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PREFACE

In March 1996, a joint venture project between the Gecdddnstitute in Bonn (Rheinische
Friedrich-Wilhelms-Universitat), Germany, and the AustraliaGeological Survey
Organisation (AGSO) in Canberra was initiated. Prof. BrSchéafer (Geological Institute,
Rheinische  Friedrich-Wilhelms-Universitat Bonn)  applied tahe  Deutsche
Forschungsgemeinschaft (DFG) for financial assistafdéeoproject ,Sedimentologie und
Provenanz von Konglomeraten als Schlissel fur die Tékaies Bowen Basin im Vorland
des New England Orogen, Ost-AustralieBefimentology and provenance of conglomerates
in the foreland of the New England Orogen as a key to the tectonic wamdbngt of the
Bowen Basin, Eastern AustraliaWithin the proposal, the author was suggested as the
research assistant working at AGSO and being supervised BRuBsell J. Korsch.

AGSO subsequently changed its name to GeoscienceafagiGA) and shall therefore

be referenced in this thesis as GA.

The proposed project was followed the line of cooperatgearch in the past. Prof. Dr.
Andreas Schéfer and Dr. Russell J. Korsch (GA) haven bsorking on the tectonic
interpretation of the Saar-Nahe Basin in western Gerri@ORSCH& SCHAFER 1991, 1995;
SCHAFER & KORSCH 1998). Their common interest in the sedimentation and
tectonostratigraphic evolution of Permian-Triassidreedtary basins in Eastern Australia set
the cornerstone for this thesis. In September 1996, uti®imastarted working at GA. His
research was integrated into the proj@actonic framework of Eastern Australidinanced
by the Australian Geodynamics Cooperative Researctr€®GCRC) and led by Russell
Korsch. In March 1997, the proposed joint venture projext approved by the DFG.

The main study area was chosen in an area of spediahie interest, crossing the fault-
dominated, eastern margin of the Early Permian-Middl@s§ic Bowen Basin in the
subsurface. Here, the Permian-Triassic rocks are ab\m®rejounger sediments. Cores and
geophysical data provide the only information of the BowesirBaedimentary record. The
initial aim was to produce a better understanding ofth®luction-related processes that left
the Bowen Basin in a foreland position, although it isegelty interpreted as being initiated
by back-arc extensional processes. The issue wasttira accommodation record from the
provenance area of the New England Orogen to theteaste conglomerate horizons of the



Bowen Basin that crop out to the west, crossing the suttsugrea of interest. Moreover, the
tectonic events that created the unusual subsurface ggoitiee Late Devonian to Late
Carboniferous fore-arc sediments of the Tamworth 8atiformably overlain by the back-arc

Bowen Basin succession, needed clarifying.

The Bowen Basin in Eastern Australia is contiguous whiéh Gunnedah Basin farther
south. The two corresponding basins were examined inityi@h the main study area; the
Gunnedah Basin to the south-southwest (in northern NeithS@wales) and the Bowen Basin
to the north (in southern Queensland). In both arezsniBn-Triassic conglomerates crop out
and well control is available. Drill cores were anatysand, where possible, correlated with
outcrop data. At least some of the conglomeratiizbas could clearly be linked to the New
England Orogen as being the provenance area, although lpgigad control is sparse.
However, the approach to trace the sedimentary reobrthe Gunnedah-Bowen Basin
conglomerates from the depocentre across the subsiBtagen Basin to a specific source

area failed.

As a result, the field of interest gradually shifted. Kbg to understanding the history of
the Bowen Basin was now searched for at the bageed?érmian-Triassic basin. Focus was
drawn to the apparently conformable stratigraphic relatipnisetween the successions in the
Bowen Basin and the underlying Tamworth Belt. The baschitcture and tectonic
evolution of the Tamworth Belt was now also target&sl.the main tool to examine the
subsurface geometry of the fore-arc basin along the edstsr of the Bowen Basin, shallow
seismic reflection profiles (on average 4 seconds tap-iravel time) were interpreted. In
order to provide more detailed information on the geometrthe area under investigation
and to complement the seismic interpretation fortdwtonic setting of the Tamworth Belt,
aeromagnetic and gravity data were also reprocessedtanut@ted.

During the author's time of research, one supporting pames published in the
proceedings of the NEO ‘99 Conference in Armidale, NewtiS®Vales, covering a talk on
the subsurface geometry of the Tamworth BelrR@NENBERG et al. 1999). Another paper has
been published in a Special Publications volume of the dgaall Society of London

(WARTENBERGEet al. 2003).

This thesis is based on the author's research in #iastr
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ABSTRACT

The subsurface geometry and tectonic development of the Dev@ar@oniferous Tamworth
Belt, a fore-arc basin in the New England Orogen, Eagtestralia, has been examined using seismic
reflection, drill core data, aeromagnetic and gravityadat the study area, in southern Queensland,
the belt is covered discordantly by up to nearly 2000 metrésratsic-Cretaceous sediments.

The Tamworth Belt is affected in the west by the Modréellt, a short-cut thrust fault, which
exhibits a fault-bend-fold geometry. An elongated positivgmetic anomaly is associated with the
Moonie Fault, although the fault strikes beneath the thickddi@c cover. The western extent of the
fore-arc basin lies far to the west of the study areapitmitably is bounded by the Leichhardt Fault, a
thrust fault that seems to root onto the same thrusatfidepth.

A major westward-dipping structure forms the main eadteundary of the belt, with a series of
eastward-dipping backthrusts located farther to the wéw. eastern margin also coincides with a
gravity and magnetic ridge, similar to the gravity and magngattern of the Lower Devonian
serpentinites and iron-enriched rocks that are expdead the Peel Fault to the south.

In the study area, the Tamworth Belt is over 75 km wide asad&an shortened by at least 35 km
across strike. The sedimentary succession is moderately felde, due to thrust sheets sliding on top
of each other, at least 12 km thick. Within the successigrseismic sequences were identified, each
of which is separated by a major sequence boundary.

Three major deformational events have been recognisedig Bdvimian period of compressional
deformation, the Mid-Late Triassic Goondiwindi Event andLifiee Cretaceous Moonie Event.

To the west of the Moonie Fault, Bowen-Gunnedah Basin rockeonian-Triassic age occur,
comprising sediments that originate to the east of the TathvBelt succession and conformably
overly at least the uppermost sequences of the Tam®eltisuccession.

Within the Tamworth Belt succession, a hanging-wall sgacimmediately to the east of the
Moonie short-cut thrust fault may be correlated with Roeky Creek Syncline in the northernmost
exposed part of the fore-arc basin, approximately 170 kimefiasouth.

The eastern boundary separates the forearc basin séslifnem rocks of the Tablelands
Complex, which is a subduction-related accretionary wedgarddage. The overall geometry of the
subsurface Tamworth Belt in the southern study area isasitoithat seen on the deep seismic survey

and on geological cross sections farther south, but idex Welt to the north.

Keywords: Eastern Australia, New England Orogen, Tamworth Beltyen Basin, Moonie Fault, Peel
Fault, Gondwanaland, Tasman Orogenic Zone, Panthalassan,&tibduction-related geometry, foreland fold-
thrust belt, thrust fault, fault-bend fold, fore-arc baBiayonian-Carboniferous, Permian-Triassic sediments,
seismic sequences, aeromagnetic data, gravity data.
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1. INTRODUCTION

The New England Orogen is the easternmost tectonic unit of
the Australian continent, consisting of arc, fore-arc and ac-
cretionary wedge rocks produced during the Neoproterozoic
to Cretaceous within a plate convergent setting.

The various geologica processes that formed the re-
cent shape of the orogenic belt occurred during Devonian to
Cretaceous times and are described in Chapter 2 (Geology
of Eastern Australia) in aregional overview of Eastern Aus-
tralia. In the area of interest, in southern Queensland, most
of the orogen is covered discordantly by a thick sedimentary
package of Mesozoic sediments (Fig. 1). Here, the subsur-
face geometry of the underlying fore-arc basin, the
Devonian-Carboniferous Tamworth Belt, was examined.

This thesis, using a database which is mainly re-
stricted to industry shallow seismic profiles (and two addi-
tional deep seismic profiles), gravity and aeromagnetic
potential field data and some isolated petroleum exploration
wells, focuses on outlining the basin architecture and the tec-
tonic evolution of the fore-arc basin and continues the out-
come of earlier research (WARTENBERG et al., 1999, 2003).

Seismic data within the study area suggest that the
sequences of the Tamworth Belt and the Permian to Triassic
Bowen Basin seem to be temporally and spatialy related.
This is dealt with in Chapter 3 (Stratigraphic geometry of
the Tamworth Belt), where distinctive Tamworth Belt seis-
mic reflections are identified as stratigraphic units, and are
then compared to units of existing sequence stratigraphy

(e.g. Bowen Basin seismic reflections).
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INTRODUCTION 3

Also, on in Chapter 3, attention is drawn to supporting borehole-stratigraphy that substan-
tiates the seismic record. As the Bowen Basin - now situated in a foreland basin position - is
generally interpreted as being back-arc initiated, the apparently conformable behaviour be-
tween the Tamworth Belt fore-arc basin and Bowen Basin sequences raises an interesting
guestion: which tectonic processes |eft the Bowen Basin in a foreland position?

In an attempt to understand the tectonic processes, additional geophysical data were
used to construct the recent boundary of the subsurface fore-arc basin. In Chapter 4 (Mag-
netic and gravity anomalies) aeromagnetic and gravity anomalies are investigated and then
correlated to the seismic record. Another question is raised here: does the Moonie Fault, a
thrust fault of major displacement in the western part of the study area (Fig. 1), identify the
westernmost boundary of the subsurface Tamworth Belt?

The conclusions drawn from the magnetic and gravity data lead to the discussion on
the geometry and structural evolution of the Tamworth Belt. The arguments are summa-
rised in Chapter 5 (Sructural geometry of the Tamworth Belt), which attempts to explain
the present-day distribution of the Devonian-Triassic basin successions and thus attempts to
answer the above questions. The structural geometry is described and the relative tectonic
development of the fore-arc and back-arc basins to one another is examined. The resulting
tectonic model is compared to the crustal architecture as interpreted on two deep seismic
profiles (each of which was recorded to 20 seconds two-way travel time) to the north and
to the south of the seismic study area (KORSCH et a. 1993, 1997; GLEN et a. 1993; WAKE-
DYSTER et a. 1987) (Fig. 5.2 & Fig. 5.3).

The pre-deformation history of the study area and the pathways of later tectonic ac-
tivity are finally discussed in Chapter 6 (Synthesis) and are set in context with previous

studies. Chapter 7 (Conclusions) summarises the outcome of this study.
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2. GEOLOGY OF EASTERN AUSTRALIA

The Australian continent is divided into several tectonic
mega-elements, with theTasman Orogenic Zone
(Tasmanides, Tasman Orogenic System, Tasman Orogen)
representing the youngest of these elements and fotheng
eastern margin of the continent. Australia's geologitsd
tory, during the last billion years, is strongly infleed by

two supercontinents, Neoproterozoic Rodinia and Palaeo-
zoic GondwanalandGondwanaland formed at the begin-
ning of the Phanerozoic with the Tasman Orogenic Zone be-
ing located at the eastern edge of the palaeo-supercdntinen
During the Early Cambrian, west-directed subduction of the
Palaeo-Pacific Ocean along the eastern margin ofl fse
manides commenced (& POWELL, 2000).

2.1. Introduction
The easternmost and youngest accreted tectonic unieof th
Tasman Orogenic Zone in Eastern Australia is WNesv
England Orogen (Fig. 1). The tectonic evolution of the
New England Orogen essentially started during the Devo-
nian and Carboniferous at the eastern Gondwanaland margin
where Gondwanaland faced tRanthalassan Ocean. Here,
at low latitudes, west-directed subduction produced three
parallel belts, representing a western Andean-style mag-
matic arc, a central fore-arc basin and an eastemetamn-
ary wedge (KRKEGAARD, 1974; MURRAY et al., 1987;
KORSCHet al., 1993; SHEIBNER & BASDEN, 1996). In the
Early Carboniferous, Australian Gondwanaland drifted rap-
idly from lower latitudes to a near-south polar posit{Li
& POWELL, 2000), at the time, when the opposite edge of
the supercontinent collided with Laurussia. In the Lade- C
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boniferous, the tectonic regime of ancient EasternrAlistchanged from compressional
to extensional, possibly related to a change in the digsaaf the subduction system
(KORscHet al., 1997, MURRAY et al., 1987).

Subsequently, in the Early Permian205 — 280 Ma), the initiation of thBowen-
Gunnedah-Sydney basin system occurred to the west of the continental margin mag-
matic arc in a back-arc tectonic settingoftScHet al.; 1993; TADROS 1993). Also in the
Early Permian, but probably later than the mechanit@nsion phase, oroclinal bending
of the fore-arc basin and accretionary wedg285 — 265 Ma) occurred to produce the
Texas and Coffs Harbour oroclines (KORSCH & HARRINGTON, 1987; MURRAY et al.,
1987) (sed-ig. 1 for location).

The late Early to early Late Permiam265 — 262 Ma) saw another change in the dyna-
mics of the subduction system, when the magmatiavascre-established along the Pa-
laeo-Pacific continental margin of Australia and teck-arc changed from an exten-
sional to a contractional regime dKscH& TOTTERDELL, 1995c). This led to the forma-
tion of a retro-foreland fold-thrust belt west of thagmatic arc (c.f. £TUNEANU et al.,
1997) that was better developed in the Queensland sectbe ddéw England Orogen
than in New South Wales (fkscHet al., 1997). Moreover, the contractional regime re-
sulted in the development of a significant retro-foréldrasin phase in the Bowen-
Gunnedah-Sydney basin system that extended until the Mididissic (KORSCH& TOT-
TERDELL, 1995b) (sedable 2.1 for details of the stratigraphy). The large forelandifa
accumulated major coal deposits mainly during the Lateniga.

From the Early Jurassic to Early Cretaceous, easiestralia was still part of the eastern
convergent margin of Gondwanaland, but almost all efa$ situated in a back-arc set-
ting, with only minor remnants of the magmatic armgegreserved near the Queensland
coast (KORSCH & TOTTERDELL, 1996). TheSurat, Eromanga and Clarence-M oreton
basins (seeFig. 1 for location) developed at this time within a back-artirsgt inboard

of the continental margin volcanic arc. At timessthrc provided considerable amounts
of detritus to the basins. Therefore, these basins icomtelatively thick, sometimes vol-
caniclastic, succession which blanketed much of the Dame@arboniferous subduction-
related units, including the fore-arc basin component (TamhaBelt), part of which, in
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Tab. 2.1: Chart showing the lithostratigraphy, seismic reflections and basin phases of the Bowen Basin
and Tamworth Belt successions. Note, that the top of the Bowen Basin successions are defined by an un-
conformity (APT4) overlain by Surat Basin sediments. For the location of the Taroom Trough, see Fig. 1.

southern Queensland and northern New South Waled| sosered by up to nearly 2000
metres of sediments (sEg. 1 for location andrigs 3.4 & 3.7 for the Surat sediments).

The basin genesis and tectonic development of the TammBeit was accompanied by
major climate changes in ancient Australia. During@e®onian to Carboniferous, Aus-
tralia was located at low latitudes with a warm clienaGlacial conditions dominated
Australia’s climate during the Late Carboniferous to iearlPermian. At the end of the
Permian, the palaeo-environment again was suspect tecdriastate changes, leading to
red-bed deposition in Early Triassic times & POWELL, 2000).

In order to provide a better understanding of the geologetihg of the Tamworth Belt,
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the relevant components of the New England Orogen gadead basins (e.g. back-arc
Bowen Basin), together with some background informatiogeometry and tectonic de-

formation, are introduced in the following subsections.

2.2. New England Orogen
The New England Orogen (NEO) is the easternmost andygstiaccreted tectonic unit
of the Tasman Orogenic Zone, extending over approxima&dy kilometres from Bo-
wen in Queensland (22° S) to Newcastle in New South $\@2° S) (Fig. 1). It consists
of magmatic arc, fore-arc and accretionary wedge rpodduced during Late Devonian
to Cretaceous plate convergence at the interface @reasbndwanaland and the Pantha-
lassan Ocean @LTCH, 1975; MURRAY et al., 1987; KOrRscHet al. 1990). The New Eng-
land Orogen may be subdivided into a southern and aemortimit, due to the presence of
the Mesozoic Surat and Clarence-Moreton basins thmateed much of the central part of
the orogen (SHEIBNER et al., 1996; C. G. MRRAY €t al., 1997a). Thus, it is difficult to
correlate the southern and the northern fore-aro IsagcessionsT@mworth andYarrol
belts, respectively, inFig. 1). The accretionary wedge assemblages occur in outcrop
across the whole eastern part of the New Englandi€rde.g. in New South Wales the
Tablelands Complex assemblage - consisting of the Woolomin, Sandon arfi$ Ear-
bour associations and in Queensland the Beenleigh, DakgWWVandilla and Shoalwater
terranes) (sekig. 1), whereas the magmatic arc component is only expostinorth-
ern NEO ConnersandAuburn arcsin Fig. 1).

Another tectonostratigraphic unit, the EamyrRian-Early Triassi&Gympie Prov-
ince to the very east of the previously mentioned bekg sg. 1 for location), has been
proposed as being an exotic terrane (C.GRRAY, 1997D). It probably accreted during
the Middle Triassic Hunter-Bowen OrogenyA®RINGTON & KORSCH 1985).

2.2.1. Tablelands Complex
The convergent plate margin model for Eastern Australiathe Late Devonian-
Carboniferous interprets the accretionary wedge assge®las a once-continuous ac-
creted trench-fill that grew eastwards towards thettgdassan Ocean @RSCHet al.,

1990). Its clastic sedimentary components are mainly rexpied by volcaniclastic deep-
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water turbidites derived from the magmatic arc to thetwehere are also infaulted slices
of basalt, chert and pelagic mudstone which are consideree fragments of the oceanic
crust (KORscH 1977). The provenance of the turbidites in the accretjonadge, how-
ever, can be linked to the fore-arc basin compositibesause the detritus was derived
from the same volcanic arc A&oobD, 1983; KOrRscH 1984). Within the study area, the
accretionary wedge rocks are represented by componeitits dablelands Complex that
are covered by the Early Jurassic to Early Cretacearsr@e-Moreton and Surat basins
(seeFig. 1).

2.2.2. Tamworth Belt
The fore-arc basin succession of the New Englandy€@ras represented by the Late De-
vonian to Late Carboniferous Tamworth and Yarrol bédtsated between the arc to the
west and the accretionary wedge to the east. The TemBelt succession is the pre-
served fore-arc unit of the southern New England Ordmetuding the Hastings Block;
seeFig. 2.2). It is dominated by volcaniclastic sedimentary rocksodied predomi-
nantly in a shallow-marine shelf environmentdiELVEY & MCPHIE, 1995; $HEIBNER,
1998). Volcanic material (e.g. volcanic flows and tuffimere abundant in the western
Q part of the region, closer to the active
magmatic arc (MPHIE, 1987). A
more detailed description of the Tam-
worth Belt sediments is given byaC
wooD (1983) and KRSCH (1984).
Sandstone compositions described by

RECYCLED
OROGEN

seoments o MURRAY (1997¢) and plotted within
BELT

DISSECTED ARC
the QFL-triangle of [EZKINSON &
SUSZEK (1979) and DBCKINSON et al.

NS, I

TRANSITIONAL ARC

UNDISSECTED ARC

F L (1983), form a coherent group that

contains mainly lithic fragments, de-
Fig. 2.1: QFL plot of sandstones from the Tamworth o .
Belt in relation to provenance fields of Dickmson &  fining the provenance field of the

Suszek (1979) and DICKINSON et al. (1983) after MURRAY fore-arc basin sediments as an undis-
(1997c¢). The uniform tectonic setting of the sandstones is

considered to be evidence for a common origin (note, ~ Sected arc tectonic environmeitid.
however, that only about eight samples were used from a

. 2.1).
restricted area).
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The Tamworth Belt is exposed in northern New Soutte¥/aut continues northwards in

the subsurface into southern Queensland, covered by thezdesediments of the Surat

and Clarence-Moreton basirfsg. 1). The exposed part of the fore-arc unit has been sub-

divided into several blocks (see overlying terrane mapign4.1 of Chapter 4.2.1.), of
which the Tamworth North and Tamworth South blocks et NNW-SSE-trending

synclinorial zone to the east of the Permian-Tr@&sinnedah Basin. Both fore-arc basin

blocks contain with long linear thrust faults along strikemicking the geometry of a

major fold-thrust system (@bODWARD, 1995). Moreover, the outcropping Tamworth Belt

may be divided into two units running sub-parallel to the dvéesin trend, with the

Carboniferous fore-arc deposits to the west and the Daw@@dimentary succession to

the east.

In the area of interest, in southern Queenslandg#istern boundary of the Tamworth

Belt succession curves to the northeast. It is helmerevthe Devonian-Carboniferous jux-

taposition of the fore-arc and accretionary wedgesptiat can still be seen in the north-

ern and southern part of the orogen, is complicated bglibee noted Early Permian oro-

Subduction
Complex

Fore-arc
basin

27"+ Volcanlc arc

148°

clinal bending (see€Chapter 2.1.).
The eastern boundary of the Tam-
worth Belt forms part of the Texas
and Coffs Harbour oroclines in the
subsurface. Components of the oro-
clines that are considered to be part
of the fore-arc basin succession in-
clude rocks of theEmu Creek

Block and Carboniferous outcrops

Fig. 2.2: Cartoon of the Late Devonian-
Early Carboniferous palaeogeography (not
palin-spastically restored), showing pre-
sent-day distribution of the arc, fore-arc ba-
sin and accretionary wedge subduction
complex (after MURRAY et al.,, 1987). The
dashed heavy line represents the pre-
sumed limit of the fore-arc basin boundary
in the subsurface after Early Permian oro-
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at Mount Barney (MURRAY et al., 1987) Kig. 2.2), some 200 kilometres to the east of
the northernmost outcropping and near-longitudinal oriehggaworth Belt rocks.

South of Mount Barney, the fore-arc basiouns to the east of the northern Coffs
Harbour Block, beneath the Clarence-Moreton BasinFict. 1). Here the Baryulgil Ser-
pentinite is located to the east of the Emu Creek Blodkfarms the boundary between
the fore-arc basin sediments and the accretionadgevassemblagd-ig. 2.2). North of
Mount Barney, the fore-arc basin succession surfandseventually links with the ex-
posed Yarrol Belt farther north (séeg. 2.2), representing the fore-arc unit of the subduc-
tion-related system of the northern New England Orogen

The Yarrol Belt has been described byyDet al. (1983) and recently its geology has
been updated by the Queensland Department of Mines and EfMtiRRAY et al.,
1997a). As its fore-arc basin equivalent to the south {icth Belt), the Yarrol Belt ba-
sin fill is dominated by volcaniclastic sedimentary rqcéteposited within a shallow-

marine environment.

2.2.3. Magmatic Arc
There are apparently no arc-related rocks south oftgeozoic coverKig. 1) and thus,
no arc components are identified within the study aresmuthernmost Queensland. The
BMR deep seismic survey across southern Queensland (BMR8BI¥R36.16,
BMR86.17) suggested a possible position of the volcanic areabieryounger Permian
extensional volcanics (MKE-DYSTER et al. 1987) (sed-ig. 5.3 of Chapter 5.1.1.).

In describing the original tectonic setting along theezasinargin of Gondwanaland for
the Silurian to Early-Middle Devonian, two scenarios hbgen proposed to justify the
absence of the arc in the southern New England Orogen.

ATCHISON & FLOOD (1995) interpret the absence of the arc as related haraye
in subduction direction over time. They envisage a @vastontinental margin and an
eastern island arc with the intervening oceanic crustgbsuibducted to the east. After
subduction ceased, there was a polarity change in teetidn of subduction, with oce-
anic crust subducting to the west from Late Devonian te Carboniferous.
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KORscHet al. (1997), however, argue against this flip in subduction serisey
have suggested that the subduction system always dippedanestmd that the arc could
now be buried beneath the younger Permian-Triassic setany rocks of the Bowen-
Gunnedah Basin (sd@g. 1 for location). This study follows the latter interfaion, im-
plying a constant western-directed subduction polariti wie Silurian island arc possi-
bly getting accreted and converted to a continental margiby Middle Devonian times.

It shall be pointed out, however, that datihgocks that were classified bya® et
al. (1978) as arc components of the above mentioned Conmdbr&udburn arcs identifies
their age as Late Carboniferous and Early Permian. d&dere none of the rock-samples
represent a Late Devonian age, questioning the posititinecérc even in the northern
New England Orogen. Recent work on rock specimen datesvadmples within the
Earliest Carboniferous@60-350 ma), being overprinted by younger volcanics and hence
proving at least some evidence for the araT(roN et al., 1999).

2.2.4. Back-arc setting
The back-arBowen Basin, located to the west of the Tamworth Belt, consaéterres-
trial to shallow marine successions (for definitiortlod relevant successions in southern
Queensland, seeERRINGTONet al., 1959; cf.Tab. 2.1). It was initiated by Early Permian
lithospheric extension and, from the middle Permian,idebse was driven by foreland
loading (KORSCH& TOTTERDELL, 1996). In the northern New England Orogen, where the
arc is present, the Bowen Basin is bounded to the easilégnic rocks which are rem-
nants of the intermittently active volcanic arc. e south, it also continues in the sub-
surface beneath the younger Surat Basin sediment€Bdwen Basin is part of an elon-
gate Early Permian-Middle Triassic basin system itatides, from south to north, the
Sydney, Gunnedah and Bowen basins E8gel for location).

2.3. Fault geometry
Petroleum exploration industry seismic lines acrossetstern part of the Bowen Basin
system show that the approximate eastern limit ofithgn system is defined by a major
system of discrete Middle Triassic thrust faults angldeement transfer zones@KscH

& TOTTERDELL, 1995a). These faults are, from south to northHbater, M ooki, K &l-
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Fig. 2.3: Unmigrated deep seismic profile BMR91.GO01 across the Tamworth Belt and Tablelands Com-
plex of the New England Orogen from KoRrRscH et al. 1997 (see Fig. 3.1 for location). Vertical scale approxi-
mately equals horizontal scale assuming an average crustal velocity of 6000 ms™.

vin, Moonie, Goondiwindi, Leichhardt and Burunga faults (seeFig. 1 for location).
Movement on all of these faults is west-directed,rtafram the northernmost Burunga
Fault, which is directed towards the east.

To the south of the study area, in northern New Soutle$Vtéhe Tamworth Belt has been
thrust over the eastern margin of the Gunnedah Baanthdt north, in southern Queen-
sland, the thrust front overrides the eastern margth@Bowen Basin. The eastern limit
of the exposed part of the Tamworth Belt is defined byRést Fault, to the east of
which occur accretionary wedge rocks of the Tablelandeplax (Fig. 1). In outcrop, in
northern New South Wales, the Peel Fault dips stdepthe east, and is interpreted on
the deep seismic line BMR91.GO01 to be a splay off of a megstward-dipping structure
that cuts to the base of the crusig 2.3) (see also Fig. 5 in&RscHet al., 1993, 1997).

2.4. Deformation
Deformation in the Tamworth and Yarrol belts was nhyacontrolled by west to west-
northwest-directed thrusting, forming part ofoaeland thrust belt (WooDWARD, 1995;
HoLcoMBE et al., 1997). In the Bowen and Surat basingRKCH & TOTTERDELL
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(1995b) and KRscHet al. (1998) have defined several deformational events, most of
which were contractional in nature. At leaab of the deformational events seen in

the subsurface Tamworth Belt can be related to eventeiBowen and Surat basins.
These are the Middle-Late Triassdoondiwindi Event and the early Late Cretaceous

M oonie Event.

In the study area, the Devonian-Carboniferous Tamwoeth) Bierefore, is a fore-arc
basin which is conformably overlain and concealed by tdyHermian to Middle
Triassic back-arc Bowen Basin and, subsequently, uncoafdynoverlain by the
Early Jurassic to Early Cretaceous Surat BasiELORNG et al., 1990; O'BRIEN €t al.,
1990; KORsCHet al., 1992a, 1992b) (seeig. 1). Much of the hydrocarbon-driven re-
search in this area has been concentrated in the Basat. Thus, the precise geome-
try and evolutionary history of the underlying TamworthtBels been relatively ig-

nored, but is addressed in this thesis.






Alles Geologische [iegt zwischen einem dltesten und einem jitmgsten

Johann Wolfgang Goethe



3. STRATIGRAPHIC GEOMETRY OF THE
TAMWORTH BELT

Data used for identifying the stratigraphic geometry of the
Tamworth Belt consist mainly of seismic reflectiprofiles

and information from petroleum exploration wells. $he
data were used to subdivide the sequences within the Tam-
worth Belt succession, and continues the documentafion
overlying data that has been developed DR8CH& TOT-
TERDELL (1995) and BAKEL et al. (in press). The study
area is located at the southern limit of the industigmic
data east of the Moonie Fault. Here, the highest cdrazen
tion of seismic profiles across the subsurface focebasin

allows for seismic interpretation.

3.1. Documentation of stratigraphic units based on
seismic reflection profiling
A regional network of shallow seismic reflection fies
was used to form a grid covering much of the subsurface
Tamworth Belt in southernmost Queensland. Data used in
the seismic study area consist of a series of 109 goodyquali
seismic profiles (for distribution pattern and covezaarsee
Fig. 3.1), acquired to an average of 3 to 4 seconds two-way
travel time (TWT). These seismic profiles were oragly
acquired by the petroleum exploration industry as part of
their exploration of the overlying Surat Basin. Thearnty
of the seismic lines are unmigrated (usually final staakd)
are displayed with a datum of 244 metres above sea level.
In comparison to the Queensland part of the-arc

basin, the seismic coverage of the subsurface pénedielt
in northernmost New South Wales is very sparse antelimi
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deep seismic profile, line Fig. 3.1: Map of Eastern Australia showing the locations of the
seismic profiles within the study area (box to the left shows in detail
BMR84.14 Fig. 5.3 for 10-  the region marked in light grey at the northern end of the Goondi-
cation seeFig. 3_])’ Crosses windi-Moonie Fault, representing the area with the highest concen-
tration of seismic profiles and thus the area of seismic interpretation
the subsurface Tamworth and 3D imaging). The black heavy solid lines marked as 3.4, 3.5
and 3.6 depict the location of the longest composite seismic profile
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limit of the industry seismic heavy solid lines are the deep seismic profiles BMR84.14 and
BMR91.GO1 respectively. For further details, see Fig. 1.
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in an anomalous region where the belt is extremédig wlue to repetition by the oroclinal
bending (KORsCHet al, 1997).

Depth conversion of the seismic refleqirofiles
On the shallow seismic reflection profiles, the degbhversion was done using a pro-
gram that picks the stacking velocities and converts tioetepth. In general, the conver-
sion from time [s] to depth [km] can be simplified laking the two-way travel time val-
ues times three. The deep seismic data were acquirediffgrant vertical scale and have

an average velocity of 6000 m/s.

Interpreted seismic reflections
Beneath the base of the Bowen Bagiig( 3.2, within the Tamworth Belt succession,
five reflections HA, HB, HC, HD, HE) were interpreted throughout the area, although
HE is restricted to the very eastern part of the re¢ggeeChapter 3.1.1. for details). In
general, the Tamworth Belt reflectors span a LateoD&n to Late Carboniferous age
(Tab. 2.}. Of the interpreted reflections within the subsurfaeenworth BeltHE repre-
sents theoldest identified seismic reflection antdA theyoungest respectively. After in-
terpretation of the individual seismic profiles, mapsrevproduced using UNIX-based
PETROSYS software.

In this study, the author initially intended méraduce the seismic reflections in geological order
with the fore-arc basin reflections designated HA (d)des HE (youngest). However, during the early
stage of the research, the naming of the seismic seggi@vas the result of a more informal identification
process. Difficulty was experienced in tracing the olde&snsie reflections throughout the study area and
thus only the two youngest Tamworth Belt reflections, &#d HB, were introduced in the author’s first
published abstract (WRTENBERGet al, 1998). As research progressed and some additional seisfiies
were interpreted, the author identified three older riéfles and named them HC, HD and HE. In order to
ensure the continuity of the initial nomenclatutee tiuthor decided against superseding the preliminary
scheme. Hence, within the Tamworth Belt sedimentarygggecklA represents the youngest and uppermost

mapped seismic sequence boundary.

The precise ages of the individual reflectors, howeseu)d not be determined, since it
was not possible to correlate them with units in théswseeChapter 3.2.2. for details).
Therefore, in order to ensure that the contour majlseofegion were representative, the
original database (heavy line box shown at the norteachof the Moonie Fault iRig.
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Fig. 3.2: Structure Con-
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3.1) was restricted to the area containing the highest ctatiem of seismic profiles to
allow for seismic interpretation and three-dimensiamaging (shaded box shown kig.
3.1, compare with the bigger heavy line box;Ef. 3.3.

Two distinct sequence boundaries above the Tamworth Belt succession
On the seismic profiles, the overlying Surat Basin camclbarly identified and is repre-
sented by a series of strong, subhorizontal reflectitwesstrongest of which, in the mid-
dle of the succession, correspond to the coals in thdldMJurassic Walloon Coal Meas-
ures (sed-igs 3.4 & 3.9. The base of the Surat Basin is a sequence boundangdidfy
a pronounced angular unconformity between it and older ahitse Bowen Basin and
the Tamworth BeltKig. 3.4, Tab. 2.1 This basal surface is term&d0, following the
terminology of TOTTERDELL et al. (1992).

Another reflection, terme®30 identifies a second sequence boundary above the Tam-
worth Belt reflections and defines the base of the &oBasin Fig. 3.2. It represents

the base of Early Permian marine rocks and is marked lbygla acoustic signal
(TOTTERDELL et al,, 1992, 1995; BAKEL et al, in press) Fig. 3.4, Tab. 2.1 To the west

of the study area, however, in the Taroom TroughFgge3.1), the basal Bowen Basin is
identified on seismic reflection profiles as ##&5 horizon, representing the initial period

of lithospheric extension and thus being of BRH-age (TOTTERDELL et al, 1995;

BRAKEL et al, in press).

3.1.1. Five Tamworth Belt reflections
The best quality seismic data to identify and to charaetehie five distinctive Tamworth
Belt reflections (HA, HB, HC, HD, HE) within the strucally deformed tectonic envi-
ronment is found on profiles that occur in the broad #atebbttomed eastern part of the
hanging-wall asymmetrical syncline to the east of the hd-ault Fig. 3.4). Closed
loops of continued seismic reflection correlation wittersecting profiles verify the ties
for each reflection.

HE, the oldest identified Tamworth Belt sasmeflection, may be traced within
the study area only at great depths (<2500 ms TWT) arebtscted to the easternmost
part of the region. It can be identified only on a fewefiles to the southeast that were
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NW bibong1  AB2-LT-24 SE

MOONIE FAULT

Two-way time (s)
PERMIAN TRIASSIC
approx. depth (km)

Fig. 3.4: Interpretation of seismic reflection profile A82-LT-24 (final stack) located at the eastern
margin of the Bowen Basin. Heavy solid lines represent faults, such as the Moonie Fault as it cuts up sec-
tion during NW-directed movement (marked as “b"). Its fault tip line cuts the Mesozoic platform cover
(marked as “a”, see text for details). Two synthetic faults are recognised (highlighted as “c”).

The light solid lines represent interpreted seismic horizons. HA, HB, HC and HD are within the Tam-
worth Belt succession. B30 and S10 represent the sequence boundaries at the base of the Bowen and Su-
rat basins, respectively, and B70 represents the approximate position of the Permian-Triassic boundary.
The strong seismic reflections marked as “d” identify Latest Permian coal measures within the Bowen Ba-
sin.

processed down to 4 s TWT, such as MR89-08, MR89-10 and BMR86.MDlo¢k-
tion, seeFig. 3.3. Elsewhere, on 3 s TWT seismic data, it rarely caméetified within
the hanging-wall syncline, where Tamworth Belt sequentedder age can be observed
along its flatly west-dipping east limb. However, as thmlity of the eastern seismic
lines is poor (see above), the western end of the Milam profile displays thelE re-
flection best Fig. 3.6, identifying a clearly imaged discontinuity surfaceowebaselap-
ping reflections. HoweveKE is within a strongly deformed zone, located betweem tw
westward-dipping, basin bounding faults to the east ancereftire hard to pick on the
seismic record close to the eastern margin of thentath Belt Fig 3.6).

Reflector HD represents a seismic discontinuityasefwithin the lower Tamworth
Belt sequence, and can best be traced within the webkthiging sedimentary succes-
sion in the eastern part of the study area. OnHi@2-T-109(Fig. 3.5 HD is interpreted
as a truncating seismic horizon below toplapping retesti

The seismic horizon HC, perhaps, is thengfest of all identified Tamworth Belt
reflections in the study area. It is characteriseddnsic reflections baselapping on to it
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Fig. 3.5: Interpretation of the migrated seismic reflection profile H82-T-109 located south-east of line
A82-LT-24, perpendicular to strike of the subsurface Tamworth Belt (cf. Fig. 3.4; see text for details). The
light solid lines represent interpreted seismic horizons. HA, HB, HC and HD are within the Tamworth Belt
succession. B30 and S10 represent the sequence boundaries at the base of the Bowen and Surat basins,
respectively. Beneath the S10 discontinuity a weathering surface may be identified (marked as “a”).

Heavy solid lines represent interpreted faults. The fault marked as “b” depicts a back-thrust off a
fault plane “c” that runs subparallel to the fore-arc basin sequences (see Chapter 5 for details).

(Fig. 3.5. On some seismic profiles in the study aitd&, may be traced to depict the
structure of an older ramp.

HB defines a distinct change of the reflecpattern on the seismic images and can
be identified to truncate baselapping reflectiofigg 3.4 & 3.5. The HB reflection can
often be traced to be a base of a package of refleclomg a non-reflective zone within
the seismic record.

The uppermost Tamworth Belt seismic reflextidA, identifies a baselap horizon
(Figs 3.4 & 3.7, that, at the western end of the hanging-wall suazesguite often is cut
by a sub-horizontal running fault (seA” on Fig. 3.4). Also, the HA reflection can be
recognised by truncation of reflections.

3.1.2. Defined Tamworth Belt sequences
In the subsurface, within the Tamworth Belt, six s&ssequences are recognised on the

basis of reflection truncation geometries, separatethdéyybove mentioned five seismic
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Fig. 3.6: Interpretation of the migrated seismic reflection profile BMR86.MO1 (“Millmerran profile”)
located to the east of line H82-T-109 at the eastern end of the Tamworth Belt (see text for details). Heavy
solid lines represent interpreted faults. Two faults of major importance are marked as “c;” and “c,”, respec-
tively. “b” is interpreted as a back-thrust off the westward-dipping fault marked as “c;". “a” indicates the reac-
tivation of faults influencing the lowermost sequences of the Mesozoic Surat Basin cover (S10 represents the
base of the Surat Basin).

Light solid lines represent Tamworth Belt seismic reflections. HE, HD and HC are within the fore-arc
basin succession. The ratio of vertical to horizontal scale approximately equals 1.

horizons and showing more or less parallel reflecti@esasionally, the horizons become
conformable but can be traced across the seismic lineflegtion correlation. Internally,
the seismic sequences appear to be very similar irstefrmdividual reflection proper-
ties (e.g. amplitude, continuity, etc.), although treme variations both in terms of these
particular properties and also the relationship with ettitve underlying or overlying hori-
zons. The within-sequence variation of these zondbkasefore, indicative of the chang-
ing pattern of facies distribution over time. The TamwoBelt sequences appear to
slightly thicken towards the east, reaching their marmtbickness - at least within the
southern part of the study area - close to the eastargin of the belt (to the west of the
zone including “¢’ and “c,” on Fig. 3.6). Especially the sequence that is defined between
the HA and the HB seismic reflection is more ofteraged to thicken towards the east.
The uppermost succession of the youngest Tamworth Bplesee, that is, the sedimen-
tary section beneath the B30 base of the Bowen Baftem is seen to be defined by rela-

tively high amplitude and more or less continuous raflestof subparallel behaviour.
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3.1.3. Representative seismic sections
“Excellent seismic images represent a real opportunitygé@ntitative insight into both
regional structural development and fundamental deddional mecha-
nisms” (GONzALEzZ-MIERES & SUPPE 2004) - the same holds for the stratigraphic rela-
tionships displayed on seismic profiles. Within the itigeded area, seismic imaging of
the subsurface fore-arc basin is proof of this statemanteast at first site. The overall
structural geometry seems to be relatively simple:reldad fold thrust belt contains the
fore-arc basin sedimentary record within its hanging-va order to discuss the sedi-
mentary record and the subsurface geometry of the TamBelthseveral representative
seismic sections shall be discussed. Seismic reftextiathin the hanging-wall unit were
identified and help to improve the tectono-stratigraphic wstdeding of the Devonian-
Carboniferous sequences. The location of the seismidgza@if key interest within the
study area are shown kigure 3.3 The analysis of the seismic data, however, invokes a
complex tectonic architecture. This required the authaefmarate the stratigraphic ge-
ometry (this chapter) from the structural developmenthef Tamworth Belt sequence
(Chapter 5).

Composite profile A82-LT-24H82-T-109- BMR86.M01

Within the seismic study area, the longest composisenge cross section across the sub-
surface Tamworth Belt runs for approximately 66 kilonetaad provides good quality
seismic data (for location, séeg. 3.3. It starts in the northwest with line A82-LT-24
(Fig. 3.4), which imaged the Moonie thrust fault at its westerh @ing. 3.1). It proceeds
along line H82-T-109 Kig. 3.5 and ends in the east with line BMR86.M01
(“Millmerran” profile, Fig. 3.6. The Millmerran line does not cross the eastern dayn
but depicts the belt's geometry in close vicinity t¢sgeFig. 3.6. A82-LT-24 and H82-
T-109 are industry lines that were acquired in 1982 by Alliaviceerals and Hartogen
Exploration, respectively. The former was recordedto seconds (~ 8.8 km depth) and
the latter to three seconds two-way travel time (TWH)6.9 km depth). Both profiles
were processed as final stacks. Line H82-T-109 was reprocassadnigrated profile
(Fig. 3.5. The third line to the east, BMR86.MOEig. 3.6, was originally acquired by
the Bureau of Mineral Resources (now Geoscience Austr&@iA). The Millmerran pro-
file was the only seismic line within the study area thas recorded to six seconds TWT
(~ 18 km depth). The original quality of this profile, howeweas poor, and therefore in
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1998 GA undertook additional processing of the profile to imptbeelisplay in order
to better integrate the data into the existing databdserdprocessed Millmerran pro-
file was subsequently redisplayed at the same vesoede as the two industrial lines.

Unfortunately, the three sections do notdiernie another, but the basin geome-
try has allowed correlation between the profiles (dagtsveen the lines are approxi-
mately 1100 m and 3000 m wide) and neighbouring seismic prédilgsA82-LT-25,
seeFig. 5.16 and SH85-902, seeig. 3.3 for location) underline the belt's geometry
that is shown on the composite cross-section. The smdtions across the entire sub-
surface Tamworth Belt, depicting the Moonie Fault to tlestwand the Peel Fault to
the east, are the two deep seismic profiles BMR84.14etodhth and BMR91.GO1 to
the south (both recorded to 20 s TWT), both of which acatéml at some distance
from the seismic study arekig. 3.1 (seeChapter 5.1.1.). Three other shallow seis-
mic (3 s TWT) composite sections across the subsuifaoevorth Belt also depict the
Moonie Fault at the western end with the broad and mteleifalded hanging-wall to
the east of it, but do not picture the eastern end ofbtieearc basin succession. As for
the seismic lines A82-LT-24 and H82-T-109, each of the seigroides was acquired
in 1982 by Alliance Minerals and Hartogen Exploration, respely. From north to
south, the seismic traverses are A82-LT-20/A82-WR-22, A829/H82-T-106 and
8410/H82-T-101 (seEig. 3.3for location).

The seismic profile A82-LT-24 is situated in the westemt pathe investigated area
(Fig. 3.3 and was acquired perpendicular to the strike of thedozdasin. Here, the

SW A82-WR-21 - south-west NE

Fig. 3.7 (previous page and be- Shofpoint 260 280

neath): Interpretation of the seismic
reflection profile A82-WR-21 (final
stack) located to the north-east of the
study area. Heavy solid lines represent
fault reflections. The light solid lines
represent interpreted seismic horizons.
HA to HD are within the Tamworth Belt
succession. S10 represents the se-
guence boundary at the base of the
Surat Basin. See text for details.

The profile on the previous page
displays the seismic expression of the
south-western part of the seismic line.
Note onlap of the upper beds of the
Tamworth Belt onto HA.

Two-way time [s]
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seismic reflectionsdiD to HA may be tracked on to the east limb of the asymmetric
syncline that identifies the eastern part of a thrusted fault-bend fold (se€hapter
5.1).

Within the study area, the subsurface TamwB#h succession is bounded
across strike by two major fault structures. The MoomieltRo the west is identified
as a thrust fault at the north-western end of line AB224, with north-west-directed
movement beneath the Surat Basin sedimentary cBiger3.4). On the seismic profile
BMR86.MO1 two major westward-dipping faults {*@and “c,” on Fig. 3.6 are iden-
tified, that form a zone representing the easternmasgimof the Tamworth Belt and
are covered by the Surat Basin successgi®{n Fig. 3.6. The main focus concern-
ing the stratigraphic geometry of the Tamworth Belt seqeishell therefore be drawn
on the area between the Moonie Fault to the west lanavest-dipping faults to the
east.

A82-WR-21

Towards the north-eastern end of the study areagibmg profile A82-WR-21Kig.
3.7) images the reflection pattern of the eastern flainthe pre-Jurassic syncline (see
Fig. 3.3for location; cf.Fig. 3.9. Here, in the hanging-wall of the Moonie Fault, the
Tamworth Belt succession has an apparent dip to thé-sast Fig. 3.7), displaying
the youngest identified fore-arc basin reflectiétid to HA (exceptHE) above a sub-
parallel fault plane which can be linked to the Moonie Fauthe west.

TheHA reflection is cut by the base of the Surat BasimatShotpoint (SP) 320,

SW A82-WR-21 - north-east NE
300 3%0 ShoT‘poim ‘

Two-way time [s]
[uwy] yidap xoiddo
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Fig. 3.8: Structure Contour Map showing the distribu-
tion of the seismic horizon HA (uppermost Tamworth Belt
reflection) within the study area. The heavy solid lines repre-
sent faults cutting the fore-arc basin reflection. The light dot-
ted line represents the line where HA is truncated by S10
(base Surat Basin).
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Fig. 3.9: Structure Contour Map showing the distribu-
tion of the seismic horizon HB within the study area. The
heavy solid lines represent faults cutting the fore-arc basin
reflector. The light dotted line represents the line where HB
is truncated by S10 (base Surat Basin).
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at a depth o€.950 ms TWT and
dips south-westwards, identify-
ing a baselap horizon (at SP
280 - 300) above two strong
seismic reflectors (see south-
western part oFig. 3.7). At the
north-eastern end of the profile,
beneath the Surat Basin cover
(beneathS1Q, the seismic re-
flection pattern is clearly of a
different character than the seis-
mic record at the south-western
end of the profile Kig. 3.7).
Strong and more disrupted re-
flections mimic the seismic re-
cord of the hanging-wall se-
guence and are interpreted to be
set off the south-western fore-
arc basin succession by a north-
east dipping fault that may be
interpreted as another back-
thrust of a major fault pland-B

in Fig. 3.7).

3.2. Comparison of defined

unitsto existing strati

graphy
The uppermost Tamworth Belt
seismic reflectiorHA is of most
interest, when comparing the
seismic sequences identified
here to those seismic sequences
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interpreted by earlier research.|

TOTTERDELL et al. (1995) and
BRAKEL et al. (in press) identi-
fied another seismic reflection

beneath the base of the Bower
Basin B830), termedB15 and
correlatedB15to the initial pe-
riod of lithospheric extension
(seeChapter 3.1.).

3.2.1. Palynology of previous
studies
The uppermost Tamworth Belt
reflections are of Late Carbon-
iferous ageTab. 2.3, implying
for B15 (the base of the Bowen
Basin in the Taroom Trough to
the west of the study area ) not
to be of Early to Mid Permian
age but older. In general, the
defined seismic sequences in
the Tamworth Belt are difficult
to date because palynological
control is sparse, provided by
only a few samples from drill
core across the entire region.
The oldest palynoflora,
from the Durabilla 1 well, is
Visean (Early Carboniferous)
(DE JERSEY in MURRAY, 1994),
confirming the correlation with
the exposed Tamworth and
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Fig. 3.10: Structure Contour Map showing the distribu-
tion of the seismic horizon HC within the study area. The
heavy solid lines represent faults cutting the fore-arc basin
reflection. The light dotted line represents the line where HC
is truncated by S10 (base Surat Basin).
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Fig. 3.11: Structure Contour Map showing the distribu-
tion of the seismic horizon HD within the study area. The
heavy solid lines represent faults cutting the fore-arc basin
reflection.
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Yarrol belts. Palynological samples from five otheglls have been dated as Late Car-
boniferous to earliest Permian (se@m®RAY, 1994), equivalent to the uppermost parts
of the exposed belts. In three other wells, includingasil (sed~ig. 6.1for location),
the palynoflora was dated as Early Permian (J. CKELLAR, pers. comm., 1994)
(APP 2.1stage of RICE, 1997), which provides a correlation with the sequenceeat th
base of the Bowen BasiSpersequence @f BRAKEL et al, in press).

Defined Supersequences
In the Bowen Basin, Supersequence ARABEL et al, in press) occurs immediately
below theB30 sequence boundary, implying that the seismic sequence sutisur-
face Tamworth Belt betwedB30 and the seismic reflectiddA is its equivalent. How-
ever, the interpretation of the grid of seismic lineghie study area does not provide
more refined estimates of the ages of the sequences.

3.2.2. Supporting borehole-stratigraphy
Eight exploration wells support the seismic coveragthefsubsurface fore-arc basin
geometry in the area of interest, five of which penettla¢ Tamworth Belt (se&hap-
ter 6 —age contro). Moreover, the borehole data of another ninety\wwells, piercing
pre-Jurassic rocks, has been examined by the author. dgwawt of the total of
ninety-nine wells, it was only the data of wBkep Crossinghat shows evidence for
upper Tamworth Belt sequences close to the seismic stedyfag. 3.12,seeFig. 6.1
for location). As the primary target of most of thdlidig within the study area was for
hydrocarbons expected to be in the Early Jurd&scipice Sandstonéhe majority of
the boreholes terminated soon after having penetratedutien-Evergreen-Precipice
sequencammediately above the base of the Surat BaSitO(seeFig. 3.12. Hence,
in most of the wells, the unconformably underlying Pe@asboniferous rocks have
been penetrated only at the metre scale and therefomotde correlated with the re-
flection pattern seen on the seismic profiles. Themast rocks beneath the Precipice
Sandstone in wells that intersect the seismic redleqrofiles imaged in this thesis,
were listed agarboniferous baseme(it87.1 m thick) for the weDurabilla, Kuttung
Formation (10.1 m thick) for the welDilbong, and were not listed at all in the well
Gilgai.
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Note: Kuttung Formatioras referred to in most of the drilling reports i$ agroper geological
term. The rocks identified dsuttung Formationare meant to be pre-Permian Volcanics and/or

volcanic derived sediments.
In the wells studied, the Gunnedah-Bowen Basin systeapiesented by thdaules
Creek Formation(Early Permian), th®ack Creek FormatioifLate Permian) and the
Cabawin FormationEarly Triassic). The Early Jurass$icecipice Sandstonand Ev-
ergreen Shalare members of the disconformably overlying Surat Bé&sgm 38.12.

Deep Crossin@.at.: 27.468971% ong.: 150.486693E)
A minor aim during the drilling of the Deep Croosing well waslevelop a better un-
derstanding of the sand units in the Permian Back Creak&fion (Tab. 2.]. The
well Deep Crossing terminated at a total depth of 2912 m,aifbugh it penetrated
1284.5 metres of pre-Jurassic rocks, there were no sedimkttie Blackwater and
Back Creek groups found. Initially, these sediments wengestisd to occur in Block |
as shown on the lithology profile &figure 3.12 The location of the well does not oc-
cur on any of the seismic traverses within the study, &mgait in close vicinity to the
seismic profiles A82-LT-07 (approx. 800 m), A82-LT-08 (approx. 1830A82-LT-
19 (approx. 300 m), A82-LT-20 (approx. 1845 m) and A82-WR-22 (approx. 3240 m).
Owing to the extremely sparse coverage of pre-Jurassghble data along the seis-
mic lines in the study area, the information gained frobenDeep Crossing logs was
used to trace at least the uppermost seismic reflectiagheosubsurface Tamworth
Belt.

Lithology and Wireline Logs
The base of the Surat Bastal0on the seismic profiles) is marked in Deep Crossing
by a boundary between the Jurassic Precipice Sandstdnedifferentiated volcano-
genic rocks of unknown age beneath it at a depth of 1627 $eefig. 3.19. The
Gamma Ray, Sonic and Resistivity logs identify this boundar a transitional se-
guence that may be interpreted as a weathering zonéa(seeFig. 3.12. ADAMSON
& DORSCH(1988) interpreted the well information by defining seveegiments in the
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borehole record beneath the Surat Basin successerki(s 3.19. The pre-Jurassic
well data correspond to four blocks, subdivided using tinelme logs (from older to
youngerBlock 1V, I, 11 andl of Fig. 3.19. Moreover, AAMSON & DORSCH(1988)
defined six lithological units, designatkhit A (youngest) tdJnit F (oldest).

The upper sequence is predominantly characterised by volegaaageks with a shaly
intersection ott.65 m in thickness at the top Bfock | andUnit A, respectively. On
the lithology log, this sequence is identified at a n&irellow depth than the corre-
sponding signal of the relevant wireline data — leavingstgeal of the Gamma Ray,
Sonic and Resistivity more to be trusted when depth-ctingleéhe borehole data with
the seismic record (compalg b, bs andb, of Fig. 3.12. Block | is characterised by a
very irregular profile (“kinky graph”) of the Sonic lodpdtter observed on the larger
scaled original log) and the Gamma Ray log and a frequeiminging, high amplitude
signal of the Resistivity log, identifying a frequent chamghkthology. Block Il depicts

Fig. 3.12: Borehole
DEEP CROSSING data from the well Deep
3 Crossing (Lat.: 27.46 89
ju
E TOTAL GAMMA SONIC LITHOLOGY RESISTMVITY 71S; Long.: 150.48 66
93E) drilled by the petro-
0 GAP| 200 (140  USFT 40 0.2 OHMM 2000 . .
= j z - % leum exploration industry.
< _ = Precipice Sst, Ever-
- :5 ;3 :% green Fm and Hutton Sst
o0 % z:‘ ;? represent the lowermost
(55; = Qi = sedimentary succession of
— ”S”b’?’s’g ,,,,, a l&\ ﬁ:iéa the Jurassic-Cretaceous
?2 urat Besn ¢ - Surat Basin. Block IV to
== bt b2 - M:;{ Block | and Unit F to Unit A
§ 8 Z were identified by ADAm-
7 ‘Z SON & DORSCH (1988).
= J = X _
2000 3 ,,,,,, S = HAiﬁ The correlations be
% Jj B c; tween the well-data and
s ) R the interpreted seismic re-
—> o = % | flection profiles are marked
= 1 =
=, 3 = a to “f" and are referred
2 ) to in Chapter 3.2.2.
,E,s £
2500 {: Jl % %’% Shale
z o 3
45 % g; Siltstone
}% ————————————— ST 5 ———‘———j%
% g = = Sandstone
= ! :
TD.: 2912 (_; 29 Volcanogenic
rocks
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a distinctive strong shift in the interval transiné of the Sonic log and clearly identi-
fies a change in the lithology within the volcanic regquence (see “e” fhig. 3.12.
ADAMSON & DORSCH(1988) here defined the lithological boundahyit C/Unit Bat a
depth ofc.2200 m. The uppermost part obDAMSON & DORSCH' Unit D is repre-
sented by hard and highly silicified sandstone with angu&akihighlighted asc® in
Fig. 3.12. Within Block 1ll, at a depth o£.2450 m and, respectively betweef540
m andc.2645 m, MAMSON & DORSCH observed a strong flow in the lithological
groundmass (Marked “d” iRig. 3.19. The top ofUnit E andBlock IV, respectively, is
coincident with a slight shift in the interval trangme of the Sonic log and a higher
amplitudinal signal of the Gamma Ray and the Resigtnaspectively (“f” inFig.
3.12. The bottom 50 metres of well Deep Crossing identiéygixth lithological unit,
Unit F, and depict a clear change in all wireline logs digday

Comparing the borehole data to the seismic record

The transitional se-
NW A82-LT-19

eep Crossing at ¢.300 m distance

5 guence at the base of the
Jurassic succession
(Precipice  Sandstone
marked as “a” in the

Gamma Ray, Sonic and

£ o
S Resistivity logs substan-
2
£ tiates the interpretation
of various seismic pro-
3
files where a disruptive
seismic signal was ob-
4 served and was inter-
Fig. 3.13: Seismic profile A82-LT-19 (final stack), located im- preted to depict a weath-
mediately to the north of the study area (for location see Fig. ering zone along the
6.1), showing the position of the well Deep Crossing jump-tied on ]
top of the seismic image (cf. Fig. 3.12) (the distance between the basal Surat Basin reflec-

borehole Iocgtioh and the seismic surv.ey app.roximately is 300 tion S10 (Cf. “37in Fig.
m). Black solid lines represent faults. Light solid lines represent

seismic reflections. 3.12and ‘@” in Fig. 3.5.
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The shaly intersection at the toBadck | (Fig. 3.19 can be compared to a zone
of a diffractive seismic pattern 040 ms TWT on the seismic profiles which may cor-
respond to a zone of tectonic weakness within the upperfamstvorth Belt succes-

sion (see fault structureskig 3.5).

HA being the uppermost Tamworth Belt seismic reflectinay be identified by the
borehole data in the volcanogenic rocks at a deptd2600 m in Deep Crossing Well
(Fig. 3.12, depicting the Block I/Blockll boundary GamMsON & DORsScH 1988).
Here, the seismic horizon is coincident with a strelndf in the interval transit time of
the Sonic log and a higher amplitudinal signal of the arRay (see “?HA” irFig.
3.12.

The Tamworth Belt seismic reflectid#B is interpreted to occur within the lower se-
guence of a volcanic intersectionc690 m. On the Sonic log a slight shift in the in-
terval transit time is observed, corresponding to a higimeplitudinal signal of the
Gamma Ray and the Resistivity respectively (see “Fign 3.12. Moreover, theHB
reflection corresponds with the top of the lithogichlit E as defined by BAMSON &
DORSCH(1988).

The bottom 50 metres of the borehole data depict a cifieange in the wireline log re-
cord. Although the Sonic log of Deep Crossing shows gsdraa strong change in the
interval transit time, the seismic data that aretletaearby do not show any distinct
changes in the reflection pattern. However, thetionaof the well Deep Crossing does
not directly intersect any of the seismic profiles #mas the cause of the lithological
and wireline signals of the bottom 50 metres of the meal not be displayed as a dis-

tinctive feature on the seismic reflection record.

3.2.3. Stratigraphic geometry — short discussion
The individual Tamworth Belt seismic reflections desitgd HE (older) to HA
(younger) identify five intra-fore-arc basin boundariesl @an be recognised in the
subsurface sedimentary record to lie more or less conforeach other. The oldest
seismic reflectioHE is within a strongly deformed zone, located betweenwmo ba-
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sin bounding faults and is therefore hard to pick on tseegaside of the seismic re-
cord, close to the eastern margin of the fore-armbdke Tamworth Belt sedimentary
succession thickens towards the basin bounding faulttecthe east. Six defined seis-
mic sequences appear to be internally very similar imgeof individual reflection
properties such as amplitude and continuity. In the faadt-@n the western side of the
Moonie Fault, the Tamworth Belt reflections are lesatinuous. In the hanging-wall,
to the east of the Moonie Fault, the stratigraphieabrd of the fore-arc basin succes-
sion is seen best. However, as the subsurface Tam®elithas been subject to major
thrusting, sequence repetition within the interpreted focesasin succession is likely

to occur.



Es gab Steine [inks und Steine recbts
Und niedriges ditrres Gestripp dazwischen,
und dreimal vernalm ev ein tiefes knappes

Knacren,
obwob[ niemals jemand zu seben war.

Rudyard Kipling



4. MAGNETIC AND GRAVITY ANOMALIES

4.1. Introduction
Gravity and aeromagnetic data from eastern Austraba a
held by Geoscience Australia. The digital informaticas
been modified using ER Mapper 5.5a software, based on a
geodetic Map Projection with a Geodetic Datum of AGD 66
(AustralianGrid Data). Total Magnetic IntensityfMI ) and
gravity datasetsBouguer Gravity) were produced in pseu-
docolour mode and are here displayed in either RGB-colour
(Red-GreenBlue) or shades of grey. The original datasets
for both aeromagnetic and gravity information were atiii
generated to provide an overview of these parametetisdor
entire Australian continent. As part of this study, buer,
both the aeromagnetic and gravity data were reprocessed i
order to provide more detailed information on the geometry
of the area under investigation. The New England Orogen
region was mapped from 19° S to 34° S and from 147° E to
154° E, the study area, in larger scale, from 27° 15’ Sto 28
S and from 150° 05’ E to 150° 40’ E.

4.2. Aeromagnetic data

The aeromagnetic images (gradient-enhanced residuals of
total magnetic intensity) are based on the 1996 Geoscienc
Australia 1:5 000 000 scale Magnetic Anomaly Map of Aus-
tralia (TARLOWSKI et al., 1996) and on the 1976 Geoscience
Australia 1:2 500 000 scale Magnetic Anomaly Map of Aus-
tralia (BMR, 1976). The data from surveys in the Tamworth
Belt are reasonable closely spaced, with an average line
spacing of about 400 metres, with some surveys having a
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surveys). As part of this study, L

the generated images were

"

modified by using a Gaussian

Equalise with transform limits
from 4430 T to 5560 . This
was based on a contrast maxi
mise using a 3 x 3 North-South
Kernel Sunangle Filter. A3 x 3 ]
West-East Kernel Sunangle .
Filter was used in the algo-
rithm’s Intensity Layer. An
Average 5 x 5 Kernel Lowpass
Filter was added to the Pseuda
Layer (e.g.Fig. 4.1). Addi-
tional techniques (e.g. smooth-
ing and draping colours) were
used in order to enhance the
anomaly contrast in such a way
as to make it possible to view
it as a grey-scale image (e.g.
Fig. 4.2.

Fig. 4.1: Aeromagnetic anomaly image, using Total Magnetic Intensity [nT], overlain by a terrane map of
the New England Orogen (white solid lines). The pseudocolour image is based on aeromagnetic data col-
lected by Geoscience Australia and the Geological Surveys of New South Wales and Queensland. The
aeromagnetic features marked as p and g refer to surface geology, depicting the location of Permian sedi-
ments and granite, respectively (see text for details).
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4.2.1. Aeromagnetic data — presentation
Aeromagnetic images of the New England Orogen and ufrewsnding region indicate
that the Bowen Basin has a higher Total Magnetic gitrthan most of the New Eng-
land Orogen. The Tamworth Belt to the east is genemdntified through lower mag-
netic anomaly valued=(gs 4.1, 4.2, 4.6 & 4)7 The aeromagnetic response of the subsur-
face Tamworth Belt is characterised by a moderate dexiieamagnetic intensity from
west to eastHigs 4.1, 4.6 & 4.). A slightly right-curved, N-S-trending disrupted mag-
netic ridge ¢.5010 — 5060 Tion Fig. 4.1) identifies the easternmost limit of the Tam-
worth Belt in the southern New England Orogen, extendiver approximately 400 kilo-
metres from S32° to S28Figs 4.1 & 4.2a.

In the study area, the close line spacing of maxid@@m allowed the author to con-
struct several magnetic traverses along key seisnes lusing the ER Mapper software,
in order to complete the seismic interpretation ofgtbsurface Tamworth Belt succes-
sion across strike~{gs 4.3, 4.4, 4.5¢f. 4.7).

4.2.2. Aeromagnetic data — interpretation
By interpreting TMI images based on a line spacing of mamm00 metres, one can ex-
pect to obtain valuable information on any major geokldeature near the surface. The
techniques described @hapter 4.2.(e.g. draping colours) are used to emphasise the ex-
pression of anomalies attributable to near-surface ggolo

As discussed above, the seismic reflaqtiofiles indicate that the Mesozoic plat-
form cover (Surat Basin) is subhorizontiigs 3.4, 3.5 & 3.5 This is supplemented by
borehole data from wells across the entire study ardied into sediments of the Surat
Basin (cf.Chapter 3.2.2). On the aeromagnetic images, some distinct feaareseen
(seeFig. 4.]) although the Mesozoic cover of the Surat Basin isast up to 2000 metres
thick and intermediate or mafic rocks do not occur withm $edimentary succession. It
is assumed that the rock types of the Surat Basin ayesuailar throughout the entire
study area and are therefore of a constant magnegiasity. The Surat Basin sits directly
and disconformably on a basement of Bowen Basin andvbaim Belt, and the geometry
of this basement could well explain at least someefithgnetic responses.

Although it is not possible to state categdly that the magnetic anomalies relate
to the basement’s observed fault and fold geometry, possible that the stronger mag-



40

Fig. 4.2a (right): Grey-
scale Aeromagnetic anomaly
image overlain by a simplified
terrane map of the New Eng-
land Orogen, identifying out-
cropping magmatic arc, fore-
arc and accretionary complex
rocks using different shades
of brown. The box represents
the study area and shows the
location of the three magnetic
profiles (marked as 4.3, 4.4
and 4.5) as to be seen in Figs
4.3, 4.4 & 4.5, respectively (cf.
Fig. 1). The profile numbered
4.7, located directly south of
the study area, refers to the
position of the aeromagnetic
traverse shown in Fig. 4.7.

Fig. 4.2b (beneath): Three
dimensional terrane map of
the New England Orogen.
Note the zone of magnetic
highs along the boundary be-
tween the fore-arc basin and
accretionary wedge (brown
coloured and light-brown col-
oured, cf. Fig. 4.2a).
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netic features in the images are due to Middle and Laise®&zoic rocks. Thus, it is prob-
able that the Mesozoic Surat Basin cover functionskasdaof “dilution filter”, affecting
the overall Total Magnetic Intensity. The relativellgep sourced magnetic signals would
penetrate, but be diluted by the Mesozoic sedimentargrcdinis would explain two
large linear magnetic anomalies along the western lameastern end of the Tamworth
Belt (Figs 4.1 & 4.2 that are associated with faults of major displaeeinbeneath the
Mesozoic platform cover, namely the Moonie Faulthte west and the Peel Fault to the
east (Figs3.4, 3.5 & 3.6.

4.2.2.1. Aeromagnetic data +pregation of the Southern NEO
The aeromagnetic anomaly image of Eastern Austrhbavs that the Bowen Basin sys-
tem has an overall higher Total Magnetic Intensitynttiee subduction-related structural
units of the New England Orogen to the east of it &delled Tamworth Belt, Tablelands
Complex and Bowen Basin kig. 4.1).

However, in the southern New England Onggethin the northernmost blocks of
the outcropping Tamworth Belt succession (namelyTthmworth Northand theTam-
worth SouthseeFig. 4.1,cf. Chapter 2.2.2), the aeromagnetic anomaly image identifies
two different levels of intensity, running sub-parallelhe bverall basin trend~(g. 4.1).
Here, adjacent to the Bowen Basin in the west, thalTdagnetic Intensity seems to
mimic the occurrence of the outcropping Tamworth Bedtcession. To the west, higher
magnetic intensities showing orange to dark red TMI wrethe pseudocolour images
characterise Carboniferous sediments that are maredahbt in volcanic flows and tuffs
(c.5050 — 5560 nT iifrig. 4.1). To the east, ranging from light blue to yellow oe gseu-
docolour aeromagnetic images, lower intensities areidenesl to identify Devonian sedi-
ments that were predominantly deposited in a shallowinmanvironment 4850 —
5000 nT inFig. 4.1).

Some remnant aeromagnetic lows, however, can béfiddrby blue to dark blue values
on the pseudocolour anomaly images, ranging fte30 — 4850 nTKig. 4.1). Based
on the surficial geology, these lower magnetic valklesmacterise Permian sediments at
the western margin of the Tamworth Belt or even witiie fore-arc basin unit (sep™

in Fig. 4.7). Within the south eastern part of the belt, soroé&atied aeromagnetic highs
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are observed where plutonic bodies can be identifiedutcrop (e.g. Barrington Tops
Granite in theTamworth Southea$iock; see §” in Fig. 4.1).

Western Tamworth Belt

In the northern part of the exposed Tamworth Belt @wNsouth Wales, to the south of
the study area, a NNW-SSE-trending magnetic ridge oaorg) the fore-arc basin’s
western marginKig. 4.1 & 4.9. Here, theMooki Fault (seeFig. 2.3 can be traced in
outcrop to strike NNW-SSE (cChapter 2.3) and can be connected to the subsurface
Moonie Faultfarther north [Fig. 3.1 seeFig. 5.13. Associated with these faults, that
thrust Devonian to Triassic sediments against flat-lyiegrifan strata, are TMI values
that are slightly higher than the overall high valuethe Total Magnetic Intensity seen in
the Bowen Basin to the west of the thrust faufig.(4.3).

In northernmost New South Wales, alongvtestern end of the Tamworth North
Block (Fig. 4.1), RAMSAY & STANLEY (1976) postulate that Permian to Triassic interme-
diate to mafic intrusive rocks of high susceptibility hdeen emplaced at depth on the
Mooki thrust and that these rocks are the cause of thmalg. A second type of the
causative body, however, has been associated witkabé&i Fault farther north, extend-
ing for more than 20 kilometres. HereaMSAY & STANLEY (1976) defined “a linear
anomaly, which has a profile characteristic of a $tmec laminated parallel with its
strike”. They describe the anomaly causing intrusive axkawaiite of conjectural age,

but imply a Miocene age.

Eastern Tamworth Belt

In northern New South Wales, where the rocks of thehern New England Orogen are
exposed at the surface (cf. simplified terrane mdgign4.2with overlain Terrane map in
Fig. 4.1, the eastern margin of the Tamworth Belt is idexdiby the previously men-
tioned slightly right-curved, N-S-trending, disrupted n&tgnridge, identified by red val-
ues on the pseudocolour images010 — 5060 nT irFig. 4.7). Along this magnetic
anomaly, serpentinites and related mafic igneous roeitgrittiuded along the Peel Fault
can be traced in outcrop (¢fig. 1 & Fig. 4.7 and are responsible for higher TMI-values
(RAMSAY & STANLEY, 1976). The age of the causative mafic to ultramafic reckee-
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scribed to be Lower Devonian or pre-DevonianNRAY & STANLEY, 1976).

Within the region that is covered by SuratiB sediments, that is, between the
northern and the southern New England Orogen terrahdsif@ne map overlain iRigs
4.1 & 4.2, a NE-SW trending ridge — which appears to change to afe&tated feature
farther south — defines the easternmost boundary off #mworth Belt in southern
Queensland. Off this aeromagnetic ridge, a second, snaaiéemore disrupted ridge of
unknown cause can be seen bifurcating immediately tovése, trending NE-SWHigs
4.1 &4.3.

If traced farther southwards, the eastern aeromagieetiore may be connected to
the magnetic ridge of the exposed part of the elongatsesmad serpentinites in northern
New South Wales. Thus, the easternmost magnetic apoitigé may be interpreted as a
distinctive feature defining the boundary between the TatmBelt and the Tablelands
Complex, or, in other words, the boundary between thedeoc basin and the accretion-
ary wedge, respectivel§rigs 4.1, 4.2 & 4.Y.

4.2.2.2. Aeromagnetic data —+priation of the study area

On the south-eastern side of #h82-LT-24 seismic profile, beneath the disconformably
overlying Surat Basin succession, a thrust with a ranigylametry has been interpreted,
ramping up north-west directed and identifying the Moonie H&idt 3.4). On the A82-
LT-24 magnetic traverse, the Tamworth Belt successimhsome overlaying remnants of
the Bowen Basin succession to the south-east angéfidd by relatively low TMI values
of ¢.4950 1T, whereas to the north-west, where oldest Bowen Basliments overlay the
fore-arc basin succession, the Total Magnetic Intgmsibbserved to be higher, with val-
ues ofc.5050 T (Fig. 4.3. An asymmetrical high in the magnetic data in the reeat
the traverse can be correlated with the thrust ramgh@seismic profile (cfFigs 4.3 &
3.4; seeChapter 3.1.2.for details). The asymmetry of this magnetic higlyscal for
magnetic anomaly graphs of dipoles as seen at meldiitendes Fig. 4.39. The mag-
netic peak, which is higher than the values in the BoBasin to the north-west.65145
nT in Fig. 4.3, indicates that a magnetically source rock forahemaly has been em-
placed along the fault.

On the images showing the Total Magnetic Intersf the southern New England
Orogen Figs 5.1, 5.2& 5.23, the asymmetrical high identifies a linear anomabht ik
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parallel to the strike of the Moonie-Goondiwindi fawstem. To the north-west of the
Texas Orocline, where the Moonie Fault strikes NE-S\W thie Tamworth Belt succes-
sion is influenced by oroclinal bending, the linear anorbalyomes more disrupteHig.
4.8), but still is parallel to orientation of the Moonie Eads this Moonie anomaly ex-
tends for over 200 kilometreEi@y. 4.1), from the study area to the north to northern New
South Wales to the south, its cause is unlikely toxpéaged by intermediate to ultrama-
fic intrusive rocks. Moreover, the age of the causadigy is uncertain.

On a hypothetically basis, this may confirm theictural geometry of the Moonie
Fault ramping up north-west directed beneath the Sursih Baccession and, due to the
faulting, bringing up more magnetic rocks of the Tamw@t closer to the surface (i.e.
volcanogenic compared with more quartz-rich in the SuraétBowen basins; cFigs 4.3
& 4.3a). However, as no sharp lineation but more a zoneowigated, stronger magnetic
signals defines the Moonie Fault, fluids that occur atbeghrust containing ferro-oxides
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and ferro-hydroxides may also be the cause for the diéftenomaly on the correspond-

ing image.

In general, field studies on fluid migration suggest, thithin the middle crustal layer that shows
more of a brittle reaction to deformational movemettts, fluids take more drastic measures, not
only along the fault-plane, but also angular to it. Thias,resulting ferromagnetic signature would

create a more diffusive anomaly on the correspondiageé as seen in the study area.

The approximate depth of the top of the causative bodycakulated using Peter’s half-
slope method (MSSeTT& KHAN, 2000). It varies fronc.4800 metres (traverse A82-LT-
24) t0¢.6250 metres (traverse A82-LT-20, sgepter 5.1.2, Fig. 5.7). This, when ap-
plied to the depth converted seismic reflection datacames that part of the hanging-wall
strata close to the thrust ramp is reasonable for Hgnetic high. This is possibly in the
vicinity of the anticlinal part of the seismic reflest HC (cf. Figs 3.4, 3.5 & 3.5 How-
ever, as (i) the sediment facies of the fore-asirbauccession varies to much to be pre-
cisely depth-correlated with the seismic reflectioradatd (ii) the magnetic anomalies in
general vary dependant on the strike of the causatidg (dUSSETT& KHAN, 2000), the

source of the magnetic anomaly is speculative.
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Fig. 4.4: Magnetic traverse (Total Magnetic Intensity) along the seismic reflection profile H82-T-109 (cf.
Fig. 3.4), located between A82-LT-24 to the west and BMR86.MOL1 to the east. For details, see text.

Fig. 4.5: Magnetic traverse (Total Magnetic Intensity) along the seismic reflection profile BMR86.MO1
(cf. Fig. 3.5), located to the east of H82-T-109. For details, see text.
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2V ablelands
“iaComplex B

Northem extension
of the Peel Fault

Base 4500 nT

. 0 20 km
Moonie Fault |

Fig. 4.6: Three dimensional aeromagnetic image of the study area, displayed in contours with a line
spacing of 50 nT. The base of the block diagram is the 4500 nT contour line. The black solid lines high-
lighted 4.3, 4.4 and 4.5 refer to the locations of the aeromagnetic traverses shown in Figs 4.3, 4.4 & 4.5
and to the locations of the corresponding seismic profiles seen in Figs 3.4, 3.5 & 3.6, respectively. The
aeromagnetic high marked as c; can be correlated with the westward-dipping fault c; on the corresponding
seismic profile of Fig. 3.6. The aeromagnetic ridge marked as ?c, can be correlated with the northern ex-
tension of the Peel Fault (cf. c; in Fig. 3.6). The magnetic high marked as d may be correlated with a du-
plex structure referred to in the text (cf. Fig. 4.8).

WNW Tamworth Belt ESE
Moonie Fault Peel Fault
™I [nT]
5100 —
5000 —
4900 —
4800 —|

0 20 km

Fig. 4.7: Aeromagnetic anomaly traverse across the Tamworth Belt showing
the Total Magnetic Intensity [nT]. See “4.7” in Fig. 4.2a for location (directly south
of the study area).
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Southeast of traverse A82-LT-24, 6i82-T-109 (Fig. 4.4, the total magnetic intensity
gently decreases south-eastwards for another I3Gtarting at 4975 Thin the north-
west and reaching its minimum at the south-eastern etigeqgdrofile at approximately
4845 . Although the fore-arc succession dips moderateljpgabrth-westKig. 3.5, it
does not coincide with the Total Magnetic Intensityediion of incidenceKig. 4.4.
However, the decrease in magnetic intensity - aggoes down the section - implies that
the upper sequences in the Tamworth Belt are more niagnab the lower ones. More-
over, it substantiates the correlation between theridoBault and the higher magnetic
anomaly associated with it; in other words, more thectural processes in the subsurface

seem to cause the magnetic highs rather than tha gteahselves.

On the Millmerran profile BMR86.MO1, Fig. 4.5 located farther to the east, two small
highs are noted on the eastern end of the magnégiasity section. These highs can be
correlated with two major west-dipping faults (se¢ ‘and “c,” on Fig. 3.6) that are cov-

ered by the base of the Surat Basin on the corresppsdismic profile, with the eastern
fault indicating the northern extension of the expoBeel Fault in New South Wales (cf.

Fig. 4.8: Three-
dimensional aeromag-
netic image of that part
of the NEO, that was
influenced by oroclinal
bending, forming the
Texas Orocline, and
subsequently was cov-
ered by Surat Basin
sediments. (cfFig. 4.6
for terminology).

No scale

Figs 3.6, 4.5, 4.6 & 4)7 The Total Magnetic Intensity graph on the westerh @nthe
traverse directly correlates to the values seen veitsa H82-T-109 (cfrigs 4.6 & 4.7.
The magnetic low in the middle of the Millmerran tese coincides with the end of con-

tinuous seismic reflections of the Tamworth Belt seqesieég. 3.6).
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Immediately south of the study[

area, a WNW-ESE-oriented aero-

Fig. 4.2 for location,Fig. 4.7 for

details) was constructed in the re
gion where the Tamworth Belt
narrows significantly. As a conse-
guence, the structural geometry of
the belt is similar to that observed
in the exposed part of the fore-arg
basin farther to the south. This
profile confirms the above de-
scribed magnetic anomalies anc
supports the fault-related asym-
metries in the subsurface Tam-
worth Belt (such as the asymme-
try of the magnetic signal for the
Moonie Fault inFig. 4.3 and the

westward-dipping faults inFig.

4.5, respectively) (cfFigs 4.6 &

4.7

4.3. Gravity data

The gravity anomaly map of the
New England Orogen regiofi.
4.9) is based both on onshore re
sidual Bouguer gravity anomalies
(A. S. MURRAY et al., 1997) and
on offshore free air gravity
anomalies (8NDWELL & SMITH,
1997). The transform limits dis-
playing the New England Orogen

AEROMAGNETIC AND GRAVITY

Fig. 4.9: Gravity anomaly image of the New England Orogen
based on onshore residual Bouguer gravity anomalies and off-
shore free air gravity anomalies (um s?). The pseudocolour im-
age is overlain by the terrane map of the exposed part of the New
England Orogen (white solid lines).
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area range from -976.12 pmte 2886.64 um-=s the values in the image displaying the
study area range from -579.05 umie 488.96 um3 The image contrast was enhanced
by sun shading with an azimuth of 315° and an elevatigtb®and therefore can also be
expressed as grey-scale anomaly map$-(gf.4.9 & Fig. 4.10.

4.3.1. Gravity data — presentation
On the Bouguer anomaly mapig. 4.9, a number of features substantiate the gradient-
enhanced residuals of the Total Magnetic Intensity. Beaafube small scale grid cover-
age (a maximum of 11 km between the gravity stations).eliery no gravity traverses
along the key seismic lines were constructed as pamiso$tudy.

4.3.2. Gravity data — interpretation
Gravity data are of great importance to characterisetifuctural signature of pre-Jurassic
rocks, especially in the northernmost part of the Sontheew England Orogen, where
the gravity signals seem to correlate to the tectseiting. Although the gravity signals
are more diffusive because of the long distances bettheegravity stations, the cause of
the anomaly can be picked easily on the contrast enthamages figs 4.9 & 4.10. Its
location, however, can not be identified preciselyi€ast less precise than the location of
the magnetic anomaly causing bodies).

Interpretation of the Southern New England Orogen

In northern New South Wales, to the west of the Tabtess Complex accretionary wedge
assemblage, two gravity ridges may be identified alongstitiee of the Tamworth Belt
succession. Following these gravity lineaments into sontlQueensland, they may be
interpreted as a major tectonic structure, ranging t@®° S toc.28° S andc.27° S re-
spectively Figs 4.9 & 4.10. In the eastern Gunnedah-Bowen Basin - to the westeof t
study area - a more diffuse and disrupted ridge extendseamlongitudinal direction
(Figs 4.9 & 4.10. This gravity lineamentc(-100 to 50 pm-3, where documented in the
seismic data, occurs to the west of the Mooki-Moonietdainl the Gunnedah an Bowen
basins, but may be correlated to the western borderedfore-arc basin succession (see

Chapter 6, Comparison with previous studies - western boundary
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Interpretation of the

study area

In the region east of the &
Moonie Fault system, the most
noticeable feature is that of a|

strong gravity signal along the
exposed part of the Peel Fault

AEROMAGNETIC AND GRAVITY

in northern New South Wales|

(Figs 1, 4.9,4.10 &4.92This
is due to the higher Bouguer
Gravity values of the serpen-

tinites and related mafic- |
ultramafic rocks that occur

along the fault (cf.Figs 4.9,
4.10 & 4.13. The gravity sig-
nal is part of a distinctive cur-
vilinear gravity ridge ¢.10 to
50 um 8) at the eastern end of
the investigated area, identify-
ing the boundary between the
Tamworth Belt and the Table-
lands Complex and, moreover,

the Texas Orocline in southern|

Queensland (cfigs 1 &4.9.

Queensiand

o

b9
New Soufh’\/lbles "

s
Tasman Se
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Fig. 4.10: Grey-scale Gravity anomaly image overlain by a
simplified terrane map of the New England Orogen, identifying
magmatic arc, fore-arc and accretionary complex rocks using dif-
ferent shades of brown. The box represents the study area,
showing the location of the three seismic and magnetic profiles
(marked as a, b and c¢) as seen in Figs 3.4, 3.5, 3.6 and 4.3, 4.4 &
4.5 respectively.
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4.4. Aeromagnetic and gravity data — discussion
Higher magnetic signals in the Tamworth Belt maycberelated with structural differ-
ences in the subsurface fore-arc basin geometrii@gs.4.3, 4.5 & 4.B

In northern New South Wales, to the south of the sarég, the Tamworth Belt is ex-
posed on the surface. Here, two distinctive magnetic sidgee identified by RUSAY &
STANLEY (1976), located along the Mooki Thrust to the west (Hht fequivalent in
northern NSW to the Moonie Thrust in southern Queenslamipbong the Peel Fault to
the eastKig. 4.11. The Peel anomaly is regarded to be caused by ultiaarad related
rocks of a serpentinite belt, whereas the Mooki anonsauggested to be a composite
anomaly caused by pluglike intermediate intrusives and®kilometres-long dike of ha-
waiite, respectively RVSAY & STANLEY (1976).

Tracing the Mooki anomaly to the north¢dintinues along the Moonie Fault in
southern Queensland, identifying a more or less contirmengmagnetic lineament for at
least 200 kilometres={g. 4.1). In the study area, where the structural geometyflis-
enced by the Texas Orocline to the south-east, thenetiagsignal becomes more dis-
rupted. The overall Mooki-Moonie magnetic anomaly, hesveis stronger and less dis-
rupted than the Peel anomaly to the east.

Because of the fact, that

(1) the overall nature of the aeromagnetic anomaly ridgecésted with the Moonie
Fault is strong and ongoing,

(2) the calculated depth of the causative body using Bebaif slope method (see
Chapter 4.2.2.2) picks the location of the cause of the anomaly eclts the
Moonie thrust ramp and /or within the hanging-wall strata,

(3) no seismic body due to potential intrusive rocks wesrpmeted at the base of the
Moonie Fault on the seismic reflection profiles,

the author questions, that the aeromagnetic anomalgrdgiibe caused by intrusive rocks

that were emplaced at the base of the thrust fdufitrusive rocks would have been em-

placed at the base of the Moonie Fault, the resultingnet&c anomaly ridge would be
more disrupted, that is, the causative intrusive rocksldvioe expected to be more plug-
like in form.

Ferromagnetic minerals present within the-fc basin succession and brought
up closer to the surface by contractional (thin-skinnedjonic forces are reasonable for



52 AEROMAGNETIC AND GRAVITY

the large linear magnetic anomaly along the western gfathe Tamworth Belt (see
above). No sharp lineation but more a zone of stromgggnetic signals defines the
Moonie Fault. Therefore, ferro-oxides/ferro-hydroxideshimithe hanging-wall sequence
may also be responsible for the higher aeromagnesiponse above the thrust fault,
ramping north-westwards.

However, cause and age of the Moonie aeroshaginomaly is speculative.

In the study area, in southern Queensland, two aeroniagidges were identified within
the incidence of the subsurface Tamworth Beilyg 4.1, 4.2b, 4.6 & 4)8To the east, the
easternmost magnetic lineament of a northwards bifagaiige was linked to the Peel
Fault farther south ¢an Figs 4.6 & 4.8. It defines the border between the accretionary
wedge and the fore-arc basin units, following the inddcabf the Texas Orocline (cf.
Fig. 4.8. Another aeromagnetic ridge is associated with theridoBault, to the west of
the study area, and occurs along strike of the thrultt(faigs 3.3, 4.1 & 4.5 Between
the two aeromagnetic ridges there is a gravity ridgs flllowing the curvilinear trend
that can be observed in the aeromagnetic dat&i@<.4.1, 4.8, 4.9 & 4.1)2

The three-dimensional images of the New England Orogere created using ER-
Mapper software and show the aeromagnetic data iff Fig. 4.123, the gravity data
("b” in Fig. 4.129 and the gravity data overlain by the aeromagnetic @etain Fig.
4.129. The interrelation between the aeromagnetic andjtaeity features are displayed
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Fig. 4.11: Magnetic traverse across the exposed part of the Tamworth Belt in northern New South Wales
plotted with Bouguer Gravity (dashed line) (from RAMSAY & STANLEY, 1976). The profile runs WSW-ENE and
is located to the east of the Gunnedah Basin, approximately 200 km to the south of the study area (see
Fig.1). Two strong anomalies can be recognised, located at the Mooki Thrust to the west (which is the fault
equivalent to the Moonie Fault in southern Queensland) and at the Peel Fault to the east. The simplified
geological cross section is shown at the bottom part of the profile.
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Fig. 4.12a (right): Three-
dimensional perspective of the
New England Orogen (cf. Figs
4.1, 4.6 & 4.8), showing the aero-
magnetic image (a), the gravity
image (b) and gravity data over-
lain by aeromagnetic data (c).

Fig. 4.12 (beneath): Bounda-
ries of the subsurface fore-arc
basin as interpreted from the
aeromagnetic data. The 3D-
image shows a different, and
zoomed-in perspective of the
southern New England Orogen
(cf. “c” in Fig. 4.11a) (compare to
palaeogeography map, Fig. 2.2).

No scale

and correspond best in the southern New England Oréggn4(12. In order to identify

the extent of the subsurface Tamworth Belt lying witi@ transition zone between the
southern and the northern New England Orogen, botimdgnetic and the gravity data
were used to map the boundaries of the fore-arc basie isubsurface thus defining the
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Tamworth Belt boundary where it is covered by youngemsewts in southern Queen-
sland Fig. 4.12 white solid line).

The image was constructed by putting two diffeanomaly layers on top of each
other. The colour code illustrates the aeromagneticnaty and is referenced to the same
values as ofigure 4.1(red represent relatively high and blue relatively lowl Msllues).
The relief mimics the gravity data (dfig. 4.10. Thus, morphological highs represent
relatively high values of the gravity field, while morpingical lows represent lower val-
ues, respectively (cf. map “c” ¢fig. 4.12. Hence, the morphological gravity ridge sub-
stantiates the information gained from the elongatednetay pseudocolour highs, as-
suming, that thrust-related processes can cause anldvigie@r magnetic and gravity
anomaly. Within the southern New England Orogen, two sulmhucelated structural
units can be clearly separated from each other on ti@lgeromagnetic anomaly image
and the gravity anomaly image. Here, where the fordsastn Tamworth Belt is highly
deformed due to subsequent tectonic deformation, thedebe interpreted to consist of
more anomaly causing mafic rocks - especially alondaiit-dominated boundaries -
than the accretionary wedge assemblage Tablelands Cotuoyile east.

The proposed terrane boundaries as interpreted frometioenagnetic data, the gravity
data and the seismic reflection data (of which thedast predominantly restricted to the
western part of the visualised area) are the firstgite¢o outline the New England Oro-
gen terranes in the subsurface and will be refined wiesn data become available (cf.
Figs 4.1, 4.9 & 4.1p






Allein die Spbdve oer ausgebi[beten Natur ist unaufbév(icb bescbéiftigt, sicb anszubreiten.

Immanuel Kant



5. STRUCTURAL GEOMETRY OF THE
TAMWORTH BELT

Relevant geophysical data in the study area consisi®f s
mic reflection profiles and gravity and aeromagnetic .data
Together with petroleum exploration well informatioimese

data were used to provide a complete view of the fore-arc
Tamworth Belt buried underneath the Bowen and Surat ba-
sins. The boundaries and subsurface geometry of the Tam-
worth Belt will be defined below.

5.1. Fault geometries from seismic sections
In the study area, a series of major NW- and W-ditecte
thrusts can be recognised on the basis of seismiqe&lgta
Figs 3.4 & 3.6§. The most significant of these structures, the
Moonie Fault Fig. 3.4, is part of a larger Middle Triassic
fault system (se€hapter 2.3. for details). The complexity
of this thrust event is indicated by the presence athsyic
thrusts Fig. 3.4 and backthrusts (“b” ifrig. 3.6. Two ma-
jor westward-dipping faults (i€ and “c,” in Fig. 3.6 may
form the eastern boundary of the Tamworth Belt. Thstw
ern Tamworth Belt boundary could not be defined using the
present data because it continues beneath the Bowem Basi
to the west of the study area. Moreover, the baseecfub-
surface Tamworth Belt succession could not be defined due
to the shallow character of the seismic profiles (ttagority
of the seismic lines of the investigated area has adiecp
time of 3 seconds TWT). Thus the base of the Tamworth
Belt is below the lower limit of the seismic sectso How-
ever, the hanging-wall geometry is characterised by the
Moonie Fault to the west (“b” ifrig. 3.4 and the two W-
dipping faults to the east (‘tand “c,” in Fig. 3.6 and thus
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images the structure of the subsurface Tamworth Belessimm Fig. 3.5.

5.1.1. Additional information from deep seismic profiling
Two deep seismic profiles (BMR84.14 to the north and BMR91.GOthd south, re-
corded to 20 seconds TWT), both of which are located sastende from the seismic
study area, provide supplementary east-west cross-sectiooss ahe Tamworth Belt,
(for location, sed-ig. 3.1). They were acquired by the Bureau of Mineral Resources (n

Geoscience Australia) and show the overall geomettilgeoTamworth Belt and the adja-
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Fig. 5.1: Cartoon of the crustal architecture in the vicinity of the eastern part of the deep seismic survey
BMR84.14 immediately to the north of the study area (from KorscH et al., 1997) (for location see Fig. 3.1).

cent tectonic successionsLfGBl et al, 1993; KORSCHet al, 1993, 1997; INLAYSON,
1990; Wake-Dysteet al.,1987).

The fore-arc basin succession to the norigtuamly area, as displayed on the deep
seismic survey, line BMR84.14, identifies a shallow westiwipping base of the Tam-
worth Belt Fig. 5.1). Here, the Tamworth Belt is in an anomalous regiod its sedimen-
tary succession is extremely wide due to repetition bytbclinal bending (cChapters
2.2.2.and3.1, respectively).

The Tamworth Belt, as seen on the souttieep seismic profile BMR91.GOEi§.
5.2), has a doubly vergent structural geometry with a steegtward-dipping eastern
margin.
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Fig. 5.2: Cartoon of the crustal architecture in the vicinity of the deep seismic survey BMR91.GO0L1 to the
south of the study area in the Southern New England Orogen (from KoRrscH et al., 1997) (for location see



TAMWORTH BELT 59

This change in structural geometry of theefarc basin unit, from broad and flat
bottomed in the north to narrow and bounded by steep fauttee south, represents the
overall variation in the basin geometry that can be seéhe study ared(g. 4.8 chapter
4.2.2.2.). The uppermost part (6 seconds TWT) of the nortB8R84.14 profile, was
reprocessed by Geoscience Australia (GA) in 1999 to betegrate the data into the ex-

isting dataset. The interpretation will be discussedhapter 5.5.2.

5.1.2. Composite seismic profiles across the subsurfavevdeh Belt
The tectono-stratigraphic geometry of the successiotisel Tamworth Belt will be dis-
cussed by presenting three NW-SE-directed composite shedimmic profiles across the
subsurface fore-arc basin. From north to south theserses are (sdég. 3.3 for loca-
tion) AB2-LT-20 and A82-WR-22, A82-LT-24, H82-T-109 and BMR86.M01 and A82-
LT-29 and H82-T-106.

Seismic sequences within the concealed Tamworth Belt
In the fore-arc basin, five reflections, defining sixss@c sequences, could be recog-
nised. Variations in reflection amplitude and continwithin individual sequences, how-
ever, is interpreted in terms of lateral changes irddpositional environment. The identi-
fied seismic sequences appear to thicken slightly towardsaseern part of the region
(Fig. 3.9, reaching their maximum thickness close to the eaftatied margin (adjacent
to the Peel Fault). The succession betweerBB&andHD reflections on the H82-T-109
seismic line Fig. 3.9 is about 5000 metres thick.{1800 ms TWT). Farther east, on the
Millmerran profile Fig. 3.9, the fore-arc succession below tH® reflector is about
7000 metres thickc(2000 ms TWT). The entire thickness of the Tamworth Bedices-
sion is, therefore, at least 12 kilometres. This iglamio the values obtained byANG
(1991) and VBODWARD (1995) in the exposed part of the Tamworth Belt in Newts
Wales. However, reprocessing of the uppermost 5000 ms TWAE dMillmerran and the
BMR 84.14 profiles has led to a different approach in undeisig the fore-arc basin ge-
ometry with the identification of two thrust sheetapd¢d upon each other that are re-
sponsible for the entire thickness of the Tamworth Beccession in the study area (see
Chapter 5.4).
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Fig. 5.3 (left): Schematic progressive development
of fault-bend folds as a thrust sheet rides over a step in
décollement (from SupPpPE, 1985).

Fig. 5.4 (beneath): Interpretation of seismic reflec-
tion profile A82-LT-24 (final stack). Heavy solid lines
represent faults, such as the Moonie Fault as it ramps
up to the NW (marked as “b”) with its fault tip line cut-
ting Mesozoic platform cover (marked as “a’, see text
for details). Two synthetic faults are recognised
(highlighted as “c”).

The light solid lines represent interpreted seismic hori-
zons. HA, HB, HC and HD are within the Tamworth
Belt succession. B30 and S10 represent the sequence
boundaries at the base of the Bowen and Surat basins,
respectively, and B70 represents the approximate posi-
tion of the Permian-Triassic boundary. The clear-cut
seismic reflections marked as “d” identify latest Per-
mian Bowen Basin sedimentary sequences.

The aeromagnetic anomaly along this traverse
(cf. Fig. 4.3) is illustrated above the seismic image.
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The top of the Tamworth Belt succession is definedhieyBB0 reflection (which marks
the transition to the Bowen Basin). Seismic datavstiat the folded Tamworth Belt suc-
cession appears to be stratigraphically conformable Witltoverlying Bowen Basin units
(Figs 3.4;see alsdrigs 5.7 & 5.9, although there is evidence for some reflection trunca

tion between the two.

Towards its northern tip, the Moonie Fault curves ® brth-eastKig. 3.1) and has a
classic fault-bend fold geometry (¢fig. 5.3 for definition see S8PPE 1983). The fault

appears to transport part of the Bowen Basin and the uppefhhe Tamworth Belt as a
piggy-back structure in the hanging-wall of the thruse (8gs 5.4 & 5.5.

Fig. 5.5: Interpretation of the seismic reflection profile H82-T-109 (migrated). The light solid lines repre-
sent interpreted seismic horizons. HA, HB, HC and HD are within the Tamworth Belt succession. B30 and
S10 represent the sequence boundaries at the base of the Bowen and Surat basins, respectively. Beneath
the S10 discontinuity a weathering surface may be identified (marked as “a”).

Heavy solid lines represent interpreted faults. The fault marked as “b” depicts a back-thrust off a fault
plane “c” that runs subparallel to the fore-arc basin sequences.
The aeromagnetic anomaly along this traverse is illustrated above the seismic image (cf. Fig. 4.4).
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On the profile A82-LT-24Kig. 5.4, the Moonie Fault has a vertical displacement @irov
3 kilometres. Geometrical restoration of the faultpipto the phase of thrust movement,
suggests that the Tamworth Belt succession possiblyndxteo the west within the
Taroom Trough beneath the sedimentary rocks of the Bd&asin (on seismic line A82-
LT-24, reflectorHA was identified to the west of the thrust fatdly. 5.4). However, the
full western extent of the Tamworth Belt could notdatermined. The seismic pattern of
the Tamworth Belt southeast of the Moonie Faulleady of a different character to that
of the succession on the north-western side of thi¢ fef. Figs 5.4, 5.5 & 5.5 Within
the hanging-wall, the upper Tamworth Belt successiomasacterised by strong, more
continuous reflections mimicking a snakehead structura¢HER 1995, figure 11-34),
whereas in the foot-wall, the reflections are weaker markedly less continuousig.
5.4). This seismically imaged feature indicates that tid fs associated with a thrust

™I [nT]
4875
4850 -|
4825 —\/\/
4800 |

4775

Total Magnetic Intensity

W BMR86.MO1

2004 2200 2400  Station 2600 2800 2886

Two-way time [s]
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Fig. 5.6: Interpretation of the migrated seismic reflection profile BMR86.MO1 (“Millmerran” profile).
Heavy solid lines represent interpreted faults. Two faults of major importance are marked as “c;” and “c,”",
respectively. “b” is interpreted as a back-thrust off the westward-dipping fault marked as “c;”. “a” identifies
the reactivation of faults influencing the lowermost sequences of the Mesozoic Surat Basin cover (S10
represents the base of the Surat Basin).

Light solid lines represent Tamworth Belt seismic horizons. HE, HD and HC are within the fore-arc
basin succession. The ratio of vertical to horizontal scale approximately equals 1.
The aeromagnetic anomaly along this traverse is illustrated above the seismic image (cf. Fig. 4.5).
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ramp (“b” inFig 5.4).

Tracing particular horizons across the thrust faueals that there is a distinct offset. For
example, theB30 reflection occurs at.1650 ms TWT within the hanging-wall succes-
sion, whereas on the footwall side it is at a depth.2600 ms TWT. The offset, there-

fore, between the two reflectionsa®50 ms TWT which equals approximately 2850 m
(Fig. 5.4. Additionally, both reflections may be traced almastfar as the fault plane, re-

vealing uplift in the hanging-wall, indicating a thrust g2n$ movement. Such a pattern
suggests, perhaps, the presence of a fault ramp structiiner faar the east of the seismic
profile A82-L-24 Fig. 5.4)

The two composite seismic profiles A82-LT-20/A82-WR-22 (te ttorth,Fig. 5.7 and
A82-LT-29/H82-T-106 (to the soutlfig. 5.8 depict the asymmetric syncline that forms
part of the larger fault-bend-fold structure and is relateNW-directed thrust movement
with the synclinal axis trending NE-SW. If tB30reflection is taken as the marker, then
the syncline is broad and flat bottomed in the soutpart but is narrower and more an-
gular in the north, with its east limb measurmg kilometres for A82-LT-20/A82-WR-
22 andc.9 kilometres for A82-LT-29/H82-T-106~(gs 5.7 & 5.8). However, in the study
area, the overall geometry of the hanging-wall termdbrbaden towards the north (cf.
Figs 5.4, 5.5,5.7, 5.8 & 5)9

5.2. Fault Maps

Erosion and peneplanation occurred in the Late Triagsioving not only part of the
sedimentary record of the Tamworth Belt and the Bo®asin but also part of the thrust
fault-related palaeomorphology in the area of interBstis, the thrust faults that intersect
the Early Jurassic rocks of the basal Surat Basiresswmn Figs 5.4 & 5.7 do not mirror
the palaeogeometrical orientation of the thrust shedhe fault tip-line cutting th610
reflection (*a” inFig 5.4 may be shortened differently in depth and angle. Heweas
the depicted thrust-faults of the study area predominantlg haflat-dipping character,
the fault geometry may be interpreted as a trend. Miostese thrust faults appear to be
NW- to W-directed, forming part of a foreland thrust-foldtdbat deforms the entire
Tamworth Belt succession. In the study area, the TathvRelt is uplifted as the hang-
ing-wall of the Moonie Fault ramp (“b” iRig. 5.4). The plane of the Moonie Fault is in-
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terpreted to depict a detachment surface of major impartenthe overall structural ge-
ometry in the subsurface. It is markeB on some of the following figures imaging the
Moonie Fault. For reasons of a better comprehensibilitg, thrust sheet above the
Moonie Fault shall be calledvfoonie thrust she&in the following.

5.2.1. Moonie Fault plane
Tracing the tip line of the Moonie Fault plane in thesteen part of the study area, three
different trends of fault-strike may be identified on thelt map for the eastward-dipping
thrust. The major fault orientation is SW-NEds 5.10 & 5.11;seeFigs 5.13 & 6.} and

NW A82-LT-29 H82-T-106 (NW) SE
120 00 120 STATION 200 300 40
\ | | _ | |

Two-way time (s)

so is the overall strike of the folded hanging-wall u(fig. 5.13. Also, SE-NW-striking
faults may be observed and, more rarely, near-Ni§rgjrfaults Figs 5.11, 5.13 & 6.1
The study area is in an abnormal geonagtiocation in close, north-western vi-
cinity to the Texas Orocling={g. 3.1, seeChapter 3.1). Here, the strike of the major
ramps is interpreted to vary from the near-longitudstake of the major ramps of the
exposed Tamworth Belt to the south of the study aremithern New South Wales (see
Fig. 3.1). As the ramp structures are inclined at other angldsetthrust sheet movement,
it is important to identify (i) the orientation ofdHateral thrust ramps, as they strike ap-
proximately parallel to the transport direction (ii) seis lines along strike of the frontal
ramp. Within the hanging-wall to the east of the Moorgil& most of the SW-NE-
oriented seismic profiles show hardly any deformatiotivaorizontal stratigraphy, im-
plying that the transport direction is perpendicular to phafiles. Thus, the SW-NE-
trending part of the Moonie Fault identifies the from&ahp in the study area with the
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Fig. 5.7: Interpretation of the seismic reflection profiles (final stack) A82-LT-20 (to the north-west) and
A82-WR-22 (to the south-east). The composite cross section is located in the northern study area across the
strike of the subsurface Tamworth Belt (see Fig. 3.3 for location). Terminology as per figure 5.4.
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Fig. 5.8 (previous page and above): Interpretation of the seismic reflection profiles (final stack) A82-
LT-29 (to the north-west) and H82-T-106 (to the south-east). The composite seismic profile is located in the
southern study area across the strike of the subsurface Tamworth Belt (see Fig. 3.3 for location). To the
west, on A82-LT-29, “b” identifies the Moonie Fault as it ramps up to the NW. Terminology as per figure 5.4.
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Fig. 5.9: Interpretation of the seismic reflection profiles (final stack) 84-10 (to the north-west) and
H82-T-101 (to the south-east). The composite cross section is located in the southern study area across the
strike of the subsurface Tamworth Belt (see Fig. 3.3 for location). “a” identifies a drag on the thrust fault that
ramps up to the NW (see text for details). Terminology as per figure 5.4.
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5.1). Two lateral ramps
are interpreted to strike SE-
NW (Fig. 5.17. The N-S-

striking thrust ramps are
obligue ramps that are in-
clined at a different angle
to the original transport di-
rection (sed-ig. 5.11).
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5.2.2. Introducing another Klometes

thrust horizon Fig. 5.10: Structure Contour Map of the Moonie thrust plane FB

(based on the interpretation of the seismic profile network in the in-

As part of the foreland vestigated area) identifying a NW-directed ramp structure to the west

and a gently NW-dipping flat to the east (depths in milliseconds two-

thrust-fold belt, the con- way-travel time). The fault azimuth dips towards the north-east. The

cealed Tamworth Belt is black heavy solid line represents the position of the Moonie Fault cut-

ting the S10 reflection (base of the Surat Basin). In the top left corner,
the seismic profile network is illustrated in light black solid lines.

uplifted in the hanging-wall

of the Moonie Fault ramp,

Fig. 5.11: Schematic foot-wall morphology of the Moonie Fault to
the west and to the north-west of the Texas Orocline as proposed
the pre-Late Triassic pa- from the interpreted seismic data. Note, that the cartoon shows the

fault structure within the seismic study area and its continuation far-
laeo-surface. The gentle ther to the north (cf. Fig. 6.1). The ramp structures that are inclined at
different angles to the Moonie sheet movement are designated “f” for
frontal ramps, “0” for obliqgue ramps and “I” for lateral ramps. See text
Belt succession is a product for further details.

bringing fore-arc strata to

folding of the Tamworth

of the thrusting (i.e. a cause
of the fault-bend folding).

However, within the study
area, at least part of the l
shortening in the thrust belt -

seems to have been not

only along the Moonie
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Fault detachment. To the east of the Moonie Fault ramihe upper part of the hang-
ing-wall block, another fault horizon is identified tlw@in be traced parallel to the bed-
ding of the fore-arc basin sediments beneathigs, 5.4 & 5.9. This fault is interpreted
to be a second thrust surface within the upper TamwaetihsBccession and from now
on be referred to as tié\ thrust plangmarked a$=A on some of the seismic profiles).
On several seismic reflection profikb& FA thrust plane can be traced, running
more or less conformably with ti¢B Tamworth Belt reflectionKigs 5.4 & 5.9, with
some sections even indicating the incorporation of BoB&sin sediments in the thrust-
ing processKig. 5.8. On the seismic profile H82-T-101, tk& horizon may be inter-
preted to identify an older ramp, showing the hanging-#&tlIB30 dipping slightly to
the NW, forming the easterly border of the basin suamessith S10truncatingB30
(Fig. 5.9. To the NW, at the eastern end of the neighbouring 84&&m& profile, the
B30 horizon is thrusted upon itself with minor displaceinéiere, a drag on the thrust

fault may be observed wiB30 picking up the thrust shear movement.

5.3. Discussion
One of the main goals of this study was to establishhitee-dimensional relations be-
tween the faults that are relevant for the structevalution in the study area in southern
Queensland. As stated byoBeR & ELLIOTT (1982), the geometric relations between
thrusts give rise to two typical questions: will myeirgretation change if this thrust
fault joins that one? — and — what does the thrust maprpamply for the cross sec-
tion?

Seismically significant stratigraphic reflects and bounding thrusts of the
Moonie Thrust Sheet allowed for mapping its subsurface gegn@wing to the ex-
tremely sparse lithological, palynological and botekgeophysical control within the
Tamworth Belt succession (c@hapter 3.2.2) it is pointed out that the final interpreta-
tion is based on the observed seismic stratigraphy angemmagnetic- and gravity
data. This provides an understanding of the fore-arc basmejey and an understand-
ing of the evolution of the subduction-related units witiie subsurface New England

Orogen.
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5.3.1. The concealed Tam-
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Fig. 5.12: Structure Contour Map of the thrust plane FA in the
hanging-wall sequence of the subsurface Tamworth Belt based
(“01" and “c” on Fig. 5.6), on the interpretation of the seismic profile network in the study
area. The dotted line illustrates FA being truncated by S10.
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bounding structures. In contrast, the Moonie Fault i$ea Eructure, related to Middle to
Late Triassic deformation, which offsets basin infflections (see above). Nevertheless,
the author can not rule out the possibility that thestward-dipping faults may have
formed during a post-depositional contractional event.

5.3.2. Defining the eastern limit of the subsurface TartiwBelt
Two major westward-dipping faults, ;cand “c,”, form a zone that defines the eastern
margin of the Tamworth Belt on the seismic reflectprofiles Fig. 5.6. On the western
side of this fault zone, the Tamworth Belt showsice stratigraphyKigs 5.6 & 5.9. If
the easternmost of the faults is projected upwards betyenlimits of the seismic line, it
intersects the base of the Surat Basin at the pogiti the northern extension of the Peel
Fault (as interpreted from the aeromagnetic data)“(s€en Fig. 4.6; cf. Fig. 4.9. To
the south of the study area, the surface expressidred?¢el Fault contains serpentinites
and mafic related rocks which result in higher magnetiensity along the fault trace.
Thus, the aeromagnetic data suggest that the true lirttiecsubsurface Tamworth Belt
lies along the eastern westward-dipping fault {(¢ig. 5.6. Deformation within the fault
zone precludes precise definition on the seismic prodifeatie margin of the Tamworth
Belt, but the aeromagnetic data suggests that the bousdawincident with the eastern-
most limit of the fault arrayHigs 4.2a, 4.5 & 5.5(see above).

5.3.3. Structure of the concealed Tamworth Belt
Fault initiation and propagation as a result of exteyradintrolled tectonic activity, led to
deformation of the basin fill of the Tamworth Belicsession. Although the precise base
of the Tamworth Belt is difficult to determine, itrcae locally constrained in the area by
the two basin fault sets, namely, the Moonie Fantt the northern extension of the Peel
Fault Figs 5.4 & 5.6. In the southern part of the study area, the Mooaidt ks approxi-
mately oriented north-south, curving to the NE (from agpnately 28° 05" S), with the
highest part of the fore-arc succession located alomgdhcave part of the fault curve
(Figs 5.10 & 5.1). The internal geometry of the Tamworth Belt cardbéermined only
by a more detailed examination of the hanging-wall suaesghich developed between
the Moonie Fault and the Peel Fault extension. The fttfgechanging-wall succession, as
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Fig. 5.14: Interpretation of the seismic reflection profile A82-LT-21 (final stack) perpendicular to
strike of the subsurface Tamworth Belt in the northern study area (see Fig. 3.3 for location). Heavy solid
lines represent faults, such as the FB-Moonie Fault plane, here identifying a flat in the ramp-flat geometry
of which the Moonie Fault ramps up towards the NW. The FA-roof thrust is identified within the hanging-
wall sequence.

The light solid lines represent the interpreted seismic horizons HA, HB, HC and HD within the Tam-
worth Belt succession. S10 and B30 represent the sequence boundaries at the base of the Surat and Bo-
wen Basins, respectively.
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SW Moonie Fault  Tingan Fault? Station number NE
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Two-way time (8)
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Fig. 5.15: Interpretation of the seismic reflection profile M7803 (final stack) oblique to strike of the
subsurface Tamworth Belt in the southern study area (see Fig. 3.3 for location). Heavy solid lines represent
faults, such as the FB-Moonie Fault plane, here identifying a flat from which the Moonie Fault ramps up to
the SW (marked as “foot-wall ramp”) with its fault tip line at the base of the Surat Basin (marked as “a").
The FA-roof thrust is identified within the hanging-wall sequence. Its fault tip (at S10, marked “a”) can be
traced to the south of the study area, possibly identifying the thrust fault to be the Tingan Fault equivalent.
The timing of thrusting occurred during the Middle to Late Triassic Goondiwindi Event. Both thrust faults
were reactivated during the early Late Cretaceous Moonie Event (“a”), uplifting the Mesozoic platform
cover NE of the Tingan Fault relative to the same succession SW of the Moonie Fault.

The light solid line represents the interpreted seismic horizon HC which is within the Tamworth Belt
succession. S10 and B30 represent the sequence boundaries at the base of the Surat and Bowen Basins,
respectively.
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Fig. 5.16: Interpretation of the seismic reflection profile A82-LT-25 (migrated) perpendicular to strike
of the subsurface Tamworth Belt (see Fig. 3.3 for location). Heavy solid lines represent fault surfaces. Two
imbricates marked in light grey form a horse. (see text for details).

The light solid lines represent the interpreted seismic horizons within the Bowen Basin and the Tam-
worth Belt succession, respectively. S10 and B30 represent the sequence boundaries at the base of the
Surat and Bowen Basins, respectively.

Fig. 5.16a: Cartoon showing the panels of forward
and back dip in a simple-step fault-bend fold with two imbri-
= cations (from SupPg, 1983) (cf. Fig.5.3).

defined by the Moonie Fault, lies less than 1 second TWgdit the surface (c.700 ms
TWT on Fig. 5.6, while the deepest part is to the east, at a depth.2400 ms TWT
(Fig. 5.4. The overall geometry of the hanging-wall successimads to broaden towards
the north, that is, the farther away the hanging-wadicession is from the Texas Oro-
cline, the wider it stretches west-east. The map, stgptihe uppermost three Tamworth
Belt reflectionsHA, HB and HC (Fig. 5.13, depicts an asymmetric syncline that trends
NE-SW and is broad and flat bottomed in the southerngbdhe study area, while steep-



72 STRUCTURAL GEOMETRY

ening to the north (cChapter 5.1.2). This feature, which forms part of the larger fault-
bend-fold structure (as seen elsewhere in the regismglated to NW-directed thrust
movement Fig. 5.13. On the migrated seismic profile A82-LT-2%id. 5.19, the
Moonie Fault is interpreted to be a short cut thrudtritats on to the upper of two imbri-
cates. The imbricates form a horse that is locateédité the simple-step fault-bend fold
in the hanging-wall sequence to the east of the faudidgsd area iRig. 5.19.

The NE-SW-trending steep asymmetric syncline that bratethe south, together with
the change in trend of the Moonie Fault from N-S (&#® gbuth of the study area) to NE-
SW (within the study area) underlines the anomalous gewmmsétration within the study
area. Here (Texas Orocline), the Tamworth Belt sedisiunderwent oroclinal bending
that influenced the geometry of the basin. To the sagéhfore-arc basin geometry is de-
scribed by the faulted character of the Tamworth Baticession with the eastward-
dipping Moonie Fault to the west and the westward-dippingheant extension of the
Peel Fault to the east. Farther north, howeverp#stn geometry widens along strike, as
can be seen in the deep seismic line BMR84.14 farthen (feig. 4.12; VMAKE-DYSTER et

al., 1987).

The relationship between the Bowen Basin and the Tamworth Belt

The previously noted apparent conformable stratigraphitiaeship between the succes-
sions in the Tamworth Belt and Bowen Basin raisegtatesting issue. The Tamworth
Belt has been interpreted as a fore-arc basin suocegsig. KORSCH & TOTTERDELL,
1996), whereas the Bowen Basin is considered to have doinme back-arc setting (e.g.
MCKELVEY & MCPHIE, 1995). This relationship would imply that there was litiédor-
mation of the Tamworth Belt succession during the penten subduction migrated
(KoRrscHet al., 1997) or jumped (ACHISON & FLOOD, 1995) eastwards, and the mag-
matic arc relocated to the east of the current posiaiothe Bowen Basin. In the vicinity
of the seismic lines A82-LT-24-(g. 5.4 and A82-WR-22FKig. 5.7, a small remnant of
the Bowen Basin is preserved to the east of the Mocaudt.FThe presence of this rem-
nant of the Bowen Basin in a thrust sheet to the @adte main basin suggests that the
original area covered by the basin extended much farthteeteast than its present lim-
its. It also indicates that the original eastern nmaaf the Bowen Basin has been de-
stroyed and has been incorporated into the Late Permislidtile Triassic retro-foreland
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thrust belt of the New England Orogen. In the eagtarhof the investigated region, the
situation is less clear, partly due to the lack of sigfit seismic profile coverage (S€ig.
3.3), and partly due to seismic record depths of only 3 secbvWis

Balancing of the above discussed cross ssactias not been accomplished (a) due
to the strong internal deformation within the seismi@farc basin sequences and (b) due
to the strongly curved and low-angle folded characteahefsubsurface Tamworth Belt
segments, especially in the easternmost area ofshiEigs 3.7 & 5.6.

5.3.4. The concealed Tamworth Belt — fault history
Three significant deformational events are recordethénstudy area. Following initial
formation and infill of the Tamworth Belt fore-arcdma, these tectonic events mark the
various stages of subsequent thrustligg 5.4, 5.5, 5.6, 5.15, 5.16, 5.&75.18.

On several SW-NE-oriented seismic profiles, structéeatures may be identified that
show evidence for the oldest observed deformational phdke study area. Thrust faults
of minor displacement offset the uppermost Tamworth &ecession and the lowermost
sedimentary sequences of the Bowen B&sig. 5.17). These faults are often observed to
be combined with backthrusts, identifying pop-up structures &g tseen on the seismic
profile H82-T-110 Fig. 5.1%.

This seismic survey was shot approximately albrigesof the fore-arc basin unit
(and therefore perpendicular to the earlier describegoeie seismic traverse; dfig.
3.3). Here, the main thrust is NE-directed and seems toortottheHA reflection of the
youngest Tamworth Belt succession. The fault offdetsdhase of the Bowen BasiB30)
with a maximum ot.150 metres to the northeast of the seismic profile (7OWS in
Fig. 5.17. Above theB30 reflection - and beneath the base of the Surat B&dif) -
three strong seismic reflections may be identifiédt are slightly folded but not influ-
enced by the fault displacement. The uppermost of gesmic reflectors is identified as
the Early Triassi®70 horizon and assigned to the Late Permian-Early Ticidssse of
the Rewan GroupThe two underlying seismic horizons are very distinctmeseismic
profiles throughout the study area. The horizons areiftghas the Late Permiald60
horizon (base of thBurunga Formatiohand the early Late Permi&®65 horizon (which
defines the base of tH&aralaba Coal Measurgs(seeTab. 2.}. A non-reflective pile
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Fig. 5.17a (right): Image comparing the seismic reflection record of the profile
H82-T-110 with the Sonic and the Gamma Ray logs of the well Gilgai.

Fig. 5.17 (top): Asymmetrical pop-up structure as seen on the NE-part of the
seismic profile H82-T-110, offsetting the B30 base of the Bowen Basin. The seismic interpretation shows a
thrust - back-thrust geometry that occurs at high structural levels in the brittle field (see HAYWARD & GRA-
HAM, 1989). The main thrust is NE-directed and seems to root onto the HA reflector of the Tamworth Belt.
For location of the seismic line H82-T-110, see Fig. 3.3.

zone is seen above tB30 horizon on either side of the above mentioned pop-+ue-st
ture Fig. 5.17. In between the two structure-defining thrust faultss fhile zone has
been removed. Here, the borehole data of the well Gilggrsect the lowermost Bowen
Basin sequences. A higher amplitudinal signal of the GaiRay log can be observed di-
rectly above theB30 seismic horizonKig. 5.173. This high amlitudinal signal of the
Gamma Ray log corresponds with a distinct unconformitges in the Bowen Basin.
The geology anywhere else in the basin shows, that battheB30 and theB60 seismic
horizons a big unconformity occurs at the base ofdtkieack Formatiorand is identified
on the seismic profiles as tiBl5 horizon Tab. 2.). On the H82-T-110 seismic profile,
the B45 horizon may be located directly on top of the pileedhat has been removed,
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Fig. 5.18: Detail of the SW-part of SW A82-WR-21 south-west NE
the seismic reflection profile A82-WR- :
21 (final stack) (for location, see Fig.
3.3). The sedimentary succession be-
neath the B30 base of the Bowen Basin
is dominated by minor, NE-directed
thrust faults (solid black lines). To the
right of the profile, “a” marks that part of
the Surat Basin that is slightly effected
by a later, post-S10 fault movement.
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providing evidence for thrusting processes at least durimgPdrmian timesHig. 5.17
cf. B30to B700f Table 2.).

Various seismic profiles in the study area show evidémcéhe second phase of thrust-
ing - the Goondiwindi Event of 8RscHet al. (1998) - where strata of the Tamworth Belt
are thrust over Middle Triassic rocks of the BoweniBadong the Moonie Fault. Line
A82-LT-24 (Fig. 5.4 provides convincing evidence for at least 3 kilometres dicatr
displacement on the Moonie Fault. Erosion and penejidamnaccurred in the Late Trias-
sic before the Tamworth Belt and Bowen Basin wererlain by Early Jurassic rocks of
the Surat Basin. Thus, the major period of fault movemeas Middle-Late Triassic, cut-
ting Middle Triassic rocks. Deposition could have begrchronous with thrusting but it
is also possible that sediments were removed during th@lpea&on and prior to the de-
positional phase in the Early Jurassic within the SBaain.

During the Late Cretaceous, there is evidence for thid deformational phase - the
Moonie Event of KORsCHet al. (1998) - again seen on several seismic sections in the
study area (e.d=igs 5.4 & 5.9. Of note is the reactivation of the Moonie Faulithvthe

fault tip propagating into the Surat Basin succession ahffl apthe Surat Basin on the
hanging-wall side of the fault relative to the footw@l. Fig. 5.4). Further evidence for
the Moonie Event is provided by folding and uplift of the SBasin succession above
an eastward-dipping fault near station 2200 in seismic |M&&.M01 Fig. 5.6. Al-
though the faults were reactivated in the basemennoist cases they have not propa-
gated upwards into the Surat Basin succession, and usua#yigh®e displacement of the
Surat Basin succession above the faults.
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5.3.5. The concealed Tamworth Belt — fault orientation
Throughout the study area, various seismic reflectiofilgsshow different effects of the
change in fault spacing on fold shape.
The discussion above on the overall gegnies shown that the movement of the
Moonie thrust sheet took place over irregularly orientats fand ramps, resulting in a
moderate, asymmetric fold in the thrust sheet. Thd axidace of this fold - best defined

by its synclinal axis (seEig. 5.13 - is controlled by the location of the changes oémori
tation of the fault surface.

w BMR86.MO1

2004 2200 2400 Stafion 2600 2800 2886

Two-way fime [s]
[uy] yidep xoiddo

Fig. 5.19: Migrated seismic reflection profile BMR86.MO1 (Millmerran) with reprocessed data illustrated
on boxes I, Il and lll. Heavy solid lines depict fault surfaces. Two faults of major importance are marked as
“c,” and “c,”, respectively. “b” is interpreted as a back-thrust off the westward-dipping fault marked as “c;". “a”
identifies the reactivation of faults affecting the lowermost sequences of the Mesozoic Surat Basin cover
(S10 represents the base of the Surat Basin). “d” marks the discontinuous seismic reflection pattern that
may be assigned to the seismic resonance of the accretionary wedge assemblage. “e” marks the proposed
continuation of the HE Tamworth Belt reflection in between the two major fault surfaces described above. “f”
highlights the top of a series of fault surfaces possibly due to basal shearing (basin evolution approach) or as
a consequence of footwall horses (thrust mechanics approach) (see text for details).

Light solid lines represent Tamworth Belt seismic reflections. HE, HD and HC are within the fore-arc
basin succession. The ratio of vertical to horizontal scale approximately equals 1.
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5.4. Subsurface geometries from reprocessed seismic data different approach
As described ifChapter 5.1, a series of major NW- to W-directed thrusts may bege
nised on the seismic sectiosgs 5.4 & 5.7 with the most significant of these structures
being the Moonie FaultHg. 5.4). The complexity of this thrust belt is indicated by the
presence of east dipping synthetic thrusts on the wesiggnof the beltKig. 5.4 and
east dipping structures that are interpreted as westelir&ackthrusts on the eastern side
of the belt Fig. 5.6. On the Millmerran seismic profile (BMR86.MO1) thesean
boundary of the Tamworth Belt is identified by a maj@stward-dipping faultKig. 5.6
that may be interpreted as the boundary between forbaain and accretionary wedge

sequences.

Geoscience Australia (formerly AGSO) undertook furthercpssing of the two seismic
surveys BMR86.MO1 and BMR84.14 down to 6 seconds TWT to impravdisplay in
order to better integrate the data into the existing ds¢aliehe reprocessed seismic data
was subsequently redisplayed at the same vertica asamost of the industrial shallow
seismic lines. This has led to a more detailed intefjwataf the overall subsurface ge-

ometry of the Tamworth Belt beneath the Surat Besver.

5.4.1. Reprocessed seismic data — BMR86.MO1 (Millmerrani@yofi
At the western end of the Millmerran seismic proffation 2004 to 2200 dfig. 5.19
strong, westward-dipping reflections may be seen benbkat®li0reflection — atc.1000
ms TWT — down to a recording deptha2300 ms TWT. Beneath this depth, the seismic
pattern changes and may be characterised by strongyveltalived reflections down to a
recording depth of at least3200 ms TWT Fig. 5.19. This change in the seismic reflec-
tive orientation marks the position of the seismitecgion HE (cf. Fig. 3.6).

The thrust reflectionRB equivalent) of the base of the Moonie thrust sheet sgipned

at c.2300ms TWT at the western end of the seismic profileenghs the basal thrust of
the thrust sheet beneath it (from now on, this trsheet shall be simply called the “main
thrust sheet”) is at a recording depthcd8600ms TWT, implying that the offset between
the two thrusts i£.1300 ms TWT Fig. 5.19. As a result from the reprocessing of the
seismic data, the base of the Moonie Thrust SHethprizon) is considered to be the
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same fault as the above
mentioned ¢ fault.
Above the base of the

main thrust sheet (it BMR84.14

onFig. 5.19, a series of (reprocessed data,

F

fault surfaces are de- W Moonie Fault  Goondiwindi Fault eq.
@ ¢.13440

picted (see “f’ onFig. 13310 13400 T
5.19 that may be inter-
preted as (i) footwall 1

horses resulting from

contraction or as (ii) re- é 2

siduals of basal shearing >

processes during the§ 3

time of fore-arc basin

subsidence (se€hap- ’

ter 5.5. for further de- 5

tails). Fig. 5.20: Upper, re-

processed part (upper 1 -
5 s TWT) of the deep
seismic survey BMR84.14
in southern Queensland
(cf. Fig. 5.1). The boxes
shown above and be-
neath the seismic profile
are “zoom ins” that iden-
tify structures of greater
importance.

5.4.2. Reprocessed seismic data — BMR84.14
The reprocessed data of line BMR84.14 (recording length dovenstaf'WT) has pro-
vided a more detailed image of the uppermost crustal setisftections.

On the deep seismic profile, the Moonie Fauttp is interpreted to derive from the
thrust basdé-B (Fig. 5.20. In contrast to several other seismic sectiorthenstudy area,
the Moonie Fault is noted not to have been reactivatedgltine early Late Cretaceous
Moonie Event Fig. 5.2Q cf. “a” on Fig. 5.4).

To the east of the Moonie Fault (atcSBB530 onFig. 5.20,at ¢.3000 m to the east
of the fault), a fault has been identified within thenging-wall sequence that shows a
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farther to the east
w Shofpoint 14780 E

|
|, firststage)

13700  Shofpoint 13800

Fig. 5.20a: Cartoon of a snakehead
duplex beneath a domed thrust sheet
(from HATCHER, 1995) (cf. shaded area
on Fig. 5.20 above).

domed thrust sheet

shakehead duplex

Two-way time [s]

13900 14000 14100

2.5 km

Fig. 5.20 (continued): These boxes show seis-
mic data of a second stage of reprocessing. The
seismic reflection pattern as to be seen on box | to
IV is displayed on the main seismic profile at a
slightly different scale and may be identified by
alphabetical markers. Box V shows an internal
fore-arc basin structure farther to the east of the
imaged seismic survey (cf. shotpoints) that may
be correlated with the upper west-dipping struc-
ture as to be seen on BMR86.MO1 (“c,” of Figs
5.6 & 5.19). For location see Figs 3.1 & 5.22.

near-vertical east dip with small vertical displace-
ment Fig. 5.20. The fault is considered to be the
Goondiwindi Fault equivalen{cf. Tingan Fault

on Fig. 5.19 and, as the Moonie Fault, does not
show any reactivation during Late Cretaceous
time. As there are no other seismic data crosscut-
ting the deep seismic survey near to this fault, it
IS uncertain whether this near-vertical structure is

(i) transfer fault-related (which is, due to the
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fault's steep dip and overall geometry, the preferredasgpion in this study) or (i) a
short cut thrust that roots onto the Moonie Fault raimpe reprocessing of the seismic
data shows that this steep east-dipping fault ends &fidla@ie Fault ramp at a depth of
€.6300 m ¢€.2500 ms orFig. 5.20. However, in case of the near-vertical fault being a
short cut thrust (the latter approach), this would intpat the fore-arc basin sequence be-
neath the Surat Basin cover has been influenced by teultgiormational phases during
the Middle to Late Triassic Goondiwindi Event (witlethear-vertical fault being of post-
Middle Triassic but pre-Jurassic age).

To the east of the Goondiwindi Fault equivgléme seismic image shows a non-
reflective zone directly beneath the Surat Basin cthe is based on two strong, parallel
running seismic reflectors. This seismic reflection patisrderived from the basal Bo-
wen Basin sequence, as seen elsewhere in the regibe imanging-wall B30 on Fig.
5.20,cf. Fig. 5.4. To the west of the Moonie Fault, in the foot-walhd in between the
two faults, these reflections can not be identifieldre, the sedimentary succession is
considered to be influenced by the contractional moveofahie thrust belt, showing the
juxtaposition of sediments of similar age but of diskir facies and indicating major
telescoping Fig. 5.20; cf. Figs 5.4, 5.7, 5.14, 5.16 & Fig. 21Thus, theB30 seismic re-
flection is at a lower position in between the twalts relative td30to the east and at a
higher position relative t830to the west Kig. 5.20. Therefore, the Moonie Fault to-
gether with the equivalent of the Goondiwindi Faultasponsible for the uplift of the
base of the Bowen BasiB30 on the hanging-wall side of the fault relative to fbet-
wall (a total ofc.600 ms orFig. 5.20.

To the east of the Goondiwindi Fault equivgl&etween shot-point.13650 and
€.14050, a lens-shaped structure is recognised at a dept®d% TWT and interpreted
as a snakehead duplex (as defined byd#eER, 1995, figure 11-26) beneath a domed
thrust sheet (shaded areafaig. 5.2Q. The branch line (I’ on Fig. 5.20 identifies the
westernmost part of the duplex. This duplex indicatesthieae is a space problem in the
thrust fold system (cfChapter 5.3.4) even in the anomalous region where the fore-arc
basin unit is extremely broad and flat bottomed Fad. 5.1), underlining the great com-
plexity of the pre-Jurassic tectonic history.

Above the duplex, an eastward-dipping, west-dickfault is recognised at tig10
seismic reflection at S€13900 (“b” onFig. 5.20. This fault can be linked to a fault that
has been identified within the easternmost study area de.geismic profile BMR86.
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MO1), cutting the Moonie thrust sheet by west-directadkkhrusting ig. 5.19; see
Fig. 6.2).

5.5. Seismic data — Discussion
The development of the Tamworth Belt was influencedh byt the initial period of sub-
duction-related activity and subsequent tectonic intra-platermation. The reprocessed
seismic data of lines BMR84.14 and BMR86.MO1 suggests thaiatttier discussed ver-
tical displacement o¢.3000 m ¢.1000 ms TWT) of the Moonie Fault (dfig. 3.4 may
be explained according to two different thrust sheets witierhanging-wall, with thEA
thrust sheet overriding the Moonie thrust sheet. Thuestithline of the Moonie Fault
ramp (seeld” in Fig. 3.4; Figs 5.7 & 5.1pmay identify a short cut thrust offsetting a
domed thrust sheet rather than a thrust fault of nthgmlacement. In the study area, e.qg.
on the seismic profile A82-LT-25(g. 5.16, the Moonie Faultgensu strictpis seen to
root onto the upper imbricate of a horse structure siuat¢he west of the Moonie Fault
ramp and, as seen on the seismic profile A82-LTF2g. 6.9, to the east of the synthetic
thrusts that may be identified in the foot-wall sequefidee occurrence of imbricates
forming a horse is dependant on the tectonic processeis Wit foreland-fold thrust belt
and may influence the intensity of the aeromagnetic ahpsignals (sed-ig. 6.1, cf.
A82-LT-24 and A82-LT-25). As the shallow seismic lines (4 sT)Wo not show any
evidence for intrusive rocks being emplaced at the biages dvioonie thrust (as proposed
for the Mooki thrust to the south of the study areay®y & STANLEY, 1976), the cause
for the Moonie magnetic anomaly seems to be more likelgted near the thrust ramp
within the sedimentary succession (&¥eapter 4.4). Which part of the sedimentary suc-
cession causes the asymmetric magnetic anomaly Hhagig ahe Moonie Fault stays
speculative (for A82-LT-20 and A82-LT-24, different depths weaéculated for the
causing magnetic anomaly along the thrust rampCéepter 4.2.2.2). However, on the
BMR84.14 reprocessed data, noise of uncertain cause cagiersthe seismic record at
a depth beneathhi4000 ms TWT ¢.10+ km depth) (see “noise” dfig. 5.20.

Reactivation of faults
The reactivation of the Moonie Fault, with the fatigt propagating into the Surat Basin
succession and the uplift of the Surat Basin on thgihgswall side of the fault relative
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to the footwall (cf.Fig. 3.4), is restricted to the area immediately west of Teaas
Orocline (and cannot be observed in the anomalously megien to the north that is
depicted by the BMR84.14 survey; Fig. 5.20). Thus, the contredtiorces that ef-
fected the reactivation of faults during the early L@tetaceous Moonie Event seem
to be related to the spatial distribution of the Tanmtvddelt succession, showing the
effect on the fore-arc basin unit in the south wheire narrow and steeply inclined.
Here, the mechanism that initiated earlier fault strestgenerally seems to be camou-
flaged by the above mentioned Goondiwindi event and therediscussed Mid Per-
mian deformational phase, which negatively influertbespalinspastic restoration of
the geometric relationships that once initiated thesthdevelopment within a com-

pressional tectonic regime.

Faults of major importance
The deep seismic survey BMR84.14 was shot at the noréimerof the Moonie Fault
(for location sed-ig. 3.1), to the north of the study area. On the reprocesse¢d e
profile (upper 6 s TWT) the Moonie Fault has less influemcehe overall subsurface
geometry than seen on the investigated shallow sepnwiites farther south (compare
Fig. 5.20with Fig. 5.4). The characteristic west-directed thrust senseh®@rMoonie
Fault is expressed mainly by folding of the hanging-wajuenceRig. 5.20 than by
a distinctive vertical and horizontal displacementcabe seen on various seismic pro-
files within the study area (cFig. 5.4. On the BMR84.14 seismic profile, the fault
offsets the base of the Burunga FormatiBfd) with a maximum of vertical displace-
ment of ¢.400 metres on the seismic profile (200 mBign 5.20, and has been re-
moved by erosion in the Late Triassic to the eash®fGoondiwindi Fault equivalent
(Fig. 5.20. Moreover, the - subhorizontal - fault beneathdaheve mentioned duplex
structure (se&B onFig. 5.20at ¢.3500 ms) is recognised as the more important fault
structure relevant to the subsurface geometry of the DathvBelt succession. This
fault is considered to be the equivalent of EBehorizon that is identified to the south.
Furthermore, the fault may be identified as the foot-waahp of the Moonie thrust
sheet and may be connected with fault structures tavéisé of the Moonie Fault that
are noted on various seismic profiles within the stuéwp &figs 5.4 & 5.14. The fault
IS interpreted as part of the westward-propagating thelstwith the Leichhardt Fault
most likely to be the westernmost extension of the-&wcebasin sequence, approxi-
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mately 33 kilometres farther to the west of the Mooraailf~(where the Leichhardt
Fault cutsS100n the deep seismic survey at §F2650). This is not displayed on the
seismic profile within the study area, but occurs fartbhéhe west (seEig. 5.1).

Earlier in this study, the author identifiedesist one of the Tamworth Belt seis-
mic reflections to the west of the Moonie thrusf]. Discussing the overall tectonic
architecture of the subsurface Tamworth Belt, this mesplt in the Moonie Fault
(sensu latp being the trailing fault and the Leichhardt Fault tbading thrust fault,
forming the westernmost boundary of the Tamworth Beltesgion. Another explana-
tion is that these faults are all part of one fayktem with the individual faults sepa-
rated by relay zones. The western extent of thedocebasin, however, lies far to the
west of the study area, but probably is bounded by the LeatthRault, a thrust fault
that seems to root onto the same thrust flat at depieasloonie Fault farther to the
east.

A major westward-dipping structure forms the eastern mayfjthe subsurface Tam-
worth Belt. The reprocessed Millmerran seismic d&ig.(5.19 including the aero-
magnetic anomaly databaséids 4.1, 4.6 & 4.8 clarifies, that the “¢ fault is the
boundary between the fore-arc basin to the west anddtretionary wedge to the east.

A second thrust sheet is identified
The FA-seismic reflection, as seen farther south in thdysarea, can be interpreted as
the thrust plane which separates the adjacent TamBaithsheets, representing the
roof thrust of the Moonie thrust she&igs 5.4, 5.5, 5.19 & 5.20The location of its
root zone is unknown, but on seismic line BMR84.14 it tmayraced to lie far to the
east of the identified dupleX¥ig. 5.20. The shaded areas onOAbWARD's (1995)
cross-sections highlight a similar scenario for tkigosed Tamworth Belt to the south
of the study area, with thrust sheets sliding on toaohether ig. 5.21).

Subsidence history or tectonic evidence?
Three trapezoidal shaped bodies were identified otMilimerran seismic reflection
profile atc.3000 - 3700 ms TWT (faults benedth onFig. 5.19. These seismically
imaged bodies as seen on the profile may be interprefehdieg on the postulated
idea of origin.
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The mechanism that affected the foreland threl during times of contraction
gives tectonic evidence. In the thrust-fold system, aléid can be explained to be the
result of a possible solution to the room problem. OnMilEnerran seismic profile,
the author postulated that their seismic reflectionepatidentifies duplexes, with the
major westward-dipping fault ¢;* on Fig. 5.19 representing the basal thrust.

A different, speculative explanation foe ttiapezoidal shape of the seismically
imaged body, however, may be given by the basin higiself, asking for basal shear-
ing (cf. faults beneattf” on the reprocessed dataFod. 5.19 at the base of the fore-
arc basin.

However, a final explanation for the faudtisove the basal thrustf( above
“c,” onFig. 5.19 that continues to the east, to become the norteension of the
Peel Fault, cannot be stated because of the highly defosmnecession above the
structures and the depth they ocauy km toc.12 km,Fig. 5.19.

Configuration of the Tamworth Belt related to its evolution - a hypothesis
As the subsidence history of fore-arc basins is gegeraty complicated - i.e. there
are specific variations in the configuration of fore-aasins - it stays uncertain, which
type of fore-arc basin the Tamworth Belt has to &egorised in. Three major ques-
tions can be raised about the tectonic history of the-doc basin succession in the

a)

Fig. 5.21: Three balanced cross sections across the northernmost exposed part of the Tamworth Belt
in northern NSW (after WoobwARD, 1995). The cross sections are displayed in latitudinal order, with (a)
located to the north, (c) to the south and (b) in between. The thrust marked as “M” and located to the
west depicts the Mooki Fault, the New South Wales-thrust fault equivalent to the Moonie Fault in south-
ern Queensland (cf. Fig. 3.1).
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subsurface in southern Queensland: (1) what were the drgjiagacteristics of the
fore-arc basin type, (2) where is the accommodationesgiat is needed for the pro-
posed thickness and (3) how can the absence of theniw@ra be explained?

The following scenario may explain the ollettarust-related geometry that is
seen throughout the investigated area. (1) A ridged fardasin configuration at a
later basin stage (and here to the eastern end ofaimsvdrth Belt) may have devel-
oped on top of the accretionary wedge in a back-tited doceegime (se€ig. 5.22.
This scenario would (2) accumulate sediments of subdtahitkness during basin
evolution whilst the sedimentary fill may become defed stronger as seen in the
study area and (3) explain the “missing arc” as the valcard may have been sub-
merged below sea level. Moreover, this scenario caeldte an initial position of the
fore-arc basin and the back-arc basin sediments athwhe two basin successions
could have been pushed on top of each other during timemtfction and thus ex-
plaining the apparently conformable behaviour between tiweBdBasin and Tam-

worth Belt successions farther

IOV %OPE?ERRACED to the west (that is, the vol-

SEA LEVEL =/~~~

Ay canic arc would not need to be
BACKAILTED a “physical barrier” that sepa-
rates Bowen Basin sediments
SUBDUCTION

from Tamworth Belt sedi-

Fig. 5.22: Cartoon showing the configuration of a fore- ments).

arc basin related to its evolution, depicting a ridged basin type
(from EINSELE, 2000).

5.5.1. Structural Geometry — conclusion
The configuration of the original Tamworth Belt foresdoasin related to its evolution
stays subject to speculation.

However, the apparently conformable behaviowdest the Tamworth Belt and
the Bowen Basin sequences can - at least in partexddained by the thrust tectonic
processes that occurred during three deformational eviemesA-thrust horizon is in-
terpreted to have transported the Bowen Basin and Tami@It successions with
westward-directed movement by sliding on top of the Mosheet. The back-arc ini-
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tiated Bowen Basin originally extended farther to the g its recent position sug-
gests. The fore-arc Tamworth Belt continues in the sfdxseibeneath the foreland po-
sitioned Bowen Basin system to the west of the Modfaalt and hence is not
bounded to the west by the Middle Triassic thrust falle western extent of the
fore-arc basin unit is probably bounded by the Leichhardit K&ig. 3.1), a thrust
fault that is interpreted on the new BMR84.14 seismic (@aChapter 5.5) to root
onto the same thrust flat at deptRE” at the western end dng. 5.20.

The question, which tectonic processes lefBihween Basin in a foreland posi-
tion cannot be answered here. However, as the authanaterule out the possibility
that the sequence above tHA seismic horizon depicts oldest Bowen Basin sedi-
ments, this - on reflection truncation geometries das#A horizon may be considered
to be the possible equivalent to tB&5 seismic reflection of the Bowen Basin (as de-
fined by TOTTERDELL et al.,1995) (se€Chapter 3.2.3). Moreover, thd=A seismic re-
flection depicts a pronounced angular relationship betweerMoonie sheet and the
sedimentary succession above H#e reflection, identifying a second thrust horizon
above theFB basal thrust. Thus, tHeA thrust plane may be considered to identify a
thrust of major importance that may have transportedao&-arc Bowen Basin suc-
cession with westward-directed movement on top ofdrearc basin unit.






Die Hauptschwierigkeit der Geologie berubt auf der Ansicht;
bamuf mim[icb, daf wian das Atomtistische und Mecbam'scbe,
welches in gewissen Mowtenten freilich sich wirksam erweist,
solange als woglich zuriickdvingt,
dewt Dynawtischen dagegen, einem gesetzmdRig bedingten Entstehen,
einem Entwicke[n und Umgestalten,
sein Recht gibt.

Johann Wolfgang Goethe



6. SYNTHESIS

The tectono-stratigraphic evolution of Eastern Austicdlie

ing Silurian to Carboniferous times involves the subduction
of the Panthalassan Ocean plate beneath the easaegm

of Gondwanaland. This was accompanied by the develop-
ment of a series of subduction-related sedimentarindas
where individual basin stratigraphy was strongly influenced
by the ongoing orogenic activity. Such changes included
possible conversion from an island arc to continentagjima
arc subduction system @RscHet al.,1997) or reversals in
subduction polarity (ACHISON & FLOOD, 1995) from Late
Devonian to Late Carboniferous.

In the Early Permian, the region was subjected to
oroclinal bending producing the Texas and Coffs Harbour
oroclines, which resulted in the development of a cerpl
structural pattern. As noted above, the study area#dd
immediately to the west of the Texas Orocline. Thues di
velopment of the Tamworth Belt was influenced both by the
initial period of subduction-related activity (which included
basin formation and infill) and subsequent tectonic dedorm
tion during oroclinal bending. The study area with its {oca
tion adjacent to the oroclinal bend is, therefore&kenf inter-
est in elucidating both the pre-deformation historytlod

area, and the nature of later tectonic activity.

Initiation of the fore-arc succession
Initial formation of the Tamworth Belt fore-arc badegan
in the Late DevonianT@able 2.). The precise dimensions
and extent of the original basin are uncertain, howeltes,
to subsequent tectonic deformation and sequence repetition
by thrusting (se€hapter 5.3.4.). LEITCH (1975) suggested
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for the Tamworth Belt a possible length of ¢.400 km anddih of ¢.50 km. The total
length of the fore-arc basin including both, the Tamtv@nd the Yarrol Belt must be at
least 1000 km (sefeig. 2.2, which is considerably larger than values obtaineddorent
fore-arc basins (seel®INSON, 1995). Fore-arc basin environments are extremely com-
plex and variable both in terms of the basin architectund the infill pattern (seel@XIN-

SON, 1995), who recognises a range of morphological typesk(ilsoN, 1995, figure
6.4). The limited Tamworth Belt database precluded thegragon of any specific mor-
phology.

A ridged fore-arc basin configuration (semgy. 5.229 at a later basin stage, how-
ever, may explain the apparently conformable behaviouwdsst the Tamworth Belt
fore-arc basin and the Bowen Basin sequences. Followingisiingpothetical scenario,
the potential basin configuration may have developed oofttge accretionary wedge in
a back-tilted fore-arc regime, that is, the volcanic \would not need to be a “physical
barrier” that separates Bowen Basin sediments framworth Belt sediments (see
Chapter 5.5.).

Age control
Precise dating of the sequences in the study area isuttifince palynological control is
sparse, and provided by only a few drill core samplessadie entire region (s€hap-
ter 3.2.2.). The oldest palynoflora dated is Visean in the E@dyboniferous (B JERSEY,
in MURRAY, 1994), confirming the correlation with the exposed Tartiwand Yarrol
belts. Palynological samples from five wells to thestof the study area have been dated
as Late Carboniferous to earliest Permiarug®ay, 1994). These are equivalent to the
uppermost parts of the exposed belts. In three other mdis. comm. MKELLAR,
1998), the palynoflora was dated as Early Permian (APP2jé efdRICE, 1997, seda-
ble 2.7, which provides a correlation with the sequence at #se lof the Bowen Basin
(cf. Supersequence A ihable 2.1 defined by RAKEL et al., in press; KRscHet al.,
1998).

In the Bowen BasinSupersequence Accurs immediately below thB30 se-
guence boundary, implying that the seismic sequence isubsurface Tamworth Belt
betweenB30 and reflectoHA is its equivalentTable 2.) (cf. Chapter 3.2.). Neverthe-
less, the stratigraphic relationship between the Superseguesection and the upper-
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most Tamworth Belt succession is unclear as no geigmes tie the two successions. Un-
fortunately, interpretation of well information assaed with the grid of seismic lines
across the eastern Surat Basin did not provide furthienages of the ages of the se-
guences as the base of the Bowen Basin that hasidesgified on some of the seismic
profiles to the west of the study area - the seisnfleater B15 (cf. TOTTERDELL et al,
1995; BRAKEL et al, in press) - could not be picked within the reflectivekpge that un-
derliesB30

Comparison with previous studies
The concealed Tamworth Belt has been deformed by essefrimajor thrust faults, most
of which appear to be westward-directed, and probably fpam of a westward-
propagating foreland thrust bekigs 5.4, 5.5, 5.6, 5.7, 5.14 5.15). Based on the inter-
pretation of the seismic profile network in the invgsted area, the thickest vertical suc-
cession of the Tamworth Belt is situated between tloeré Fault to the west and the
northern extension of the Peel Fault to the easwdyer, the western boundary of the
Tamworth Belt is not defined by the Moonie Fault. Fore{aasin sediments were also
deposited to the west of this structure but are now madedper than the seismic resolu-
tion (seeFigs 5.4 5.14 & 5.16where the uppermost reflectors can be traced wesieof t
fault). Due to the shallow character of the seismixfiler network (most surveys were
shot down to 3 s TWT), the basement is not alwagar} imaged within the Tamworth
Belt itself (se€rigs 5.5, 5.7, 5.8, 5.9 & 6)1Thus, the elaborated distribution of structures
illustrates the broad, rather than the detailed basimut

The overall geometry in the study area is best saghlongest composite seis-
mic cross section (66 km) perpendicular to the subsuiffacewvorth Belt Fig. 6.2. It is
completed by two deep seismic surveys to the north arigeteduth of the study area. In
the vicinity of seismic line A82-LT-24, in the hanging-waflthe Moonie Fault, the sedi-
mentary succession is folded into an anticline-syngdaie (see also seismic linesfeifys
3.7 and5.7) with the crest of the anticline being planed off bgsequent erosion. Farther
east, on seismic line H82-T-109, the Tamworth Belt suzmestips moderately to the
west and forms the eastern limb of the syncline, b&tgrrupted by a west-directed
thrust with minor vertical displacemertkig. 5.5. On the eastern side of the belt, a series
of minor eastward-dipping thrusts appear to be backthrusthwbie onto a major west-
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ward-dipping fault, with the amount of displacement anlthckthrusts decreasing to the
west Figs 5.6 & 5.19. Farther north, on the reprocessed deep seismic lifrk@@M4, an
eastward-dipping fault (S€13840 onFig. 5.20 may be taken to track the westernmost
back-thrust that hits the base of the Surat Basin erMiimerran profile (“a” onFig.
5.19 cf. Fig.6.1). The overall geometry of the subsurface Tamworth iBéhe study area

is similar to that seen on the deep seismic line BMR91iG@ie Boggabri-Manilla area
(GLEN et al.,1993; KoRscHet al., 1993, 1997)Kig. 4.2 seeFig. 3.1for location) and on
geological cross sections (s€é&y. 21) from the same region ANG, 1991; GEN &
BROWN, 1993; WOODWARD, 1995).

Comparison with previous studies — assigning of structural units

The fault-bend fold in the hanging-wall of the Moonie E4Eigs 3.4, 3.5, 3.& 5.7) is
similar to the ramp anticline forming the Tulcumba Ridagdescribed bylANG (1991),
whereas the hanging-wall synclinéidgs 5.7, 5.8;seeFig. 6.1& 6.2) is equivalent to the
Rocky Creek Syncline seen in the deep seismic profileRBMGO01 (KORscHet al.,
1997, fig. 4) and to the Belvue Syncline in the cross-sectidnaNG (1991). The west-
ward-dipping east-limb of the asymmetric syncline that been identified within the
study area, however, tends to widen as we approach ttieesopart of the investigated
area (cfFigs 3.5 & 3.7. Farther east, the eastward-dipping faults in thénMiiran pro-
file appear to be in the same structural position and elguivéo the Baldwin Fault in
BMR91.GO01 Fig. 2.3 (KOoRscHet al.,1997, figure 3).

Comparison with previous studies — major faults
Two major westward-dipping faults can be identified withia study area, and the west-
erly structure appears to die out just to the northdatsteoinvestigated area at a latitude
of approximately 27° 20'SHigs 3.6& 4.4). This may be due to the stronger influence of
the oroclinal bending to the east. The cross sectionstructed by IaNnG (1991) and
WOODWARD (1995) invoke an eastward-dipping thrust system associatedheiteastern
limit of the Tamworth Belt, whereas the seismictiees of this study suggest that this
boundary is defined by a major westward-dipping fault zoe&ching a depth of at least
3.5 s TWT (approximately 11 kmg;(andc, onFig. 5.19 (see also KRscHet al.,1997).
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Fig. 6.1: The subsurface Tamworth Belt in southern Queensland is located directly to the north-west
of the Texas Orocline. Shown in pseudocolour mode is the aeromagnetic anomaly map of a part of the
New England Orogen to the NW of the Texas Orocline (cf. Figs 4.6, 4.8 & 4.12). Overlain on the aeromag-
netic data is the distribution of structures at the level of the S10 disconformity, that is, beneath the Surat
Basin sedimentary cover (white solid lines).

The Moonie Fault to the west is best seen on the seismic reflection data. The Peel Fault extension
to the east (marked as ,?c,"), however, is not clearly imaged on the seismic data, but may be identified by
several continuous peaks on the total magnetic intensity data (“pearls on a string”). Both, the seismic and
the aeromagnetic fault patterns can be traced farther to the south of the study area, where surface data
depict these faults as being of major importance in New South Wales.

Seismic profiles of major importance are shown as black solid lines.
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The BMR84.14 deep seismic linEig. 5.1, for location sed-ig. 3.1) imaged a prominent
series of mid-crustal reflections at a deptlt@D km with westward-dipping orientation
(KoRrscHet al, 1997). MURRAY (1997c), with respective on depth and dip of the strata,
guestioned whether this seismic marker represented the detatichunface along which
movement of the fore-arc succession took place. Wittenstudy area, however, thrusts
that developed at the eastern boundary of the subsuFtaoevorth Belt form a major
westward-dipping fault zoned(and?)c, onFig. 5.19 that may continue to greater depth
(see KORscHet al.,1997). This fault zone can be interpreted to root ontortidecrustal
reflections as indicated byNtAYSON et al. (1990) Nevertheless, the precise character of
this fault zone is uncertain due to the sparse seidati& and its poor quality within the
eastern part of the investigated aré@(3.3.

Comparison with previous studies — the youngest fore-arc basin seedtaittion
During this study, the uppermost Tamworth Belt seismiecgbn HA was traced on the
seismic profiles to be conformably overlain by 8&0 horizon with over one kilometre
of section between the two reflectiorts400 ms TWT =c.1200 m on seismic line A82-
WR-21, Fig. 3.7andc.450 ms TWT =c.1350 m on seismic line H82-T-10Big. 5.5. In
the lithological record for the Deep Crossing welthgpter 3.2.2.), ADAMSON &
DoRscH (1988) did not identify any rocks of the Early Permian B&kek Group
(c.280-259 Ma; cf.Table 2.}, leaving their lithostratigraphic equivalent to tHA& seis-
mic reflection (Block I) to be of Earliest Permiagea(pre-280 Ma) if not Late Carbonif-
erous Fig. 3.12, Table 2.1)Hence, the author can not rule out the possitility the se-
guence above thHeA horizon depicts oldest Bowen Basin sediments, thétesHA Tam-
worth Belt seismic reflection may be considered tdaheepossible equivalent to tiBd5
seismic reflection of ®TTERDELL et al. (1995).

Comparison with previous studies — eastern boundary
The eastern boundary of the Tamworth Belt, the Peelthn New South Wales, is
known to dip steeply to the east at the surface. On tep deismic line BMR91.G01
(Fig. 2.3 for location sed-ig. 3.1) the fault is interpreted as an east-dipping splayaoff
major west-dipping structure that corresponds with a rgélaone of serpentinite and re-
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lated mafic igneous rocks and extends to the base of tis¢ @fORScH et al., 1993,
1997). This would suggest that the entire Tamworth Beltbkas thrust eastwards over
rocks of the accretionary wedge.

In the subsurface, in southern Queensland, the curved titagifig. 4.8 and
gravity anomaly Fig. 4.10 represents the northern continuation of the fagdie (also
WELLMANN, 1990). Evidence for the fore-arc basin succession havingibfgenced by
thrust faults is here given by the seismic record efg@ismic reflection profiles men-
tioned in the geometry chapters of this theBigg 3.4, 5.7, 5.1% 5.20; cf. Fig 6.2,
identifying the Moonie thrust sheet with its base, FBeseismic horizon, and its top, the
roof thrust that may be picked as th& seismic horizon. The interpretation of these seis-
mic profiles postulates a westward-directed transpoth@fMoonie thrust sheet for at
least 10 kilometres.

Comparison with previous studies — western boundary
The western boundary of the Tamworth Belt is common$cdeed as being represented
by the Goondiwindi-Moonie Fault (MRRAY, 1997c). As seen on the seismic profiles
BMR84.14 fFig. 5.20, M7803 Fig. 5.15 and A82-LT-25 Fig. 5.1, however, it is
more likely that sediments of the Tamworth Belt thaure farther to the west of the
Moonie fault system, with at least the two seismidzums HA andHB being identified
beneath the Bowen Basin seismic horizofigg 5.4 & 5.14). ELLIOTT (1993, Fig. 12)
noted a fundamental change in structural style towardsidht@ern end of the Moonie
Fault. To the south, he postulates basement rocks beuss tiestwards over the Taroom
Trough, whereas to the north, Taroom Trough sedimentsbeasm thrust eastwards over
basement along back-thrusts that are related to lar¢ge-chgplex structures. It is at the
northern end of the Moonie Fault, where the deep seisaniey BMR84.14 was shot by
Geoscience Australia. The upper 6 s TWT that have begneagessed and displayed in
this study, suggest a major duplex structure with westwandttmovementKig. 5.20.

On the deep seismic survey BMR84.14/kE-DYSTER et al. (1987) and IORSCH
et al. (1997) recognised the westernmost fore-arc basin bounddrg the Leichhardt
Fault to the west of the Moonie Fault. The occureeatat least two Tamworth Belt se-
guences to the west of the Moonie Fault, described instbidy, used the information
given by a number of industry shallow seismic data to thekfault behaviour from the
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narrow fore-arc basin geometry in the southern saréq Figs 5.7, 5.8 to the anoma-
lously wide basin architecture to the north ofFig( 5.20. The interpretation here of the
reprocessed BMR84.14 seismic data supporgBADYSTER'S and KORSCHS interpreta-
tion (seeChapter 5.4.2., Fig. 5.20.

Comparison with previous studies — overall geometry
In the vicinity of seismic line BMR91.G01, the intensitydeformation within the Tam-
worth Belt increases eastwards towards the Peel,Rahile surface studies have indi-
cated that cleavage development also increases mafkreyWEY & KiscH, 1994). This
eastward increase in deformational intensity, togethigdr a concomitant steepening of
the structures, is the probable explanation for theedse in the quality of the seismic
data seen on both lines BMR91.G01 and BMR86.MAg. (5.19.

The interpretation of the seismic profiles in the keut part of the study area postulates a
westward-directed transport of the Moonie thrust shieigis(5.8 & 5.19. Farther south,
in the vicinity of the deep seismic line BMR91.G(HAg 5.2, the Tamworth Belt forms
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Moonie Fault 510

Fig. 6.2: Cartoon of the composite seismic cross-section across the subsurface Tamworth Belt in
southern Queensland. Heavy solid lines represent interpreted faults. The light solid lines represent inter-
preted seismic horizons. HA, HB, HC, HD and HE separate the recognised Tamworth Belt seismic se-
guences and are within the fore-arc basin succession.

The overlying Jurassic to Cretaceous Surat Basin succession is marked in light grey. Shown in grey
and located beneath the Surat Basin and above the Tamworth Belt succession is the Bowen Basin succes-
sion. The accretionary wedge assemblage is located to the SE of the composite cross-section and is high-
lighted in dark grey. Above it, a westward dipping major fault (c, on the seismic profile BMR86.MO1, Fig.
5.19) identifies the eastern boundary of the Tamworth Belt in the subsurface in southern Queensland.
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part of a doubly vergent orogen, with its western sidego#hrust to the west and its east-
ern side being thrust to the east at the same time @marsn. KORSCH 2004).

— overall geometry: width and shortening
From south to north, the Tamworth Belt shows greaabdty in its width, ranging from
over 90 km in the far south, to only about 25 km near tindds between Queensland and
New South WalesHig. 1 & Fig. 4.9.

In the subsurface, in the vicinity of the compositsrs& cross-sections (as de-
scribed inChapter 3.1.2.), the belt is just over 75 km wide, and it is here esi@u
(geometrical reconstruction of the composite crosssetiased on the interpreted seis-
mic faults) that, across the belt, there has besmnamum of at least 10 knt(14%6) of
shortening due to thrust movement along the Moonie thrus.ekistence of th&A
thrust plane Kigs 5.8, 5.9, 5.16and footwall horses beneath the Moonie thrust sheet
(Fig. 5.19 suggests at least another 25 ln38%) of shortening. Therefore the total esti-
mated amount of shortening across the Tamworth Bebéas at least ~35 km44%).

In the southern part of the study area, the width @bt is just over 50 km, very
similar to the width where seismic line BMR91.G01 crogkesbelt (sed-ig. 3.1for lo-
cation). In that area, IANG (1991) estimated that the belt had been shortened by 25%
(c.12.5 km). LANG'’s result is significantly less than the 48% (75 km)refrung deter-
mined by WOODWARD (1995) in the vicinity of BMR91.G01. Woodward (1995) showed
much greater complexity in his balanced cross secti@ed=~(g. 5.2, including a series
of footwall horses in his section closest to BMR91.GO1.

— overall geometry: thrust-related structures
On the reprocessed seismic profile BMR84.14, a snakehead dipleture (as defined
by HATCHER, 1995) is recognised beneath the domed Moonie thrust shegtséiinic
feature, perhaps, may be linked to a distinct magnetic faigher south “d” on Fig.
4.8). Hence, the observed magnetic high depicts a domedtteheet above a thrust-
related structure. The base of the thrust sheet marabed southwards into the seismic
study area, where it defines the base of the Moonietteheet. However, within it, the
precise location of the Tamworth Belt seismic rdftats HD (older) toHA (younger)
stays uncertain and can not be linked precisely to thectieins that have been identified

within the study area.
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The horses that have been interpreted on the Milameseismic profile Kig.
5.19 and the snakehead duplex on the reprocessed upper 6 sfld&@poseismic sur-
vey BMR84.14 Fig. 5.20 indicate that the tectonic history of the TamwortitBs
much more complex than ARTENBERG et al. (2003) had proposed. They proposed a
fault-bend-fold in the hanging-wall sequence with a ramphe east of the Moonie

Fault associated with the geometrical room problem.

— overall geometry: status of the Moonie Fault
The seismic data in the investigated area suggest thantmenous vertical displace-
ment of the Moonie Fault (e.g.3000 m, which equals.1000 ms TWT inFig. 3.4
may possibly be explained by tRé thrust sheet overriding the Moonie thrust sheet,
recognising the tip line of the Moonie Fault as a shartlowst (see€Chapter 5.4.2.).
Moreover, the Moonie short cut thrust - in some sagmbfiles - roots on to the upper
of a total of two imbricates that cause the simple-fafi-bend fold in the hanging-
wall sequence to the east of the Moonie Fdahily.(5.16. This broadens the under-
standing of the cause for the fault-bend fold with ¢hsiest explanation being a flat-
ramp geometry on a single thrust ($&g. 5.3. However, the identification of two
thrust sheets stapled upon each otRegy5.4, 5.5, 5.8, 5.15 & 5.)@nproves the ar-
gument of WARTENBERG et al. (2003). Facing the offset on either side of the Moonie
thrust, they asked for a tectonic ramp to the easteoMitonie Fault to explain the dis-
tinct vertical displacement of the fault itself {ftvB30to the west being adjacentH€

on the east side of the Moonie Fault).

— overall geometry: the subsurface Bowen Basin — an indicator for thrusting
Thin-skinned thrust deformation occurs throughout the study aseseen within the
defined seismic Bowen Basin and Tamworth Belt sequenoesh& Bowen Basin far-
ther north, in central QueenslandsBING et al. (1997a) define the time span of thin-
skinned thrust deformation at around 235-230 Ma, terminating ¢heeB Basin sedi-
ment accumulation. 8&RscH et al. (1998) identified the period of deformation from
265 to 230 Ma. This time span also identifies the deformatevexit of major impor-
tance within the study area.

The presence of Bowen Basin sequences in the hangihgeepience to the

east of the main basin suggests that the original anesremb by the basin extended
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much farther to the east than its present linfiigg 5.4 & 5.8. On the deep seismic
survey BMR84.14, Triassic sequences oacidd km to the east of the Moonie Fault
within the Cecil Plains Syncliné=(g. 5.1). The interpretation of the seismic data of
this study suggests that these Triassic sediments maydmanant of the - elsewhere
eroded - Triassic unit within a synclinal upper part of bhead and slightly folded
thrust sheet (cf. seismic reflectors beneatl® at the eastern side of the reprocessed
data —Fig. 5.20 and thus part of the west-directed thrust system. Duleetdectoni-
cally unusual location of BMR84.14 to the north of tlexds Orocline and due to the
sparse seismic data in this area, however, it remaicsrtam whether the Permian-
Triassic conglomerates in the Horrane Trough (to st ef the BMR84.14 seismic
profile) described by O’BIEN et al. (1990) are involved in, and explained by, the same
thrusting process.

— overall geometry: a third deformational phase has been depicted
Another deformational phase was depicted on variousgeofiles in the study area
within the Moonie Fault hanging-wall sequence, offsettiagyeto Mid Permian sedi-
ments. The observed faults do not influence Late Peremd Early Triassic sequences
and therefore may be interpreted to describe a periodmpressional deformation at
around 265-250 Ma. During this time span, thrust faults develd@ddot onto the
uppermostHA-Tamworth Belt horizonKig. 5.17 or onto theFA-roof thrust Fig.
5.4). Most likely, this deformational phase occurred during Mermian times, tracing
a distinct unconformity in the Bowen Basin beneathgéismic horizorB45 which
identifies the base of th®xtrack Formation(cf. Table 2.). To the north-west of the
study area -and thus to the north-west of the Moonie Faauidence for this seismi-
cally distinctB45 unconformity is best seen within the Denison Trough ssioe (for
location, sedrig. 1), identifying theAldebaran Eventdated 265-260 M#&KORSCH
2004).

As seen elsewhere in the study area, tliePdrmian faults — where being cut by
the disconformably overlying Surat Basin sediments —tfigblded the S10 seismic
reflector, and thus identify the Late Cretaceous MoonienEwy reactivation of the
thrust movement during a later phase of compressiorigsée Figs 5.6 & 5.18.
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Final statement
The arguments discussed above shall be used in an attesgeculate on the nature
and mechanics of the thrust-fold system within the sarég and the overall thrust-
mechanics that has led to the recent subsurface TamBeit geometry. However,
the outcome of this study highlights the need for furtlksearch on this matter to in-
crease the understanding of the structural evolutiononiyt of the Tamworth Belt
concealed by Surat Basin sediments, but of the NewaBddDrogen as a whole.






Alles ist, was es ist, weil es so geworden ist.

D’Arcy Thompson



7. CONCLUSIONS

1. Interpretation of seismic and aeromagnetic profiles
within the study area, the eastern Jurassic-Cretac®onad
Basin of southern Queensland, has led to an increase in
understanding of the geometry of the Devonian-
Carboniferous Tamworth Belt which occurs beneath the

younger sedimentary cover.

2. The succession in the Tamworth Belt is at least 12 km
thick and is moderately folded. Within it, six seismi s
guences have been identified. Each sequence is separated by
a significant sequence boundary. Due to poorer resolution o
the seismic data in the eastern part of the study #resa,
likely that there are other sequence boundaries not dnage

seismically.

3. The succession in the Tamworth Belt — which is part o
a large foreland fold-thrust belt — has been subjected to
large-scale thrusting, with the Moonie thrust sheetinigav

been transported westwards for at least 8 kilometres.

4. In the vicinity of the seismic profiles, the subsuefac
Tamworth Belt is over 75 km wide. It has been shortdayed
at least 35 km. Its overall geometry is similar to tbhat
served farther south in the exposed part of the betlh, avi
anomalous increase in the width of the belt acrageesto

the north. The major thrust movement was NW-directed.

5. Two major deformational events have been recognised,
(a) the Mid-Late Triassic Goondiwindi Event and (b) the

Late Cretaceous Moonie Event.

6. An early deformational phase has been identified, that

occurred before the Goondiwindi- and the Moonie events,
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most likely during Mid Permian times, tracing a distinctamformity in the Bowen Basin
and coinciding with the Aldebaran Event as seen irDidmgison Trough to the west of the

study area.

7. The Moonie Fault is interpreted as a short cut thrust major displacement, with the
Leichhardt Fault to the west possibly being the leadmgst fault of the overall north-

south trending fault system along the western side of éneworth Belt.

8. The succession in the western part of the Tamwoethi8 truncated by the Moonie
Fault, but continues farther to the west beneath tiveeld Basin. The western extent of the
fore-arc basin in the footwall is likely to be bound®dthe Leichhardt Fault. The strata in
the Moonie thrust sheet have a classic fault-benddetsmetry, with a hanging-wall anti-
cline-syncline pair occurring immediately to the edsthe thrust. Farther to the east, the

sedimentary package dips moderately to the west.

9. To the east, on the western side of the Texas iBepdhe boundary between the
Tamworth Belt and the Tablelands Complex is defined mamr westward-dipping struc-

ture, with a series of eastward-dipping backthrusts lodat#ter to the west.

10. In the hanging-wall, immediately to the east of theokie Fault and within the up-
per Tamworth Belt succession, a second thrust surfater@gd to agA) can be identified

above the Moonie thrust sheet.

11. The aeromagnetic traverses along the seismic lir8%LA-24, H82-T-109 and
BMR86.MO01 correlate, at least in part with the correspandeismic profiles. Some of the
magnetic responses, especially those of broad wave)eragitibe explained by the geometry
of the subsurface Bowen Basin and the underlying TamvRett) although the Mesozoic

sedimentary cover is up to 2000 m thick.

12. The Moonie Fault to the west coincides with an eltedjanagnetic high that contin-

ues for at least 200 km to the south. The cause of thisvpaomaly is speculative.

13. The eastern boundary of the Tamworth Belt coincidigls & gravity and magnetic
ridge, mimicking the gravity and magnetic pattern of thevéioDevonian serpentinites and

iron-rich rocks that occur along the Peel Fault tostinath.
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INTERPRETATION INDEX

The following are some of the interpretations of structures and processes

seen on seismic reflection profiles within the study area.

Baselap

Branch line
Downlap

Flat

Horizon

Horse

Imbricate

Onlap

Baselap is lapout at the lower boundary of a depositgegience.
Two important types are recognised. Later structural moremay
necessitate the reconstruction of depositional surfa¢esstudy
area proved to be an area of great structural complicaklerefore,
the discrimination between onlap and downlap may be prdgtical
impossible and the author may be able to determine orilytiha
strata are in a baselap relation. Onlap and downlap dicaiors of
nondepositional hiatuses rather than erosional hiativsesKum et
al. 1977). Because of the later structural movement, baseihe
more inclusive term to be used for two-dimensionainseislata.
May be used to indicate the direction of major thmaisvement.
Downlap is baselap in which initially inclined straturmieates
downdip against an initially horizontal or inclined surface.

That part of a staircase thrust plane trajectory whasha horizontal
or subhorizontal orientation.

Surface separating two beds and hence having no thickness.

A lenticular or sigmoidal pod of rock which is complgteounded
by two or more fault surfaces that may diverge aftanthing and
then converge along strike and up-dip to meet again.

(Latin: imbricare = to cover with tiles)l he structure resulting from the
piling upon one another of wedges or sheets of rock, |&k@antly-
overlapping tiles of a roof. It is a series of thrustes, hence an
“imbrication”. Without incipient folding, the strataearepeated by a
series of minor thrusts or reversed faults, whiclatian oblique
angle to more important dislocations, termed thrust plane
Onlap is baselap in which initially horizontal stratlaps out against
an initially inclined surface, or in which an initially imoéd stratum

laps out updip against a surface of greater initial inctmati



Ramp

Reflection

Reflector

Splay
Thrust

That part of a staircase thrust trajectory whiginfothe steeply
dipping sections between tHats. Where thrusting

occurs in horizontally bedded strata the ramps cup up-eectio
obliquely to the bedding. A thrust belt may contain seugpes of a
ramp, classified agontal, oblique andlateral according to their
respective perpendicular, oblique, and parallel strike otientin
relation to the main direction of transport.

What is seen on the seismic profiles, that is,tweecorded by

the equipment.

Geological feature in the subsurface that the seisaies

bounce off.

Implies the existence of a main fault with highspthcement.

A low-angle (commonly less than 45°) reverse fauthai
significant dip-slip component, in which the hanging-veatrhangs
the foot-wall. Synthetic thrust sets formbricate fan structures
which may be thrust-bound, when they formuplex. Single thrusts
typically show a staircase trajectory composerhaips andflats.

An individual thrust sheet may have a distinctivetgjraphy and

may therefore be correlated long distances.
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