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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



