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ABSTRACT

Glacial deposits within the Lower Kulshill Group (Late
Carboniferous-Early Permian)were initially recognised in
cores from onshore wells in the southeastern Bonaparte
Basin in the 1960s. Subsequent offshore wells have ex-
tended the distribution of the glaciogene units 100 km to
the north. Their capacity to entrap oil and gas was proven
by the Turtle and Barnett wells, located on the offshore
Turtle High. Similar age glaciogene rocks occur within
the Cooper Basin of central Australia, where they contain
oil and gas reserves, and in the Canning, Carnarvon and
Perth basins of Western Australia. Using sparse cores,
electric logs, palynology and a sequence stratigraphic
interpretation of 2D seismic data, the distribution of
potential reservoir sandstones and sealing lithologies of
the glaciogenic strata has been mapped for the offshore
southeastern Bonaparte Basin. This study highlights the
petroleum trapping potential associated with sub-glacial
ice tunnel valley features, which are widespread in the
offshore part of the basin.
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INTRODUCTION

Many papersdiscuss the Gondwanan glacial successions
of Western Australia basins (Foster and Waterhouse, 1988;
Redfern and Millward, 1994; Redfern and Williams, 2002;
O’Brien et al, 1998; Eyles and Eyles, 2000; N. Eyles et al,
2002,2006; C.Eylesetal, 2003; Apak and Backhouse, 1998,
1999; Langhi and Reymond, 2005; Mory et al, in press),
central Australia (Williams and Wild, 1984; Williams et al,
1987; Chaney et al, 1997), and eastern Australia (C. Eyles
etal, 1998; Reid and Burrett, 2004). Many of these papers
discussed the mechanisms of glaciogenic deposition, in
marine, paralic and non-marine setting, and the influence
on the development of reservoir facies, seals and source
rocks in relation to the identification of structural and
stratigraphic trapping mechanisms for hydrocarbons.While
passing mention is made of glaciogenic Gondwanastratain
the Bonaparte Basin (e.g. N. Eyles et al, 2002), no detailed
descriptions of these rocks has appeared in the literature
since Veevers and Roberts (1968) and Mory (1991) and
very few publications show Permo-Carboniferous glacial
activity inthisregion. Palaeogeographic maps (Fig. 1) show
the Southeastern Bonaparte Basin as located significantly
closer to the palaeo-equator than those areas known to
have been glaciated during the Permo-Carboniferous.

METHODOLOGY

Recognition of undoubted glacial deposits is sometimes
difficult, particularly when dealing with buried deposits
where a glacial origin can only be deduced from a combi-
nation of cores, electric logs, palynology and 2D and 3D
seismic data, often of varying quality and quantity. For
this study cross-sections through wells were constructed
using combinations of the gamma ray, deep resistivity,
density and sonic logs. Palaeontological information, the
location of cores, casing shoes and relevant lithological
observations (e.g. presence of glauconite, an indicator
of shallow-water, nearshore, marine sedimentation) are
placed on these sections. Lithology was obtained from a
combination of electric logs, core, sidewall cores and cut-
tings (in decreasing order of reliability). Cores examined
in the Western Australian core repository in Perth, and in
the Geoscience Australia core store in Canberra were tied
to electric logs by core gamma ray profiles where avail-
able. Alternatively they were tied by comparing salient
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Figure 1. Left: Palaeogeographic map (after Li and Powell, 2000) with palaeolatitudes following Baillie et al (1994), and Right: Solid geology
map with generalised stratigraphy of the southeastern Bonaparte Basin and location of petroleum exploration wells.

horizons in cores that could be correlated with the electric
log responses based on the expected responses of those
logs to the mineralogy or permeability of the marker beds
(e.g. calcite cemented sandstones, ravinement surfaces
composed of dense and impermeable graniticand quartzitic
boulders). Following the identification of the log facies,
petrophysical analyses of the characteristic log curves ex-
pected for the various lithofacies identified in the cores
were extended away from the cored interval to enclosing
strata in individual wells and laterally across the southern
part of the Bonaparte Basin. The seismic, well and outcrop
data base for this study is illustrated in Figure 2.
Palynological age dating follows Backhouse (1993) as
modified by Foster (in Summons et al, 1995), and Price
(1997). Spore and pollen assemblages date the enclosing
clastic strata, generally from locally defined palynostrati-
graphicunits,which have only peripheral grounding inglobal
chrono-stratigraphic schemes using pandemic marine organ-
isms. The composite palynology shown in Figure 3 follows
Purcell (2003a) and incorporates Backhouse’s work on the
Perth, Canning and Carnarvon basins. The correlations and
ages of Western Australian Permian marine faunas and the
palynological zonations discussed by Archbold (1998; 2002)
are used to establish the international correlation. Archbold
et al (1993) and Archbold (1998; 2002) attempted to place
the palynostratigraphy into a marine fossil-based chrono-
stratigraphy and eustacy (Fig. 3). This work was based on
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macrofossils from the Perth, Carnarvon and Canning basins
and some eastern Australian localities, but does not specifi-
cally describe the Bonaparte Basin stratigraphy: there are
still major areas, especially in the southeastern Bonaparte
Basin, where there is little independent age control. The
eustatic sealevel curve of Archbold (2002) has been used to
guide, but not force-fit the correlation of the southeastern
Bonaparte Basin stratigraphy. The absolute age timescale
and Stage names in Figure 3 are from Gradstein etal (2004),
as are the trends for the carbon and oxygen isotopes, the
latter used to distinguish warmer from cooler climates.

Correlation of lithologically similar units by wireline
log patterns is relatively straightforward in the marine
Permiansection of the southeastern Bonaparte Basin. Some
horizons, like the top Pearce Formation and top Dombey
Formation limestones, are present across a vast area and
arereadily traced onseismicsectionsandwell logs (Gorter,
1998).These thin marine units may be viewed as timelines,
but there is no internal verification, in the form of fos-
sils, that they are time transgressive. Compounding the
difficulty in using seismic stratigraphy to elucidate the
depositional patterns of the lithostratigraphic formations
is the probable low relief of the basin during deposition of
most of the Permian strata. Thus, any evidence of structural
discordance between unitsis extremely subtle, with uncon-
formities or disconformities difficult to detect, especially
on seismic profiles.
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Figure 2. Base map showing regional seismic lines and wells used in study.Also highlighted are areas A to D discussed in the text.

Unequivocal indications of the depositional environ-
mentof the Kulshill Group strataare difficulttofind in the
geological literature and in well completion reports. The
lack of well described outcrop sections and the fragmentary
nature of the stratigraphic succession from petroleum
wells,whichreliesonsporadic cores from limited intervals
(usually cuton hydrocarbon shows),and often fragmentary

and equivocal sidewall cores for sedimentological informa-
tion, do not allow full confidence in the environmental re-
constructions. Palaeontological information iscommonly
confined to spores and pollen and there is a complete ab-
sence of described macrofossil material. While rare micro-
fossilsare sometimesobserved in palynological preparation
from cuttings or sidewall cores, their provenance is hard to
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Figure 3. Stratigraphy of the Permo-Carboniferous of the Southeastern Bonaparte Basin,as revised by Eni Australia. The absolute age timescale
and Stage names are from Gradstein et al (2004), as are the trends for the carbon and oxygen isotopes, the latter used to distinguish warmer
from cooler climates, the Permian eustatic curve from Archbold (2002) and the palynological zonations used in this study (derived from
Purcell, 2003, and references within). Broad correlations are drawn with the stratigraphy in the Canning Basin (after Apak and Backhouse,
1999), where the glacial imprint is well established, and the Carnarvon Basin (after Eyles et al, 2002). The horizontal green line is a possible
ash fall horizon (defined by logs analyses) used to datum cross-sections shown later.
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determine due to caving down the boreholesor entrainment
of cutting in the drilling fluid. Similarly, the occurrence
of the sparse marine indicator genera, usually spinose
acritarchs, is complicated by reworking, particularly in
the glacially-influenced strata. Likewise, the occurrence
of marine geochemical signatures, like glauconite, may be
due to reworking of older glauconitic strata (e.g. earliest
Ordovician Pander Greensand). Despite these shortcom-
ings, the data, placed in context provide compelling though
circumstantial evidence of the depositional setting of the
Kulshill Group.

We have used descriptive terms with genetic
connotations, such as ‘tillite’ and ‘varve’, where they are
referenced from the literature, and the non-genetic term
‘diamictite’ for poorly sorted lithologies containing large
clasts.

Stratigraphy

KULSHILL GROUP

The Kulshill Group contains three formations as de-
scribed in offshore well intersections: the Kuriyippi
Formation, Treachery Shale and the Keyling Formation,
inascendingorder (Mory, 1988, Fig. 7). Onshore, the poorly
age-constrained Keep Inlet Formation is also included
in the Kulshill Group. To the northeast, the Port Keats
Grouporiginally contained the Kulshill Group and younger
Permian and Early Triassic strata, which are now included
within the Kinmore Group (Mory, 1991).

Underlying the Kulshill Group is thesiliciclasticWadeye
Sub-group of the Weaber Group. The Wadeye Sub-Group,
defined by Gorter etal (2005) and incorporating the onshore
Point Spring Formation and offshore Arco and Aquitaine
formations probably should be included within the Kulshill
Group as itis lithologically indistinguishable with a large
partoftheoverlying Kuriyippi Formation. Furthermore, it
is separated from the underlying Sunbird Formation and
older Weaber Group strata by a major erosional surface
(Gorter et al, 2005) thought to have originated by major
sea level fall associated with the onset of glaciation. Seis-
mic profiles do not show a clear distinction between the
Wadeye Sub-group and the overlying Kulshill Group. The
Wadeye Sub-group, which contains the Namurian to mid-
Bashkirian S. ybertii Assemblage (Fig. 3), is not discussed
further.

KEEP INLET FORMATION

The Keep Inlet Formation contains many indications
of glacial depositional environment. However, since
well dated measured sections are not available, precise
correlationwith the other formationsin the Kulshill Group
is difficult to quantify. The type locality was described by
Veeversand Roberts (1968, Fig.66) north of Cleanskin Bore
at 22/6 (located in Area A on Fig. 2). Drummond (1963) de-
scribed lightgrey, feldspathic calcareous quartz sandstones
with clay clasts, pebbles and boulders, some of upto2min
length, consisting of schist, slate, quartzite, gneiss, granite

and a Middle Cambrian glauconitic limestone from north-
eastof Cleanskin Bore. Striae found onaboulder here may
suggest a glacial environment of deposition. Veevers and
Roberts (1968) noted that the most common in situ rock
in this area was calcareous, feldspathic and lithic quartz
sandstone, locally pebbly. At the type locality, 22/6, the
calcareous sandstone contains pellets of green mud from
which animmature Strophalosia brachiopod was found,and
dated as Permo-Carboniferous, probably Early Permian (D.
Hill, inVeevers and Roberts, 1968). Mory and Beere (1988)
regarded this fossil as being from a reworked calcareous
sandstone block, but did not assign an age to the fossil.
Also recovered was a reworked Ordovician conodont (P.J.
Jones in Veevers and Roberts, 1968) and rare glauconite.
Exotic pebbles, cobbles and boulders from the area in-
clude several typesof fine-and coarse-grained pink granite,
granodiorite, pegmatite, porphyry, chert, gneiss, schist, si-
licified granule-pebble conglomerate, greywacke and my-
lonite common in the Proterozoic of the Kimberley Block,
and dominant pink orthoquartzite (Veevers and Roberts,
1968; Mory and Beere, 1988). Also recorded was a boulder
of massive light grey quartzite containing a plant stem,
and a Cambrian glauconitic limestone with Biconulites
(Veevers and Roberts, 1968). Veevers and Roberts (1968)
suggested a glacial origin for the sediments. The Early
Permian brachiopod remainsthe only body fossil recovered
from the Kulshill Group.

Subsequently, Backhouse (1981) reported Stage IlI
spores collected from dark grey claystone, 20-22 m be-
low modern tidal flat muds northeast of Cleanskin Bore,
suggesting that the Keep Inlet Formation mapped at this
locality by Drummond (1963) and Veevers and Roberts
(1968) is most likely equivalent to the upper Kuriyippi to
basal Quoin formations. This interpretation is based on
palynomorphs, which appear to belong to the Stage 2 to
G. confluens Oppel-zone (J. Backhouse, pers. comm., 2006).
No spinose acritarchs were observed.

McBain (1981) described Early Permian marine carbon-
aceous mudstones (claystones) and marine/littoral shelf
sandstones and glauconitic sediments from coal explora-
tion boreholes in the area around the Moogarooga and
Oakes creeks, immediately south of the type area of the
Keep Inlet Formation. Williams (1982) noted ‘conglomer-
ates and tillites’ in Utah coal bores in the Cambridge Gulf
area (located in Area B on Fig. 2), and described a ‘tillite
boulder weighing several hundred kilograms’ located on
the salt flats several kilometres from Permian exposures.
This boulder exhibited extensive grooving along one face
and was thought to be a glacial erratic, presumably re-
worked from Permian strata.

PORT KEATS AREA

The mostcomprehensive published geological summary
onthe Permian strata cropping outinthe northeasternpart
of the Bonaparte Basin in the NorthernTerritory is that by
Dickins etal (1972). The lack of fossils in strata older than
the Artinskian Fossil Head Formation marine sediments,
does not allow precise correlation of the scattered and low
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reliefweathered outcrop sectionswith the Kulshill-1,-2 or
Moyle-1 wells. However, rocks that could be of glaciogenic
origin are reported from several localities. For example,
at section 630 in the Docherty Hills (located in Area C on
Fig.2),irregularly bedded ‘tillitic’ sandstones with cobbles
and pebbles, interbedded irregular sand lenses, with tracks
and trailswere described (Dickinsetal,1972,Fig.9).Other
sections in the same region contain breccia, pebbles and
silt clasts, and 3 m of varve-like bedding is described from
section 602, which have a possible glacial origin. Dickins
etal (1972) also described several measured sections from
the Port Keats Group near Wadeye that included glacially
influenced strata (located in Area D in Fig. 2).

KURIYIPPI FORMATION

Type section: The formation is named after the Kuriyippi
Hills, located near Kulshill-2, with the type section from
1,784-2,801 m in Lesueur-1 (Mory, 1988). However, the
type section needs revision as the upper part of the unitis
genetically related to the younger glaciogenic sequences,
and is informally referred to here as the Blacktip Member
of the Treachery Formation. We have not redefined the
existing type section.

Stratigraphic relationships: Offshore, seismic profiles tied
to well intersections show that the top of the Kuriyippi
Formation isan unconformity surface with large erosional
channels (Fig 4). However, cores in the Turtle and Barnett
wells indicate that the upper-most conglomeratic beds
in these wells are probably genetically related more to
the overlying Treachery Formation glaciogenic stratathan
the Kuriyippi Formation. This is illustrated in Figure 5
where the base of the glaciogenic sequence is shown as
the dark blue unconformity. The base of the Kuriyippi
Formation is probably erosional on the Wadeye Sub-group,
but seismic sections suggest there is no great degree of
unconformity.

Lithology: Mory (1991) noted that the Kuriyippi Formation
consists of a series of upward-fining cycles overlain by gla-
cial strata. The cycles are generally 30-90 m thick and are
formed from sandstones with variable clay and carbonate
cements, overlain by carbonaceoussiltstone and shale.Con-
glomerates are reported from several wells, both offshore
and onshore. Coal was reported from the D. birkheadensis
Assemblage in several onshore stratigraphic holes. Cores
from the D. birkheadensis Assemblage-bearing Kuriyippi
Formation generally display characteristics of fluvial de-
position and lack marine microplankton. However, these
strata are not the main concern of this paper and no detail
is provided.

Age: In the northern offshore wells, the Kuriyippi For-
mation contains the M. tentula Zone at the top (where
recognised) and the D. birkheadensis Assemblage toward
the base, but in the onshore wells Bonaparte-1, Pelican
Island-1 and Skull-1, the youngest Kuriyippi Formation
contains only the D. birkheadensis Assemblage (Purcell,
2006) of late Namurian to late Westphalian age. M. tentula
as used by Purcell (2003a) is an older sub-zone of the Stage
2 microflora and is notable for the absence of P. confluens,
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butalso contains common monosaccate pollensand species
from the older S. ybertii and D. birkheadensis Assemblages
(possibly reworked).Backhouse (in Eylesetal, 2002, Fig. 2)
indicated that M. tentularanges from the latest Stephanian
through to the G. confluens Oppel-zone were it is relatively
common. As there are no marine macrofossils unequivoc-
ally described from the unit, the age of the formation is
considered here as Late Carboniferous (late Namurian) to
early Asselian (Fig. 3) on its stratigraphic position.

Distributionandthickness: The Kuriyippi Formation is recog-
nisedinall offshorewells that penetrated the Kulshill Group
and onshore in Kulshill-1 and -2. The formation occurs
in Pelican Island-1 and by correlation can be recognised
in the onshore wells Bonaparte-1, -2, Keep River-1 and
tentatively in several coal exploration boreholes north of
Skull-1.Inthese wells the uppermost beds correlated with
the Kulshill Group contain the D.birkheadensis Assemblage
(Purcell, 2006) indicating a correlation with the older part
of the Kuriyippi Formation. It is absent in Moyle-1 (Fig.
6) and Berkley-1, possibly by non-deposition, although
the formation may have been completely eroded before
the deposition of the younger Treachery Formation. The
thickest preserved section penetrated is about 900 m in
Lesueur-1 and in the Matilda-1 to Lacrosse-1 region the
formation is also thick, averaging about 600 m, with an
isolated thickness of about 600 m measured at Sunbird-1.
The thinnest offshore sections occur in the Barnett area
and Turtle-1 and Turtle-2 wells, possibly indicating that
the region was a palaeohigh, or that erosion was more
severe in this area.

Internal geometry: On seismic profiles the upper part of
the formationischaracterised by strong reflector contrasts
(Fig. 4) and channelling, whereas the lower part of the
formation above the Wadeye Sub-group is generally of
bland, poor contrast, reflectivity.

Depositional environment: The formation is dominated
by clastics with most sandstone-shale intervals showing
a sharp base and an upward-fining character indicative
of fluvial deposition. In the southeastern area, the basal
part of the formation has a series of upward-coarsening
cycles determined from the log profiles. These cycles can
be correlated between the Kulshill-1 and -2 and possi-
bly Sunbird-1wells, but elsewhere the upward-coarsening
signature is absent.

A series of thin, upward-fining clastic cycles within the
D. birkheadensis Assemblage interval near the top of the
formation in the Turtle-Barnett area (Fig 5) could be in-
terpreted as meandering stream deposits, as thereis little
evidence for a marine environment in the palynological
sampling. However, in several wells, glauconite has been
reported, which suggests, if it is not recycled, a shallow
marine environment. Bioturbation (Planolites, Chondrites,
Teichichnus and ?Zoophycus) is apparent in core 5 at Tur-
tle-1 in the D. birkheadensis Assemblage (Fig.5). In core 3
fromBarnett-1, stratacorrelated with the uppermost Kuriy-
ippi Formation within the D. birkheadensis Assemblage,
contain abundanttrace fossils including Palaeophycus and
Thalassinoides, indicative of shallow water environments
(Fig. 7a). The lateral extent of these thin units between
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Figure 4. Seismic profile running north from Lacrosse-1 flattened on top of the Ditji Formation (red) showing the erosive base Treachery
Formation (blue). The green coloured horizon is the top of the Treachery Formation (base Quoin Formation). Estimation of the minimum
erosion in the base Treachery Formation channels based on seismic two way time and well velocity information.The large channel on the left

is over 2 km wide at this location and about 150 m deep.

Turtle-1 to Barnett-3, and the correlations to Kulshill-1
and Matilda-1 indicates that these units are the lowstand
portionsof transgressive systems tracts with the highstands
either poorly developed, or more likely eroded (note in-
stances in Fig. 5 where there is an upper prograding ele-
ment to these units shown by the gamma ray character).
Seismic profiles show that the correlative section consists
of interbedded reflectors suggesting sandstone-shale inter-
bedding that persistover tens of kilometres, more indicative
of marine deposits than a fluvial-dominated depositional
regime (e.g. Fig. 4).Seismic profiles in the southern off-
shore region suggest northward directed thrust sheets in
strata below the base Treachery unconformity (Fig. 8). It
is interpreted that this belt of thrusting (located on Fig.
8) is a consequence of an ice sheet over-riding older sedi-
ments. The general sense of thrusting is to the north, sug-
gesting that the ice sheet was moving in that direction, i.e.
away from glaciated hinterland. Similar seismic character
associated with glaciotectonism has been illustrated from
Quaternary sediments in northern Wales by Harris et al
(1997). Such deformation is most intense where the ice

sheet is frozen to the substrate (e.g. Le Heron et al, 2005,
Fig. 10c).Veevers and Powell (1987) concluded that Gond-
wana ice was probably frozen to the substrate during the
Middle and Late Carboniferous (period of maximum cold
—Fig.3) and became wet-based in the latest Carboniferous
and Early Permian when maximum erosion probably took
place. Alternatively, the structures could be interpreted
as push moraines where the advancing ice sheet bulldozes
sediments in the direction of flow (Bennett, 2001).
Hydrocarbon potential: The Kuriyippi Formation contains
gas in Blacktip-1 and several other wells have residual oil
shows (e.g. Lacrosse-1, Turtle-1 and -2, Barnett-1 and -2).
Conventional plays associated with the Kuriyippi Forma-
tion include fault-related structures with roll back into
the faults (e.g. Lacrosse-1), and simple anticlinal features
(e.g.Blacktip-1, Turtle and Barnett). In both cases the top
seal is provided by the shales of the overlying Treachery
Formation, but lateral seal across faults is problematic as
most fault-related structures have only residual shows.
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Barneti-1: Core 3, 1542.3 m

Trace fossils are:

Bametll-3, 1496.05-1456.28 m

BARNETT +

Trace fossils are:

Figure 7A. Core 3 from the upper Kuriyippi Formation or lowermost Treachery Formation Blacktip Member of Barnett-1 showing abundant
bioturbation in the D. birkheadensis Assemblage. Figure 7B. Core 2 from the upper Treachery Formation of Barnett-3 with abundant bio-

turbation in feldspathic sandstone with traces of glauconite.

TREACHERY FORMATION

Type section: The Treachery Formation was defined as
the Treachery Shale by Mory (1988) and named after
Treachery Bay near Wadeye community. The type section
was designated between 1,094 m and 1,277 m in Kulshill-1
(see Fig. 6). The formation also includes the informally
named Blacktip Member (the A6 reservoir at Blacktip-1).
A reference section is proposed between 2,827.3 m MDRT
and 3,072.8 m MDRT in Blacktip North-1 (Fig. 9).

Stratigraphicrelationships: Mory (1991, p15) considered that
the Treachery Formation conformably overlies the Kuriy-
ippi Formation ‘except in the vicinity of Barnett-1 where
seismic data indicate that it disconformably overlies the
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Kuriyippi Formation’. However, seismic profiles clearly
demonstrate that this relationship is unconformable
over a wide area of the southeastern Bonaparte Basin
(e.g. Fig. 10). The well log correlation presented in Figure
5 also suggests an unconformable contact between the un-
derlying Kuriyippi Formation within the D. birkheadensis
Assemblage and the overlying heterolithic Blacktip Mem-
ber of the Treachery Formation within the G. confluens
Oppel-zone.

Seismic profiles often show the presence of clinoforms
within the Treachery Formation. The progradational char-
acter is illustrated on a seismic line through Sandbar-1,
where there are at least two progradational packages (Fig.
10). However, because of the various vintages of 2D seismic
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Figure 10. Southwest-northeast seismic profile showing the progradational character within the Treachery Formation southwest of Sand-

bar-1.

data quality and later faulting, it is not possible to carry
these clinoform surfaces far from well control.

Lithology: The formation is described as predominant-
ly ‘carbonaceous, argillaceous, tillitic and varved silt-
stone; with claystone and minor amounts of sandstone’
(Mory, 1991, p.15). Cores in several wells have a massive
diamictite fabric with exotic pebbles, some possibly
facetted (Fig. 11). Core descriptions from older wells
(Kulshill-1 and Moyle-1) indicate diamictites (Duchemin
and Creevey, 1966; Brophy, 1966), some with facetted and
striated pebbles, but unfortunately these examples could not
be located in the samples retained by Geoscience Australia.

While in the southern wells Cambridge-1, Matilda-1
and the Turtle and Barnett wells, the proportion of coarser
grained material appears low from the gamma ray logs,
coarser grained sandstones are present in some inter-
sections of the Treachery Formation, particularly in the
Blacktip-1 area where the A5, A5.5 and Blacktip Member
(AB) reservoirs are gas-bearing.

Age: The Blacktip Member contains the G. confluens
Oppel-zone inseveral wells, including Blacktip-1, Blacktip
North-1,Turtle-1and possibly Barnett-1, indicating that it
is younger than the bulk of the Kuriyippi Formation with
the Moscovian D.birkheadensis Assemblage.The rest of the
formation contains the G. confluens Oppel-zone of Foster

and Waterhouse (1988). Eyles at al (2002, Fig. 2) showed
that the G.confluens Oppel-zone was restricted to the early
Sakmarian and that the eponymous spore was confined to
that zone. Macrofossils from the G. confluens Oppel-zone
in Calytrix-1 in the Canning Basin were dated as late
Tastubian by Archbold (1995). Stephenson and Angiolini
(2006) found that the maximum rate of deglaciation oc-
curred around the time of the Granulatisporites confluens
Oppel-zone in the late Asselian-early Sakmarian.

Distribution and thickness: The formation has been recog-
nised onwireline logs in all offshore wells that penetrated
the Kulshill Group. Onshore the formation occurs in the
Kulshill wells and Moyle-1, is probably represented in
the Keep Inlet Formation near Cleanskin Bore, and in
outcrops on the eastern side of the basin where glacial-
ly influenced strata crop out. In wells the thickness of
the Treachery Formation, including the coarser grained
Blacktip Member, ranges from about 250 m in Blacktip
North-1, Barnett and Turtle wells, to more than 300 m in
the Kulshill-1, Kingfisher-1 and Sunbird-1 region. The
formation thins towards the basin margins as shown by
intervalsofabout 100 min Berkley-1and 130 min Moyle-1,
where the Treachery Formation rests unconformably on
igneous basement.

Depositional environment: No macrofossils have been re-
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Kulshill-1

: Core 11,
~3779° (1151.8m)

CP 125 1612.5m, 6.8%
porosity, <0.01 kmH,

Turtle-2: r3 *_

Figure 11. Massive, matrix supported diamictite fabrics from the Treachery Formation.A: Possible dropstone from core 3 in Turtle-2, note
disrupted bedding, B: Possibly facetted dropstone in Turtle®2 core 3, C: Possibly facetted granite dropstone from core 11 in Kulshill 1.

ported from the few cores cut in the formation or from
cuttings, but if the Strophalosiareported from the Keep In-
let Formationisinsituitmay confirmamarine depositional
environment for partof the Treachery Formation. However,
without a detailed stratigraphic section it is impossible
to rely on this occurrence as a depositional environment
indicator. Glauconite has been reported from the formation
inseveral wells, with up to 3% recorded from sidewall core
in Barnett-2. In this particular instance, the glauconite
is pelletal and may be in situ. Much of the glauconite
reported from cuttings may be mis-identification of other
minerals,or reworked, plausible inthe glacially influenced
depositional environment.

There are only minor indications of the depositional
environment from palynology, with the sporadic occurrence
of spinose acritarchs, but these may also be reworked. In
contrast, there are several instances where the palyno-
logical assemblages contain genera such as Botryococcus
and Reinschia -related telalginite that indicate freshwa-
ter environments or influx (C.B. Foster, Geoscience Aus-
tralia, pers. comm., 2007). The acanthomorph acritarch
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Baltisphaeridiumisreported fromtheTreachery Formation
in Blacktip-1 and Turtle-1, and the spinose acritarch Ula-
nisphaeridium is recorded from the top of the Treachery
Formation in Turtle-1. Species of Ulanisphaeridium in
Oman are found in the deglacial marine transgression
(Stephenson and Osterloff, 2002).

Trace fossils are sometimes abundant in the cores (e.g.
core 1 from Barnett-3) and attest to an active infauna, but
few are diagnostic for marine depositional environments.
Core 1atBarnett-3,where Teichichnusand Planolitesare de-
scribed (Fig. 7b) contains glauconite and pebbles, possible
dropstones, again suggesting a glaciomarine depositional
environment. Core 3 in Turtle-1 also contains marine bio-
turbation including; Ophiomorpha, Arenicolites, Planolites,
Palaeophycus, Rhizocorallium and possibly Zoophycus. The
influx of fresh water during deglaciation probably cre-
ated a‘brackish-sea’,which may explain why the ichnology
doesnotfollow the ‘classic’ ichnofacies models of marginal
marine settings where rapid fluctuations of salinity occur
(cf. Pazos, 2000; 2002).

Cores from the basal Blacktip Member in Barnett-1
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Figure 13. Formation micro imaging logs showing a possible large boulder at 3,077 m within the A6 reservoir at Blacktip—1 (Blacktip Mem-
ber of the Treachery Formation). The interpretation is enhanced by the high resistivity and density of the feature and the low gamma ray
response. The overlying beds are draped over the feature and the underlying beds are compressed as shown by the structural dips. There
is no suggestion of bedding through the object that could be compatible with a concretionary origin. Boulders of this size are difficult to
transport far from their provenance, except by ice. (Image from Burns et al, 2007).
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Figure 14. An interpreted ravinement surface; reworked and sub-rounded exotic pebbles lie unconformably across massive diamictite from
which they were probably reworked. Core 3 is from near the top of the Treachery Formation in Turtle-1, possibly analogous to, but older
than, the A5 reservoir at Blacktip-1, although in a more proximal location.

and -3, and Turtle-1 and -2 (Fig. 5), display heterolithic
facies. In Blacktip North-1, core 2 in the Blacktip Member
shows characteristics of rapid, high energy deposition, with
de-watered sandstones and boulder conglomerates (Fig.
12). Image logs from Blacktip-1 show a possible metre-
sized boulder within the Blacktip Member (Fig. 13). Cores
from Barnett-1 and Blacktip North-1 (Fig. 12) indicate
disturbed bedding within the Blacktip Member, attrib-
uted here to sub-glacial over-riding of semi-lithified sub-
strates (glaciotectonics), which can also be interpreted
from seismic lines (Fig. 8). Similarly, Le Heron (2007, Fig.
2) described sub-glacial strata in the Late Ordovician of
Morocco as massive sandstones and conglomerates that
displayed evidence of glaciotectonism,and are overlain by
diamictite. These deposits bear a strong lithological simi-
larity and depositional position to sediments immediately
below the diamictites in core 3 from Turtle-2 and core 1
in Barnett-1, which lie above the dark blue unconformity
as shown in Figure 5.

Log curves are not diagnostic for the depositional
environment in the Treachery Formation; few clear-
ly upward-fining to coarsening-upward cycles can be
interpreted and correlation between wells relies on sub-
tle inflexions on a variety of logs (Figs 5-6). In addition,
where the sonic log shows a tight streak, in core gamma
ray correlation to down hole logs, this is typically due to
boulder beds (?ravinement), diamictites (sometimes con-
taining large granitic clasts), or carbonate cements.Where
these soniclog peaksoccur at the base of agenerally blocky
high gamma ray interval, they can be interpreted, based
on core 3 at Turtle-1 (Fig. 14), as ravinement, particularly
whenthey can be readily correlated to nearby wells. Similar
sonic, density and neutron spikes within bland shale or
sandy packages may be interpreted as dropstones or rafted
boulders of dense material (Fig. 13), especially when no
direct correlation of the log profile can be made to offset
wells (see Levell et al, 1988, Fig. 14 for a discussion on the
log responses to glaciogene facies).
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Figure 16. Schematic showing the formation of tunnel valleys (after
Boulton and Hindmarsh, 1987).

A key to the identification of the depositional
environment of the Treachery Formation lies in the exten-
sive network of channels cut into the underlying Kuriyippi
Formation (Fig. 15). The mapped channels in the offshore
area are at least 150 m deep, and at least a few kilometres
across (Fig. 4). Some of the mapped channels exceed 100
km in length. The width appears to vary along the channel
length and the channel bases undulate, with the distal
end appearing to shallow. The channel network has char-
acteristicsincommon with proven glacially-related tunnel
valley features in Ordovician strata (Le Heron et al, 2004),
Permo-Carboniferous rocks (e.g. Visser, 1988; Eyles and
de Broekert, 2001; Langhi and Reymond, 2005), and in
the recent glaciation (e.g. Woodland, 1970; Sugden et al,
1991; Stewartetal, 2005). Characteristics of tunnel valleys
in the German lowland (Hinsch, 1979; Kuster and Meyer,
1979; Ehlers, 1981): indicate they are up to 450 m deep,
six kilometres across, and up to 100 km long, with steep
sides and flat bottoms. The width varies along the length
of the channel and along channel profiles show undulating
bases. Similar features are noted from tunnel valleys in
the Witch Ground area of the central North Sea by Loner-
gan et al (2006). These tunnel valley characteristics are
very similar to those mapped in the offshore southeastern
Bonaparte Basin (Fig. 15).

Figure 17 schematically shows the formation of the tun-
nelvalley play (and also the development of the buried hill
play) discussed later. The locations of potential channel
sands are shown in yellow.

The clinoforms seen on seismic profiles (e.g. Fig. 10)
can be explained in terms of the glaciation model by out-
flow of over-pressured sediment-laden meltwaters from
beneath the ice sheet, probably into a standing water
body, either freshwater or marine. In the high sediment
discharge model shown in Figure 18 (after Powell, 1990;

Le Heron et al, 2004), the initial sediment deposited in
front of the ice sheet are coarse-grained sandstones, often
with conglomeratic fabrics, similar to that seen in cores
from Turtle and Barnett wells. A plume of finer-grained
material ascends upwards in the water columnwith denser
material progressively dropping out of the water column
away from the ice front (muds, rain-out diamictite etc,).
Thismaterial can be associated with erratic blocks dropped
from the icebergs calved from the ice sheet (Fig. 19, after
Brodzikowskiandvan Loon, 1987) resulting in the develop-
ment of wedge-shape geometriesthinningdistally fromthe
ice front (i.e. the clinoforms seen on seismic profiles). This
model also shows the possibility of turbidites deposited in
the basin away from the ice front (discussed below).

A marine environment in front of the ice sheet is
suggested by the sparse trace fossils seen in cores
(discussed above). Buatois et al (2006) noted that in gla-
cially influenced basins, such as the Parana Basin in
South America, the trace fossils suite was depauperate
and characterised by freshwater ichnofaunaresulting from
the extreme release of freshwater into the marine environ-
ment. Pazos (2000) suggested after a study of trace fossils
fromthe glacial-postglacial transition of the Paganzo Basin
of Argentina that the palaeogeography of the basin indi-
cated only partial connection with an open marine realm
but the large influx of fresh melt water during glacial
retreat may have created a brackish sea and explain why
the ichnology of the Paganzo Basin does not exhibit the
usual ichnofacies of marginal marine settings. Similar
conclusions were reached by Pazos (2002) after further
study of other southern American and African glacially
influenced sedimentary basins.

The models shown in Figures 18 and 20 indicate that
basinward of the ice frontsubmarine turbidite fans, derived
fromthe under-flow could be deposited. According to Eyles
(1993), glacially influenced shelf and slope deposits are
formed from gravity flows of glacially-derived sediment
from shallowwater and rain-out fromthe base of afloating
icesheetorfromicebergs (dropstones, rain-outdiamictite)
and such processes account for most glacial deposition in
the geological record. Glaciomarine turbidites are typically
high-concentration flows, with a high proportion of coarse
grains, particularly in proximal parts of the depositional
system and are commonly associated with debris flows,
although distal deposits may be indistinguishable from
fine-grained turbidites formed in other marine settings
(Eyles, 1993).

Theintra-Treachery A5and A5.5 reservoirsat Blacktip-1
are interpreted as such turbidite deposits. While there
is no direct evidence for a turbidite origin, the location
basinward of the prograding sections north of Cambridge-1
suggests that such an environment is consistent with the
regional depositional model. Turbidites may also occur
in the Treachery Formation at Lacrosse-1, where a simi-
lar log character is developed and the enveloping shales
contain exotic pebbles, probably dropstones.The cross-sec-
tion shown in Figure 20 indicates that the sandy intervals
in the Treachery Formation increase to the north with
two sandy intervals seen in the Blacktip area: each sandy
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Figure 17. Model for the development of buried hill and tunnel valley fi

interval probably reflects a discrete prograding package
indicating that there may have been several ice advance-
retreat cycles within the Treachery Formation.
Astherearenocorescutinthe possible turbiditic facies,
evidence to support a turbiditic origin for the A5 and
A5.5 reservoir sandstones within the Treachery Forma-
tion at Blacktip-1 relies on inferences from the deposi-
tional models supported by image logs from Blacktip-1
showing soft sediment deformation (Burns et al, 2007),
cuttings and sidewall core-derived sedimentological and
palynological information, and wireline log signatures
(Fig. 21). Sidewall cores above the Blacktip Member (A6
reservoir) in Blacktip-1 contain spinose acritarchs and
glauconite, which, if in situ, constitutes evidence for a
marine depositional environment. A possible analogue
for the depositional environment of these sandstones is

88—APPEA Journal 2008

Il reservoirs.

the Wicherina Member of the Nangetty Formation in the
northern Perth Basin described by Eyles et al (2006).

Hydrocarbon potential: Oil and gas shows are often seen
within the sandstone unitsintheTreachery Formation.Gas
istrapped inthe A5,A5.5and A6 reservoirsinthe Blacktip-1
structure, a simple anticline. Other plays associated with
the Treachery Formation and not relying on dip closure
are discussed later.

Provenance of erratic material in the Treachery
Formation

No comprehensive provenance studies have been
carried out for sediments in the Kulshill Group, although
petrological studies reported in well completion reports
quantify the igneous and metamorphic components of
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Figure 18. Ice proximal depositional models under high sedimentation discharge for the seismic signatures shown later in Figures 37 and
38 (after Powell, 1990; Le Heron et al, 2004). Note the basinward extension of fans derived from underflow. The initial tunnel valley fill is
deposited proximal to the ice front.
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Figure 19. Environments and sediment types associated with marine ice-margin deposition (Redrawn after Brodzikowski and van Loon,
1987).

sandstones from the Kulshill Group. However, the miner- from the nearby Antrim Plateau Volcanics, but may have
alogy cannot, on its own, be used to distinguish specific come from other volcanic units in the vicinity, or con-
provenance areas. For example, volcanics reported from ceivably carried by ice from much further a field. Rare
Sunbird-1 in the Kuriyippi Formation presumably came reworked microfossils also shed light on the provenance.
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Figure 21. Characteristics of reservoir intervals in the Treachery Formation and Blacktip Member at Blacktip—1 based on cuttings and side-
wall cores. 1-15 refers to constituent spores and pollens from the G. confluens Oppel-zone, 18 and 19 are lycopods and ferns, 20-25 refers
to constituent spores and pollens from the D. birkheadensis Assemblage with 25 the spore S. ybertii; 16 to 36 are environmental indicators (29
= spinose acritarchs, 33 = glauconite, 35 acanthomorph acritarch Baltisphaeridium sp.). A key is provided below, left.

Environmental Key to Kulshill Group Figure 21

Key Presence of: Key Presence of:
1 6. con uens 19 Fe.ms -.Punctatisporites,Apicu-
latisporites

2 A. cornutus 20 D. birkheadensis

16 H. ramosus 21 R. fairleaensis

4 M. tentula 22 A. concinnus

5 M. grandegranulata 23 A. cristatus

6 D. rotundidentatus 24 A. tricuspidata

7 C. cymbatus 25 S. ybertii

8 J. pseudozonatus 26 Maculatisporites

9 Tgeniate pollen - Protohaploxy- 27 Spongocystia
pinus spp

10 Monosaccate pollen 28 Botryococcus

11 Divarisaccus 29 Spinose acritarchs

12 Stellapollenites 30 Leiosphaeridia

13 Caheniasaccites 31 Reinschia

14 Cannanopollis 32 pyrite

15 Plicatipollenites 33 glauconite
Fragmentary assemblages, equi

16 dimensional woody fragments, 34 megaspore fragments
amorphous debris
Better preserved spores and

17 pollen, large cuticle and wood 35 Baltisphaeridium
fragments

18 o e i 36 Ulanisphaeridium

Indotriletes, Gondisporites

Nicoll (1995) reported a reworked Early Ordovician con-
odont from the Keep Inlet Formation (Jones, inVVeeversand
Roberts, 1968; (V and R 22/6) indicating that Ordovician
strata were being eroded by the icesheet, and possibly

Devonianintraclast limestone pebblesare recognised from
core 12 in the Treachery Formation of Kulshill-1 (Fig. 22).
Some clasts also have distinctive lithology that enables
correlation to known rock units that crop out to the south.
For example, a boulder found in core 3 near the top of the
Blacktip Member of the Treachery Formation at Turtle-2
(Figs 5 and 22) has been identified as a likely transported
example of the 1,785 Ma Hart Dolerite granophyre (S.
Sheppard, GSWA, pers.comm. 2006), which crops out some
150 km due south of the well in the lvanhoe Fault area
(shown at the base of Fig. 2).

QUOIN FORMATION (NEW NAME)

Type section: The formation is named after Quoin Island,
located near Keyling Inlet on the Victoria River. The type
section is between 1,145 m and 1,350 m in Barnett-1, and
a reference section is established in Blacktip-1 (Fig. 23).

Stratigraphic relationships: The Quoin Formation was pre-
viously included within the Keyling Formation of Mory
(1991), but the recognition of the lithologically distinct
and mappable Ditji Formation in the middle of the origi-
nally defined Keyling Formation, and the distinct change
in microflora at the base of the Ditji Formation, suggests
that the ‘lower Keyling Formation’ has more in common
with the underlying Treachery Formation, with which it
shares the G. confluens Oppel-zone microflora. The base of
the Quoin Formationissharp onlogs (e.g. Fig. 23), possibly
indicating an unconformity although there is no obvious
microfloral change.

Lithology: The gamma ray logs show that the basal part
of the Quoin Formation is sharp-based blocky sandstone
interval, followed by a generally upward-fining trend, with
thinner sandstone beds and a greater abundance of silt-
stones and shales. Most sandstone-shale trends within the
formation have a sharp base and an upward-fining char-
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Figure 22. Examples of possible ice rafted clasts. Left: Hart Dolerite granophyre in poorly-sorted, grain-supported diamictite; Middle: pos-
sibly similar sourced angular igneous clast in massive diamictite; Right: Possibly Devonian intraclast limestone in massive, matrix-supported

diamictite (note also the possible vertical burrow).

acter (Fig. 23). In Figure 6 a distinct and characteristic
high gamma ray horizon can be traced between wells; the
lithology may be interpreted as diamictite as shown by
cores in both Kulshill-1 (Duchemin and Creevey, 1966)
and Moyle-1 (Brophy, 1966).

Age: The Quoin Formation contains the G. confluens
Oppel-zone. The minimum age of the formation is thus
Sakmarian (Fig. 3).

Distribution and thickness: The Quoin Formation has been
recognised in all wells that penetrated the Kulshill Group.
However, the identification of the Quoin Formation is poorly
constrained in Tern-1 as palynomorphs are generally un-
datable because of the advanced thermal maturation (Pur-
cell, 2003b). The thickest section is in the vicinity of the
Kulshill-1 and -2 wells where about 750 m was drilled.
The formation thins towards the northwest with a 120 m
thick section interpreted at Tern-1. The Quoin Formation
is about 200 m thick in the Barnett and Turtle area. The
formation thickness to the south and onshore is difficult
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to determine because of later erosion and a lack of dated
strata in coal exploration boreholes.

Internal geometry: On seismic profiles the Quoin Formation
is generally bland with no obvious internal layering or
channel incision (e.g. Fig. 10 where the Quoin Formation
lies between the top Treachery Formation and the Ditji
Formation). In the Turtle-Barnett region a characteristic
high gamma ray interval can be carried between all wells
(Figs 5 and 23) and this unit is occasionally traceable on
seismic profiles.

Depositional environment: The formation is dominated by
clastics with most sandstone-shale intervals showing a
sharp base and an upward-fining character indicative of
fluvial deposition (Fig. 23). Cores in the formation are
scarce and generally do not show any environmentally
diagnostic features in the sandstone-dominate facies. Cores
available for inspection inthe Geoscience Australiafacility
in Canberra are fragmentary and it is difficult to match
the pieces with the original core descriptions (Fig. 25).
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Figure 23. Type section of the Quoin Formation in Barnett-1 correlated to a reference section in Blacktip—1. Note the correlation of a
possible glacially-influenced shale interval (Tillitic marker) within the Quoin Formation.

Image logs from Blacktip-1 (Burnsetal, 2007) suggest that
the Quoin Formation in Blacktip-1 was deposited in tidal
channels and tidal flats, whereas cores from the formation
in Kulshill-1suggestanearshore to continental originwith
no reported marine microplankton, large pieces of fossil
wood and coals,and polymict conglomerates. Pebblesin the
conglomerates are generally rounded but show abundant
percussion marks and possible striations, consistent with
an energetic depositional environment (Fig. 25).

The highgammaray interval noted in the Turtle-Barnett
region hasalogsignature similar to that of provenglacially
influenced strata in lower stratigraphic horizons (Fig.
6), and as noted above, contains some glacial diamictite
at Moyle-1 and Kulshill-1. This is considered evidence
to support the reoccurrence of waning glaciation higher
than the Treachery Formation, and again in strata that
contains the G. confluens Oppel-zone. The complete lack of
any marine fossils in the palynological samples supports
a non-marine environment although faint bioturbation is
present in core 9 at Kulshill-1, associated with limestone
pebbles. The Quoin Formation was most likely deposited
as a response to deglaciation of the hinterland, allowing a
large quantity of glacially weathered and eroded material
to be transported as outwash northwards into the basin.
In the Canning Basin, core from the Calytrix Formation in
Calytrix-1 contains marine shells, but the corresponding

palynomorph assemblage, G. confluens Oppel-zone ac-
cording to Foster and Waterhouse (1988), and Apak and
Backhouse (1999, Appendix 2), has no clear evidence of
marine depositional environments. This suggests that a
lack of marine indicators in the G. confluens Oppel-zone
is more a function of the sampling method for the paly-
nomorphs (i.e. from cuttings and sidewall cores) and a
more extensive conventional coring program may have
revealed macrofossils fragments and examples of marine
bioturbation (note bioturbation mentioned from coreswith
the G.confluens Oppel-zone in Melaleuca-1and Calytrix-1).
The lack of abundant marine indicators may be a result
of the development of the long-lived brackish seas as dis-
cussed by Pazos (2002) who noted that the combination
of low water temperatures and reduced salinity may have
been unfavourable for benthonic animals.

Hydrocarbon potential: The formation contains reservoir
quality sandstone and sufficient intraformational shale
units to afford seal. In Blacktip-1 the Quoin Formation
contains gas in the A4 reservoir (Leonard et al, 2004).

DITI| FORMATION (NEW NAME)

Type Section: The Ditji Formation is named after Ditji
Beach, west of Kulshill-1. The type section is located be-
tween 1,721 and 1,795 m in Kinmore-1 (Fig. 26). It has not
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