bottom - crossed
nicols. From Coal Cliff 13 at drilling depth of 81.1 m (sample C081.1). Scale bar is
0.125 mm.
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Fig 5-23 Detrital quartz (Q) and volcanic rock fragment (V) floating within
mosaic carbonate cements (C). Note: some of them are partly replaced by the
carbonate. Top - plane polarised light, bottom - crossed nicols. From Cape Banks

1 at drilling depth of 650.3 m (sample J650.3). Scale bar is 0.625 mm.
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Fig 5-24 Carbonate crystals coating detrital quartz grains. Top - plane
polarised light, bottom - crossed nicols. From Weromba 2 at drilling depth of 300.8
m {sample W300.8). Scale bar is 0.25 mm.
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In some thin sections, dissolved carbonate cements were recognised. The
dissolution has created secondary pore spaces. In the point counting no attempt
was made to restore the components replaced by carbonates (mainly feldspars
and volcanic rock fragments). Thus the contents of feldspars and rock fragments

should be higher than their percentages indicate.

The carbonate cements include calcite, ferroan calcite, dolomite, ankerite, and
siderite (determined by SEM / EDX analyses and further confirmed by microprobe
and XRD studies). However, the differentiation of them is not easy under the
petrological microscope. A more comprehensive discussion of carbonates found in

the Narrabeen Group sandstones will be made in the next chapter.

5.3.9 CLAY MATRIX

The definition of clay matrix used here follows that of Morris et al. (1979). It
generally refers to all particles which are too fine to be identified with the
petrological microscope. Thus it includes all clay minerals, which may be detrital or
diagenetic, clay and silt - sized mica, quartz, feldspar and the products created by
breakdown of fine grained rock fragments. In some thin sections, authigenic
chlorite coating detrital grains (Fig 5-25) and kaolin flakes filling inter-grain pore

spaces (Fig 5-26) can be identified positively under the petrologic microscope.

The clay matrix commonly occurs as patches filling inter-grain pore spaces. The
most common matrix observed in the thin sections consists of detrital clay minerals
and silt-sized quartz grains (Fig 5-27). Most of the sandstones studied have a
content of clay matrix more than 10.0 % of the total sandstone. The highest clay
matrix of 32.0 % is recorded in sample M420.8. Sample J650.3 does not have clay

matrix.
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Fig 5-25 Earlier formed chlorite (arrow), which coats detrital polycrystalline
quartz grain (Q), plagioclase (P), and volcanic rock fragments (V), and later formed
carbonate cement (C). Top - plane polarised light, bottom - crossed nicols. From

Liverpool 91 at drilling depth of 579.2 m (sample L579.2). Scale bar is 0.125 mm.
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Fig 5-26 Pore-filling authigenic kaolin flakes, plane polarised light. From
South Colah 1 at drilling depth of 296.5 m (sample 0296.5). Scale bar is 0.0625

mm.

Fig 5-27 Clay matrix filling inter-grain pore spaces. O marks quarz
overgrowths. Crossed nicols. From Cobbitty 3 at drilling depth of 508.2 m. Scale

bar is 0.125 mm.
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The point count data show that the amount of ciay matrix is generally related to the
grain size. It was found that the amount of clay matrix generally has an inverse
relationship with the grain size. The coarse grained sandstones tend to have less
clay matrix than the fine grained sandstones. In addition, the amount of clay matrix
generally increases with the increase of volcanic rock fragments, but this general
relationship becomes less clear in Boreholes D, E, and F in the northeast part of
the Basin (Fig 5-4). The clay matrix and carbonate cement are also inversely

related. The higher the carbonate cement, the lower the clay matrix.

5.3.10 POROSITY

Like mineral components, pore spaces were also evaluated in the modal analyses.
Since all thin sections were impregnated with a blue dye, the pore spaces were
identified by the biue colour under plane polarised light. Porosity includes that of
both primary and secondary origin. Visual primary porosity varies from 1 to 17 % of

the total sandstone.

The criteria used to recognise secondary porosity are those proposed by Schmidt
and McDonald (1979b). In the sandstones studied, secondary porosity is mainly
created by dissolution. The types of secondary porosity include oversized, mould,
intra-grain, and intra-cement. The secondary porosity obtained from the modal
analyses ranges from 0 to 11 % of the total sandstone. In three samples (X282.0,
X436.6 and Z399.0) it is more than 10 % of the total sandstone, but in most of the
samples it is less than 2.0 %. The high secondary porosity in these three samples

was very likely an artifact of thin section preparation.

The porosity of sandstones was also measured in the laboratory (will be discussed
in Chapter 8). By comparing the porosity values from the point counts with those
from measurements in the laboratory, it was found that the counted porosity tends

to be less than that measured. This may be due to microporosity in the sandstones,
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which is not observable under the petrological microscope.

5.4 TEXTURE OF SANDSTONES

As indicated by point count data, the Narrabeen Group sandstones consist
principally of detrital quartz grains with a range of 5 - 80 % of the total sandstone,
lithic fragments (including chert) with a range of 0 - 75 % and to a less extent
feldspar grains with a range of 0 - 15 %. The detrital quartz and lithic fragments
generally have an equant to elongated shape (Fig 5-25) whereas the detrital

feldspar grains are usually plate shaped (Figs 5-13 & 5-14).

The detrital fragments range in roundness from angular to well rounded with the
majority of them being subangular to subrounded. The well rounded quartz grains
probably represent second cycle sediments and were derived from earlier
deposited sandstones. The rarely rounded angular quariz clasts (Fig 5-9) were
derived from volcanic sources. The sandstones of the Narrabeen Group range in
sorting (refer to sand fraction only) from very poorly to well sorted. Coarser
sandstones tend to be poorly to very poorly sorted (Figs 5-7 & 5-18) whereas finer

sandstones tend to be moderately to well sorted (Fig 5-13).

The detrital grain contacts are linear (Fig 5-6), which resuits from mechanical
deformation following burial of sediments. In some sandstones, suture contacts
among detrital quartz grains (Fig 5-28) were observed. In the sandstones
containing a substantial amount of carbonate cement, however, the carbonate
prevented detrital grains from deformation and so the detrital grains are either in

point contact (Fig 5-24) or float within the carbonate cement (Fig 5-23).

5.5 CLASSIFICATION OF SANDSTONES
The classification of sandstones is a controversial subject. A large number of

papers on this subject have been published (e.g. Klein, 1963; Okada, 1971). A
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Fig 5-28 Sutured contact between detrital quartz grains (arrow). Crossed
nicols. From Cobbitty 3 at drilling depth of 530.7 m (sample W221.1). Scale bar is
0.125 mm.
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summary of sandstone classification was given more recently by Pettijohn et al.

(1987).

The sandstone classification (Fig 5-29, Table 5-1) used in this thesis is modified
from the one proposed by Folk (1968). The contents of the three poles follow those
by Folk except that granite and gneiss fragments are excluded from the feldspar
pole and they are included in the pole for the lithics. In addition, a 50 % quartz line
is added to the Folk’s classification to emphasise the sandstones with more than 50

% but less than 75 % detrital quartz grains.

The stable poles of Hayes (1979) are incorporated into the classification. As
indicated by Hayes, the quartz pole (monocrystalline and polycrystalline quarz)
represents the particles which are both chemically and physically stable. The
teldspar pole (all kinds of feldspars) consists of the particles which are physically
stable but chemically unstable. The lithic pole (all kinds of lithic fragments plus
chert) represents the particles which are both chemically and physically unstable.
The chemically and physically stable chert is included in the lithic pole since the
detrital chert grains are considered to be derived from the same source (New
England Foid Belt) as fine grained volcanic rock fragments. More importantly, chert
grains are not always easily distinguished from fine grained volcanic rock
fragments in some samples. Thus the inclusion of chert grains in the lithic pole is

more meaningful.

As mentioned before, all components (detrital grains, oxides, heavy minerals,
carbonate cements, clay matrix, and pore spaces) of the sandstone were counted.
Since only detrital framework grains are required for sandstone classification, the
percentage of each type of detrital clasts was recaiculated (Table 5-‘1). The
recalculated values for the five detrital clasts (monocrystalline, polycrystalline

quartz, feldspar, lithics and chert) are listed in Appendix IV. These values were
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CHEMICALLY STABLE
MECHANICALLY STABLE

QUARTZ
QUARTZARENITE

SUBARKOSE

SUBLITHARENITE

FELDPATHIC
LITHARENITE

FELDSPAR LITHICS
CHEMICALLY UNSTABLE CHEMICALLY UNSTABLE
MECHANICALLY STABLE MECHANICALLY UNSTABLE

Fig 5-29 Sandstone classification.
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Table 5-1 Sandstone classification

Quartz (Q) = monocrystalline quartz (QM) + polycrystalline quartz (QP)
Feldspar (F) = potassium feldspar (KF) + plagioclase {PL)
Lithics (L) = igneous rock fragments (IR) + metamorphic rock fragments (MR)
+ sedimentary rock fragments (SR) + chert (CH)
Q%=Q/{Q+F+L)x100%
OM%=QM/(Q+F +L)x 100 %
QP % =QP/{Q +F +L) x 100 %
F%=F/(Q+F+L)x100 %
L%=L/(Q+F+L)x100%
CH%=CH/(Q+F+L)x100%
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used to plot the position of each sample in the triangular plot of sandstone

classification.

5.6 DETRITAL COMPOSITION OF NARRABEEN GROUP SANDSTONES

To discuss the detrital composition of the sandstones in the Narrabeen Group, the
Sydney Basin is divided into four parts based on the similarity of detrital
compositions of the sandstones in each part: southern region, northern region,
west margin and east coast zone (Fig 5-4). The southern basin refers to the part
south of the boundary between the northern and southern regions (including the
southern region, southern west margin and southern east coast zone}. The
northern basin refers to the part north of the boundary (including the northern
region, northern west margin and northern east coast zone). Boreholes A, N, O, P,
X. Y, and Z are located in the southern region; Boreholes D, E, F,G,H, |, S, U,and V
in the northern region (Borehole K is also inciuded in this region); Boreholes Q, T,
and W in the west margin {Borehole R is also included in this margin); and

Boreholes B, C, J, L and M in the east coast zone.

5.6.1 WOMBARRA (WQO) OPERATIONAL UNIT

In both the southern and northern regions, there is a dominance of litharenites over
quartzose litharenites with one occurrence of sublitharenite in the northern region.
Quartzose litharenites, litharenites and sublitharenites comprise the sandstones in
the west margin. The sandstones consist largely of litharenites in the east coast

zone. (Fig 5-30)

5.6.2 SCARBOROUGH (SC) OPERATIONAL UNIT

In the southern region, litharenites, quartzose litharenites and sublitharenites
comprise the sandstones. To the north, the sandstones consist of litharenites,
quartzose litharenites, and quartzose feldspathic litharenites. In the west margin,

sublitharenites and quartzose litharenites comprise the sandstones. In the east
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QUART Z

FELDSPAR LITHICS
WO EAST COAST ZONE
(circle B, plus C, square L, cross M,
diamond J)

FELDSPAR LITHICS
WO NORTHERN REGION

(circle D, plus E, square F,cross G,
diamond H, solid cirecle |,
solid square K, triangle 3,
solid triangle U, dot V)

Fig 5-30 Compositions of sandstones in the Wombarra Operational Unit.
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coast zone, there is an overwhelming dominance of litharenites over quartzose
litharenites with one occurrence of sublitharenite and two occurrences of

feldspathic litharenites. (Fig 5-31)

5.6.3 LOWER BULGO (LB) OPERATIONAL UNIT

In the southern region, the sandstones consist of sublitharenites and quartzose
litharenites. A large number of litharenites and a lesser number of quartzose
litharenites plus one sublitharenite comprise the sandstones in the northern region.
Sublitharenites dominate sandstones in the west margin. To the east, the
sandstones consist of quartzose litharenites and litharenites plus one

sublitharenite and one quartzose feldspathic litharenite. (Fig 5-32)

5.6.4 UPPER BULGO (UB) OPERATIONAL UNIT

The sandstones in the southern region are characterised by a dominance of
quartzose litharenites over sublitharenites. To the north, the sandstones consist
largely of quartzose litharenites with ocne sublitharenite and two litharenites. There
is a dominance of sublitharenites over quartzarenites and litharenites in the west
margin. To the east, the sandstones consist of a larger number of quartzose
litharenites and a lesser number of litharenites as well as one sublitharenite. (Fig 5-

33)

5.6.5 BALD HILL (BH) OPERATIONAL UNIT

The sandstones consist of quartzarenites and sublitharenites in both the west
margin and the southern region. However, in the southern region sublitharenites
overwhelm quartzarenites. Quartzose litharenite dominates sandstones in the
northern region. Only one sample is available in Borehole M in the east coast zone

and is a quartzose litharenite. (Fig 5-34)

5.7 MAIN FACTORS CONTROLLING COMPOSITION OF SANDSTONES
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Fig 5-31  Compositions of sandstones in the Scarborough Operational Unit.
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Fig 5-32 Compositions of sandstones in the Lower Buigo Operational Unit.
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Fig 5-33 Compositions of sandstones in the Upper Bulgo Operational Unit.
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Fig 5-34 Compositions of sandstones in the Bald Hill Operational Unit.
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Sandstone compositions are affected by a number of factors. Grain size,
transportation, depositional environment, diagenesis and provenance are among

the main factors (Suttner, 1974).

5.7.1 INFLUENCE OF GRAIN SIZE ON SANDSTONE COMPOSITION

The dependence of sandstone composition on grain size has been demonstrated
by a number of workers (e.g. Blatt, 1967; Basu, 1976; Mack and Suttner, 1977). The
sandstones used for this petrological study vary from very fine to very coarse. Such
a wide range of sandstones supplies the opportunity to study the relationships
between the grain size and the detrital composition in the Narrabeen Group

sandstones.

Taking the drilling depth as the Y axis, and the recalculated percentage of
individual detrital clasts (Appendix IV) and the average grain size measured under
petrological microscope as double X axes, six diagrams (Figs 5-35 to 5-40) were
drawn for selected boreholes from different locations in the basin. From
comparison of grain size with the percentage of individual detrital clasts
(polycrystalline quartz, monocrystalline quartz, and lithics including chert), general
conclusions with regard to the influence of grain size on sandstone composition

can be made.

In the west margin, the western portion of the southern region and the
southwestern portion of the northern region of the basin, which are close to the
western Lachlan Fold Belt quartzose source, the detrital polycrystalline quartz
abundance has a clear relationship with the grain size (Fig 5-35). The coarser the
sandstones, the more abundant are the detrital polycrystalline quartz grains. This is
easily interpreted by the fact that polycrystalline quartz grains contain three or more
monocrystalline quartz crystals (by definition) so that they are unlikely to be present

in fine grained sandstones in large amounts. To the northeast portion of the
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northern region and the east coast zone, which is close to the northeastern New
England Fold Belt lithic as well as quartzose source and the eastern offshore
volcanic source {which will be discussed later), this relationship is not as evident
(Fig 5-36). This may be attributed to the influence of the detrital lithic sources. The

influence of grain size on composition is overshadowed by that of provenance.

Both the detrital monocrystalline quartz grains and the detrital lithics do not have a
clear relationship with the grain size, as indicated in Figs 5-37 to 5-40. The
contents of detrital monocrystalline quartz grains and lithics in the total detrital

framework grains are generally independent of grain size of sandstones.

In conclusion, grain size has a minor influence on the detrital compositions of the
Narrabeen Group sandstones by controlling the content of the minor component -
detrital polycrystalline quartz grains in sandstones in the west margin, the western
portion of the southern region and the northeastern portion of the northern region of

the basin.

5.7.2 INFLUENCE OF TRANSPORTATION, DEPOSITIONAL ENVIRONMENT AND
DIAGENESIS ON SANDSTONE COMPOSITION

The sediments of the Narrabeen Group were deposited in fluvial / lacustrine
depositional systems (refer to Chapter 4). The transportation and the depositionai
environment should not be significantly different from one individual sandstone
facies to another. Thus it is considered that these two factors do not control the

detrita! composition of the Narrabeen Group sandstones to any great extent.

It has been known for a long time that sands undergo a variety of textural and
mineralogical changes during burial and subsidence in a sedimentary basin,
during structural deformation of burial sequences, and during outcrop weathering

(McBride, 1985). Some of these post-depositional processes can severely change
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the original composition of the sands. Therefore these changes should be
considered when any attempt is made to deduce the provenance of an ancient

sandstone.

(n the case of the Narrabeen Group sandstones, the diagenetic changes affecting
the original composition of the sandstones mainly include carbonate replacement
of feldspar and volcanic lithics and dissolution / alteration of feldspar and volcanic
lithics (will be discussed in the next Chapter). As a result of these diagenetic
changes, the contents of the detrital feldspar grains and lithics from point counting
would be lower than their original contents in the sandstone. However, in the
majority of sandstones studied the replacement carbonates account for less than
2.0 % of the total sandstone (refer to Appendix lll). In a very few samples they
exceed 5.0 % of the total sandstone. The dissolution porosity is less than 2 % of the
total sandstone in most of the sandstones. Complete alteration of detrital volcanic
lithics and feldspar to authigenic minerals took place in an even smaller scale in
the sandstones. Thus it is considered that these diagenetic changes recognised in
the Narrabeen Group sandstones did not alter the original composition of the

sandstones to a significant extent.

One final point should be noted. The counting of quartz overgrowths in the
sandstones from Boreholes W to Z into "monocrystalline or polycrystalline quartz”
leads to higher contents of detrital quartz clasts than their real contents in these
sandstones. As mentioned before, however, visual estimates under the petrological
microscope indicate that quartz overgrowths in most of the sandstones from
Boreholes W to Z are not higher than 2 % of the total sandstone. In addition, point
counting data show that quartz overgrowths account for less than 2 % of the total
sandstone in the majority of sandstones from Boreholes A to V. Based on their low
content, the inconsistent treatment of quartz overgrowths during point counting is

considered not 1o significantly change the detrital composition variations of the
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sandstones.

Since grain size, transportation, depositional environment, and diagenesis do not
affect the detrital composition of the Narrabeen Group sandstones significantly, the
composition of the sandstones is thought to be controlled mainly by their
provenance. Accordingly from the variation of the sandstone compositions, the

provenances for the Narrabeen Group sandstones can be deduced.

5.8 PROVENANCE OF NARRABEEN GROUP SANDSTONES

It has been known that the detrital composition of the Narrabeen Group sandstones
changes both vertically throughout the group and regionally across the basin.
Petrological studies carried out as part of this thesis have established certain

systematic changes and these changes have been presented in some detail.

Based on the results of sandstone modal analyses, a composition profile has been
compiled for each of the 26 boreholes studied. The regional variation of detrital
composition is discussed for four stratigraphic intervals using the average
percentage values of the detrital clasts of the sandstones. From the variations of the
detrital composition of sandstones and the palaeocurrent data obtained by
previous researchers, conclusions have been drawn regarding provenance and
mineral dispersal. Changes in provenance with time are deduced from the

variation of detrital composition.

5.8.1 VERTICAL VARIATION OF DETRITAL COMPOSITIONS OF SANDSTONES

The petrological data for this thesis have been taken entirely from fully cored
boreholes of which some have penetrated the whole Narrabeen Group. These type
of data are very suitable as a record of petrological change of a fixed point in the

basin throughout the period of the Narrabeen Group sedimentation.
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The petrological data are presented in tabular form in Appendixes Ill and IV, with
the stratigraphic position, and depth of each sample against compositional data.
The compositional change of sandstones can be more clearly shown by using
graphic plots of the compositional data against the stratigraphic position of the

sample.

The detrital composition variations of sandstones in a vertical sense are shown by
the changes of detrital quartz {monocrystalline and polycrystalline quariz), detrital
feldspar, and detrital lithics (including detrital chert), i.e. the three poles defined in
the sandstone classification versus the drilling depth (stratigraphic horizon), as
presented in Figs 5-41 to 5-47. The percentage of each of the three major detrital

components is from Appendix IV.

From Figs 5-41 to 5-47, it is clear that the percentage of detrital quantz grains
generally increases and that of detrital lithics decreases as the sequence is
ascended, especially in the boreholes in the southern Sydney basin,
corresponding to the development of more quartz rich sandstones. However, these
changes do not proceed at a uniform rate. Depending upon the borehole iocation,
one to three distinctive boundaries, across which the detrital composition has a
sudden and significant change and / or one abnormally lithic - rich interval can be
recognised in different boreholes. The boundaries are taken at the middle point of
the drilling depths between the samples whose detrital composition ditfers
significantly from each other {see Fig 5-41). The lowermost boundary is defined as
DB3, the middle boundary as DB2 and the uppermost boundary as DB1 with DB2
being the most obvious. The sudden changes of detrital compositions across
certain horizons have been noted by Ward (1971a, b). He proposed three steps to
describe these sudden changes, which are similar to the three distinctive

boundaries presented here.
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The lowermost distinctive boundary DB3 occurs over a large area across the basin.
It is recognised in Boreholes O, X, Y, and Z ( Figs 5-41 to 5-43) in the southern
region, in Boreholes T and W (Figs 5-41 & 5-43) in the west margin, in Borehole H
(Fig 5-44) in the northern region, and in Borehole M (Fig 5-44) in the east coast
zone. In other boreholes D, E, F, |, S, and U in the northern region, no DB3 can be
recognised due to the complicated variation of the detrital composition (Figs 5-44 to
5-46). In Boreholes B, C, J, and L in the southern east coast zone, the abundance
of detrital lithics in the lower Narrabeen Group results in the lack of DB3 in these

boreholes (Figs 5-42 & 5-47).

The detrital lithics are more abundant than the detrital quartz clasts below DB3.
DB3 marks a major source change from lithic to quartzose or a mixture of the two.
The position of DB3 in the stratigraphic horizon is not consistent from one borehole
to another throughout the whole basin, suggesting the source change did not take
place uniformly in the whole basin. In the west margin, it occurs within the lower
part of the WO unit in Boreholes T and W (Figs 5-41 & 5-43). In Boreholes X, Y and
Z in the southern region, DB3 is within the middle part of the WO unit (Figs 5-41 &
5-42). In Borehole O near the boundary between the southern and northern
regions of the basin (Fig 5-4), DB3 is within the top part of the WO unit (Fig 5-43). In
Borehole M in the east coast zone, DB3 is recognised near the top of the WO unit
(Fig 5-44). In the northern region it is located in the upper part of the SC unit in
Borehole H (Fig 5-44). The position change of DB3 is characterised by the trend
towards the younger stratigraphic horizon from the southwest to the northeast,
suggesting that the major source change from the lithic to the quartzose or the
mixture of the two happened earlier in the west margin and the western portion of
the southern region and later in the east coast zone and the northeastern portion of

the northern region.

The middle distinctive boundary (DB2) is recognised only in the boreholes in the
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southern basin (Borehole O is an exception). lts position in the stratigraphic horizon
is generally consistent in these boreholes. It occurs within the SC unit in Boreholes
Wto Z, L, J, A, and B (Figs 5-41, 5-42 & 5-47). However, in Borehole C it is within
the bottom part of the LB unit (Fig 5-47). In the boreholes in the northern basin and
Borehole O, no DB2 can be recognised (Figs 5-43 to 5-46).

DB2 marks the top boundary of a lithic . rich interval {(defined here as an
abnormally lithic - rich interval) whose bottom boundary generally occurs at that
between the SC and WO units. In the abnormally lithic - rich interval the lithics
overwhelm the quartz clasts or they are significantly more abundant than those in
the underlying and overlying intervals. The interval broadly correlates with the
lower part of the SC unit (Figs 5-41, 5-42 & 5-47). In Borehole C, however, it seems
to correlate with the whole SC unit since DB2 occurs near the boundary between
the LB and SC units in this borehole {Fig 5-47). The lithic rich interval is shown
most clearly in the boreholes in the east coast zone {such as in Borehole J) and
becomes less clear westwards. In Borehole W it is hardly seen. Due to absence of
DB2 in the boreholes in the northern basin and in Borehole O, no abnormally lithic

- rich interval is present in these boreholes.

The uppermost distinctive boundary DB1 is recognised in Boreholes Wto Z, O, F, |
and M where the sampling of sandstones from the Bald Hill Operational Unit is
available. In Boreholes W to Z and O in the west margin and the southern region, it
is most clearly shown (Figs 5-41 to 5-43). It is also tentatively seen in Borehole B in

the southern east coast zone (Fig 5-47).

The position of DB1 in the stratigraphic horizon is generally consistent throughout
the whole basin and it occurs near the boundary between the BH and UB units (In
Borehole F, it is within the lower part of the UB unit, Fig 5-45) but within the UB unit
(In Borehole X it is within the bottom part of the BH unit, Fig 5-41). Across DB1
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upwards, the quartz percentage is much higher than the lithic percentage in the
sandstone in the boreholes W to Z and O in the west margin and the southern
region (Figs 5-41 to 5-43) and it is higher than the lithic percentage in the
sandstones in Boreholes F, 1, M and B in the northern region and the east coast
zone (Figs 5-44, 5-45 & 5-47). The further increase of detrital quariz clasts across

DB1 upwards suggests that the quartz source became more important after DB1.

in Boreholes N, P, Q, R, K, V, and G (Figs 5-43 & 5-46) where only limited core
samples from the bottom part of the Narrabeen Group are available, no distinctive

boundary and / or abnormally lithic - rich interval can be recognised.

Even though the three distinctive boundaries proposed in this petrology study are
similar to the three steps designed by Ward (1971b), there are two differences. (1)
The position of DB3 (equivalent of “step A" of Ward) is not consistently in the
stratigraphic horizon across the basin. Thus it cannot be used as a time -
stratigraphic correlation marker as proposed by Ward. (2) The presence of DB2 is
considered to be related to the eastern volcanic source (discussed later). it is
recognised only in the boreholes in the southern basin. The speculation that “the
step B" (equivalent of DB2) persists to the North Coast made by Ward is not
supported by this study.

In summary, the sandstones change their detrital composition in the northern
Sydney Basin in a much more complicated way than in the southern Sydney Basin.
In the southern basin, the percentage of detrital lithics decreases and that of detrital
quartz clasts increases upwards if the abnormally lithic - rich interval is excluded
from the whole sequence but this change does not proceed at a uniform rate, as
indicated by the occurrence of one to three distinctive boundaries. The sandstones
between DB1 and DB2 are of much same composition. By contrast, the general

trend of the detrital composition variation found in the southern basin is not clearly
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shown in the boreholes in the northern Sydney Basin. In this part of the basin, the
detrital composition varies greatly in a random way towards the top of the
Narrabeen Group and the sandstones between DB1 and DB3 or the bottom of the

Narrabeen Group are of a considerably variable composition.

5.8.2 REGIONAL VARIATION OF DETRITAL COMPOSITIONS OF SANDSTONES
AND DEDUCTION OF DETRITAL SOURCES

The detrital composition of sandstones in a given unit at one place differs from that
of sandstones in the same unit at another place of the basin. The variation in
detrital components for a given unit across the basin has been contoured, as
shown in Figs 5-48 to 5-53. The value used for each borehole is an average for the
interval of strata in question calculated from Appendix IV (recalculated point
counting data). The regional variation of detrital composition is discussed for four
stratigraphic intervals: Wombarra Operational Unit, Scarbourough Operational
Unit, Lower and Upper Bulgo Operational Units (excluding the top part of the UB
unit, i.e. the part between DB1 and the top of the UB unit) as a single interval, and

the top part of the UB unit and BH unit as a single interval.

(i) Wombarra Operational Unit

The detrital compaosition variation in this unit is characterised by a clear west to east
change and a less obvious south to north change. Along the western margin of the
basin, the sandstones generally contain a high content of detrital quartz clasts with
the highest being recorded as 93.0 % in sample T397.6 and the average quarnz
percentage of sandstones in Borehale T in the unit is 78.2 %. In Borehole B in the

east coast zone of the basin, the detrital quartz averages only 18.2 %.

The west to east variation is clearly shown in the southern Sydney Basin from
Borehole W in the west margin to Borehole J in the east coast zone. The

percentage of detrital lithics increases eastwards with an average of 44.0 % in
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Borehole W, through 54.9 % in Borehole Y, 63.9 % in Borehole L, to 76.6 % in
Borehole J (Fig 5-48). As a result of the variation of detrital lithics, the average

percentage of detrital quartz clasts decreases towards the east.

This west - east detrital composition variation is also shown by the boreholes in the
northern Sydney Basin even though not as clearly as in the southern Sydney
Basin. From 37.3 % in Borehole R in the west margin, the average percentage of
the lithics increases to 56.9 % in Borehole S and 57.7 % in Borehole U in the

northern region (Fig 5-48).

From south to north, the average percentage of the lithics in the sandstones of the
unit does not change much until to the northernmost borehole K, which is located in
the adjacent Gunnedah Basin. In this borehole the average content of the detrital
lithics in the sandstones of the WO unit is recorded as 92.9 % of the total detrital
clasts (Fig 5-48), which is much higher than the average of 59.6 % in the nearby

borehole V.

In the west margin and the southern region of the basin, the sandstones {except
those at the basal part) do not contain detrital feldspar grains. As a result, the
average percentage of detrital feldspar grains is less than 1.0 % of the total detrital
clasts in the boreholes (except Borehole O) in this part of the basin. To the east
coast zone and the northern region of the basin, detrital feldspar grains become
much more abundant. The average percentage of detrital feldspar grains ranges
from 2.6 % in Borehole V to 7.8 % in Borehole H (0.4 % in Borehole K is an
exception). However the variation of detrital feldspar grains throughout the basin is
not as regular as that of the major components - detrital quartz clasts and detrital

lithics.

The characteristics of the detrital composition variations (Figs 5-48 & 5-49) can be
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used to deduce the detrital sources for the sediments in the Narrabeen Group.
During the deposition of the WO unit, there probably existed three detrital sources:
the northeastern New England Fold Belt supplying mainly detrital volcanic lithics
and volcanic derived quartz clasts as well as detrital feldspathic clasts, the western
Lachlan Fold Belt mainly supplying detrital quartz clasts, and an eastern volcanic
source which principally supplied detrital volcanic lithics and feldspathic clasts

during its active period. The former two were major sources and the last one minor.

During early WO time, the New England Fold Belt acted as the principal detrital
source over the whole Sydney Basin. Until the time corresponding to DB3, then the
Lachlan Fold Belt replaced the New England Fold Belt to supply significant
quantities of detritus to the west margin and western portion of the southern region
of the basin. This is reflected by the upwards increase of the detrital quartz (sudden
increase across DB3) in the sandstones in this part of the basin. The upwards
increase also suggests that the Lachlan Fold Belt source became more and more

important as sedimentation proceeded.

In the northern region of the basin, the detrital clasts were largely derived from the
New England Fold Belt as well as Lachlan Fold Belt. To the northeast margin of the
basin, the detrital clasts were principally supplied by the New England Fold Belt,
which is supported by a very high average percentage ot detrital lithics in the
northernmost borehole K. The relative amount of the detrital components, which the
depositional site received from each source, was principally controlled by the
location of the depositional site in the fluvial depositional system and its relative
distance from the source at the time of deposition. In the northern east coast zone,

the volcanic lithics were largely derived from the New England Fold Belt.

In the southern east coast zone, the sandstones contain abundant detrital volcanic

lithics (Fig 5-48), suggesting the presence of a nearby volcanic source. It was
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probably located to the east of present day coast iine of Cape Banks 1 borehole
(Borehole J) (probably east of the present continental shelf, i.e. now part of Lord
Howe Rise). The volcanic lithics from this source were transported to the basin
southwesterly and southerly and deposited in the southern east coast zone and the
southernmost portion of the basin. This is supported by the palaeocurrent data
(Diessel et al., 1967; Ward, 1972). In the Nlawarra region in the south coast, a mean
palaeocurrent trend of 220° is recorded at the basal portion of the Narrabeen
Group (Diessel et al, 1967), and Ward (1972) gave a mean palaeocurrent trend of

1780 in the overlying Coal Clitf Sandstone (equivalent of WO unit, refer to Fig 4-3 ).

in Borehole J and L nearer to the proposed volcanic source, the sandstones in the
middle part of the WO unit are more volcanic lithics rich than those in the upper and
lower parts of the WO unit (Fig 5-42). This probably suggests that this volcanic
source was active only during the middle period of WO time. The detritai lithics from
this eastern volcanic source seem to be intermediate volcanic rock fragments,
which are different from the acidic volcanic rock fragments derived from the New

England Fold Belt. This difference was also documented by Ward (1971a, b).

Galloway and Hamilton (1988) proposed a volcanic source terrane termed the
“Cape Banks Volcanic Apron” to explain the occurrence of a small amount of
volcanic lithics in the coastal exposures (correlating with the Scarborough
Operational Unit) south of Sydney. Ward (1972) indicated a volcanic source (the
Gerringong Volcanics) to explain the volcanic lithics in the “volcanic facies” of the
Bulgo Sandstone (correlating with the Upper Buigo Operational Unit, refer to Fig 4-
3). The volcanic source suggested here started to supply detrital volcanic lithics to
the basin in WO time, which was earlier than Galloway and Hamilton proposed and

much earlier than Ward'’s.

(i) Scarborough Operational Unit
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In the southern Sydney Basin, the SC unit generally consists of two parts: the
abnormally lithic - rich interval and the interval overlying DB2. Due to the presence
of this abnormally lithic - rich interval, the sandstones in this unit change greatly in
their detrital composition with time. For example, the detrital lithics range from 23.3
% to 66.0 % of the total detrital clasts in Borehole L, 37.5 % to 76.3 % in Borehole Z
and 26.8 % to 61.9 % in Borehole Y (refer to Appendix IV). Thus the sandstones in
this unit have a wide range of detrital composition from litharenite, through

quartzose litharenite, to sublitharenite (Fig 5-31).

Regionally there is an eastward increase of the average detrital lithics in the
abnormally lithic - rich interval in the southern Sydney Basin (Fig 5-50). The
average percentage of detrital lithics changes from 37.7 % in Borehole W in the
west margin, through 43.8 % in Borehole X, 60.0 % in Borehole Y, 75.5 % in
Borehole Z, to 82.0 % in Borehole B in the east coast zone. As a result of this
change the average percentage of detrital quartz clasts greatly decreases towards
the east. This clear variation of detrital composition obviously indicates that an

eastern volcanic source existed (Fig 5-50).

In the northern Sydney Basin, the abundance of detrital lithics in sandstones does
not vary as greatly as in the southern Sydney Basin in a single borehole.
Regionally the detrital lithics generally increase northwards, which is reflected by
the compositional change from quartzose litharenites, quartzose feldspathic
litharenite and litharenites in Boreholes D, E, and F to dominant litharenites in

Boreholes U and S (Fig 5-31).

Like in the underlying WO unit, in this unit the detrital feldspar clasts generally
increase from the west margin to the east coast zone, and from the southern region

to the northern region (Fig 5-51).
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Fig 5-50 Regional variation of the average percentage of detrital lithics of
sandstones in the abnormally lithic - rich interval in the southern
Sydney Basin and the deduced detrital sources.




Fig 5-51 Regional variation of the average percentage of detrital feldspar in the
Scarborough Operational Unit.
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In the southern Sydney Basin, during the deposition of the lower part of the SC
unit, the eastern volcanic source active in middle WO time, became very active. It
probably supplied a substantial amount of volcanic lithic clasts to the southern
Sydney Basin, especially the southern east coast zone, as implied by the more
abundant volcanic lithics in the sandstones from the lower SC unit than in the
sandstones from the WO unit in Boreholes X to Z, L, J, B and C (Figs 5-41, 5-42 &
5-47). As a result, the abnormally lithic - rich interval correlating with the lower part
of the SC unit was deposited. The sediments from this source were dispersed to
the basin by southerly to southwesterly currents, as suggested by the mean
palaeocurrent trend of 224¢ in the topmost Scarborough Sandstone and 206° in
the basal Bulgo Sandstone (the two stratigraphic horizons broadly correlate with
the middie Scarborough Operational Unit, refer to Fig 4-3) in the south coast (Ward,
1972). As the distance from this source increased, its influence diminished (Fig 5-
50).

During the deposition of the upper SC unit, the offshore volcanic source ceased to
supply large amounts of detrital volcanic clasts, as implied by the sudden upwards
decrease of the detrital lithics across DB2. Thus the detrital clasts were largely
derived from the Lachlan Fold Belt in the west margin and western portion of the
southern region and resulted in the deposition of sublitharenites and quartzose
litharenites of the upper SC unit. To the east coast zone where the sandstones
consist of roughly equal amount of detrital lithics and detrital quartz clasts, the
Lachlan Fold Belt became less important and the eastern volcanic source probably

continued to supply some detrital lithics.

In the northern Sydney Basin, the detrital clasts were mainly derived from the New
England Fold Belt and the Lachlan Fold Belt even during early period of SC time

when the eastern volcanic source was very active.
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(i} Lower and Upper Bulgo Operational Units (excluding top part of UB unit)

DB1, which is found in all the boreholes where the sandstones from the whole
Narrabeen Group are available as well as in Borehole B, occurs near the boundary
between the BH / UB units with Borehole F as an exception (Fig 5-45) and it is
within the UB unit with Borehole X as an exception (Fig 5-41). In the sequence
between DB1 and the LB/SC boundary, the sandstones change littie in each of the
individual boreholes except Boreholes B, M, F and |, which are located in the east
coast zone and the northeastern portion of the northern region and are relatively far
away from the Lachlan Fold Belt. Thus the LB and UB units (excluding the part
between DB1 and the top of the UB unit) are discussed together here as a single

sedimentary sequence.

In this sequence detrital composition changes regularly in the regionai direction.
Towards the northeast, the abundance of detrital quartz clasts decreases and that
of detrital lithics increases. The average percentage of detrital quartz clasts in the
sandstones of this sequence decreases from 75.1 % of the total detrital clasts in
Borehole Y, through 67.6 % in Borehole O, to 47.5 % in Borehole | and 46.0 % in
Borehole F (Fig 5-52). The abundance of detrital feldspathic clasts generally

increases northeastwards.

In the west margin and the southern region of the basin, the sandstones in this
sequence consist largely of quartzose litharenites and sublitharenites, indicating
they were mainly derived from a quartzose source. The Lachlan Fold Belt is

considered to be the principal source in this part of the basin (Fig 5-52).

In Boreholes F, | and M in the northern basin, which are far away from the Lachian
Fold Belt, the sequence between DB1 and the LB/SC boundary consists of quartz -
rich intervals and lithic - rich intervals (Figs 5-44 & 5-45). This suggests that the

sediments in this part of the basin were not supplied by a single principal source.
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Fig 5-52 Regional variation of the average percentage of detrital quartz grains
in the Lower and Upper Bulgo Operational Unit (excluding the top part
of the BH unit) and the deduced detrital sources.
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Both the Lachlan Fold Belt and the New England Fold Belt contributed detrital

clasts to it without one dominating the other over a long period of time.

in Boreholes B and C in the southern east coast zone, the vertical variations of the
detrital composition of sandstones (Fig 5-47) imply that the eastern volcanic source
was active from time to time with the early and middle periods of UB time being
more active. This is suggested by the abundance of detrital voicanic lithics in the
sandstones in the lower and middle parts of the UB unit. This source supplied large
amounts of detrital volcanic lithics to the southern east cost zone of the basin and
led to the low average percentage of detrital quartz in this sequence in Boreholes B
and C (Fig 5-52). The infiluence of the volcanic source was restricted to this zone,
as indicated by the iack of the significantly lithic - rich interval in Boreholes A and L
within the LB and UB units, which are only further away from this eastern volcanic
source than Boreholes B and C. The detrital volcanic lithics were supplied to the
basin westerly from this source, as indicated by the palasocurrent data. At Garie
south, a mean palaeocurrent trend of 261° was measured by Ward (1972) in the
middle facies (“volcanic facies”) of the Bulgo Sandstone, which correlates with the

Upper Bulgo Operational Unit (refer to Fig 4-3).

(iv) Bald Hill (BH) Operational Unit and Top Part of UB Unit

Detrital quartz is much more abundant than detrital lithics in the BH unit and the top
part of the UB unit, which are considered here as a single sedimentary sequence.
For this sequence, the average psercentage of detrital quanz clasts decreases
northeastwards from 98.1 % in Borehole O and 86.5 % in Borehole X, to 68.3 % in
Borehole | and 67.4 % in Borehole F (Fig 5-53) so that the average percentage of
detrital lithics generally increases to the northeast. Detrital feldspar is generally
absent in the sandstones of this sequence in the southern Sydney Basin but
increases away from the Lachian Fold Belt source towards the northeast. In

Boreholes M, 1 and F, the average percentage of detrital feldspar grains from this
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Fig 5-53 Regional variation of the average percentage of detrital quartz grains
in the Bald Hill Operational Unit and top part of the UB unit and the
deduced detrital sources.
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sequence was recorded as 5.9 %, 2.2 % and 1.6 % of the total detrital clasts

respectively.

The characteristics of detrital composition variation indicates that the Lachian Fold
Belt was the principal source during the deposition of this sequence (Fig 5-53). The
New England Fold Belt supplied minor amounts of lithic detritus only to the
northeastern portion of the northern region of‘ the basin, but the New England Fold
Belt source is considered to be more important near the northeast margin of the
basin. As mentioned in the last chapter, the eastern volcanic source also
contributed sediments, mainly clay sized detritus, to the basin during deposition of
BH unit and led to the deposition of the characteristic chocolate claystones in this
unit (Ward, 1972).

In summary, three detrital sources - Lachlan Fold Belt, New England Fold Belt, and
eastern volcanic source, existed during the deposition of the Narrabeen Group with
the former two being more important than the latter. The New England Fold Belt
was the major detrital source for the whole Sydney Basin during early WO time. As
sedimentation proceeded, its influence decreased and the Lachlan Fold Belt
played a more and more important role in supplying detritus to the basin. It finally
replaced the New England Fold Belt as the major source. However, this
replacement did not take place at the same time throughout the whole basin. It
happened in the early period of WO time in the west margin as DB3 is within the
lower part of the WO unit in Boreholes T and W, in the middle period of WO time in
the western portion of the southern region of the basin as DB3 is within the middle
part of the WO unit in Boreholes X to Z, at the end of WO time in the central part of
the basin (near the boundary between the southern and northern regions) as DB3
is situated near the boundary of the SC and WO units in Boreholes M and O, in the
late period of SC time in the southwestern portion of the northern region of the

basin as DB3 is within the upper part of the SC unit in Borehole H. Further
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northeastwards, in the northeastern portion of the northern region, this replacement
occurred even later until to the UB time (DB1 marks the major source change and
is within the UB unit in Boreholes F and 1). The third source, the eastern volcanic
source, supplied detritus to the southern east coast zone and the eastern portion of
the southern region of the basin from time te time starting from middle WO time
during deposition of the Narrabeen Group. However, sandstone petrology data
indicate that the source seems to be very active only during two periods: the early
SC time and the early and middle UB time, which is supported by the presence of
the abnormaily lithic - rich interval generally correlating with the lower part of the
SC unit in the southern basin and the relatively abundance of detrital lithics in the

lower and middle parts of the UB units in the boreholes near the sourcs.

The major source shift from the New England Fold Belt to the Lachlan Fold Belt can
be explained by the tectonic development of the Sydney Basin as a foreland basin.
Following a mid-Permian period of diastrophism {Leitch, 1974), the Sydney Basin
took its final structural shape as a result of subsidence of the foreland. This
subsidence was coeval with the uplift of the northeast New England Fold Belt
accompanied by active magmatism {Jones et al., 1984). The newly uplifted Fold
Belt supplied large quantities of detritus through southwest flowing flows to the
basin deposited as the Permian Coal Measures and the lower part of the
Narrabeen Group. Without regeneration through uplift and volcanism, however, the
New England Fold Belt was reduced in height and extent and so reduced in
capacity to supply large amounts of detritus to the whole basin due to continued
erosion and settling. Meanwhile, continued westward migration of lithospheric
loading caused by thrusting in the New England Fold Belt resulted in the
development of a peripheral bulge (refer to Quinlan and Beaumont, 1384) on the
eastern edge of the Lachlan Fold Belt. The uplift on the peripheral bulge continued
so that the Lachlan Fold Belt increased its capacity to supply detritus to the basin

and finally replaced the New England Fold Belt as the major source for the basin.
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The gradual uplift of the Lachlan Fold Belt and the gradua! lowering of the New
England Fold Belt were responsible for the gradual process of the source shift from

the New England Fold Beit to the Lachlan Fold Belt.

Prior to the deposition of the Narrabeen Group, the Sydney Basin experienced a
cold climate during Late Carboniferous and Permian time (Crowell and Frakes,
1971a, b; 1975). The cold climate conditions and the high relief of the New
England Fold Belt as a result of its uplift during mid-Permian diastrophism resulted
in an immature stage of weathering of the parent rocks in the Foid Belt. Thus the
detritus derived from it were mainly detrital lithic clasts and voicanic derived quartz

clasts as well as detrital feldspar grains.

The detrital clasts from the Lachlan Fold Belt were largely detrital quartz grains,
which resulted from a mature intensive weathering of the parent rocks in the Fold
Belt so that unstable materials such as detrital lithics and feldspar grains were
removed and only stable detrital quartz clasts were left. Under the cold climate
conditions, the mature weathering was achieved by a low relief of the Fold Belt so
that the weathering was prolonged. Such prolonged weathering of the granites,
quartzites and sandstones / conglomerates in the Foid Belt produced the quartz-

dominant detritus.




170

CHAPTER SIX
DIAGENESIS OF THE NARRABEEN GROUP SANDSTONES

6.1 INTRODUCTION

The diagenesis of sandstones has received more and more attention in the last
twenty or so years. The ever-increasing interest in the topic can probably be
attributed to two main reasons. One is that diagenesis controls porosity and
permeability of sandstones so that it plays an important role in the potential of
sandstones as hydrocarbon reservoir rocks. The other reason is that diagenesis is
also important from a purely academic point of view since it deals with the
processes taking place from the moment of sediment deposition up to the moment

of sediments entering the metamorphic or weathering regime.

The diagenesis of the Narrabeen Group sandstones has not been systematically
studied. This is probably mainly due to the unsuccessful exploration for
hydrocarbons in the basin. The current study aims at discussing the potential of the
Narrabeen Group sandstones as hydrocarbon reservoirs. It is hoped that this study
may supply some guidance for future hydrocarbon exploration or even exploitation

in the Sydney Basin.

6.2 ANALYTICAL PROCEDURES

Scanning electron microscope (SEM) / energy dispersive X-ray (EDX) analyses of
167 sandstones from 25 boreholes, X-ray diffraction {(XRD) studies of 63 samples
from 14 boreholes and microprobe analyses of carbonates in 20 samples from 10
boreholes (see Appendix ), together with petrology data of the sandstones form
the basis for discussion of diagenesis of the Narrabeen Group sandstones.
Following petrological microscope examinations of the 417 samples coliected from
the geological logging, 167 sandstones were selected for SEM / EDX studies. The
sandstone was first cut into small chips of about 4-8 mm across with a pair of pliers

to get fresh surfaces. The small chips were then mounted on aluminium stubs by
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means of double adhesive tape and coated with a thin platinum or gold layer of
about 200 A. After the coating, carbon dag was put around the coated chips in
order to increase conductivity {reducing sample charging). They were analysed
using a PHILLIPS 505 scanning electron microscope equipped with energy

dispersive X-ray (EDX) analyser.

Authigenic minerals were identified using the criteria proposed by Wilson and
Pittman (1977) and reference to the book - SEM Petrology Atlas by Welton (1984).
A summary of authigenic minerals identified by the SEM 7/ EDX is presented in
Appendix V. [n the summary, no authigenic quartz and albite are listed. The former
was found in all the samples studied under SEM / EDX and the latter in the majority

of the samples containing detrital feldspar grains.

To confirm the identification of clay minerals recognised by petrological microscopé
and SEM / EDX studies, 63 samples were selected for further XRD analyses from
the 167 samples studied under SEM / EDX. The XRD analyses were carried out on
a separated fine fraction of sandstone samples which enabled detection and
identification of clay minerals even when they are present in small amounts. During
XRD analyses, the orientated fine fraction was first analysed in air-dried conditions
and then further analysed following treatment of the sample with ethylene glycol in
order to identify any swelling clays present. The samples were analysed using a
Phillips IL. powder diffractometer fitted with a graphite monochromator, which is

located in The Department of Geology and Geophysics, The University of Sydney.

The XRD analyses are qualititative. However, based on relative intensity of the
strongest peaks for different minerals, the relative abundance of clay minerals in
the same sample is classified into three grades: major amount, minor amount, and

trace amount. The results of the XRD analyses are listed in Table 6-1.
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Table 6-1 Results of XRD studies

Sample no. OU Kaolin llite lllite/smectite Chlorite
WEST MARGIN

W180.1 BH X M T
W274.6 uB X M M
w388.8 L8 X M M
W430.8 sC X T T
W455.6 sC X M M
W493.9 WO X M
SOUTHERN REGION

X278.0 BH X

X309.3 BH X M T
X413.3 uB T X X
X473.1 LB X X
X528.7 sC X M
X588.5 SC M X
X612.9 WO X M
X675.5 WO M X
Y377.5 BH M T
Y429.0 UB X T T
Y486.5 uB X T T
Y549.1 LB X X
Y593.9 SC X T M
Y642.2 SC ' X
Y690.1 WO T X M
Y757.9 WO X T T
74226 uB X M M
2499.0 uB X T M
7531.9 LB X T T
7593.0 sC X T M
7632.7 SC X
7679.4 wo X X
Z703.3 WO X T T
2763.8 WO X T T
A146.5 uB X M M
A260.8 sc M X T
A352.0 Wwo M T X
0296.5 BH X T

0668.5 WO X M

0755.9 WO X T M



Sample no. OU Kaolin  lllite Hite/smectite Chlorite
EAST COAST ZONE

B151.7 uB X T

B406.2 WO X M
C081.1 LB X T X
C101.6 LB X T X
c132.6 sC M X
J481.6 SC X X
J599.9 WO X T X
J672.3 wo X T X
L406.8 uB X M

L469.6 LB T M

Ls79.2 SC X T X
L595.2 sC M X
L717.8 WO M

M094.1 BH X M T
M209.9 uB X T X
M341.8 sc X X
M492.2 WO X X
M605.3 WO X T X
NORTHERN REGION

G553.8 WO

H419.7 LB X

H470.1 SC M

H568.7

1320.1 BH X T

| 465.6 uB X T

1 596.6 LB X M
1781.5 WO X M
1879.9 WO X T X
NOTE:

OU = operational! unit, BH = Bald Hill, UB = Upper Bulgo, LB = Lower Bulgo
SC = Scarborough, WO = Wombarra,
X = major amount, M = minor amount, T = trace amount.
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Highly polished thin sections were prepared for microprobe analyses of carbonates
in the 20 sandstone samples selected from those which underwent both point
counting and SEM / EDX examinations (see Appendix ). The microprobe analyses
were made on a Etec-Siemens Autoprobe using the wavelength dispersive
system, which is located in The Electron Microscope Unit, The University of
Sydney. They were carried out under the setting of 15 kv acceleration potential and
20 nA sample current with a beam scan of 10x10 pm. Detection limits at 15 kv and
20 nA are as follows: Mg 0.06%, Ca 0.03%, Fe 0.06%, Mn 0.08%, and Sr 0.05%.
The standards are MgO for Mg, apatite for Ca, haematite for Fe, rhodonite for Mn,
and SrTiO; for Sr. Only Mg, Ca, Fe, and Mn (Sr included in some samples)

concentrations were analysed.

In each of the 20 samples, a few carbonate cements and / or replacements were
selected for analyses. One to five analyses were carried out on the same cement or
replacement. The analyses results are reported in both oxide percentage and
molar percentage. They are presented in Appendix VI. It should be noticed that the
20 samples do not contain ali types of carbonates (calcite, Fe calcite, siderite,
dolomite, and ankerite) suitable for microprobe analyse. Actuaily, only one type of
carbonate (calcite or siderite or ankerite) or two types of carbonate (calcite and
ankerite or siderite and ankerite or siderite and dolomite) could be analysed by
microprobe in the same sample. Of the 20 samples, calcite was analysed in four
samples, siderite in 11 samples, ankerite in 13 samples and dolomite in one

sample (Appendix VI).

6.3 DIAGENETIC (AUTHIGENIC) MINFRALS IN THE NARRABEEN GROUP

SANDSTONES
6.3.1 GENERAL STATEMENT

SEM / EDX analyses, together with petrological microscope examinations of the
sampled sandstones, showed that there are three principal groups of diagenetic

minerals in the Narrabeen Group sandstones: carbonates, clay minerals and
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quartz cements (Appendix V). Carbonates consist of calcite, dolomite, ankerite, and
siderite, of which siderite is the most common. The authigenic clay minerals
include kaolin (kaolinite and dickite), illite, chlorite and mixed-layer illite / smectite
with kaolin being the most common. Micro-quartz, mega-quartz and quartz
overgrowths comprise quartz cements with quartz overgrowth being the most
abundant. In addition, authigenic albite was commonly found in sandstones
containing detrital plagioclase. A minor amount of haematite, pyrite, apatite,

anatase, and analcime were also found.

Before describing each of the individual authigenic minerais, a few terms are
defined: CLAY or CARBONATE COATING: Authigenic clay or carbonate coats the
entire surface of framework grains except points of grain to grain contact and the
authigenic minerals show a preferred orientation normal or parallel to the detrital
grain surface; CLAY or CARBONATE PORE FILLING means that clay or carbonate
plugs interstitial pores as individual flakes, or aggregates of flakes or crystals and
the authigenic minerals do not show any apparent alignment relative to the detrital
grain surfaces (Wilson and Pittman, 1977). The definitions of anhedral, subhedral

and euhedral of crystals follow those defined by Friedman (1965).

6.3.2 CARBONATES

CALCITE (CaCOs3): Depending on whether a substantial amount of ferrous iron is
present or not, calcite is divided into two types: Non-ferroan calcite and ferroan
calcite. The calcite occurs in three forms in terms of crystal size: very small equant
anhedral to subhedral crystals with a size of 2-6 um, small polyhegonal euhedral
crystals with a size of 10-20 microns, and large (> 20 pm) anhedral to euhedral
crystals. The former two forms coat detrital grain surfaces (Figs 6-1 & 6-2). They
were only found in two (W300.8 and W310.4) of the samples studied under SEM /
EDX. The latter form fills inter-grain pore spaces (Figs 6-3 & 6-4). The calcite
cement was usually found in the sandstones of the lower Narrabeen Group in the

east coast zone and the northern region of the basin (in Boreholes B, C, J, M and |).
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Fig 6-1 (top left) Grain coating very small equant anhedral to subhedral
non-ferroan calcite crystals (C), together with euhedral rhombohedral siderite
crystals (S) and prismatic quanz crystals (Q). From Weromba 2 at drilling depth of
310.4 m {sample W310.4).

Fig 6-2 (top right) Grain coating non-ferroan calcite crystals (C) coarsening
towards the pore centre. Note euhedrality increasing with crystal size from
subhedral to euhedral. From Weromba 2 at drilling depth of 300.8 m (sample
W300.8).

Fig 6-3 (upperleft) Pore filling subhedral to euhedral non-ferroan calcite
cement (C). From Liverpool 91 at drilling depth of 595.2 m (sample 1.595.2).

Fig 6-4 (upper right) Pore filling anhedral to subhedral non-ferroan calcite
cement (C). From Cape Banks 1 at drilling depth of 641.2 m (sample J641.2).

Fig 6-6 (lower left) Slightly dissolved pore-filling ferroan calcite crystals (Fe
C) engulfed by quartz overgrowths. White dot is the point where EDX analysis was
made. Refer to Fig 6-7a for the EDX spectrum. From Cobbitty 3 at drilling depth of
528.7 m (sample X528.7).

Fig 6-8 (lower right) Large pore filling anhedral dolomite cement (D). The
cross point of the two white lines is the point where EDX analysis was made. Refer
to Fig 6-7b for the EDX spectrum. From Oil Longley 1 at drilling depth of 465.5 m
(sample 1465.5).

Fig 6-9 (bottom left) Pore-filling euhedral dolomite cement (D). From St
Albans 1 at drilling depth of 681.2 m {sample H681.2).

Fig 6-10 (bottom right) Grain coating euhedral rhombohedral siderite crystals
enclosed by a large pore-filling euhedral ankerite crystal. Q marks quartz
overgrowths. See Fig 6-11 on page 181 for enlargement. From Cobbitty 3 at
drilling depth of 531.9 m (sample X531.9).
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Generally it dose not coexist with other kinds of carbonates (Appendix V).

Of the 20 samples selected for microprobe analyse, four samples (B394.1, L579.2,
J514.8 and J599.9) from three boreholes contain suitable calcite for microprobe
analyses. The results show overall similarity of calcite compositions in the four
samples with 3 to 9 mole % Mg + Fe + Mn substitution for Ca (refer to Appendix VI).
Of the three substituting elements, Mg is the least abundant and Mn is the most
abundant (Fig 6-5). The reiatively high Mn concentration (2 to 6 mole %] in these
calcites of meteoric origin (see next chapter) is consistent with the observations of

the association of Mn with calcite in pore waters of meteoric origin in other
| geological settings (Meyers,1974; Mount and Cohen, 1984; Boles et al., 1985;
Boles, 1987).

Ferroan calcite is identified from SEM / EDX analyses. It is present as pore-filling
large (> 20 um) subhedral to euhedral crystals in the form of singie crystals or
mosaic crystals (Figs 6-6 & 6-7a). It was found in a number of volcanic lithic rich
sandstones in the lower Narrabeen Group but was not as common as pore filling
large calcite. Ferroan caicite crystals were generally found to coexist with siderite
crystals (Appendix V). In the 20 samples selected for microprobe analysss, no

suitable ferroan calcite was found for the analyses.

DOLOMITE [CaMg(CQs),]: It is identified by EDX analyses. Dolomite fills inter-grain
pore spaces as anhedral (Figs 6-8 & 6-7b) to euhedral crystals (Fig 6-9). The
replacement of a detrital-grain by a single dolomite crystal was also seen under the
SEM / EDX analyses. Dolomite was found only in three of the samples studied
(H681.2, 1465.6 and W455.6) under the SEM (Appendix V). Microprobe analyses
was carried out for the dolomite in sample W455.6. The analysis results indicate

that it has 6.33 mole % Fe substitution for Mg with Ca:Mg = 1:1 (Appendix VI).



(o0 B394.4, +1579.8 ©4514.8, ©J599.9)

Fe+Mn Mg 50

Fig 6-5 Calcite compositions (mole %) from the Narrabeen Group sandstones. Data from microprobe analyses of 4
samples from three boreholes.
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ANKERITE [Ca{Mg,Fe+2,Mn)(CQO,),]: It is used here for material with Mg:Fe < 4:1,
i.e. the mineral is termed ferroan dolomite if it has up to 20 % of the Mg positions
filled by Fe2+ or Mn, and ankerite if it is richer than this in ferrous ion and
manganese (Deer et al.,, 1966). Ankerite was identified by EDX analyses and
confirmed by microprobe study. Ankerite is present as pore filling cements in the
form of single {Figs 6-10 & 6-11) or mosaic (Fig 6-12) crystals with a crystal size
larger than 20 um. Pore filling ankerite cement can be very large in crystal size
(200 or more microns) and it is able to enclose a detrital grain (Figs 6-13 & 6-14).
The replacement of detrital volcanic lithics and feldspar grains by single ankerite
crystals was also found. Ankerite crystals can be anhedral, subhedral, or euhedral.
They are generally restricted to the lower Narrabeen Group and tend to coexist

with pore filling siderite cements (Appendix V).

Of the 20 samples selected for microprobe analyses, 13 samples from 9 boreholes
contain suitable ankerite for the analyses. The analysis results indicate that
ankerite has a 9 to 23 mole % Fe substitution for Mg with Ca : (Mg+Fe)} > 1:1
(Appendix VI). Throughout the whole Narrabeen Group sandstones across the
entire basin, the Ca concentration in the ankerites varies in the range of 50 % to 59
% with few exceptions (Fig 6-15). The Mn concentration in the ankerites is quite
low. It is generally less than 2 mole %. Zoned ankerite cements were found, as
suggested by the Mg/Fe concentration variation across the same cement (e.g.
sample Y566.1). From the microprobe analyses, no characteristic composition
variation of ankerites could be established either vertically throughout the
Narrabeen Group or regionally in the same stratigraphic horizon across the

Sydney Basin.

SIDERITE {(FeCOg): It is the most common carbonate cement in the sandstones and
was found in most of the samples studied under SEM / EDX (Appendix V). The

siderite can be divided into two types in terms of crystal size: small uniform
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Fig 6-11 (top left) Enlargement of Fig 6-10. S marks siderite and A ankerite.

Fig 6-12 (top right) Subhedral to euhedral ankerite crystals (A) enclosed by
quartz overgrowths (Q). From Cobbitty 3 at drilling depth of 490.9 m (sample
X490.9).

Fig 6-13 (upperleft) A very large subhedral to euhedral ankerite cement (a)
enclosing an altered detrital volcanic clast (V). From South Colah 1 at drilling

depth ot 755.9 m {(sample 0755.9).

Fig 6-14 (upper right) Enlargement of Fig 6-13. A marks anketrite.

Fig 6-16 (lower left) Euhedral rhombohedral siderite crystals coating a detrital
grain (see Fig 6-17 for enlargement). From Weromba 2 at drilling depth of 310.4 m
(sample W310.4).

Fig 6-17 (lower right} Enlargement of Fig 6-16. S marks siderite and Q quartz

overgrowths.

Fig 6-18 (bottomlefty Mosaic pore-filling euhedral siderite crystals (S) and
prismatic quartz (mega-quartz) crystals (Q). From Campbelltown 5 at drilling depth
of 468.5 m (sample Y468.5).

Fig 6-19 (bottom right) Mosaic euhedral siderite crystals (S) enclosed by quartz
overgrowths {Q). From Weromba 2 at drilling depth of 274.6 m (sample W274.6).
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Ca

50 50

Mg o0 Fe

Fig 6-15 Ankerite compositions (mole %) from the Narrabeen
Group sandstones. Data from microprobe analyses
of 13 samples from 9 boreholes.
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rhombohedra! crystals with a size of 10-20 um and larger crystals with a size of
much greater than 20 um. The former coat detrital grain surfaces (Figs 6-10, 6-11,
6-16 & 6-17), but this morphology is not common. It was found only in three
samples {(W300.8, W310.4 and X531.9 ). In contrast, the large siderite crystals are
very common. They range from euhedral rhombohedrons, subhedral crystals to
anhedral crystals. Of these the euhedra! and subhedral crystals are the dominant
forms. The large siderite crystals usually fill inter-grain pore spaces in the form of
single (Fig 6-1) or mosaic crystals (Figs 6-18 & 6-19). The pore filling siderite
cement can be large enough to enclose a detrital grain (Figs 6-20 & 6-7¢). Siderite
crystals also replace detrital feldspar grains and volcanic clasts (Figs 6-21, 6-22 &
6-7d).

Of the 20 samples selected for microprobe analyses, analyses of siderite were
carried out in 11 samples from 8 boreholes. The results indicate that siderite
compositions vary greatly as a result of substitution of Mg+Ca+Mn for Fe (Fig 6-23).
Most of the siderites analysed are zoned siderites (Appendix V1), shown by the
variations of the Mg/Fe concentration across the same siderite crystal (e.g. samples
Y566.1, 0435.2, Appendix VI). Sample Y397.6 has the purest siderite with FeCO,
up to 95 mole % whereas the siderite in sample W455.6 has 36 to 44 mole % Mg
substitution for Fe (Fig 6-23). The appreciable Mg substitution for Fe in the non-
marine {meteoric water) siderites (see next chapter) is similar to that observed in
both marine siderites (Matsumoto and lijima,1981, Boles, 1987) and non-marine
siderites (Eadington et al., 1989) in other geological settings. The microprobe
analyses do not show any characteristic variation of siderite compositions vertically
in the same borehole or regionally in the same stratigraphic horizon across the

basin.

6.3.3 CLAY MINERALS
KAOLIN [Al4(Si O46)(OH)g]: As a broad term used here, it includes both kaolinite

and dickite. It is the most common clay mineral in the samples (Table 6-1 and
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Fig 6-20 (top left) Large anhedral to subhedral Ca Mg siderite cement (S)
enclosing a detrital grain. The cross point of the two white lines is the point where
EDX analysis was made. Refer to Fig 6-7¢ for the EDX spectrum. From St Albans 1
at drilling depth of 568.7 m ( sample H568.7).

Fig 6-21 (top right) Euhedral siderite crystals replacing a detrital grain
(volcanic clast). From Liverpoo! 91 at drilling depth of 285.2 {sample 1.285.2).

Fig 6-22 (upper left) Enlargement of Fig 6-21. S marks siderite. The cross
point of the two white lines is the point where EDX analysis was made. Refer to Fig

6-7d for the EDX spectrum.

Fig 6-24 (upper right) Stacked kaolin blocks (K) on the surface of a detrital
grain. From Oil Longley 1 at drilling depth of 437.4 m (sample 1437.4).

Fig 6-25 (lower left) Individual kaolin flakes on a detrital grain surface. From

Weromba 2 at drilling depth of 359.4 m (sample W359.4).

Fig 8-26 (lower right)  Individual kaolin flakes on the surface of well developed
quartz overgrowths {Q). S marks an euhedral siderite crystal. From Weromba 2 at

drilling depth ot 274.6 m (sample W274.6).

Fig 6-27 (bottom left)  Stacked kaolin flakes filling inter-grain pore spaces
together with diagenetic illite. From Campbelitown 5 at drilling depth of 468.5 m
(sample Y468.5).

Fig 6-28 (bottom right) Stacked kaolin flakes (K) filling dissolution pore spaces
of a subhedral ankerite crystal (A). From Campbelitown 5 at drilling depth of 566.1
m (sample Y566.1).
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Fig 6-23 Siderite compositions (mole %) from the Narrabeen Group sandstones. Data from microprobe analyses of
11 samples from 8 boreholes.
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Appendix V). On the XRD trace, it was identified by its typical peaks at 7.15, 3.58
and 2.38 A,

The authigenic kaolin occurs in two forms in terms of morphology: blocky and flaky
with the latter being the overwhelmingly dominant form. An individual blocky kaolin
crystal is 2-3 pm across with a thickness of 1-2 um (Fig 6-24). The blocky kaolin is

likely to be kaolinite.

An individual flaky kaolin crystal is about 5-15 um across with a thickness of much
less than 1 pm. The majority of flaky kaolin crystals are 5-10 um across. The larger
flaky kaolin is likely to be dickite. It occurs either as individuai pseudo-hexagonal
flakes or as face to face stacks of pseudo-hexagonal flakes (stacked kaoclin flakes)
with the latter being more common. The individual kaolin flakes are generally
present on the surfaces of both detrital grains (Fig 6-25) and authigenic minerals
(carbonates and quartz overgrowths) (Fig 6-26). The stacked kaolin flakes fill inter-
grain pore spaces (Fig 6-27) and secondary pora spaces (Fig 6-28), form a mass
with the outline of an altered datrital grain (Figs 6-29 to 6-32), are present on quartz
overgrowths and carbonate crystals (Fig 6-33), and are enclosed by quartz
overgrowths (Fig 6-34). Some stacked kaolin flakes have ragged edges (Fig 6-35).
Other stacked kaolin flakes show illitisation at their edges (Figs 6-36 & 6-37).

ILLITE [Ky.1 5Al4(Siz.65A11.1.5020)(OH),]: It is a less commonly found diagenetic
mineral in these samples (Table 6-1 and Appendix V). SEM / EDX studies show
that authigenic illite is present within altered detrital grains (Figs 6-38 & 6-39). It
also occurs on carbonate crystals and prismatic quartz crystals (Fig 6-40), bridges
inter-grain pore spaces (Figs 6-41 & 6-42), fills secondary pore spaces and is
present on quartz overgrowths (Figs 6-43 & 6-44). The illite was identified by its
fibrous morphology and EDX analyses, which yield the major elements of Si, Al,

and K. The identification was further confirmed by XRD study.
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Fig 6-29 (top left) A detrital grain altered to stacked kaolin fiakes (see next
figure for enlargement) and prismat_ic quartz crystals (see Fig 6-63 on page 194 for

enlargement). From Campbelltown 2 at drilling depth of 593.0 m (sample Z593.0).

Fig 6-30 (top right) Stacked kaolin flakes. Enlargement of Fig 6-29.

Fig 6-31 (upper left) A detrital grain altered to stacked kaolin fiakes. From
Campbelltown 2 at driliing depth of 422.6 m (sample 2422.6).

Fig 6-32 (upper right) Enlargement of Fig 6-31. The baris 10 um.

Fig 6-33 (lower left)  Stacked kaolin flakes (K) on quariz overgrowths (q) and
dissolved siderite cement (S). From Cobbitty 3 at drilling depth of 297.7 m (sample
X297.7).

Fig 6-34 (lower right} Stacked kaolin flakes (K) enclosed by quartz overgrowths
(Q). From Campbelltown 5 at drilling depth of 377.5 m {sample Y377.5).

Fig 6-35 (bottom left) Stacked kaolin flakes with ragged edges. From South
Colah 1 at drilling depth of 435.2 m (sample 0435.2).

Fig 6-36 (bottom right) Staked kaolin flakes which are illitised at edges. From Ol
Longley 1 at drilling depth of 320.1 m (sample 1320.1).
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Fig 6-37 (top left) Staked kaolin flakes which are illitised at edges. From
Campbelitown 2 at drilling depth of 593.0 m {sample Z593.0).

Fig 6-38 (top right) Authigenic illite (see Fig 6-39 for enlargement) within an
altered detrital grain (centre of photograph). From Campbeiltown 2 at drilling depth
of 422.6 m (sample Z422.6).

Fig 6-39 (upper left)  Enlargement of Fig 6-38. | marks illite.

Fig 6-40 (upper right) Authigenic illite () on prismatic quartz (mega-quartz)
crystals (q) and ferroan calcite crystal (C). From Campbelitown 2 at drilling depth
of 593.0 m (sample Z593.0).

Fig 6-41 {lower left) llite lining inter-grain pore spaces. From Wollongong 45

at drilling depth of 260.8 m (sample A260.8).

Fig 6-42 (lower right) Enlargement of Fig 6-41. 1 marks illite.

Fig 6-43 (bottom left)  Authigenic illite (see Fig 6-44 for enlargement) on quariz

overgrowths which enclose dissolved siderite crystals. From Liverpool 91 at

drilling depth of 469.6 m (sample L469.6).

Fig 6-44 (bottom right) Enlargement of Fig 6-43. | marks illite, Q quartz

overgrowths and S siderite.
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MIXED-LAYER ILLITE / SMECTITE: It was identified by the morphology - well
developed lath-like projections with short fibrous edges from the substrate under
the SEM (Wilson and Pittman, 1977). In some cases, the identification was
substantiated by the EDX analyses yielding a minor amount of Fe in addition to the
major elements of Si, Al and K. Mixed-layer illite / smectite coats detrital grain
surfaces (Figs 6-45 to 6-48, 6-49a, 6-50, 6-51 & 6-49b). The coating layer, which is
clearly seen under the SEM, is usually so thin that it is not easily identified with the
petrological microscope. For some of the illite / smectite crystals, the EDX analyses
show that they have the composition similar to that of illite. The elements Fe, Ca
and Mg, which smectite generally contains, were not detected. This can probably
be attributed to a very low proportion of smectite in the mixed-layer illite / smectite,
which is indicated by the XRD analyses. The mixed-layer illite / smectite has a
basal spacing varying from 10.40 to 11.20 A. The variation of basal spacing is
caused by different proportions of illite and smectite in different samples. Referring
to Table 1 of Weaver (1956), it is known that smectite accounts for 20 to 40 % of the

mixed-layer illite / smectite identified in these samples.

CHLORITE {(Mg,Al,Fe)2[(Si,A)gO50)}(OH)s¢}: It was identified by its morphology
and EDX analyses. The identification was further confirmed by XRD study. It was
generally found in the lower Narrabeen Group sandstones from the east coast
zone and the northern region of the basin (Table 6-1 and Appendix V). Chlorite
coats detrital grains (Figs 6-52 to 6-55 & 6-49¢) and fills inter-grain pore spaces
(Figs 6-56 to 6-59 & 6-49d) with the former being more common. Grain coating
chlorites are usually smaller (an individual crystal is 2 to 3 um across, much less
than 1 pum thick), subhedral to euhedral, pseudohexagonal crystals. These
individual crystals are oriented on edges and are perpendicular to the detrital grain
surfaces. The pore filling chlorites are larger (an individual crystal is 5-8 um across
and much less than 1 pm thick), euhedral, pseudohexagonal crystals. The pore
filling chlorite is seen in some samples to form rosettes (Fig 6-60). Alt the EDX

analyses of authigenic chlorites indicate major peaks of Si, Al, Mg, and Fe. The
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Fig 6-45 (top left) Grain coating mixed-layer illite / smectite enclosed by
mega-quartz crystals (q). From Qil Longley 1 at drilling depth of 378.5 m (sample
1378.5).

Fig 6-46 (top right) Enlargement of Fig 6-45. The cross point of the two white
lines is the point where EDX analysis was made. Refer to Fig 6-49a for the EDX

spectrum. |/ S marks illite / smectite.

Fig 6-47 (upper left) Grain coating mixed-layer illite / smectite together with
early kaolins (generation 1). From Cobbitty 3 at drilling depth of 612.9 m (sample
X612.9).

Fig 6-48 (upper right) Enlargement of Fig 6-47. K marks kaolin and | / S illite /

smectite.

Fig 6-50 (lower left) Mixed-layer illite / smectite coating an altered detrital
volcanic rock fragment and illite lining inter-grain pore spaces. From Wollongong

45 at drilling depth of 295.6 m (sample A295.6).
Fig 6-51 (lower right) Enlargement of Fig 6-50. | marks illite and I/S mixed-layer
illite / smectite. The cross point of the two white lines is the point where EDX

analysis was made. Refer to Fig 6-48b for the EDX spectrum.

Fig 6-52 (bottom left)  Grain coating chlorite enclosed by micro-quartz crystals.

From Qil Longley 1 at drilling depth of 629.3 m (sample 1629.3).

Fig 6-53 (bottom right) Enlargement of Fig 6-52. Q marks micro-quartz crystal.
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Fig 6-54 (top left) Grain coating chlorite. From Strevens Cape Three Points
at drilling depth of 369.0 m (sample M369.0).

Fig 6-55 (top right) Enlargement of Fig 6-54. The cross point of the two white
lines is the point where EDX analysis was made. Refer to Fig 6-49c¢ for the EDX

spectrum. C marks chiorite.

Fig 6-56 (upper left) Pore-filling chlorite. Note due to charging some of the
chlorite flakes are distorted. From Liverpool 91 at drilling depth of 579.2 m (sample
L579.2). See Fig 5-25 on page 117 for grain coating chiorite in this sample.

Fig 6-57 (upper right} Enlargement of Fig 6-56. C marks chlorite.

Fig 6-58 (lower left) Pore-filling chlorite. Q marks quartz overgrowths. From

Coal Cliff 13 at drilling depth of 81.1 m (sample C081.1).

Fig 6-59 (lower right) Enlargement of Fig 6-58. The cross point of the two white
lines is the point where EDX analysis was made. Refer to Fig 6-49d for the EDX

spectrum. C marks chlorite.

Fig 6-6C (bottom left)  Pore-filling chiorite (C) in the form of rosettes enclosed by
authigenic albite crystals (a). From Strevens Cape Three Points at drilling depth of
492.2 m (sample M492.2).

Fig 6-61 (bottom right) Very small polyhegonal micro-quartz crystals enclosed by
coalescing polyhegonal mega-quantz crystals (Q). From Campbelitown 5 at drilling
depth of 377.5 m (sample Y377.5).
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chlorite is very iron rich (Figs 6-49¢c & 6-49d). Under the petrological microscope,
the chlorite coating was seen as a very thin greenish to reddish layer. The reddish

colour is considered to be created by the oxidation of Fe in the chlorite.

6.3.4 QUARTZ (SiO,) CEMENT

The quartz cement consists of three types: micro-quartz, mega-quartz {crystal size
larger than 20 um), and quartz overgrowths. The micro-quartz occurs either as very
small equant polyhedral crystals with a size of less than 10 um or as prismatic
crystals whose length is generally less than 20 um. It grows on detrital quartz
grains (Figs 6-61 & 6-62). Micro-quartz crystals can coalesce to form a larger single
polyhedral crystal (Fig 6-61). Mega-quartz occurs in the form of prismatic crystals. It
fills inter-grain pore spaces (Fig 5-63), or occurs within aftered detrital grains (Fig
6-64). In the three thin sections with abundant quartz cement (samples B234.7,
C132.6, and J470.1) described in the last chapter, the quartz cement is mega-
quartz in the form of mosaic inter-locking crystals. Quartz overgrowths (Figs 6-33,
6-34 & 6-62) are the most commonly found quartz cement. They were found in all

the samples studied under SEM / EDX.

6.3.5 OTHER AUTHIGENIC MINERALS

ALBITE (NaAlSiyOg): Authigenic albite was identified by its euhedral crystals and
EDX analyses, which yield the major elements of Si, Al and Na. It was found to be
present in four forms: (1) filling inter-grain pore spaces (Figs 6-65 & 6-66), (2)
occurring within altered detrital grains (Figs 6-67, 6-68 & 6-63a), (3) replacing
original plagioclase grains (albitisation) (Figs 6-70 & 6-71), and (4) growing from
the detrital plagioclase (plagioclase overgrowths) (Fig 6-72). Authigenic albite was

identified in the majority of samples containing detrital plagioclase grains.

HAEMATITE (Fe,QOj3): It was identified by SEM / EDX analyses and found only in
two samples (C081.1 and C101.8) from Borehole C in the south east coast zone

(Appendix V). It occurs in the form of coatings on detrital grains and as replacement
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Fig 6-62 (top left) Very small prismatic micro-quartz crystals enveloped by
well developed quartz overgrowths (Q). From Qil Longley at drilling depth of 543.4
m (sample 1543.4).

Fig 6-63 (top right) Prismatic quartz (mega-quartz) crystals (q) filling inter-
grain pore spaces. From Campbelitown 2 at drilling depth of 656.8 m (sample

Z656.8).

Fig 6-64 (upper left) Prismatic quartz crystals (q) within an altered detrital grain
on which authigenic illite {I} occurs. Enlargement of Fig 6-29. From Campbelltown

2 at drilling depth of 593.0 m (sample Z593.0).

Fig 6-65 (upper right) Pore-filling authigenic albite crystals. From Liverpool 91 at
drilling depth of 496.6 m (sample L496.6).

Fig 6-66 (lower left) Enlargement of Fig 6-65. A marks albite.

Fig 6-67 (lower right) Authigenic albite crystals within an altered detrital

plagioclase grain. From Liverpool 91 at driling depth of 469.6 m (sample 1.469.6).

Fig 6-68 (bottom left) Enlargement of Fig 6-67. The cross point of the two white

lines is the point where EDX analysis was made. Refer to Fig 6-69a for the EDX

spectrum. A marks albite.

Fig 6-70 (bottom right) Albitised plagioclase (see Fig 6-71 on page 197 for
enlargement). From Liverpool 91 at drilling depth of 638.9 m (sample L638.9).
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of detrital lithics. It was among the earliest diagenetic products.

PYRITE (FeS,): Authigenic pyrite was identified in a few samples studied
(Appendix V). It is present in the form of framboids (Figs 6-73 & 6-74), which are
spheres consisting of closely packed tiny (1-2 um across) crystallites. The EDX

analyses yield the major elements of Fe and S, which confirms the identification.

APATITE [Cas{PO,)s{OH,F,C)]: Authigenic apatite (Figs 6-75 & 6-76 & 6-69¢) was
identified in one of the samples (Z611.3) by the crystai morphology and EDX

analyses yielding the major elements of P and Ca.

ANATASE (TiO,): An authigenic crystal of TiO,, tentatively identified by SEM / EDX
analyses as anatase - the low temperature polymorph of TiO, (Figs 6-77, 6-78 & 6-
69d), was found in one sample (Z531.9). It is up to 0.1 mm across. Its exact timing
of formation is not clear but it is considered to be the early product of diagenesis as

a resu't of alteration of Ti-bearing minerals such as sphene and ilmenite.

ANALCIME [Na(AlISi,Og)'H,0]: Authigenic analcime (Figs 6-79 & 6-80) was

tentatively identified in one of the samples (Z703.3). The identification was based
on the cubo-octahedral morphology of the crystals and EDX analyses yielding the

major elements of Si, Al and Na.

DAWSONITE [NaAICO4(OH),): Dawsonite is not a well known mineral. It was found
as patches of fibrous crystals (Figs 6-81 & 6-82) in a few samples mainly from the
boreholes in northern region of the basin (Appendix V). EDX analyses yield major

elements of Na and Al.

6.4 PARAGENETIC SEQUENCE OF AUTHIGENIC MINERALS

By carefully studying the textural relationships among the authigenic minerals
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Fig 6-71 (top left) Calcite (C) produced as the by-product of albitization of
plagioclase. A marks albitised plagioclase. Enlargement of Fig 6-70. The cross
point of the two white lines is the point where EDX analysis was made. Refer to Fig

6-69b for the EDX spectrum.
Fig 6-72 {top right) Plagioclase overgrowths (O). From Oil Longley 1 at

drilling depth of 596.6 m (sample 1596.6).

Fig 6-73 (upper left)  Authigenic pyrite in framboidal form. From Cobbitty 3 at

drilling depth of 476.2 m (sample X476.2).

Fig 6-74 (upper right) Enlargement of Fig 6-73.

Fig 6-75 (lower left) Authigenic apatite. From Campbelitown 2 at drilling depth

of 611.3 m (sample Z611.3).

Fig 6-76 (lower right) Enlargement of Fig 6-75. White dot is the point where EDX

analysis was made. Refer to Fig 6-69c for the EDX spectrum.

Fig 6-77 (bottom left)  Authigenic anatase. From Campbelltown 2 at drilling

depth of 531.9 m (sample Z531.9).

Fig 6-78 (bottom right) Enlargement of Fig 6-77. Black dot is the point where EDX
analysis was made. Refer to Fig 6-69d for the EDX spectrum.
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Fig 6-79 (top left) Authigenic anaicime (see Fig 6-80 for enlargement)
resulting from alteration of a detrital grain. From Campbelitown 2 at drilling depth

of 703.3 m {sample 2703.3).

Fig 6-80 (top right) Enlargement of Fig 6-79. | marks illite and a analcime.

Fig 6-81 (upper left)  Authigenic dawsonite lining inter-grain pore spaces. From

Murrays Run 1 at drilling depth of 751.7 m (sample F751.7).

Fig 6-82 (upper right) Enlargement of Fig 6-81 and d marks dawsonite.

Fig 6-84 (lower left) Euhedral siderite crystals enclosing subhedral to
euhedral calcite crystals. From Weromba 2 at drilling depth of 300.8 m (sample

W300.8).

Fig 6-85 (lower right)  Enlargement of Fig 6-84. S marks siderite and C calcite.

Fig 6-86 (bottom left) Euhedral siderite crystals (S) enclosing euhedral calcite

crystals (C). From Weromba 2 at drilling depth of 300.8 m (sample W300.8).

Fig 6-87 (bottom right) Pore-filling calcite (C) with a rim of iron-bearing clay
(chlorite ?). The cross point of the two white lines is the point where EDX analysis
was made. Refer to Fig 6-89b for the EDX spectrum. From Liverpool 91 at drilling
depth of 579.2 m {sample L579.2).
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under the SEM / EDX and petrological microscope, a paragenetic sequence is
established and summarised in Fig 6-83. The criteria used to deduce the
paragenetic sequence are mainly texture characteristics. It should be mentioned
that the paragenetic sequence is a compound one. It is unlikely that one single
sample contains all the authigenic minerals shown in the entire paragenstic

sequence.

Grain coating haematite and grain coating mixed-layer illite / smectite (Figs 6-45 to
6-48) and chlorite (Figs 6-52 to 6-55) are among the earliest products of
diagenesis of the sandstones in the Narrabeen Group. The evidence for this
interpretation is that they are the closest to the detrital grains and are enclosed by
other diagenetic minerals (Figs 6-45 & 6-52). Haematite, as very thin coatings on

some detrital grains, could even be formed in the detritai source areas.

Some stacked kaolin flakes (Figs 6-47 & 6-48), i.e. first generation of kaolin, coexist
with the early grain coating mixed-layer illite / smectite, which suggests that these
kaolin flakes are also among the earliest products of diagenesis. But the grain
coating illite / smectite and early kaolin are not found together with the early grain
coating chlorite. This mutual exclusion suggests that they were formed under
different physico-chemical conditions. lilite / smectite and kaolin were precipitated
from oxygenated and mildly acidic pore waters whereas chlorite from anoxic and
neutral to mildly alkaline pore waters. This will be discussed further in later

sections.

Carbonate cementation is the next major diagensetic event. In different parts of the
basin, different carbonates and different habits of the same carbonate were
precipitated. In a few quartz-rich sandstones from west margin and the western
portion of the southern region of the basin, carbonates were precipitated as non-
ferroan calcite and siderite crystals coating detrital grains. The calcite was the first

precipitated. Very small equant anhedral to subhedral calcite crystals are enclosed
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by small equant subhedral to euhedral calcite crystals (Fig 6-2). The small size and
poor crystal morphology of the non-ferroan calcite crystals suggests that they were
rapidly precipitated from a supersaturated pore water (cf. Folk, 1974). The
coarsening of calcite crystals toward the pore centre (Fig 6-2) may be a distinctive
characteristic of early cementation in a freshwater (meteoric water) phreatic
environment (Loucks, 1977). Following the calcite cementation, siderite
cementation took piace. This is supported by the textural relationship: non-ferroan
calcite crystals are enclosed by uniform rhombohedral siderite crystals (Figs 6-84

1o 86).

In some lithic-rich sandstones from the east coast zone and the northern region of
the basin, calcite cements and replacements are abundant. Caicite, including
cement and replacement, accounts for more than 10 % of the total sandstone (point
count data). Calcite cement generally fills inter-grain pore spaces as anhedral to
euhedral crystals and they enclose coating chlorite (?) if present (Figs 6-87, 6-88,
6-89a & 6-89b). The large crystal size of the pore filling calcite cament (Figs 6-3 &
6-4) and the "floating” appearance of detrital framework grains within the calcite
cement are considered to be evidence for the early formation of calcite in these

sandstones.

In the majority of sandstones containing two or more different kinds of carbonates,
the clear textural relationships showing the formation sequence were not always
found. This limited the determination of the paragenetic sequence among these
carbonates. However, some clear texture relationships have been found in a few
sandstones. In one of the sandstones studied (sample X531.9), uniform,
rhombohedral siderite crystals are enclosed by a large euhedral ankerite crystal
(Figs 6-10 & 6-11). This textural relationship was taken as evidence for the late
formation of ankerite. In another sample 1437.4, the euhedral Ca, Mg-rich siderite is
enclosed by the anhedral Fe calcite (Figs 6-90, 6-89¢c & 6-89d), which suggests

that the Fe calcite is later.
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Fig 6-88 (top left) Enlargement of Fig 6-87. The cross point of the two white
lings is the point where EDX analysis was made. Refer to Fig 6-89a for the EDX

spectrum. Ch marks possible chlorite.

Fig 6-90 (top right) Euhedral Ca Mg siderite (S) enclosed by anhedral Fe
calcite (Fe C). The cross point of the two white lines and the black dot are the
points where EDX analyses we.re made. Refer to Figs 6-89¢ and 6-89d for the EDX
spectrum. From Oil Longley 1 at drilling depth of 437.4 m (sample 1437.4).

Fig 6-91 (upper lefty  Secondary mould pore space (P). From Weromba 2 at
drilling depth of 300.8 m {sample W300.8).

Fig 6-92 (upper right) Dissolved detrital potassium feldspar grain. From Oil
Longley 1 at drilling depth of 320.1 m (sample 1320.1).

Fig 6-93 (lower left) Dissolved detrital plagioclase grain. From Murrays Run 1

at drilling depth of 113.9 m (sample F113.9).

Fig 6-94 (lower right)  Post quartz overgrowth calcite. From Qil Longley at drilling
depth of 781.5 m (sample 1781.5).

Fig 6-95 (bottom ieft) Enlargement of Fig 6-94. The cross point of the two white
lines is the point where EDX analysis was made. Refer to Fig 6-96a for the EDX

spectrum. Q marks quartz overgrowth and C calcite.

Fig 6-97 (bottom right) Post quarntz overgrowth (Q) ankerite (A). The cross point of
the two white lines is the point where EDX analysis was made. Refer to Fig 6-96b.

From Coal Cliff 17 at drilling depth of 151.7 m (sample B151.7).
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in summary, among these diagenetic carbonates, grain coating non-ferroan calcite
was the earliest formed carbonate, which was followed by grain coating siderite,
pore-filling calcite, pore-filling siderite, and finally pore-filling ferroan calcite and
ankerite (Fig 6-83). Because of the rare occurrence of dolomite, no clear textural

relationship with other kinds of carbonates has been found.

The major carbonate cementation episode was followed by dissolution processes
and the extensive alteration of unstable detrital grains. The textural evidence
includes the following: 1) the secondary mould pore space (Fig 6-91), 2) the
presence of dissolved siderite (Fig 6-33), ferroan calcite (Fig 6-6), and ankerite (Fig
6-28) as well as dissolved detrital potassium feldspar (Fig 6-92) and plagioclase
(Fig 6-93) grains, and 3) the alteration of unstable detrital paricles into kaolin /

quartz (Figs 6-29 & 6-31) or illite / quartz (Fig 6-38).

During the major dissolution / aiteration processes, a relatively large amount of
kaolin (second generation) as well as a minor amount of pore lining and bridging
illite formed. Evidence for this is the presence of kaclin and illite on carbonate
crystals (Figs 6-33 & 6-40) and filling of secondary pore spaces by kaolin (Fig 6-28)
and illite (Fig 6-91). Prismatic quartz (mega-quartz) crystals (Figs 6-29 & 6-64),
which occur with stacked kaolin flakes within altered detrital grains, were also
formed during the alteration process. SEM / EDX studies show that illite / prismatic
quartz crystals or kaolin / prismatic quartz crystals take the original outline of
altered detrital grains (Figs 6-29 & 6-38). This feature is taken as evidence which
supports the conclusion that the alteration happened after the major carbonate
cementation. Otherwise the altered, easily compacted detrital grains would show

obvious compaction features.

Precipitation of kaolin continued until, and in some sandstones probably after,

precipitation of quartz overgrowths, which is the next major diagenetic event. The
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textural evidence for this interpretation is the intergrowth of kaolin with quartz
overgrowths and the existence of kaolin on the smooth surface of well deveioped
quartz overgrowths (Figs 6-26 & 6-33). The textural evidence for the late formation
of quartz overgrowths includes: 1) quartz overgrowths enclose the stacked kaolin
flakes (Fig 6-34), 2) they enguif euhedral carbonate crystals (Figs 6-6, 6-12 & 6-
19), and 3) the detrital quartz grains coated by carbonate crystals rarely have
quartz overgrowths. In addition, the high average homogenisation temperature of
95-120°C of aqueous fluid inclusions within quartz overgrowths is another
evidence for late formation of quartz overgrowths, which will be discussed in the

next chapter.

Authigenic illite formed after quartz overgrowths. it occurs on the well-developed
surfaces of quartz overgrowths (Figs 6-43 & 6-44) and bridges inter-grain pore

spaces with a filamentous morphology.

Following quartz overgrowths, carbonate cementation again took place. The
carbonate occurs as pore filling non-ferroan calcite (Figs 6-94, 6-95 & 6-96a) or
ankerite {Figs 6-97, 6-98, 6-96b & 6-96c). They fill inter-grain pore spaces which
were not fully occupied by quartz overgrowths. They are the last diagenetic phase

in the Narrabeen Group sandstones.

Authigenic albite and albitisation of plagioclase are considered to be related to the
major dissolution / alteration processes. The timing relative to other diagenetic
minerals is still to be determined. Dawsonite is another late diagenetic mineral. Its

exact position in the generalised paragenetic sequence is not known

Finally there are other authigenic minerals to be considered: pyrite, apatite,
anatase, and analcime. Since no clear textural relationships relating them with

other authigenic minerals have been found, their position in the diagenetic
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sequence is uncertain. The authigenic pyrite is an early product of diagenesis and
formed in the bacterial sulphate reduction zone. The formation of anaicime is
probably related to the alteration of volcanic rock fragments. it may be formed
during the extensive alteration of unstable detrital grains and the formation -

postdated the major carbonate cementation.

6.5 DISCUSSION OF DIAGENESIS OF THE NARRABEEN GROUP
SANDSTONES

The diagenesis of sandstones of the Narrabeen Group can be divided into two

broad stages: early and late diagenesis. The former ended with the major
carbonate cementation. The latter began with the major dissolution / alteration. The
early diagenesis includes two phases. Phase | refers to the early minor dissolution
/ alteration of unstable detrital particles (volcanic rock fragments, feldspar and
mica), which resulted in the formation of grain coating mixed-layer illite / smectite,
early kaolin (generation |) and chlorite. Phase Il is characterised by the major
carbonate cementation. The late diagenesis consists of three phases: lil, IV and V.
Phase Il refers to the major dissolution / alteration of unstable detrital particles,
which led to the formation of a large (relative to generation 1) amount of kaolin
(generation 11) as well as prismatic quartz (mega-quartz) crystals and a minor
amount of illite (relative to post quartz overgrowth filamentous illite). Phase IV is
represented by the development of quartz overgrowths and the formation of post-
quartz overgrowth filamentous illite. The formation of a minor amount of post quartz

overgrowth pore filling calcite and ankerite comprise the last phase of diagenesis.

The five phases of diagenesis are not found in ali the samples studied. In the
sandstones cemented by abundant carbonate (Figs 6-3, 6-4, 6-8, 6-13 & 6-14) in
the lower Narrabeen Group from the east coast zone and the northern region of the
basin, only the early diagenesis can be recognised. Other sandstones generally
experienced the early stage of diagenesis and the phases il and IV of the late

stage of diagenesis. The last diagenetic phase (phase V) is found only in two
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sandstones (samples B151.7 and L422.3) in the east coast zone and one

sandstone (sample 1781.5) in the northern region of the basin.

6.5.1 EARLY STAGE OF DIAGENESIS

(i) Phase !: Formation of Early Clays

Diagenesis begins at the moment of deposition of sediments. immediately after
sediment deposition, pore water will react with the deposited sediment if they are
not in equilibrium. These reactions will lead to the dissolution / alteration of
unstable detrital grains and precipitation of authigenic minerals. If the pore water

migrates, a large amount of authigenic minerals may be formed.

The initial diagenetic modifications of sediments are promoted by bacterial
processes. Curtis (1978) suggested that aerobic bacterial bicarbonate production
decreases pH (increase the activity of hydrogen ion) and facilitates the dissolution
of amorphous and relatively unstable detrital alluminosilicate minerals. The
diagenesis of the Narrabeen Group sandstones began with the early minor
dissolution / alteration of the unstable detrital minerals, which are composed
mainly of volcanic rock fragments and a minor amount of feldspar and mica
fragments. They released various cations to pore water. Depending on the
availability of cations and physico-chemical conditions of pore waters, different clay

minerals formed.

Under oxygenated and mildly acidic conditions, kaolin and mixed-layer illite /
smectite were precipitated from oversaturated pore water in sandstones. However,
during the early diagenesis only a minor amount of kaolin was formed, which was
probably attributed to the lack of Al3* in pore waters. The early grain coating illite /
smectite was probably formed by mechanical infiltration of colloidal clay-rich
waters through the vadose zone (Galloway, 1974; Burns and Ethridge, 1979). In

addition to direct precipitation from pore waters, kaolin and mixed-layer illite /
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smectite could also be formed as a result of early alterations of the unstable detrital
grains. Their presence at the edges of altered detrital grains supports such an

interpretation.

Under anoxic and mildly aikaline conditions, chlorite formed. Chlorite fills inter-
grain pore spaces and coat detrital grains. Chiorite coatings are present on various
detrital grains including detrital quartz, feldspar and rock fragments (including
chert) (see Fig 5-25). This indicates that mineralogy of the coated detrital
framework grains apparently does not control the distribution of chlorite coatings.
Similar grain coating chiorites have been reported as early diagenetic features in
numerous studies in different geological settings. Dutton and Land (1985),
Kantorowicz (1985), Dutta and Sutner (1986), Longstaffe (1986), Longstaffe and
Ayalon (1987), Ayalon and Longstatfe (1988) and Girard et al. (1989) are among

the most recent studies.

The pore filling chlorite differs from the coating chlorite only in the crystai size and
euhedrality. The two different forms of chlorites were probably formed at roughly
the same time. They generally do not occur together in the same sample, which
probably implies that authigenic chiorites had taken different forms in different
sandstones due to different physico-chemical conditions. Grain coating chlorites
were rapidly precipitated from a supersaturated pore water. In contrast, pore filling
chlorites were precipitated from a dilute pore water at a slower rate so that they are

larger and more euhedral than coating chlorites.

Chlorite coatings and pore fillings appear to form by direct precipitation from pore
waters. But for some chiorites which are associated with altered detrital grains
(detrital volcanic rock fragments and feldspar) (Fig 6-99), they are most likely to be
created by alteration of these grains. lons necessary for the formation of chlorite
come from alteration of unstable volcanic rock fragments (Land and Dutton, 1978;

Davies et al., 1979). Alteration of ferromagnesium alumino-silicates is facilitated
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Fig 6-98 (top left) Post quantz overgrowth (Q) ankerite (A). The cross point of
the two white lines is the point where EDX analysis was made. Refer to Fig 6-96¢
for the EDX spectrum. From Liverpool 91 at drilling depth of 422.3 m (sample
L422.3).

Fig 6-99 (top right) Authigenic chlorite at the margin of an altered detrital
feldspar grain. From Jilliby CK 1 at drilling depth of 128.0 m (sample D128.0).

Fig 6-101 (upper left)  Kaolinization of mica. The cross point of the two white
lines is the point where EDX analysis was made. Refer to Fig 6-96d for the EDX
spectrum. K marks kaolin. From Oil Longley 1 at drilling depth of 629.3 m {sample
1629.3).

Fig 6-102 (upper right) Stacked kaolin flakes (K) resulting from extensive
dissolution / alteration of a detrital volcanic clast. From Jilliby CK 1 at drilling depth

of 102.5 m (sample D102.5).

Fig 6-103 (lower left)  Prismatic quartz crystals coalescing to form submature
quartz overgrowths (Q). From Cobbitty 3 at drilling depth of 612.9 m (sample
X612.9).

Fig 6-104 (lower right) Enlargement of Fig 6-103.

Fig 6-105 (bottom left) Prismatic quartz crystals coalescing and enveloping to
form quartz overgrowths (Q). From Qil Longley 1 at drilling depth of 543.4 m
{sample 1543.4).

Fig 6-106 (bottom right) Well developed quartz overgrowths enveloping micro-
quartz crystals, which are in turn enveloped by later quartz overgrowths. From St

Albans 1 at drilling depth of 419.7 m (sample H419.7).
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under reducing, alkaline conditions (Imam and Shaw, 1985). The adjacent shales
may also have been the ion source for chlorite, as suggested by Moncure et al.

(1984) in the Frio Formation sandstones.

In the Narrabeen Group sandstones, authigenic chlotite was not found together
with early kaolin and mixed-layer illite / smectite. It is present in sandstones rich in
volcanic rock fragments in the east coast zone and the northeastern portion of the
northern region. The characteristic distribution of chlorite is considered to be
determined by two factors: detrital composition of sandstones and physico-
chemical conditions of pore waters. Sandstones containing authigenic chlorite
generally have a significant amount of detrital volcanic rock fragments (Fig 6-100).
Alteration of such rock fragments could have provided the necessary ions for the
formation of chlorite. A strong relationship between the occurrence of authigenic
chlorite and volcanic rock fragments has been demonstrated in many previous
studies (e.g. Carrigy and Mellon, 1964; Brenchley, 1969; Surdam and Boles, 1979;
Smosna, 1988).

During the initial diagenesis of Narrabeen Group sediments, fresh water recharge
was probably from the southwest. In the west margin, southern region and the
southwestern portion of the northern region of the basin close to the fresh water
recharge, oxygenated and acidic conditions of pore waters were maintained so
that kaolin and mixed-layer illite / smectite could have formed. Away from the fresh
water recharge in the east coast zone and the northeastern portion of the northern
region of the basin, pore waters could become alkaline and anoxic due to bacterial
processes which progressively removed all oxygen and raised pH. As a result,
chlorite had formed. A similar reasoning was used by Kantorowicz (1985) to

explain the mutually exclusive distribution of kaolinite and chlorite.

After the earliest diagenetic minerals, the physico-chemical conditions of pore

waters changed and the pore waters in the sandstones in the whole basin became
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alkaline. In such conditions carbonates were able to precipitate.

(i) Phase 1l Carbonate Cementation

Formation of calcite
Non-ferroan calcite was the first carbonate precipitated from pore waters. lts
formation is considered to be determined by the relative abundance of Fe2+ and

Ca2+ in pore waters of sandstones (Berner, 1971; Matsumoto and lijima, 1981;
Kaiser, 1984; Curtis et al., 1986). Calcite was formed in the environment where

Fe2+ was almost absent.

For calcite and siderite, Berner (1971) established the following reaction:
FeCOj + Ca 2+aqg = CaCOq + Fe2*aq (1)
siderite calcite

K = 0.05 = aFe2+/aCa2+

He indicated that calcite was not stable in the pore water where the concentration

of Fe2+ was greater than 5 percent of that of Ca?+.
Kaiser (1984) proposed the following reaction regarding calcite and ferroan calcite.

CaCQO5 + 0.05 Fe2+ = Ca_95F9'05003 + 0.05Ca2+ (2)

calcite ferroan calcite

He concluded that the virtua! absence of Fe2+ was required to form non-ferroan

calcite.

In the Narrabeen Group sandstones, the virtual absence of Fe2+ in pore waters for

the formation of calcite was achieved probably in two ways, which are shown by
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the calcite in the sandstones from the west margin of the basin and in the

sandstones from the east coast zone and the northern region of the basin.

In samples W300.8 and W310.4 from the west margin, calcite coats detrital grains
as very small (2-6 pm) equant anhedral to subhedral crystals and small (10-20 pum)
equant euhedral crystals. The calcite crystals predate coexisting siderite crystals.
As indicated before they were formed in a fresh water phreatic zone where calcite
must have been precipitated in an oxidising environment in order to satisfy the

condition for the virtual absence of Fe2+,

In the sandstones from the east coast zone and the northern region of the basin,
calcite is present as pore filling cements. It generally does not coexist with other
carbonates. In these sandstones chlorite is generally present as the earliest formed
authigenic mineral (Figs 6-87, 6-88, 6-89a & 6-89b). lts formation must have greatly
reduced the Fe2+ concentration in pore waters so that non-ferroan calcite could be
precipitated from the pore waters in which Fe2+ was virtually absent. The

precipitation took place in a reducing environment following chlorite formation.

Ferroan calcite generally coexists with siderite. It followed the formation of siderite.
This implies that Fe2+ in the pore waters was probably reduced to a large extent

after the precipitation of siderite. Thus ferroan calcite could be precipitated directly

from the pore waters.

Formation of siderite

The geochemical requirements for the formation of siderite crystals have been
investigated by many researchers (e.g. James, 1966; Curtis, 1967; Curtis and
Spears, 1968; Berner, 1971, 1980). From their investigations the following general
conclusions may be made: 1) Siderite formation requires negative Eh (reducing

environment), low sulphide ion concentration, low calcium ion activity, high ferrous
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ion activity and the presence of carbon dioxide (HCOjz); and 2) It is generally

formed in a fresh water (low salinity) envircnment.

As discussed in Chapter 4, the sediments of the Narrabeen Group were deposited
in a fluvial / lacustrine environment. With deposition the sediments were buried and
were no longer affected by the surface bacterial activity and environment. Due to
the depletion of dissolved oxygen in pore waters with organic decay, a reducing
environment evolved and the Fe ions in the pore water existed in the ferrous form.
After the pore water became over saturated with FeCOg, siderite crystals were

precipitated from the pore water.

Formation of dolomite and ankerite

Dolomite and ankerite are present in the sandstones in the form of pore filling
cements and rare replacement of detrital grains. They do not show any texture of
replacing calcite or Fe calcite. Thus it is considered that they were precipitated
directly from pore waters and not the product of dolomitisation of calcite and Fe

calcite. The precipitation probably proceeded according to the following reaction:
Ca?+ + (Mg,Fe)2+ + 2C042- — Ca{Mg,Fe)(CO3), (3)

The requirements for the reaction to proceed are high enough carbonate alkalinity
(Lippman, 1973), sufficient supply of suitable cations plus sufficient time (lrwin,
1980) and lack of sulphate.

Siderite is the most commonly found carbonate in the Narrabeen Group and occurs
in the majority of samples studied under SEM / EDX. Another Fe2+ bearing
carbonate - ankerite is alsoc commonly found in the lower Narrabeen Group
sandstones. The extensive presence of siderite and ankerite, together with the

existence of ferroan calcite, rare pyrite and iron rich chlorite strongly suggests that
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Fe2+ was present in relatively high concentration in pore waters during the

diagenesis of the Narrabeen Group sandstones. The extensive presence of Fe2+

during carbonate cementation limited the formation of non-ferroan calcite.

Fe2+ used in the formation of Fe-bearing carbonates seems to be largely derived
from redox reactions in adjacent shales / mudstones. Iron oxides and hydroxides
produced by weathering in the detrital source areas may be absorbed on detrital
clay particles and have been transported to the basin. In reducing conditions, they

can be reduced to ferrous iron according to the following reactions:

6(CH,0) + 38042~ + 2 FeOOH — FeS + FeS, + 6HCO;5" + 4H,0 (Irwin, 1980) (4)
or

9Fe,0; + CH,0 + 3H,0 — HCOy" + 4Fe2+ + 70H- (Curtis et al., 1986) (5)

Reaction (4) occurs during sulphate reduction. The authigenic pyrite found in a few
sandstones probably formed according to this reaction. The rare occurrence of
authigenic pyrite in the Narrabeen Group sandstones is related to the lack of a
S0,42- source. The low dissolved sulphate in circulating meteoric pore waters
limited the formation of pyrite and sulphate reduction was not a significant process

during burial diagenesis of the Narrabeen Group.

iron may be also released directly from organic matter since it complexes with
humic acids (Picard and Felbeck, 1976), and is present in iron porphyrins of "life
pigment" (Irwin, 1980). Alteration of volcanic rock fragments was another source for

the Fe2+ used in the formation of iron-bearing carbonates.

Microprobe analyses of the carbonates indicate calcites, siderites and ankerites all

have a small amount of MnCO4. Mn in the carbonates is considered to be largely

derived from reduction of Mn# oxides (produced in detrital source areas and
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transported to the basin) in the adjacent shales / mudstones in a similar manner to

reduction of Fe3+ oxides [refer to reaction (5)]. The reaction can be expressed as

such:
2MnO, +CH,0 + H,0 —» HCO3 + 2Mn2+ + OH- (Curtis, e al., 1986) {6)

Reductions of Fe,O4 [reaction (5)] and MnO, [reaction (6)] raise activity of Mn and
Fe and reduce acidity of pore waters. As a resuit, carbonates can be precipitated
from oversaturated pore waters (Curtis, 1983a; Coleman, 1985). Depending on

availability of other cations (Ca2+ and Mg?2+}, ferroan calcite, or ankerite or siderite

would form.

Due to greater free energy release from reduction of MnO; than that of Fe,03, Mn*+
should be preferentially reduced to Mn2+. The transitional zone between oxidising
and reducing conditions will tend to have the maximum concentration of Mn2+
(Froelich et al., 1979). Carbonates formed in this zone will be richer in Mn2+ than
those formed in deeper burial. This was documented by Curtis et al. (1986) and is
also considered to be the case for the burial diagenesis of the Narrabeen Group
sandstones, as supported by the microprobe analyses of the carbonates. in the
Narrabeen Group, pore filling calcites formed early at a shallower depth, which
was probably close to the transitional zone. During the precipitation of calcites,
Mn2+ existed in a relatively high concentration in pore waters. Thus the early
formed calcites would be relatively rich in Mn, which is supported by the
microprobe data. The analysed calcites have 2-6 mole % of MnCOs. Ankerite was
formed later at a deeper burial. At such a burial depth, pore waters in the
sediments would probably have a very low concentration of Mn2+, The precipitated
ankerite would be expected to be relatively poor in Mn, which is supported by the
microprobe analyses. They indicate that MnCOj in the ankerites is less than 2 mole

% and in the majority of them MnCQ; is less than 1 mole %. Most of the pore filling
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siderites analysed by microprobe have a lower MnCQO, than the calcites,
suggesting they formed at a deeper burial. The siderites in samples A146.5 and
Y566.1 have a MnCOj5 content of 4-8 mole %. The high MnCOj; content in these
siderites probably resulted from local abundance of Mn2+ in pore waters during

their precipitation.

The presence of dolomite, ankerite and Ca Mg siderite in the sandstones indicates
that Mg2+ did occur in pore waters during the formation of carbonates. Mg2+ is
considered to be supplied by exchange reactions involving ciay minerals and

organic matter (Mg is a constituent of chlorophyll). Obviously alteration of volcanic

rock fragments was another source for Mg2+.

The Ca2+ used for the formation of Ca-bearing carbonates is considered to be
produced by the initial hydration of volcaniclastic sediments according to the

following reaction:
Ca2+-silicate + H,0 — H* - silicate + Ca2+ (Surdam and Boles, 1979) (7)

The dissolution / alteration (including albitisation) of detrital plagioclase grains

probably also supplied a minor amount of Ca?* to the pore waters.

The Ca2+ from hydration as well as alteration probably did not travel far from where
it was produced. This is supported by the close relationship between the
occurrence of Ca-bearing carbonates and the abundant detrital volcanic lithics in
the sandstones. Calcium-bearing carbonates - calcite, ferroan calcite, dolomite,
and ankerite are generally restricted to the sandstones rich in volcanic rock clasts
from the lower Narrabeen Group (Appendix V). The pore filing Ca-bearing
carbonate in a large amount is particularly limited and fouhd only in some

sandstone samples from the east coast zone and the northern region of the basin
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where abundant detrital volcanic clasts are recorded in the sandstones (Table 6-2).
The conclusion from the characteristic distribution of Ca-bearing carbonate is that

abundant volcanic lithics favour the formation of Ca-bearing carbonates.

6.5.2 LATE STAGE OF DIAGENESIS

(i) Phase lil: Major Dissolution / Alteration of Unstable Detrital Grains

The dissolution / alteration processes require acidic conditions or the presence of
carbon dioxide. It is known that the major sources for CO, are meteoric water and
the maturation of organic matter. As will be discussed in the next chapter,
diagenesis of the Narrabeen Group sandstones entered into a closed regime after
the major carbonate cementation. In a closed system, meteoric waters with
dissolved atmospheric CO, were unlikely to enter pore spaces of the sediments in
large amounts. Thus the acidic conditions responsible for phase 1ll of the
diagenesis are most likely to be achieved by the maturation of organic matter. The
dissolution porosity present throughout the Narrabeen Group was largel