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Petrography of the Triassic Narrabeen Group (Southern Sydney Basin of Australia) was described by thin section, scanning
electron microscope and X-ray diffraction techniques. Sandstone composition includes mostly lithic grains with minor quartz,
feldspar, mica and heavy minerals; litharenites and sublitharenites are common and quartzarenites are rare. Quartz includes
monocrystalline and polycrystalline grains while the feldspar includes both K-feldspar and plagioclase. Volcanic, sedimen-
tary and chert rock fragments are present. In thin section porosity is visible in all units, particularly the coarse-grained depos-
its. Secondary porosity is greater than the primary porosity. The diagenetic alterations include compaction, quartz
overgrowths, authigenic clay minerals, carbonate cement and authigenic feldspar. Compaction occurred in all units during
diagenesis. Both early and late diagenetic carbonate cement is important in the Narrabeen Group. Pore-filling carbonate ce-
ment reduced porosity whereas dissolution of carbonate resulted in secondary porosity. Authigenic clay minerals are wide-
spread in all units filling pores and occurring as grain-coatings on detrital and authigenic grains. Where they coat quartz
grains they preserve porosity by preventing growth of quartz overgrowths. Dissolution of unstable feldspar and lithic grains
provided secondary porosity. In the Narrabeen Group, shale and siltstone are abundant in the Wombarra Claystone, Stan-
well Park Claystone, Bald Hill Claystone and Newport Formation, forming lithological seals and confining layers. Minor sand-
stone beds occur in the Wombarra Claystone and contain more porosity. Medium- and coarse-grained sandstone is common
in the Coalcliff Sandstone, Scarborough Sandstone and Bulgo Sandstone and shows low to moderate porosity. Thus, these

=

sandstone units probably contain gas or water.
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INTRODUCTION

In the Sydney Basin (Australia), the Narrabeen Group is the
lowermost of three Triassic rock units and is located between
the Upper Permian lllawarra Coal Measures and the
Hawkesbury Sandstone (\Ward, 1971a). Fine-grained sediment
in the Narrabeen Group was previously studied by several au-
thors (e.g., Baker, 1956; Loughnan et al., 1964, 1974; Goldbery
and Holland, 1973; Retallack, 1977). Ward (1972) noted
quartzose, quartz-lithic and volcanic sandstones as the three
sediment suites in the Narrabeen Group. Provenance markers
of foreland basin-fill sediments were determined by Cowan
(1993). The composition and texture of the Narrabeen Group
were described by McElroy (1954). Descriptions of the petrol-
ogy in the Narrabeen Group have been conducted by numer-
ous authors (e.g., Loughnan, 1963; Ward, 1971a, b; Bai, 1991;
Dehghani, 1994; Bai and Keene, 1996). These studies showed
that quartz, rock fragments, feldspar and clay minerals are
present in the Narrabeen Group. Also, siderite, heavy minerals,
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mica and iron oxide are present in the Narrabeen Group
(Dehghani, 1994; Bai and Keene, 1996).

Reservoirs quality were studied by some authors such as
Hamilton and Galloway (1989) and Mullard (1995). Hamilton
and Galloway (1989) indicated that the Coalcliff Sandstone is
poor reservoir whereas Mullard (1995) showed that the Stan-
well Park Claystone, Bald Hill Claystone and Wombarra
Claystone would be good seals in the Narrabeen Group. Also,
Mullard (1995) indicated that Bulgo Sandstone rather than in
the Coalcliff Sandstone and Scarborough Sandstone could be
hydrocarbon reservoirs in the Narrabeen Group. Mullard (1995)
showed that hydrocarbons were generated from the Coalcliff
Sandstone, thus gas was generated in the Narrabeen Group.

The purpose of this study is to investigate the diagenetic
history of the reservoir sandstones and the relationship be-
tween the preservation of primary porosity and the generation
of secondary porosity in the Narrabeen Group of Southern Syd-
ney Basin, Australia.

GEOLOGICAL SETTING

The study area is located in the southern Sydney Basin in the
lllawarra district of New South Wales, Australia (Fig. 1). In the
southern Sydney Basin, the Narrabeen Group is the lowermost
of three Triassic rock units and is located between the Upper
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Fig. 1. Location of the Sydney Basin and the Coalfields
within it (from Grenvenits et al., 2003)

Permian lllawarra Coal Measures and the Hawkesbury Sand-
stone (Table 1; Ward, 1971a). Hanlon et al. (1953) conducted a
study of the subdivisions of the Narrabeen Group and its correla-
tions between the South Coast and Narrabeen Wyong Districts.
They subdivided the Narrabeen Group in the Sydney Basin into
the Clifton Subgroup and the Gosford Subgroup (Table 1).

The Clifton Subgroup includes the Coal Cliff Sandstone,
Wombarra Claystone, Scarborough Sandstone, Stanwell Park
Claystone, Bulgo Sandstone and Bald Hill Claystone (Table 1;
Bowman, 1974). Dickson (1967, 1969) suggested that the Coal
Cliff Sandstone should be introduced as a member of the Wom-
barra Claystone. The Otford Sandstone Member is a conglom-
eratic interbed in the Wombarra Claystone (Dehghani and
Jones, 1994a). The Scarborough Sandstone is 24 m thick. The
Stanwell Park Claystone has a thickness that varies between
0-37 m, and includes claystone and sandstone intervals. It is
overlain by the Bulgo Sandstone, which has a thickness that
ranges from 90 to 130 m (Bowman, 1974). The Bald Hill
Claystone overlying the Bulgo Sandstone varies in thickness
between 1 and 20 m (Bowman, 1974).

The Gosford Subgroup consists of the Garie Formation and
Newport Formation (Bowman, 1974). Loughnan (1969) recog-
nized the Garie Member at the top of the Bald Hill Claystone and
it was later given formation status by Bunny and Herbert (1971).

The Garie Formation includes cream claystone to grey clay-
stone, tuff with accretionary lapilli (Heritage, 2005). The Garie
Formation is the lower unit of the Gosford Subgroup and includes
cream claystone to grey claystone, tuff with accretionary lapilli
(Heritage, 2005). The interbedded dark grey, mudstone, siltstone
and fine sandstone of the Newport Formation overlie the Garie
Formation and are the upper unit of the Gosford Subgroup
(Moffitt, 2000; Heritage, 2005). The Garie Formation and the
Newport Formation have thicknesses that range from 0 to 3 m
and from 0 to 18 m, respectively (Bowman, 1974).

METHODS

The petrography of the Narrabeen Group was based on 153
samples. These samples were selected from outcrop and from
nine wells: EAW 30, EAW 42, EAW 156, EDEN 124, EDEN 125,
EDEN 126 and EDEN 127 (Table 2). These samples include 97
sandstone, 18 siltstone, 34 shale and 3 igneous rocks samples.
Thin section, X-ray diffraction (XRD) and scanning electron mi-
croscope techniques were used to analyse these samples.

Petrographic microscope studies were completed for 76
samples of siltstone, fine-grained sandstone, medium-grained
sandstone and coarse-grained sandstone. Before preparation of
thin sections, the 76 samples were vacuum impregnated with
blue dyed resin for the purposes of description and studying the
porosity under the microscope. The determination of modal com-
position and porosity for the 76 samples were conducted through
thin section examination by point counting 400 points per slide.

X-ray diffraction analysis was used to study 122 samples of
fine to medium-grained sandstone, fine-grained sandstone,
siltstone, shale, tuff, coal and carbonate cement. These sam-
ples were prepared for XRD analysis using a Philips (PW3710)
diffractometer (Cu Ko radiation, 35 kV, 28.5 mA) to determine
the percentage of each mineral in fine-grained samples, and
clay minerals in the sandstone samples (oriented samples of
<2 um clay fractions). A JEOL JSM-T330 scanning electron mi-
croscope (SEM) was used to examine about 28 samples to de-
termine morphology, textural relationships, mineral composi-
tion, porosity and diagenetic aspects of the sandstone samples.
The description of porosity by SEM depended on the study of
pore types. These samples were selected from Bald Hill
Claystone, Bulgo Sandstone, Garie Formation, Newport For-
mation, Stanwell Park Claystone, Scarborough Sandstone,
Wombarra Claystone and Coalcliff Sandstone.

RESULTS

PETROGRAPHY

The Narrabeen Group is rich in rock fragments and is classi-
fied as litharenite to sublitharenite, and rarely quartzarenite
(Qs03%, F1.4%, Rassw; Fig. 2A). The Dickinson diagram (1985)
shows that samples from the Narrabeen Group plot in the lithic
continental, transitional recycled to quartzose recycled and rarely
craton interior provenance fields (Qmys 5o, F1.5%, Lts2.9%; Fig. 2B).

In the Narrabeen Group, the lowest percentage of detrital
quartz (5.7%; Appendix 1*) was observed in the Coalcliff Sand-
stone (Fig. 3A). The highest percentage of detrital quartz
(85.5%; Appendix 1) is present in the Newport Formation.
Monocrystalline quartz grains exceed polycrystalline quartz
grains in most samples.

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1109
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Table 1
Stratigraphy of Southern Coalfield
(after Bunny, 1972; Bowman, 1974, 1980; Carr, 1983; Bamberry, 1992)
Age Group Subgroup Formation Member
Wianamatta Liverpool Ashfield Shale
Group Subgroup Mittagong Formation
Hawkesbury Sandstone
o Gosford Newport Formation
c g Subgroup Garie Formation
g = Bald Hill Claystone
5 2 Bulgo Sandstone
o © Narrabeen
% Group Clifton Stanwell Park Claystone
S Subgroup Scarborough Sandstone
Wombarra Claystone Otford Sandstone
Member
Coal Cliff Sandstone
Bulli Coal
Loddon Sandstone
Balgownie Coal
Member
Lawrence Sandstone
Member
Burragorang Claystone
Eckersley Formation Cape Horn Coal
Member
Hargrave Coal Member
Woronora Coal Member
Sydney Novice Sandstone
Subgroup Member
Wongawilli Coal
Kembla Sandstone
c lllawarra Allans Creek Formation Amenc’an Cgeek Coal
o 8 Coal ember
G T 5 Measures Darkes F
2 4 E arkes Forest Sandstone
E Bargo Claystone Austinmer Sandstone
9 Y Member
Tongarra Coal
Wilton Formation Woonona Coal Member
Erins Vale Formation Kulnura Marine Tongue
Figtree Coal Member
Unanderra Coal
Cumberland Member
Subgroup Pheasant Nest Formation Tappitallee Mountain
Tuff Member
Berkeley Latite Member
Minnamurra Latite
Member
Broughton Formation
Shoalhaven Berry Formation
Nowra Sandstone

Feldspar contents are present with percentages that vary
between 0 and 2.9% (Appendix 1) at an average of 0.9% in
sandstone and 0.4% in siltstone. Rock fragments and chert are
the dominant components in the Narrabeen Group. Lithic
grains comprise both volcanic and sedimentary rock fragments.
Lithic grains vary between 0.5 and 84.4% (Appendix 1). In this
study, chert is present as a major component ranging from 1 to
82% in the Narrabeen Group and it is observed in all studied
samples (Appendix 1).

Up to 10% muscovite is recorded in the Narrabeen Group
(Appendix 1). Heavy minerals are found in trace amounts in the
succession, making up between 0.3 and 3.3% (Appendix 1).

DIAGENESIS AND DIAGENETIC MINERALS

Quartz overgrowths, authigenic clay minerals, carbonate
cement, authigenic feldspar, authigenic pyrite and iron oxide
cement are the main authigenic minerals present in the Narra-

been Group. Bai and Keene (1996) indicated that the Narra-
been Group includes common authigenic carbonate minerals,
clay minerals and quartz. Also, silica dissolution, dissolution of
unstable grains such as feldspar and volcanic rock fragments
and dissolution carbonate cement were also observed in the
Narrabeen Group by Bai and Keene (1996).

Quartz cement. Quartz overgrowths range from 0 to 5.5%
and are found in most samples (Appendix 1). They are more
common in quartz-rich sandstone, particularly the Bulgo Sand-
stone (3.4%), than in lithic-rich sandstone. Carbonate is the
most common cement and the occurrence of infiltrated clays as
coatings on quartz grains means that quartz overgrowths are
rare (Salem et al., 2000). Thus, the development of quartz over-
growths is inhibited by grain-coating clays in the Narrabeen
Group.

Three types of quartz cement are present in the Narrabeen
Group — micro-quartz, mega-quartz and quartz overgrowths
(Bai, 1991). Quartz overgrowths form the most common type of
quartz cement in the Narrabeen Group. They occur as euhedral
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Table 2
The general information of studied wells

Wells Site ID Hole Name Drilled Easting Northing
EAW 30 S1975 EC Appin West DDH 30 25/02/2009-07/04/2009 283293.14 6219366.32
EAW 42 S2037 EC Appin West DDH 42 28/10/2009-25/1/2010 286735.00 6216059.43
EAW 156 S1996 EC Appin DDH 156 23/03/2009-06/04/2009 298772.26 6207843.32
EDEN 124 | S2000 DC Dendrobium DDH 124 01/04/2009-06/05/2009 290161.39 6191011.18
EDEN 125 | S2001 DC Dendrobium DDH 125 23/04/2009-07/05/2009 288462.57 6192020.03
EDEN 126 | S2002 DC Dendrobium DDH 126 22/04/2009-07/05/2009 288633.38 6194222.09
EDEN 127 | S2003 DC Dendrobium DDH 127 05/05/2009-27/05/2009 290571.12 6192478.04
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Fig. 2A - classification of the Narrabeen Group (after Folk, 1968), Q — quartz, F — feldspar, R — rock fragment; B — provenance
of the Narrabeen Group (after Dickinson, 1985), Qm — monocrystalline quartz, F — feldspar, Lt — rock fragment + chert

crystal faces and partially fill pores between grains (Fig. 3A).
Different sizes of quartz overgrowth are observed. Different
types of boundaries occur between quartz cement and detrital
quartz grains including fluid inclusions, clay coatings and iron
oxides. Double quartz overgrowths were observed in rare sam-
ples (Fig. 3B).

Authigenic clay minerals. Authigenic clay minerals in-
clude kaolinite, illite, mixed-layer illite/smectite and chlorite.
They are common and form the second most abundant cement
in the Narrabeen Group.

Kaolinite. Kaolinite is distributed throughout the whole of
the Narrabeen Group and is the most common authigenic clay.
Quartz-rich sandstone contains a greater amount of authigenic
kaolinite than lithic-rich sandstone because it contained more
available pore spaces. Kaolinite exists as booklets and vermi-
cular aggregates whether separated or in groups, and has
rounded to sub-rounded boundaries (Fig. 4B). It fills pore spa-
ces and occurs as coatings on the margins of pores (Fig. 4B). In
some samples, it is coated by illite and mixed-layer illite/sme-
ctite. Bai (1988) showed that kaolinite is the most widespread
diagenetic clay mineral in the Narrabeen Group. The conver-
sion of kaolinite into dickite was observed using SEM where
blocky crystals of dickite are thicker than booklets and vermi-
cular aggregates of kaolinite.

Mixed-layer illite/smectite. SEM studies indicated that
mixed-layer illite/smectite is common in the Narrabeen Group.
In most samples, it coats detrital and authigenic grains and ex-
ists as a pore-filling cement (Fig. 4C).

lllite. lllite occurs as fibrous crystals and sheets (Fig. 4D). It
is observed as grain coatings on kaolinite and quartz over-
growths (Fig. 4E). Grain-coating illite is characterized as ul-
tra-thin layers and thin mat-like crystals (Fig. 4E). Also, in most
samples many intergranular pore spaces are filled with authi-
genic illite (e.g., McKinley et al., 2011). It is typically oriented
perpendicular to grain surfaces and has a high birefringence.

Chlorite. Chlorite is present as authigenic rims around detri-
tal grains (Fig. 4F). It is visible as a pore-filling cement and as
grain-coatings in some samples (e.g., Fig. 4F; Bai and Keene,
1996). Pore-filling chlorite is thicker than grain-coating chlorite.
Pore-filling chlorite cement has a thickness ranging between 4
and 6 um, whereas grain-coating chlorite has a thickness range
of 1 to 2 um. Grain-coating chlorite is not associated with pore-fill-
ing chlorite in the same sample. Moreover, chlorite is associated
with mixed-layer illite/smectite and illite in the succession (Fig.
4F). Chlorite is most common in volcanic-rich sandstone.

Carbonate cement. Most samples are cemented by car-
bonate which is the dominant cement in the Narrabeen Group.
Carbonate cement is recorded in all samples varying between
1.5 and 59% (Appendix 1). Siderite and ankerite are the most
common carbonate cements in both the sandstone and silt-
stone with combined average contents of 6 and 15%, respec-
tively. Less common calcite and dolomite are also present (Bai
and Keene, 1996). Two or three types of carbonate cementa-
tion are observed in most samples.

Siderite. Siderite is observed in some samples in the Coal-
cliff Sandstone (0—24.1%; Appendix 1). Siderite occurs as small
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Fig. 3A — quartz overgrowth (Qo) on detrital quartz (Q) fills pore space; also, chert grains (white arrows) are pres-
ent; B — double quartz overgrowth (red arrow), chert (Ch) and sedimentary rock fragment (SRF) grains are oc-
curred; C — poikilotopic crystals of siderite (S) cement fill a large pore and coats some detrital grains; D — chert (Ch)
and sedimentary rock fragment (SRF) are partly coated by early siderite (S) cement; porosity (white arrow) is ob-
served; E — coarse crystalline of ankerite cement is observed as pore-fillings and as grain-coatings on the margins
of quartz (Qm, Qp) and rock fragments (VRF, SRF); F — volcanic rock fragment is replaced by ankerite cement (red
arrow) which also partly coats the margins of monocrystalline quartz (Qm) and chert (Ch) grains

rhombohedral crystals and as coarse crystalline cement (Fig.
3C). Coarse crystalline siderite is the most widespread carbon-
ate cement in the studied samples, and it includes blocky and
poikilotopic crystals (Fig. 3C). Large and small pore spaces are
filled with siderite cement that is also present as grain-coatings
on detrital and authigenic grains in most samples (Fig. 3C).
Many detrital grains are enclosed by siderite cement (Fig. 3D)
and some detrital grains, such as feldspar and rock fragment,
are replaced by siderite cement. Fluid inclusions are uncom-

mon in siderite cement. Siderite is now generally stained with
iron oxide because of modern weathering. Alteration of the sid-
erite, ilmenite or iron hydroxides may be the source of the iron
oxide coating the siderite (Karim et al., 2010).

Ankerite. It is common in siltstone samples (15%). Few
samples did not include ankerite cement. Three forms of anker-
ite were observed using SEM including micritic, microcrystalline
and coarsely crystalline (Fig. 3E). It fills large and small pores
spaces between grains (Fig. 3E) where it occurs as subhedral
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Fig. 4A — quartz overgrowth (Qo) is partly coated by late mixed layer illite/chlorite (Mix), thus large porosity (Po) is
observed; B — pore-filling authigenic kaolinite with primary pore (red arrow); C — siderite cement (S) fills a pore and
is coated by late diagenetic mixed layer illite/smectite (Mix); D — fibrous authigenic illite occurs as pore-filling; E —
late stage of ultra-thin layers and thin mat-like crystals of illite (ill) occurs as a grain-coating on quartz overgrowths
(Qo); porosity (Po) is present; F — authigenic chlorite (Chl) is coating on detrital grains and is associated with
mixed-layer illite/smectite (Mix); primary pore (red arrow) is observed

or euhedral crystals. Ankerite cement also occurs as coatings
occasionally enclosing the margins of quartz, feldspar, chert,
rock fragments and also quartz overgrowths (Fig. 3E). Ankerite
cement also occurs as a partial replacement of grains such as
rock fragments (Fig. 3F).

Calcite. Calcite is absent in most samples but where it is
present, it occurs in very minor amounts (0—27.2%; Appendix
1). Itis present as microcrystalline to coarse crystalline cement
and may fill pore spaces (Fig. 5A). Grain-coating calcite on
quartz and rock fragments is also recorded in the Narrabeen

Group. Minor calcite replacement of detrital grains occurs in
most samples, particularly in the lower part of the Narrabeen
Group. Fluid inclusions are uncommon in calcite cement and
occur as scattered spheres.

Dolomite. Dolomite exists in all units of the Narrabeen
Group (0-10.8%; Appendix 1), although it occurs in trace
amounts as anhedral to euhedral crystals (Fig. 5B). Thin sec-
tions showed the presence of dolomite as a replacement min-
eral in detrital grains in some samples. This technique also
showed dolomite cement covering quartz, volcanic rock frag-
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ments and quartz overgrowths (Fig. 5B). Dolomite is also found
as a pore-filling cement (Fig. 5B).

Authigenic feldspars. Alteration of feldspars is observed
in the Narrabeen Group (Fig. 5C); occurring most commonly in
volcanic rock fragments (Sur et al., 2002). In the present study
albitisation of feldspar is also observed in the Narrabeen Group.

DIAGENETIC SEQUENCE

In the Narrabeen Group, diagenetic sequences are com-
posed of early and late stages.

Compaction. Mechanical and chemical compaction was
recorded in the Narrabeen Group. Mechanical compaction is
more common than chemical compaction in the succession.
Mechanical compaction is demonstrated by deformation of
ductile grains and mica flakes between harder grains and by
grain arrangement (Fig. 5D) and is more widespread in sand-
stone rich in detrital lithic grains than in sandstone rich in detrital
quartz. Early authigenic clay minerals and carbonate cement
prevent some mechanical compaction. However, detrital lithic
grains are also affected by dissolution and alteration as well as
mechanical compaction. Mechanical compaction is the main
factor in the porosity reduction in the Narrabeen Group. Chemi-
cal compaction is evidenced by concavo-convex, sutured con-
tacts and long grain contacts with rare pressure solution in the
Narrabeen Group. Compaction occurred during both the early
and late stages of diagenesis.

Authigenic clay minerals. Authigenic clay minerals, in-
cluding kaolinite, mixed-layer illite/smectite, illite and chlorite
are early authigenic minerals in the Narrabeen Group (Bai,
1991; Bai and Keene, 1996). The early formation of authigenic
clay minerals is evidenced through the presence of clay miner-
als as grain coatings on detrital grains and as pore-filling ce-
ment (Fig. 4A-F).

Margins of many large pores are partly coated by kaolinite.
Thus, grain-coating kaolinite and pore-filling kaolinite support
the interpretation that kaolinite was formed during early dia-
genesis. Also, the occurrence of kaolinite in the form of vermi-
cular texture supports this interpretation (cf. Wilkinson et al.,
2004; Abouessa and Morad, 2009). Detrital grains such as feld-
spar are commonly coated by mixed-layer illite/smectite, indi-
cating that illite and mixed-layer illite/smectite are early dia-
genetic in origin. Mixed-layer illite/smectite is present as coat-
ings on authigenic kaolinite indicating that mixed-layer
illite/smectite post-dates kaolinite. Authigenic chlorite is inter-
preted as an early diagenetic mineral, evidenced by pore-filling
chlorite and grain-coating chlorite.

According to Bai (1991), precipitation of clay minerals, par-
ticularly kaolinite and mixed-layer illite/smectite, occurs from
pore water under oxygenated and mildly acidic conditions. Also,
early alteration of unstable detrital grains led to the formation of
kaolinite and mixed-layer illite/smectite (Bai, 1991; Fig. 5E).
Precipitation of kaolinite occurs from low pH and low ionic
strength waters (Bjorlykke et al., 1986, 1989; Worden and Bur-
ley, 2003; Hammer et al., 2010). Replacement of feldspar may
also contribute to the formation of illite (Umar et al., 2011) and,
also high K* ions support the precipitation of illite (Bai, 1991). In
the Narrabeen Group, dissolution and alteration processes led
to the precipitation of clays which occur as grain-coating on sur-
faces of carbonate grains (Fig. 4C; Bai, 1991).

During burial diagenesis, the conversion of kaolinite into
dickite is observed in the form of vermicular stacks and booklets
of kaolinite along with thick to blocky dickite (Ehrenberg et al.,
1993; McCaulay et al., 1994; Morad et al., 1994; Lanson et al.,
2002; Abouessa and Morad, 2009). Two factors are important
in the conversion of kaolinite into dickite: dissolution and re-pre-

cipitation (Morad et al., 1994; Abouessa and Morad, 2009). The
conversion of kaolinite into dickite occurs at temperatures
>100°C (Ehrenberg et al., 1993; McCaulay et al., 1994; Morad
et al., 1994; Lanson et al., 2002; Abouessa and Morad, 2009).

In the Narrabeen Group, the precipitation of grain-coating
chlorite and pore-filling chlorite cement occurred from pore water
according to Bai (1991) who showed that anoxic and neutral to
mildly alkaline pore-waters are the source for the precipitation of
chlorite. Temperatures for growth of chlorite are about 60-70°C
(Worden and Morad, 2003). In the Narrabeen Group, Bai (1991)
indicated that alteration of framework grains such volcanic rock
fragments are significant in the formation of chlorite. Umar et al.
(2011) suggested that Mg, Fe and Si ions are important in the for-
mation of chlorite in secondary pores, which result from dissolu-
tion of volcanic rock fragments. The precipitation of Mg and Fe
ions may be recorded in early diagenetic chlorite (Sur et al.,
2002) and this supports that pore-filling chlorite and chlorite grain
coatings are early diagenetic.

Carbonate cement. Carbonate cement fills large pores in
most samples indicating its early diagenetic formation (Figs.
3C-F and 6B, B1). It was precipitated after some of the authi-
genic clays such as illite and kaolinite. Some detrital framework
grains occur floating within the carbonate cement which also in-
dicates its early precipitation. The precipitation of carbonate ce-
ment as grain-coatings on quartz, feldspar and rock fragments
also supports the early formation of carbonate cement (Fig.
3C-F). Also, the replacement of detrital grains by carbonate ce-
ment supports this interpretation. In the Narrabeen Group,
sandstone commonly shows loose grain packing and sand-
stone rich in carbonate cement is characterized by the pres-
ence of unformed ductile grains. Both these features confirmed
the early diagenetic stage of carbonate cementation (cf. Salem
et al., 2000). Also, euhedral siderite crystals, filling large pore
spaces (Fig. 3C) can be interpreted as early diagenetic siderite.
The occurrence of calcite in the form of large and poikilotopic
crystals (Fig. 3F) support the interpretation of early diagenetic
calcite (cf. Lee and Lim, 2008).

The relative concentrations of Ca*", Fe?*, Mg®* and Mn*" in
pore water contributes to the determination of the type of carbon-
ate cement. Siderite or ankerite crystallised where high concen-
trations of Fe®* are present, whereas the occurrence of
non-ferroan calcite is associated with low Fe** and high ca®
(Bai, 1991). Also, Bai (1991) showed the important factors that
support siderite formation include negative Eh, low calcium ion
activity, low sulphide ion concentration, high carbon dioxide and
high ferrous ion activity. Raised precipitation temperatures for
siderite are supported by high Mg and low Ca which are charac-
teristic in siderite cement (Abouessa and Morad, 2009). Also,
high Fe/Ca supports the interpretation of the precipitation of sid-
erite cement within the early stage of diagenesis (Berner, 1981;
Lee and Lim, 2008). Also, geochemical studies such as
Estupinan et al. (2007) in fluvial environments showed that the
precipitation siderite as an early diagenetic mineral is compatible
with a low Sr content. Other authors (e.g., Mozley, 1989; Morad,
1998; Morad et al., 2000; Estupinan et al., 2007) indicated the
precipitation of siderite during early diagenesis in fluvial environ-
ments is characterized by high FeCO; and low MnCOs.

Dissolution/alteration of unstable detrital grains. Disso-
lution/alteration of unstable detrital grains occurred during the
mid to late stage of diagenesis. Dissolution processes are indi-
cated by secondary pore space, silica dissolution, feldspar dis-
solution, lithic fragment dissolution and carbonate dissolution
(Fig. 6A, A1, B, B1). Secondary porosity is created as a result of
dissolution of feldspar, carbonate cement and lithic grains (Fig.
6A, A1, B, B1). The presence of CO; in the groundwater led to
the formation of dissolution porosity in the Narrabeen Group.
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Fig. 5A — early coarsely crystalline calcite (Ca) cement was precipitated around detrital quartz (Q) and volcanic rock
fragment (VRF) and replaced a detrital grain (white arrow); B — quartz overgrowth (Qo), monocrystalline quartz (Qm),
chert (Ch) and rock fragment (VRF, SRF) grains are coated by microcrystalline dolomite (D) cement which also fills
pores; C — altered feldspar (white arrow) plus carbonate cement that occurs as a coating on detrital grains such chert
(Ch) and volcanic rock fragment (VRF); D — deformation of muscovite (Mu) between quartz grains indicates mechani-
cal compaction; chert grains (white arrows) are present; E — kaolinite (Ka) is generated from dissolution of feldspar;
F - late diagenetic siderite (S) cement precipitated on quartz overgrowth (Qo), monocrystalline quartz (Qm) and vol-
canic rock fragment (VRF); chert grain (Ch) is observed

Meteoric water and the maturation of organic matter are the Alteration of unstable detrital grains led to the formation of

source for the CO, (Bai, 1991). Dissolution processes are fol-  kaolinite + quartz, or illite + quartz or authigenic kaolinite (Bai,

lowed by alteration of unstable detrital grains (Bai, 1991). In ~ 1991). This also happened under acidic conditions.

some samples, feldspar dissolution is associated with replace- Authigenic feldspar precipitation occurred during mid to

ment by authigenic cement. late stage diagenesis in the Narrabeen Group as indicated by
the alteration of feldspar. Thus, the dissolution of detrital
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K-feldspar is the main origin of authigenic K-feldspar (cf.
Wolela, 2009). Factors that contribute to K-feldspar precipita-
tion include high silica activities and high K'/H" ratios as indi-
cated by (Morad et al., 2000).

Authigenic quartz. Quartz overgrowths represent a mid to
late authigenic mineral in the Narrabeen Group, occurring as a
pore-filling cement (Figs. 3A and 4A). Some stacked kaolinite
flakes are enclosed by quartz overgrowths, which also engulf
authigenic carbonate crystals. These features indicate that
quartz overgrowths post-date carbonate cementation and the
authigenic clay minerals. Bai (1991) confirmed that the late for-
mation of quartz overgrowths is indicated by aqueous fluid in-
clusions in the quartz overgrowth which have an average ho-
mogenisation temperature of 90-120°C.

Detrital quartz grains are the source of silica in the Narra-
been Group, thus lithic-rich sandstones only contain rare quartz
overgrowths (Bai and Keene, 1996). Also, early compaction is
the reason for the absence of pore spaces, preventing circula-
tion of pore fluids (Sur et al., 2002). The silica for the quartz
overgrowths was derived from pressure solution indicated by
sutured contacts between quartz grains. According to Zhang et
al. (2010) the occurrence of quartz overgrowths with kaolinite
shows that quartz cement may be sourced from silicon dioxide
through feldspar dissolution.

Umar et al. (2011) indicated that alternative sources of silica
for quartz cementation are the dissolution of feldspar and volca-
nic rock fragments, chloritization, kaolinitization and chemical
compaction.

Late carbonate cements. Carbonate cementation oc-
curred again after quartz overgrowths during late diagenesis.
Siderite, ankerite and dolomite are all observed as pore-filling
cements that partly coat quartz overgrowths in some samples
(Fig. 5F). This indicates that siderite, ankerite and dolomite con-
tinued to be precipitated during late diagenesis. In other sam-
ples, late diagenetic carbonate cements are not present.

Discontinuous carbonate cement and oversized pores are
created by dissolution of earlier carbonate cement (cf. Al-Harbi
and Khan, 2008). Late carbonate cement such as siderite, an-
kerite and dolomite may be formed as new carbonate cements
in some samples after dissolution of early carbonate cement
(Fig. 6B, B1; cf. Chi et al., 2003).

Late authigenic clays. After quartz overgrowths, illite was
precipitated again and coats some quartz overgrowths (Fig.
4A). Mixed-layer illite/smectite was also precipitated as grain
coatings on quartz overgrowths and carbonate cement (Fig.
4A, C). Chlorite and kaolinite also occur later and coat quartz
overgrowth. This evidence indicates that some mixed-layer
illite/smectite, illite and kaolinite post-date the quartz over-
growths and carbonate cement. These precipitations indicate
the late formation of some authigenic clay minerals. Detrital in-
heritance from K-, Ca- and Mg-rich silicates under alkaline con-
ditions suggests the precipitation of mixed layer illite/smectite
and chlorite as late stage diagenetic minerals after the develop-
ment of quartz overgrowths.

In conclusion, the chronological order of the diagenetic
phases is as follows:

— mild compaction;

— formation of authigenic clays;

— precipitation of carbonate cement;

— silica dissolution, feldspar dissolution, rock fragment dis-

solution and carbonate cementation dissolution;

— secondary silica overgrowths;

— late carbonate cement;

— late authigenic clay minerals.

POROSITY DATA

In the present study, porosity ranges from 0 to 19.5% (Ap-
pendix 1) at average of 5.4% in the sandstone whereas it is ab-
sent in the siltstone samples. Secondary porosity is more com-
mon than primary porosity in all units of the Narrabeen Group.

Primary porosity. In the Narrabeen Group, primary poros-
ity reaches 3.7% in sandstone samples (Appendix 1) but it is
absent in siltstone samples (Figs. 4A, B and 6C, C1). It occurs
in sandstone at an average of 0.7%.

Secondary porosity. Secondary porosity does not exceed
18% in the Narrabeen Group (Appendix 1) at an average of
4.7% in sandstone by petrographic point count. The size of sec-
ondary porosity was determined to range from 24 to 246 um,
depending on grain size. This means that pore size and grain
size are often similar.

In the Narrabeen Group, intergranular porosity, intragranular
porosity, mouldic pores and oversized pores are also observed.
Intergranular porosity is present as result of dissolution of pore-
filling carbonate cement and ranges from 34 to 211 um in size
(Fig. 6B, B1). However, intragranular porosity exists mostly as a
result of partial or complete dissolution of feldspar and volcanic
rock fragments (Fig. 6A, A1; Mansurbeg et al., 2008) and varies
in size between 45 and 199 um. Mouldic pores are observed in
both coarse- and fine-grained sandstone but are more common
in coarse-grained beds. In the Narrabeen Group, it mainly occurs
due to the partial dissolution of plagioclase with sizes between 31
and 234 um. Also, dissolution of detrital grains such feldspar can
result in oversized pores in sandstones with size ranges from 65
to 244 um (Lima and De Ros, 2002). Connectivity is shown in this
unit by mouldic and oversized pores. Corroded traces of feldspar
occur in both mouldic pores and oversized pores. Also, packing
inhomogeneity and honeycombed grains are observed in sec-
ondary pores.

INFLUENCE OF DIAGENETIC ALTERATION
AND COMPOSITION ON RESERVOIR QUALITY

COMPACTION

In the Narrabeen Group, compaction has the greatest influ-
ence on thin section porosity. Thus, porosity loss in the Narra-
been Group is high as result of both mechanical (e.g., Higgs et
al., 2007; Dutton and Loucks, 2009) and chemical compaction
(cf. Higgs et al., 2007). According to Ramm (1992) the poor
sorting and common detrital clays contribute to the porosity loss
through mechanical compaction.

In sandstone rich in detrital lithic fragments, chemical and
mechanical compaction is observed and reduces porosity (cf.
Tobin et al., 2010). In these samples, deformation of ductile
grains and mica between quartz grains illustrates porosity re-
duction by mechanical compaction (Fig. 5D). Deformation of
lithic fragments is common in the Narrabeen Group, resulting
from mechanical compaction, and plays a major role in poros-
ity loss (cf. Buyukutku and Sahinturk, 2005). Ductile grains are
common in all units and they account for the low porosity in
most samples, as shown by Gier et al. (2008). Alteration, ex-
tension of detrital mica and intergranular pressure dissolution
of quartz grains caused additional porosity loss in the Narra-
been Group (cf. Hlal, 2008; Fig. 5D). The effect of mechanical
compaction on porosity occurs during early burial and is more
effective in the absence or rarity of carbonate cement in some
samples of the Coalcliff Sandstone and Scarborough Sand-
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Fig. 6A, A1 — secondary porosity (white arrow) occurs within a partially dissolved lithic grain, margins of detrital
grains such as quartz and chert are coated by dolomite cement; B, B1 — secondary porosity (white arrows) result
from dissolution of siderite (S) cement, margins of sedimentary rock fragment (SRF) and chert (Ch) grains are
coated by siderite cement; C, C1 — primary pores occur between grains

stone as shown by Umar et al. (2011). In some units of the
Narrabeen Group, clays predominate over quartz grains and
porosity is almost entirely lost as result of mechanical compac-
tion (cf. Ehrenberg et al., 2008). These factors indicate a
strong relationship between sandstone composition and po-
rosity. Chemical compaction is also significant to reduce po-
rosity through the interpenetration of grains in the lithic-rich
sandstone. The preservation of porosity is reduced by long,
concavo-convex and sutured contacts that represent chemi-
cal compaction. In samples with little carbonate cement,
chemical compaction continues to obliterate porosity and is

more effective (cf. Kim and Lee, 2004). In the Narrabeen
Group, secondary porosity was developed in some sandstone
samples before compaction ended. In this study, any second-
ary pores that developed were compacted, thus secondary po-
rosity was absent in some of thin section because of compac-
tion (Kim and Lee, 2004). The amount of porosity reduced by
mechanical and chemical compaction in the Narrabeen Group
is similar to that in the lllawarra Coal Measures and these
losses are not unrecoverable (cf. Wolela, 2009). Pseudo-
matrix occurs as result of mechanical compaction and fills both
small and large pores, thus further reducing porosity as shown
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by El-Ghali et al. (2009). Pseudomatrix is often more important
for porosity reduction where lithic grains are absent in the
Narrabeen Group (cf. Al-Ramadan et al., 2004). Grain rear-
rangement is also an important porosity reduction factor in the
absence of lithic grains, particularly in quartzose samples
(Worden et al., 2000). Porosity in fine-grained deposits is
mainly reduced by mechanical compaction (e.g., Mansurbeg
et al., 2008).

In the sandstone rich in detrital quartz, pore spaces are pre-
served because mechanical compaction is prevented by the
detrital grain framework. This suggests that the influence of me-
chanical compaction on porosity was less in this type of sample
(Abouessa and Morad, 2009). Thus, in the Bulgo Sandstone,
the effect of compaction on primary porosity is less due to the
quartz-rich nature of parts of the unit, as shown by Smosna and
Sager (2008). This unit is characterized by a low abundance of
ductile grains, thus compaction is inhibited due to rigid grains
which support the stable framework grains, preserving primary
porosity (cf. Sager, 2007). Thus, about 12% of primary porosity
occurs in this unit.

CARBONATE CEMENTATION

Carbonate cement has the influence on thin section poros-
ity after the influence of compaction in the Narrabeen Group.
The relationship between porosity and carbonate cement in the
samples shows that when the porosity is less than 2% carbon-
ate cement is more than 20%, whereas when the porosity is
more than 15%, carbonate cement does not exceed 5%. This
suggests that carbonate cement significantly affects both sand-
stone rich in detrital lithic grains and sandstone rich in detrital
quartz (e.g., Wolela and Gierlowski-Kordesch, 2007; Luo et al.,
2009; Hammer et al., 2010).

In sandstone rich in detrital lithic fragments and sandstone
rich in detrital quartz, early carbonate cement fills both large
and small pores and reduces the primary porosity, as shown by
Umar et al. (2011). The widespread early carbonate cement
may completely fill the pores, but even minor early carbonate
cement can support the framework grains against compaction.
All types of carbonate cement, including ankerite, siderite, dolo-
mite and calcite, are observed under the microscope as pore-
filling cement, has reduced the primary porosity in the Narra-
been Group (Figs. 3C—F and 5B). Ankerite cement has the
most influence on thin section porosity, followed by siderite ce-
ment. In a similar study, El-Ghali et al. (2009) showed that car-
bonate cement, represented by calcite and dolomite, destroyed
porosity in the Early Triassic Petrohan Terrigenous Group in
north-west Bulgaria. In the present study, porosity in sandstone
rich in detrital lithic grains is influenced more by carbonate ce-
ment than sandstone rich in detrital quartz.

In the Narrabeen Group, porosity loss due to carbonate ce-
ment may be recoverable in both lithic-rich and quartzose sand-
stone. Early carbonate cement contributes to the preservation
of porosity by:

1. Preventing the development of quartz cement and early
mechanical compaction. In this case the framework is sup-
ported against mechanical compaction by early carbonate ce-
ment that also prevents porosity loss due to quartz cement.

2. Carbonate cement may be dissolved during later diage-
nesis, forming secondary porosity (e.g., Chi et al., 2003; Zhang
et al., 2007; Fig. 6B, B1).

However, where early cementation was abundant and al-
most completely occluded primary porosity, later dissolution
was compensated by re-precipitation of calcite and no new po-

rosity was created. New porosity was only generated if the dis-
solution of this early calcite cement was not compensated by
new cement formation.

Also, incomplete pore-filling by carbonate cement supports
the preservation of porosity in some samples. Later dissolution
of carbonate cement can be observed and result in carbonate
cement partly filling pores (Fig. 6B, B1). This process was often
seen in sandstone rich in detrital quartz. In other cases, carbon-
ate grains can be effective in the preservation or destruction of
porosity — they may dissolve and result in secondary porosity or
they are dissolved and then re-precipitated as carbonate ce-
ment (cf. Hlal, 2008).

AUTHIGENIC CLAY MINERALS

In the Narrabeen Group, porosity is commonly reduced by
authigenic clay minerals (cf. Zhang et al., 2008) and such po-
rosity is unrecoverable in this succession. Although the influ-
ence of authigenic clays on porosity is effective, it had less influ-
ence than compaction and carbonate cement. Scanning elec-
tron microscope studies showed the types of pore-filling
authigenic clay minerals which reduce primary porosity in the
Narrabeen Group (cf. Wolela and Gierlowski-Kordesch, 2007).
Vermicular booklets of kaolinite occur as pore-fillings and cause
significant porosity loss (Fig. 4B). Deformed kaolinite occurs as
pseudomatrix that effectively decreases porosity in the Narra-
been Group. Chlorite has been observed by scanning electron
microscope in both primary and secondary pores and it also
causes loss of porosity in the Narrabeen Group. Also, porosity
is decreased by pore-filling illite and mixed-layer illite-smectite
in sandstones units (cf. Al-Ramadan et al., 2004). Pore-filling
illite and mixed-layer illite/smectite have a greater influence on
porosity loss in lithic-rich sandstone whereas pore-filling kaoli-
nite and chlorite cause the greatest porosity loss in quartz-rich
sandstone. This comparison depends on the results of scan-
ning electron microscope and X-ray diffraction analyses.

Grain-coating clays, represented by chlorite, illite and mixed
layer illite/smectite, help to preserve porosity in the Narrabeen
Group in both lithic-rich and quartz-rich sandstone. In similar
studies, Salem et al. (2005) showed that porosity is preserved in
the Abu Madi Gas reservoirs in the Nile Delta Basin in Egypt be-
cause of the role of grain-coating clays that inhibit the growth of
quartz overgrowths.

In the present study, grain-coating clays effectively inhibit the
precipitation of quartz overgrowth cement, thus low porosity may
be preserved in parts of the Narrabeen Group. Mixed layer
illite-smectite is observed as a grain-coating on quartz over-
growths in many samples (Fig. 4A). This indicates that low poros-
ity is still present in the Narrabeen Group. Also, small quantities
of grain-coating chlorite inhibit quartz overgrowths and increase
the percentage of preserved porosity in the Narrabeen Group
(e.g., Baker et al., 2000; Salem et al., 2005; Umar et al., 2011).
Grain-coating illite clays are present in the Narrabeen Group
around quartz overgrowths. Thus, they contribute to the preser-
vation of porosity in these deposits (cf. Storvoll et al., 2002;
Mansurbeg et al., 2008; Abouessa and Morad, 2009). This sup-
ports the abundance of quartz overgrowths in sandstone that has
low grain-coating clays. Grain-coating mixed layer illite-smectite
plays the greatest role in the preservation of porosity because it is
more common than grain-coatings of illite or chlorite. Also, the
illite-smectite coatings are thicker and more continuous than
other grain-coating clays. They have the ability to prevent the
growth of quartz cement during burial and thus retain porosity
(e.g., Bloch et al., 2002; Islam, 2009; Luo et al., 2009). No
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grain-coating kaolinite was observed around quartz overgrowths
in this succession. In sandstones, the opposite occurs between
clay coatings and porosity in the absence of compaction. In
some units, particularly in quartz-rich sandstone, grain-coating
clays that occur as thin or discontinuous layers are not significant
in preventing the development of quartz overgrowths. Thus, po-
rosity was not observed in these units. The development of
quartz cement is less affected by detrital clay rims than by
authigenic clay coatings which are more continuous in the Narra-
been Group (Taylor et al., 2010). Detrital clay rims are generated
by mechanical infiltration (Taylor et al., 2010).

DISSOLUTION

In the Narrabeen Group, feldspar, rock fragments and car-
bonate cement were dissolved in some samples during mid to
late diagenesis leading to the enhancement of porosity (cf. Chi
et al., 2003). Secondary porosity occurs in all units of the
Narrabeen Group as a diagenetic feature resulting from dis-
solved grains. Dissolution of feldspar is supported by the pres-
ence of secondary porosity in the Narrabeen Group, particu-
larly in the Coalcliff Sandstone (e.g., Baker et al., 2000; Salem
et al., 2000; Lima and De Ros, 2002; EI-Ghali et al., 2006;
Zhang et al., 2007, 2008; Abouessa and Morad, 2009; Ham-
mer et al., 2010). Also, Luo et al. (2009) showed a similar influ-
ence of dissolution of plagioclase in the enhancement of sec-
ondary porosity in the Ordos Basin in China. In the present
study, plagioclase grains were more likely to be dissolved than
K-feldspar grains, thus the former is more effective in forming
secondary porosity in the Narrabeen Group. Lithic-rich sand-
stone in the Coalcliff Sandstone and Scarborough Sandstone
shows lithic grain dissolution resulting in secondary porosity
(cf. Ketzer et al., 2003; Islam, 2009; Fig. 6A, A1). In the Bulgo
Sandstone, most of the lithic grains are dissolved, thus it con-
tains more secondary porosity. Volcanic rock fragments are
more abundant and less stable than sedimentary rock frag-
ments, thus they are of greater importance in the formation of
secondary porosity. Dissolution of unstable grains is volumet-
rically subordinate in the Narrabeen Group, similar to the llla-
warra Coal Measures, indicating the role of composition to
support porosity by dissolution of feldspar and lithic detrital
grains. Carbonate cement is also dissolved in the Narrabeen
Group forming secondary porosity, particularly in the Coalcliff
Sandstone and Wombarra Claystone (cf. Al-Ramadan et al.,
2004; Zhang et al., 2010; Fig. 6B, B1). However, dissolution of
unstable grains is more common and more important than dis-
solution of carbonate cement in the Narrabeen Group. The de-
velopment of secondary porosity post-dates quartz over-
growths and carbonate cement in the Narrabeen Group as in-
dicated by the presence of oversized pores and corroded
grain boundaries, including corrosion of quartz overgrowths
and carbonate cement. Determining the amount of secondary
porosity that formed by dissolution of carbonate cement is dif-
ficult in some samples. On the contrary, it is easy to identify
secondary porosity formed by dissolved unstable grains.

In some cases, the dissolution of grains such as feldspar
may not contribute to the development of much porosity in the
Narrabeen Group for two reasons. Firstly, the solution porosity
may occur inside the feldspar grain forming minor intragranular
porosity (cf. Zhang et al., 2007). Secondly, secondary pores
generated by dissolution of feldspars may be filled by carbonate
cement (cf. Umar et al., 2011) and/or authigenic kaolinite (cf.
Bertier et al., 2008) in some samples. These reasons are

enough to prevent the development of much secondary poros-
ity that is formed by the dissolution of feldspar grains. Also, me-
chanical compaction may cause the collapse of the secondary
porosity after dissolution in the Narrabeen Group, similar to the
llawarra Coal Measures (Wilkinson et al., 2001; Dutton and
Loucks, 2009).

Several factors play a role in the dissolution of grains and
cements that form secondary porosity. These are organic acids,
CO; and dehydration of clay minerals (Zhang et al., 2007) in ad-
dition to inorganic mineral and meteoric water reactions (Chi et
al., 2003). Dissolution may occur as a result of the original pore
fluids but is more commonly associated with acidic ground wa-
terinvasion (e.g., Al-Hajri et al., 1999; Al-Ramadan et al., 2004).
Pore fluid is also important in the dissolution of carbonate ce-
ment, such as calcite cement (McBride et al., 1996).

The importance of dissolution of grains and cements in the
production of secondary porosity in the Narrabeen Group is
greater than in the lllawarra Coal Measures, even though lithic
and feldspar grains are more common in the lllawarra Coal
Measures. This may be due to more abundant circulation of
meteoric water in the Narrabeen Group (e.g., Mansurbeg et
al., 2008).

QUARTZ OVERGROWTHS

In the Narrabeen Group, thin section porosity is reduced by
quartz overgrowths but they are rare. In fact, in the Narrabeen
Group a very low positive correlation is recorded between
quartz overgrowths and thin section porosity. In lithic-rich sand-
stone, the abundance of carbonate cement and ductile grains
reduces the influence of quartz overgrowths on porosity. Quartz
overgrowths mainly occur in cleaner sandstone and hence they
have a moderate positive correlation with thin section porosity in
the Scarborough Sandstone. This means that when quartz
overgrowths are present, they may further reduce physical and
chemical compaction and preserve more primary porosity.
Thus, the influence of compaction on porosity may be reduced
by minor quartz overgrowths, preserving porosity in some sam-
ples (cf. Abouessa and Morad, 2009). Also, in lithic-rich sand-
stone, quartz overgrowths have a low negative correlation with
porosity. Here minor pore spaces are filled with quartz over-
growths further reducing porosity (cf. Molenaar et al., 2007).
Grain-coating clays around detrital quartz grains are common in
the lithic-rich sandstone, as indicated by scanning electron mi-
croscope studies (Fig. 4A). This process prevents the develop-
ment of quartz overgrowths, thus some primary porosity is pre-
served (e.g., Islam, 2009; Salem et al., 2005).

In quartz-rich sandstone, quartz overgrowths contribute to
the reduction of thin section porosity (cf. Islam, 2009; Fig. 4A).
They are present as pore-filling cement that reduces primary
porosity. Also, early carbonate cements are uncommon in
these samples; consequently quartz overgrowths effectively
decrease primary porosity. Quartz cement also inhibits further
compaction and fills pore space between grains, thus porosity is
reduced in quartz-rich sandstone (cf. Zhang et al., 2010). Pri-
mary porosity is more influenced by quartz overgrowths due to
the lack of ductile grains and carbonate cement in quartz-rich
sandstone.

In these samples, grain coating clays are also present and
can control the evolution of quartz overgrowths, preserving po-
rosity particularly in the Bulgo Sandstone (cf. Islam, 2009; Sa-
lem et al., 2005).
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RESERVOIR POTENTIAL
OF THE SOUTHERN SYDNEY BASIN

Mullard (1995) showed that the Stanwell Park Claystone,
Bald Hill Claystone and Wombarra Claystone would be good
seals in the Narrabeen Group. In this study, porosity is low in
the Stanwell Park Claystone, Bald Hill Claystone and Newport
Formation. Shale and siltstone beds are dominant in these for-
mations and they are poorly sorted and fine-grained. Thus, they
have low porosity. Siderite, ankerite, kaolinite and mixed layer
illite/smectite are present and reduce porosity in these forma-
tions. The factors including lithology, sorting, grain size and
diagenetic alteration reduce porosity, and thus the pore space
available for hydrocarbon occurrences is low. This indicates
that the Stanwell Park Claystone, Bald Hill Claystone and New-
port Formation are very poor reservoirs but are good seals in
the Narrabeen Group.

The environment of deposition in the Coalcliff Sandstone,
Scarborough Sandstone and Bulgo Sandstone was fluvial and is
not very different from the environments of many other typical flu-
vial groundwater and hydrocarbon reservoirs. The Coalcliff
Sandstone, Scarborough Sandstone and Bulgo Sandstone con-
tain medium- and coarse-grained sandstone, shale and silt-
stone. Medium- and coarse-grained sandstone are more com-
mon than shale and siltstone in these formations and are moder-
ately to well sorted with rounded to sub-rounded grains. They
have low to moderate thin section porosity which is higher in the
Bulgo Sandstone than in the Coalcliff Sandstone and Scar-
borough Sandstone. Thus, these formations are poor to moder-
ate reservoirs and probably contain gas or water (\Wolela, 2009).
Also, Mullard (1995) indicated that these formations could be hy-
drocarbon reservoirs in the Narrabeen Group. There are poten-
tial barriers to reduce the occurrence of gas or water in the me-
dium- and coarse-grained sandstone. These are represented by
mechanical compaction, carbonate cement, authigenic clays
and quartz overgrowths. Mechanical compaction occurs com-
monly in these medium- to coarse-grained sandstones and re-
duces porosity. Carbonate cement, authigenic clays and quartz
overgrowths also fill pore spaces and reduce porosity in the me-
dium- and coarse-grained sandstone. Thus the pore spaces
available for gas or water are probably low in these units as result
of diagenetic alteration. Minor secondary porosity occurs as a re-
sult of dissolution of grains and may provide some pore spaces
for gas or water in the medium- and coarse-grained sandstone.
In the Adigrat Sandstone, Wolela (2009) showed that medium- to
coarse-grained sandstone can be porous and permeable and
may be characterized by the presence of oil and gas. Well logs
showed the presence of porosity in the medium- to coarse-
grained sandstone in this study. The Coalcliff Sandstone, Scar-
borough Sandstone and Bulgo Sandstone are rich in volcanic
rock fragments which may form hydrocarbon traps according to
Ryan (2005).

The associated shale and siltstone units have very low thin
section porosity and consist of very fine poorly sorted grains in
the Coalcliff Sandstone, Scarborough Sandstone and Bulgo
Sandstone. Schoen (1996) showed that the preservation of pri-
mary porosity can be affected by grain size and sorting. Thus,
these fine units represent poor reservoirs and are recognized
as confining layers in these formations. Secondary clay miner-
als, particularly mixed layer illite/smectite, are common in the
shale and siltstone units and prevent the preservation of poros-
ity, thus pore spaces are unavailable for gas or water in these
units. This indicates that the shale and siltstone beds form local
seals in the Coalcliff Sandstone, Scarborough Sandstone and
Bulgo Sandstone.

Shale, siltstone and sandstone are also observed in the
Wombarra Claystone which is characterized by a dominance of
shale units. Thin section porosity in the shale and siltstone units
is further reduced by carbonate cement and clays, thus visible
porosity is zero. The shale and siltstone units are also poorly
sorted and fine-grained, thus porosity is very low in these units.
This indicates that the shale and siltstone units form lithological
seals and confining layers in the Wombarra Claystone. How-
ever, the few included sandstone beds have low thin section po-
rosity and are more porous than the shale or siltstone units. The
sandstone beds are moderately to well sorted with rounded to
sub-rounded grains. This indicates that the sandstone beds
could support gas or water resources in the Narrabeen Group
(Wolela, 2009). The influence of diagenetic alteration on reser-
voir quality can affect hydrocarbon occurrences in sandstone
beds. Pore-filing carbonate cement, particularly siderite and
ankerite, is present in the sandstone beds and causes addi-
tional porosity loss. Authigenic clays are also present as pore-
filling cements and they also cause a loss of porosity. These
factors reduce the pore spaces available for gas or water in
sandstone beds.

The Bulli Coal underlies the Coalcliff Sandstone and is a
source of gas in the Narrabeen Group. Ryan (2005) confirmed
that the lllawarra Coal Measures may be the source for gas in
the Narrabeen Group, providing evidence that gas in the Coal-
cliff Sandstone and in the coal measures has a similar composi-
tion. In this study, the base of the Coalcliff Sandstone contains
porous beds. Thus, gas probably migrated through these beds
to the upper parts of the Coalcliff Sandstone.

The migration of gas or movement of water may be affected
by folds and faults in the Narrabeen Group. Synclines have
been recorded as potential barriers to gas flow in the Narrabeen
Group. Faults may be present as seals and break anticlinal res-
ervoirs, thus they reduce the reservoirs in Narrabeen Group
(Dickey, 1981). This may suggest that faults are important in the
destruction of hydrocarbon reservoirs. In the Narrabeen Group
groundwater movement is probably controlled by faults which
can prevent free groundwater movement and form semi-iso-
lated groundwater reservoirs. This indicates that the presence
of faults probably changed the path of groundwater migration in
the Narrabeen Group.

CONCLUSIONS

The Narrabeen Group is litharenite and sublitharenite to
rare quartzarenite. The Narrabeen Group plot in the lithic conti-
nental to transitional recycled and quartzose recycled prove-
nance fields. A few samples from the Narrabeen Group plot in
the craton interior field. In the Narrabeen Group, quartz and
lithic grains are derived from the New England Fold Belt and an
eastern volcanic arc with minor contributions from the Lachlan
Fold Belt.

Petrographic data demonstrated that lithic grains are more
common in the Narrabeen Group. Feldspar grains are sparse in
the Narrabeen Group. Quartz includes monocrystalline and
polycrystalline quartz grains whereas feldspar grains consist of
K-feldspar and plagioclase. Rock fragments are volcanic or
sedimentary. Mica includes more common muscovite than bio-
tite. The heavy minerals comprise hematite, hornblende, rutile,
zircon and tourmaline in trace percentages.

Thin section and scanning electron microscope analyses
showed that carbonate cement is most common in the Narra-
been Group. Authigenic minerals included quartz overgrowths,
authigenic clay minerals, carbonate cement, authigenic feld-
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spar, authigenic pyrite and iron oxide cement. Authigenic clay
minerals are common, and are represented by kaolinite, illite,
mixed-layer illite-smectite and chlorite. Quartz overgrowths are
rare. Siderite, ankerite, calcite and dolomite are present as car-
bonate cements but siderite is dominant.

Secondary porosity is more common than primary porosity
in the Narrabeen Group. The influence of mechanical compac-
tion on thin section porosity is important. Carbonate cement is
prevalent, thus it has an important influence on thin section po-
rosity. Pore-filling clays are dominant and reduce thin section
porosity in this unit. Also, grain-coating clays preserve thin sec-
tion porosity in these units but their importance is greatest.
Lithic and feldspar grains are common and secondary porosity
caused by unstable grain dissolution is abundant.

The Wombarra Claystone contains common shale and
siltstone and minor thin sandstone beds. Thin section porosity
is absent in shale and siltstone units which form seals and
confining layers. Thin section porosity occurs in the more po-
rous sandstone beds in the Wombarra Claystone. These beds
probably represent minor gas or water resources. Visible po-
rosity is completely absent in the Stanwell Park Claystone,
Bald Hill Claystone and Newport Formation. These formations
include mainly shale and siltstone units which are poorly
sorted and are characterized by abundant clays. Visible po-
rosity is absent in shale and siltstone units since all intergranu-
lar spaces are filled with clay. Thus, the Stanwell Park
Claystone, Bald Hill Claystone and Newport Formation are

very poor reservoirs but represent good seals. On the other
hand, the Coalcliff Sandstone, Scarborough Sandstone and
Bulgo Sandstone are characterized by medium- and coarse-
grained sandstone with only minor amounts of shale and
siltstone. In these formations, the medium- and coarse-
grained sandstone is moderately to well sorted and shows low
to moderate thin section porosity. Thus, they represent poor to
moderate reservoirs and probably contain gas or water. The
Bulgo Sandstone contains the highest percentage of thin sec-
tion porosity in the Narrabeen Group. Thus, the volume avail-
able for gas or water probably is the greatest in the Bulgo
Sandstone. The Coalcliff Sandstone directly overlies the Bulli
Coal, thus it may contains larger amounts of gas than in the
Scarborough Sandstone and Bulgo Sandstone. Thus, coal
seam gas in the lllawarra Coal Measures may be the source of
gas in the Narrabeen Group.
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