minisery or ECONOMIC @
Development

Manati Ohanga

Crown Minerals

PETROLEUM REPORT SERIES

PR 3143

Title Structural analysis of the Dean Prospect, Waiau
Basin, Southland, New Zealand)

Operator L&M Petroleum Limited

Author Ghisetti, Francesca C.

Date 2005

This report has been compiled from material submitted to the New Zealand
Government under legislation or voluntarily by exploration companies. An
acknowledgement of this work in the following bibliographic format would be
appreciated:

Author/Operator; Date; Title. Ministry of Economic Development New Zealand
Unpublished Petroleum Report .



Report No.
Year

Licence No.

Author

Title

Operator
Report Type
Region

Technical Abstract

PR 3143

2005

(PEP)38226

Ghisetti, Francesca C.

Structural analysis of the Dean Prospect, Waiau Basin, Southland, New
Zealand)

L&M Petroleum Limited

Geological - Seismic / Structural
Otago / Southland

This report analyses the structural setting of the Dean Prospect with particular emphasis on: The
geometry of the Dean structure and its variation along strike and at different stratigraphic levels. The
evolution of the Dean structure consequent on accumulation of progressive shortening since Miocene
times, and relationships between folding and thrusting; and an assessment of the likelihood of a closed
structure at potential reservoir horizons. The text is accompanied by 8 Plates.

Pages 36

Encls

Logs



Structural analysis of the Dean Prospect

(Waiau Basin, Southland, New Zealand)

Francesca C. Ghisetti

Dunedin, May 2005



INDEX

1. Executive Summary

2. Introduction

3. Geological Framework
3.1 Regional Setting Within the Waiau Basin

3.2 Stratigraphic Sequence of the Waiau Basin - Relationships with Seismic Reflectors

and Seismic Facies

3.3 Surface Structural Setting of the Dean Structure

4. Depth Interpretation of Seismic Lines
4.1 Methodology

4.2 Interpreted Geological Sections

S. Structural Contour Maps

5.1 Methodology
5.2 Major Features of the Structural Contour Maps

6. Discussion
6.1 Principal Structural Characters
6.2 Deformation Model

7. Conclusions and Recommendations

8. References



Figures

Fig. 1: Location of the study area in the regional framework.

Fig. 2: Lithostratigraphic sequence in the study areé and conterminous regions, and
mechanical contrasts within the sequence.

Fig. 3: Major structures and analysed seismic lines in the study area.

Fig. 4: Depth conversion for the Dean Prospect

Fig. 5. Examples of trishear folding and of the parameters that control finite
deformation.

Fig. 6: Restoration of the fold system in the region of the Dean Prospect.

Plates

Plate 1. Section 1, tied to Seismic Line TQL19

Plate 2. Section 2. Seismic Lines TQL17 and EEX-002

Plate 3. Section 3. Seismic Line EEX-003

Plate 4. Section 4. Seismic Line TQL15

Plate 5. Section 5. Seismic Line TQB1617

Plate 6. Section 6. Seismic Line TQL13

Plate 7. Structural Contour Map of the PURPLE horizon (Base of the Waitakian, Late
Oligocene-Early Miocene sequence)

Plate 8. Structural Contour Map of the DARK BLUE horizon (Base of the Otaian, Early

Miocene sequence)




1. Executive Summary

The structural setting of the Dean Prospect in the context of the Waiau Basin has
been analysed by (1) re-interpreting the Seismic Lines TQL 8, 10, 19, 17, 15, 13,
TQB1617, EEX-002, EEX-003; (2) depth-converting the lines; (3) constructing 6
transverse geological sections (scale 1:50,000) that tie together surface and sub-surface
geology (Plates 1-6). The geometrical admissibility of the geological sections has been
established by successful length restoration of a number of sigm'ﬁcanf horizons, and by
constructing two structural contour maps (Plates 7 and 8) for the base of the Waitakian
(Late Oligocene-Early Miocene) and Otaian (Early Miocene) sequence (scale 1:50,000).
These data allow the interpretation of the finite geometry and progressive evolution of
the thrust-fold system, provide constraints on the geometry of the folded structure at
depths, and lead to an estimation of the extent of preservation of 3D anticlinal fold
closures.

Major results highlighted by the structural analysis are:

1. Lateral (north-to-south) and vertical heterogeneity of the fold system, partly
controlled by mechanical competence contrasts, detachments and variations in
stratigraphic thickness.

2. Oblique truncation of the N-S to NNE-SSW fold hinges (Mclvor Syncline,
Bellmount Anticline, Waiau Syncline) by the Bellmount major thrust faults (BTF1 to the
west and BTF2 to the east).

3. Southward decrease in vertical displacement of BTF1 and BTF2 from Section 1
to Section 6 (with the exception of Section 4).

4. Trishear fault-propagation model for the fold system, with a Propagation/Slip
ratio decreasing from Section 1 to Section 6.

5. Likely preservation of anticlinal closures in the hanging wall of BTF2 along
Sections 2 (TQL17) and 4 (TQL15) and in the footwall of BTF2 along Section 3 (EEX-
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003), within potential reservoir horizons in the PURPLE to LIGHT BLUE seismic
intervals.

The geological reconstructions are geometrically feasible and internally consistent.
However, large uncertainties reside in the precise location of key horizons, and the lack
of a tie to local wells. It is of particular concern that the quality of seismic data is
generally poor close to BTF1 and BTF2. As a result, acquisition of new seismic data in
the region between Sections 2 and 4 is recommended as a preliminary step for further
refinement of structural modelling.



2. Introduction

This report analyses the structural setting of the Dean Prospect (Fig. 1) with

particular emphasis on:

1. The geometry of the Dean structure and its variations along strike and at
different stratigraphic levels.

2. The evolution of the Dean structure consequent on accumulation of progressive

shortening since Miocene times, and relationships between folding and thrusting.

3. An assessment of the likelihood of a closed structure at potential reservoir

horizons.

Analysis and interpretations are based on the construction of a set of geological
sections (Plates 1-6) that integrate surface geology from published geological maps
(Turnbull and Uruski, 1996; Turnbull and Allibone, 2003; Carter et al., in press) with the
Seismic Lines TQL 13, 15, 17, 19, TQB 1617-(Amoco, 1988), EEX-002 and EEX-003
(EEX, 2000).

Construction of the geological sections (at scale 1:50,000) is constrained by a re-
interpretation of reflectors in the seismic lines, depth conversion, and length balancing.

Compatibility and geometrical admissibility among the series of geological sections
has been checked through the construction of contour maps (scale 1:50,000) of two key
seismic reflectors (base of the Waitakian (Late Oligocene-Early Miocene) sequence
(PURPLE) and base of the Otaian (Early Miocene) sequence (DARK BLUE) (Plates 7-
8).
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These data form the basis of a qualitative "forward modelling " of the faulted fold
system, provide control on the geometry of the folded structure at depths, and lead to an

estimation of the degree of preservation of anticlinal fold closures.

3. Geological Framework

3.1 Regional Tectonic Settin,iz of the Waiau Basin

The structural evolution of the Cretaceous-Cenozoic Waiau Basin, in relation to the
configuration and kinematics of the Australian-Pacific plate boundary (Fig.1) has been
delineated in a number of papers (e.g. Norris and Turnbull, 1993; Tumnbull et al., 1993;

Lebrun et al., 2003 and references therein).

A synthesis of the regional geological evolution of the western Southland
sedimentary basins is given in Beggs and Pye (2004). Here it is important to note the
close link of the stratigraphic sequence mapped in the Waiau Basin in relation to the

following, first-order tectonic events:

1. Late Cretaceous extension (break-up of Gondwana and separation of New

Zealand from Australia and Antarctica), leading to the formation of a continental rift

- with complex interfingering of facies (fluvial, lacustrine) controlled by the geometry and

interconnections of the fault network (cf. Gawthorpe and Leeder, 2000). Reconstructions
for the Waiau basin indicate the development of elongated, NE-trending half grabens
with an overall thickening to the west (Turnbull et al., 1993).

2. Following a prolonged period of no deposition and/or erosion (Paleocene to

Early Eocene erosional unconformity), renewal of extension during the Late Eocene-
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Early Oligocene was connected to oblique rifting along the Macquarie Ridge, with
opening of the Emerald Basin and Solander Trough and a progressive northward decay
of extension rates.

Foundering in the Waiau Basin with establishment of marine conditions has been
related to localised transtensional activity on the Moonlight and Hollyford Fault Systems
(Moonlight aulacogen of Norris et al., 1978).

3. A slow-down in rates of subsidence during Late Oligocene-Early Miocene
reflects a change in tectonic regime (Late Oligocene erosional unconformity), with the
onset of transpression. The change to a compressional regime has been related to the
southward drift of the Pacific Plate-Australian Plate pole of rotation (cf. Sutherland,
1995).

4. Mid to Late Miocene convergence related to further southward migration of the
Pacific Plate-Australian Plate pole of rotation and through-going propagation of the
Alpine Fault transform boundary. Shortening has been progressively accommodated by
compressional inversion of earlier normal faults, folding and thrusting. In the Waiau
Basin progressive shifting of depocenters to the east and south appears to be controlled
by tectonic uplift at the Fiordland boundary accompanied by localised subsidence in the
footwall of the Takitimu thrust front (Turnbull et al., 1993). The opposite vergence of
thrust faults at the boundary of the basin is strongly suggestive of a major control
exerted by pre-existing, opposite-dipping sets of inherited normal faults that were

subsequently reactivated during the compressional stages.

5. Persistent compressional deformation during Pliocene-Pleistocene times

associated with oblique subduction of Tasman Sea oceanic crust at the Puysegur trench
(Fig. 1).



3.2 Stratieraphic Sequence of the Waiau Basin - Relationships with Seismic Reflectors

and Seismic Facies

The lithostratigraphic sequence of the Waiau Basin and the stratigraphic position of
the recognised seismic reflectors is summarised in Fig. 2. The column labelled
Blackmount/Bellmount is most applicable to the Dean structure.

It is beyond the scope of this report to give a detailed description of the sequence
and of the complex facies variations within the sub-basins bounded by synsedimentary
faults. The reader may refer to Uruski and Turnbull (1990); Turnbull et al. (1993);
Hayton (1999); Beggs et al. (2000) for further discussions of the stratigraphic sequence.

In the geological sections reconstructed from interpretation of the seismic lines the

following key horizons have been mapped (cf. Fig. 2):

RED - base of the Bortonian (Late Middle Eocene) Beaumont Formation (and
probably including any Cretaceous unit that may be present). Discontinuously
recognised and generally positioned at the top boundary of chaotic (basement?) and
reflective seismic facies. Fluvial sandstones of the Beaumont Formation are potentially

an excellent reservoir lithology.

PINK - base of the Runangan (Late Eocene) Orauea mudstones (known only to the
east). Only locally recognised and mapped as a guide horizon for inferring the geometry

of the layered Late Eocene sequence.

GREEN - base of the Whaingaroan (Early Oligocene) Kaherekoau, Birchwood,
Lower Waicoe and Blackmount Formations. It has been traced with good continuity in
many of the analysed lines (with the exception of Lines TQL15 and TQB1617, where it

remains inferred).
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PURPLE - base of the Waitakian (Late Oligocene-Early Miocene) Blackmount
and Te Karara Formations. It is traced with good continuity in almost all the analysed
lines, thanks to the strong reflectors generally associated with this horizon. In the eastern
portion of Line TQL13 and in the western portion of Line TQL 15 the position of this
horizon is uncertain and it has been inferred on the basis of stratigraphic thicknesses.
The unconformity marked by this horizon is clear in Line TQL17, but not apparent in
the other lines. This horizon can be correlated at the surface with the base of the Late
Oligocene Waicoe mudstones (Turnbull and Uruski, 1996). In the Murihuku geological
map (Turnbull and Allibone, 2003) this horizon can be positioned at the top of the
Birchwood and Blackmount Formations, but where these formations grade laterally into

mudstones of the Waicoe Formation, the PURPLE horizon must be traced within the

undifferentiated Waicoe Formation.

DARK BLUE - base of the Otaian (Early Miocene) Mclvor and Clifden
Formations. This horizon is characterised by strong reflectors and by unconformable
relationships with the underlying sequence. It is traced with good confidence and

continuity in all the analysed lines, and can be easily tied to surface geology along Lines
TQL 13, 15, 17,19, TQB1617.

LIGHT BLUE - top of the Altonian (Late Early Miocene) Mclvor and Clifden
Formations. The position of this horizon is well constrained by good reflectors,
stratigraphic relations with the underlying DARK BLUE horizons, and ties with surface
geology. The bioclastic shelf limestones of the Clifden subgroup and the fractured
sandstone beds within the Mclvor calcareous flysch units are both considered potential

reservoirs.
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Based on lithological characteristics and competence contrasts between the
different units, Fig. 2 emphasizes the location of possible detachment horizons within
the sequence, and the horizons potentially characterised by brittle fracturing consequent
on folding and faulting.

3.3 Surface Structural Setting of the Dean Structure

The Dean Structure is located in the northern Waiau Basin, along the Bellmount
Thrust Fault (BTF) (Fig. 3). At the surface, the BTF (cf. Carter et al., in press) shows an
average strike orientation N15-20° E and dips steeply (>70°) to the west. The nearly
parallel Bellmount anticline in the hanging wall panel exposes (north of the Waiau
River) calcareous mudstones of the Mclvor Formation overlying mudstones attributed to
the Waicoe Formation. The fold has a steep east-dipping flank (dips >60°), with locally
west-dipping overturned beds. West of the mapped hinge zone the Bellmount anticline is
obliquely truncated by a thrust fault sub-parallel to BTF, which carries in its hanging
wall the open Mclvor syncline, that maintains an axial trace oriented N 20°E. The
footwall panel of BTF exposes undifferentiated Waicoe Formation, with surface bedding
suggesting the presence of sets of NNE-SSW oriented folds. In the Carter et al (in press)
geological map, BTF is traced north within the Waicoe Formation, and is eventually
truncated by the overlying, east dipping Takitimu frontal thrusts.

South of the Waiau River outcrop exposure of BTF and related folds are hidden by
extensive Quaternary alluvium (cf. Turnbull and Allibone, 2003).
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4. Depth Interpretation of Seismic Lines

4.1 Methodology

The seismic lines that have been used for the definition of the structural setting of
the Dean Prospect are shown in Fig. 3.

Along the trace of each transverse seismic line a geological cross section based on
the available published maps has been drawn in order to check the surface tie of the
uppermost seismic horizons. The northernmost section does not coincide with any
available seismic line, but runs close and parallel to Line TQL 19, and the information

of this line has been projected into the section.

All the seismic lines in two-way travel time (2WTT) (sec) have been re-interpreted,
in order to define the position of the major reflectors connected with geological units
(RED, GREEN, PURPLE, DARK BLUE, LIGHT BLUE from bottom to top, cf. Fig. 2).
Varying quality of lines, lack of tying wells and multiple repetition of horizons by
thrusting are all factors that affect the interpretations, especially when considering the
lowest horizons (RED and GREEN). Also, the strong lateral variations in thickness that
characterize the Tertiary sequence make it largely impossible to use thickness
extrapolation to infer the position of the marker horizons.

The horizons individuated in the 2WTT (seconds) space have been depth converted
using the equation given in Fig. 4 (Hayton, 1999), derived from stacking velocities along
the Seismic Lines TQL 10, 15,17 (cf. Fig.3). The second order polynomial fit for these
velocities is in good agreement with data from the Happy Valley -1 well (Petrocorp,
1990), and confirm the derived depth of about 3 km for 1.8 sec 2WTT, with an
estimated error bar of the order of few hundred metres. For depths >3 km the error

increases, but it is likely to be <1 km. The depth conversion presented in Fig. 4 can be
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considered a good approximation in the area of the Dean Prospect, but it is expected to
vary considerably in the adjacent domains because of important lateral lithologic
variations within the units added to variations in the history of burial, uplift and

denudation.

The depth converted transverse sections are presented in Plates 1-6. The
longitudinal sections drawn along the Seismic Lines TQL 10 and TQL 8 have been used
to check the position of the horizons in the 2WTT and in the depth-converted lines, but
no geological section has been drawn along these lines.

The interpretation of the sections of Plates 1-6 has been checked in terms of
internal consistency, geometrical admissibility and retrodeformability by manual length
balancing of the GREEN, PURPLE, DARK BLUE and LIGHT BLUE horizons.

Manual balancing (cf. De Paor, 1988) has been performed under the assumptions
of: (i) detachment of the cover sequence above an undeformed basement; (ii) no volume

(area) loss, and, (iii) no component of movement out of the plane of the section.
None of these requirements is necessarily fulfilled in the area. Also, balancing should
require two lateral pin-points (blocks of no deformation, ideally undeformed foreland),
and even a regional cross section from the Fiordland to the Takitimu block cannot
provide such requirement. Thus, the balancing that has been performed cannot be used
for assessing shortening. Rather, it provides a useful check of plausible geometry
between thrust panels, in terms of’

1. geometric consistency of folds and thrusts at different stratigraphic horizons

2. consistency of predeformational stratal length between faults

3. upsection propagation trajectories of thrust faults in the direction of tectonic
transport

4. downsection propagation trajectories of normal faults in the direction of tectonic

transport
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5. compatibility of footwall and hanging wall cut-offs
6. consistency of displacement and stratigraphic offset along faults

This procedure represents a first-approximation step to be used before application
of more rigorous techniques, performed by using section balancing computer programs
that can take into account different deformation mechanisms and provide forward
verification of the deformation sequence. |

All the constructed sections have been successfully length balanced, and the
retrodeformed horizons possess comparable lengths, with minor discrepancies. This
check only assesses the admissibility of the section, but does not in itself prove that the

section is correct.

4.2 Interpreted Geological Sections

From north to south, the major features presented by the geological sections tied to
the seismic lines that cross the Dean Prospect with WNW-ESE orientation are
highlighted below:

Section 1 tied to Seismic Line TQL 19.

This section (Plate 1) extends from the Blackmount Fault system to the Takitimu
frontal thrust.

In the area of the Dean Prospect the section links the two outcropping, W-dipping
thrust faults (BTF 1 and BTF2, from west to east) to two subsurface faults that appear to
splay from a common, high-angle fault below the GREEN horizon. In the footwall of
BTF2 two other thrust faults (T1 and T2 from west to east) lose displacement above the
LIGHT BLUE horizon, but shortening appears to be accommodated by sets of low-
amplitude folds, that are also mapped at surface.
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Stratigraphic vertical offset along BTF1 is low (of the order of 200 meters),
whereas vertical offsets are of the order of 1000 m along BTF2 and are maintained at
depth by the high-angle thrust fault. Offsets along T1 and T2 decrease upsection, from
600-800 m in the PURPLE horizon to 200 m in the LIGHT BLUE horizon. All these
thrust faults are eventually truncated by the E-dipping Takitimu thrust front at the
eastern end of the section.

The footwall panel of BTF2 is deformed by an open syncline in the DARK BLUE
and LIGHT BLUE horizons, truncated by T1 and T2, with a western flank steeply
dipping to overturned undemeath BTF2

The hanging wall panel of BTF2 contains an anticlinal closure in the GREEN and
PURPLE horizons, whereas the DARK BLUE horizon (that is in outcrop) maintains the
steep east dips of the eastern flank of the anticline, and is possibly overturned at depth.
The anticlinal closure in the DARK BLUE and LIGHT BLUE horizons is projected
above the topographic surface in the hanging wall of BTF2, and the fold is connected to
the adjacent Mclvor syncline that can be traced in outcrop at the level of the LIGHT
BLUE horizon.

Section 2 (Seismic Lines TQL 17 and EEX-002)

This section (Plate 2) extends from the Blackmount Fault System to the Eastern
Bush anticline to the east.

At the western margin of the section, the high-angle Blackmount Fault is
interpreted as a compressionally inverted, high-angle normal fault decapitated by a
moderate-dipping, west-verging thrust fault.

In the area of the Dean Prospect, the pair of sub-parallel thrust faults BTF1 and
BTF2 is still recognised, but the resolution underneath the PURPLE horizon is poor. A
splay of BTF1 is detected in the DARK BLUE and LIGHT BLUE horizons.
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In the footwall of BTF2 two sub-parallel thrust faults with minor displacement do
not offset significantly the PURPLE horizon. Stratigraphic vertical displacement along
BTF1 and BTF2 are of the order of 400-600 m and 600-700 m, respectively.

The footwall panel of BTF2 is deformed by an open syncline in the GREEN
horizon, but both the DARK BLUE and LIGHT BLUE horizons maintain monoclinal
dips to the east.

In the hanging wall panel of BTF2 all units dip moderately to the west, but some
evidence of folding is apparent for the DARK BLUE and LIGHT BLUE horizons.

The hanging wall panel of BTF1 is deformed by the open Mclvor syncline that is
traced down to the PURPLE horizon.

Section 3 (Seismic Line EEX-003)

This section (Plate 3) extends from the Dean Structure in the west to an unnamed
thrusted anticline in the east. Unfortunately, the resolution of the seismic line in the
Dean Prospect area is poor, and location of the PURPLE horizon is uncertain. In the area
of the Dean Prospect the LIGHT BLUE, DARK BLUE, and presumably the PURPLE
horizons are truncated by three, subparallel thrust faults, with the westernmost one
correlated with BTF1 and the easternmost with BTF2. Another sub-parallel thrust fault
(T3) cuts the footwall panel of BTF2 and loses displacement within the DARK BLUE-
LIGHT BLUE interval.

Vertical stratigraphic displacement on BTF2 is of the order of 400-500 m, and of
the order of 300-400 m on BTF1. The intermediate thrust fault has vertical
displacements of 200-300 m. T3 has an estimated vertical displacement ranging from
600 m (in the GREEN horizon) to 200 m (in the DARK BLUE horizon).

In the footwall of BTF2 the E-dipping DARK BLUE and LIGHT BLUE horizons
define a sub-thrust anticlinal closure, truncated in the flat hinge area by BTF2. The
truncated flattened hinge and the west-dipping flank of the anticline are dissected in the
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hanging wall of BTF2 and of the intermediate thrust. This structure connects with the
syncline in the hanging wall of BTF1.

Section 4 (Seismic Line TQL 15) |

This section (Plate 4) extends from the Blackmount Fault to the Dean Prospect.

Both thrust faults BTF1 and BTF2 are well imaged, and appear to merge beneath
the GREEN horizon. The Bellmount Fault system mapped at the surface does not
correlate well with the subsurface position of the thrust faults, unless some minor splay
faults (as suggested in Plate 4) exist. However, the surface control on the position of the
fault is extremely loose, due to extensive alluvial cover and general concordance with
the strike of adjacent strata. BTF2 loses displacement from 1000-1200 m in the
PURPLE horizon to 200 m in the LIGHT BLUE horizon. BTF1 maintains
displacements of nearly 200 m.

In the footwall of BTF2 the DARK BLUE and LIGHT BLUE horizons maintain
gentle east dips, whereas an open syncline, truncated in the hinge region by BTF2
deforms the PURPLE and GREEN horizons.

An anticlinal closure in the hanging wall of BTF2 deforms the DARK BLUE and
LIGHT BLUE horizons, but it is not apparent in the PURPLE horizon.

The hanging wall panel of BTF1 is predominantly E-dipping, with the hinge zone
of the Mclvor syncline truncated by the fault.

Section 5 (Seismic Line TQB1617)

This section (Plate 5) extends from the Blackmount Fault system to east of the
Dean Prospect.

In this section the thrust fault system of the Dean Prospect area is more complex,
with splay faults that merge into a low-angle thrust faults within the GREEN-PURPLE
interval. BTF1 is the westernmost thrust fault and BTF2 the easternmost. All the thrust
faults have stratigraphic vertical offsets of the order of 200 m.
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In the footwall of BFT2 the DARK BLUE horizon covers unconformably the
underlying units. Both the DARK BLUE and LIGHT BLUE horizons maintain sub-
horizontal to gentle east dips.

An anticlinal closure in the DARK BLUE and LIGHT BLUE horizons is imaged in
the hanging wall of the BFT2 splay. The whole hanging wall panel sequence of BTF1
dips 45° east.

Section 6 (Seismic Line TQL13).

This is the southernmost section (Plate 6) and extends from the Blackmount Fault
System to east of the Dean Prospect. The Bellmount Fault System comprises the two
major BTF1 and BTF?2 thrusts that merge beneath the GREEN horizon. A splay of BFT2
is traced in the footwall panel. All these thrust faults have vertical stratigraphic offsets of
200-400 m.

The footwall panel of BFT2 and its splay is deformed by an open syncline (Waiau
Syncline). All the mapped units maintain gentle eastward dips in the hanging wall of
both BFT2 and BFT1.

S. Structural Contour Maps

5. 1 Methodology

All Sections 1-6 display a common structural setting, with, from west to east:

1. An open syncline (Mclvor) bounded to the west by faults of the
Blackmount system (displaying different amounts of compressional inversion)

and carried in the hanging wall of BTF1.
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2. A narrow anticline (Bellmount) dissected by BTF1 and BTF2, and
associated minor splays.

3. An open syncline (Waiau) in the footwall of BTF2, with the western

flank truncated by blind thrust faults that lose displacement within the sequence
overlying the LIGHT BLUE horizon.

Though comparable, the individual sections show large variability in the geometry
of the folded system (hinge geometry, interlimb angle, dip of the fold limbs), and the
amount of vertical displacement along the thrust faults.

These variations are likely to be controlled by heterogeneities (competence,
thickness), detachments along mechanically incompetent horizons, and by the non-
cylindrical character of the fold system. However, they may also incorporate
uncertainties in the location of seismic reflectors, especially in the faulted wedge
between BTF1 and BTF2.

In order to assess the spatial relationships between the different sections and to
further constrain the admissibility of the geological reconstructions, two structural
contour maps have been constructed for the PURPLE (Plate 7) and DARK BLUE (Plate
8) horizons.

The PURPLE horizon is not entirely well located in the seismic lines that have
been analysed and is not clearly defined stratigraphically. The DARK BLUE horizon is
generally better constrained, and the overlying LIGHT BLUE horizon mimics the same
geometry. |

The structural contour maps have been constructed at a spacing interval of 200 m,
by manually interpolating the elevation of the horizon as plotted in the geological
sections. In order to facilitate the reading of the maps, contour lines are colour-
differentiated for: (i) the hanging wall panel of BTF1; (ii) the hanging wall panel of
BTF2; (iii) the footwall panel of BTF2.
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As apparent from the sections, the dip angle of BTF1 and BTF2 may be <45°.
Thus, overthrusting causes an overlap of the footwall by the hanging wall that increases
with vertical displacement. The portions of the footwall hidden by the hanging wall are
indicated by a dashed line in those regions where this reconstruction is possible and does

not affect a clear interpretation of the map.

5.2 Major Features of the Structural Contour Maps

Major features shown by Plates 7 and 8 are:

1. BTF1 and BTF2 can be traced with continuity from north to south and remain
roughly sub-parallel in the Dean Prospect region. The plan sinuosity of the traces of the
thrust faults is more accentuated in the DARK BLUE horizon and partly reflects the
western dips. However, there is also a greater mismatch in the position of the thrust
faults across different sections than can be attributed to uncertainty in the location, and

or heterogeneities in the velocity-depth conversion.

2. The minor fault splays that are related to BTF1 and BTF2 are generally non-
continuous longitudinally, they converge with the major thrust faults and define minor

wedges.

3. In the hanging wall of BTF1 a system of NNE-SSW, sub-parallel folds with
continuous axial traces is well defined in the DARK BLUE horizon. Folds possess a
fairly open geometry, are symmetric, and are connected by straight limbs. The
easternmost of these folds is the south-plunging Mclvor syncline. This fold is well
imaged in the PURPLE horizon as well, and is obliquely truncated along the NE flank
and hinge zone within the PURPLE horizon, and predominantly in the hinge zone within
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the DARK BLUE horizon. The eastern flank of this fold is truncated in outcrop along

Section 1.

4. The fold system in the footwall of BTF2 is less continuous, and is characterised
by fold axes with orientations from NNE-SSW to NE-SW. Folds possess a domal
geometry, with double-plunging hinge lines, and display culminations of the anticlines
at -2200/2400 m in the PURPLE horizon and -2000 m in the DARK BLUE horizon. The
anticlinal doming is also well imaged along the longitudinal Seismic Line TQL10 (cf.
Fig. 10.2 in Turnbull et al.,, 1993). The synclinal troughs are at -3000/3800 m in the
PURPLE horizon, and at -2000/2600 m in the DARK BLUE Horizon.

5. The thrust faults east of BTF2 remain subparallel, display a general N-S to NNE-
SSW orientation and disrupt the fold system with vertical displacements up to 400 m
and truncation of a footwall syncline in the DARK BLUE horizon.

6. BTF1 and BTF2 enclose a dissected anticlinal fold with NNE-SSW to N-S axial
trace. The fold hinge and the west-dipping flank are preserved south of section 1 in both
the PURPLE and DARK BLUE horizons, where it culminates at -400 and 0 m,
respectively. A southern portion of the same, south-plunging, anticlinal closure
culminating at -800 m and -1200 m in the DARK BLUE horizon is apparent along
Section 2 and between Sections 3 and 4.

7. The missing sections of the hinge zone and the east flank of the folds are
overthrust by the fault system and are hidden in the footwall of BTF2. Part of this
anticlinal hinge and the east-dipping flank may be reconstructed only along Section 3 in
the DARK BLUE horizon, culminating at -1600 m. The position of this anticlinal hinge

cannot be traced in the PURPLE horizon. However, the closure of the synclines in the
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footwall of BTF2 in both Sections 3 and 4 suggests the possibility of an anticlinal hinge
hidden underneath BTF2.

6. Discussion

6.1 Principal Structural Characters

The analysis of the seismic lines and the geological reconstruction constrained by
surface and subsurface data, length balancing and spatial interpolation of bidimensional
sections, indicate the following major structural features of the Dean Prospect:

1. Folding of the sedimentary sequence bounded by the GREEN and LIGHT BLUE
horizons is heterogeneous, and strongly non-cylindrical. Competence contrasts between
units with different lithological strength are likely to be accommodated by layer-parallel
detachments (within a formation or at the boundary of formations with strong

competence contrasts) that may add to the structural heterogeneity.

2. Nucleation of thrust faulting is likely to be controlled by reactivation of early
normal faults, but some geological sections suggest the truncation of early normal faults
(e.g. the Blackmount Fault) by low-angle thrusts. In the Dean prospect area, the rooting
of the Bellmount Thrust Faults beneath the GREEN horizon remains unresolved by the

seismic data.

3. The two major Bellmount Thrust Faults (BTF1 and BTF2) bound a structural
wedge with lateral dimensions of 1-2 km in the LIGHT BLUE, DARK BLUE and
PURPLE horizons. The two faults appear to converge within the GREEN-PURPLE
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interval. A series of minor fault splays anastomose away from the major thrust faults,

but their along-strike continuity is not easily assessed.

4. The folded sequence that involves the GREEN, PURPLE, DARK BLUE and
LIGHT BLUE horizons is truncated by a series of sub-parallel, but oppositely dipping
thrust faults. Some of these thrust faults are blind and/or with low displacement.
However, both BTF1 and BTF2 truncate the whole sequence above the GREEN horizon
and crop out at surface. The vertical displacement estimated for the Bellmount thrust
faults varies considerably along strike and diminishes both southward and upsection
from the GREEN to the LIGHT BLUE horizon. BTF2 generally maintains larger
displacements. Both BTF1 and BTF2 truncate obliquely the Mclvor, Bellmount and
Waiau fold axes and are truncated by the Takitimu frontal thrust fauits.

6.2 Deformation Model

The above described geometrical features support a model of progressive

deformation by:

1. Compressional reactivation of early normal faults and nucleation of newly

propagating, lower-angle thrust faults with increasing amount of shortening

2. Progressive folding with dominant mechanisms of layer-parallel slip of the
sedimentary sequence above thrust faults propagating upsection (fault-propagation
folding)

3. Truncation of the early-nucleated folds by the upsection propagating thrust
faults. Trajectories of the thrust faults across the folds apparently migrate from hinge
zones to flanks.
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Fault-propagation folding is the folding of rocks that accommodate the diminishing
slip at the propagating fault tip line, and is a mechanism widely recognised in thrust
belts, and modelled in a number of available softwares (e.g. Allmendinger, 1998). This
type of structure is known to host producing oil and gas fields in a number of settings. A
model of fault-propagation folding, called "trishear" (Erslev, 1991) accommodates the
diminishing slip by deforming the anticlinal forelimb in a triangular zone of distributed
shear (Fig.5a) and models a series of final fold shapes as a function of variations in the
propagation-to-slip ratio (P/S). Trishear modelling may predict heterogeneous strain
distribution and it is a useful tool in predicting characteristics and location of fractured
reservoirs. The geometry of a trishear fold (Fig. 5a) is controlled by: (1) fault ramp
angle; (2) fault slip; (3) position of the tip line; (4) trishear apical angle; (5) P/S.

Variations in these parameters have an influence on the final shape of the fold, and
inverse methods have been developed to derive the controlling parameters from the
finite deformation (Allmendinger, 1998). However, the most important control appears
to be exerted by P/S, as shown in Fig.5b redrawn from Allmendinger et al. (2004).

Another important parameter is the distance that the tip line of the fault has
propagated since time of inception (Fig. 5¢) and the final shape of the fold may indicate
the presence of a detachment, or the reactivation of a pre-existing fault (e.g. in
compressional inversion).

Fig. 6 shows the geometry of the fold system that can be derived from Sections 1-6
when the displacement on the thrust faults is removed. As already discussed, a strong
variation in the geometry of the fold system is apparent from north to south, and if we
consider only the Dean Prospect region the fold geometry may be well simulated by a
model of a trishear fault propagation fold with a low P/S ratio, and detached above a
surface below the GREEN horizon (cf. Fig 5). The change in geometry of the fold from
north to south is compatible with a southward decrease in the P/S ratio, and seems to fit

the observed decreasing vertical displacements along BTF1 and BTF2 (with the only
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exception of section 4). Section 6, where displacements are low, in fact shows a simple
monoclinal bending in the Dean structure. '

A more rigorous approach to this interpretation should involve:

-Computer assisted retro-deformation and forward modelling (e.g. using softwares
like 2D-Move, Midland Valley)

-Trishear modelling of the fault-fold couple and inverse modelling of the finite
structure (e.g. using the software TrishearPPC, Allmendinger, 1998).

7. Conclusions and Recommendations

1. The fold system that defines the Dean Prospect is strongly heterogeneous from
north to south and is obliquely truncated by the Bellmount Thrust Faults BTF1 and
BTF2 and associated splays.

2. Variations in mechanical strength and in the parameters of the propagating thrust
faults exert a strong control on changes in the geometry of the folds.

3. Geometry of the fold system is expected to be highly heterogeneous within the
stratigraphic sequence, and seismic lines show a discordant geometry between the
LIGHT BLUE and DARK BLUE horizons and the PURPLE horizon.

4. Geological reconstructions constrained by 1. outcrop geometry; 2. sub-surface
geometry; 3. section balancing; 4. spatial mapping of two key subsurface horizons
(PURPLE and DARK BLUE) are in support of a fault-propagation trishear model for

the fold system, with a P/S ratio decreasing from section 1 to section 6.

5. The area between Sections 2 3 and 4 appears the most suitable for preserving

anticlinal hinge closures in the hanging wall of BTF2 (Sections 2 and 4) and in the
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footwall of BTF2 (Section 3), within potential reservoir horizons in the PURPLE to
LIGHT BLUE seismic intervals. The geometry of the structures within the Green-
PURPLE interval is not constrained well enough to allow reliable inferences. Sections 5
and 6 display a simple monoclinal geometry whereas in Section 1 the fold system is
largely emergent in outcrop and the anticlinal hinge is dissected in the thrust wedge
bounded by BTF1 and BTF2.

These conclusions are plausible in the light of the existing data set, and have been
derived by a geological structural analysis based on the re-interpretation of available
geological maps, 8 seismic lines (6 transverse lines and two longitudinal lines), depth
conversions, manual length restoration, and qualitative forward modelling.

Each of these steps involves approximations and uncertainties, but it is probably the
low quality of the seismic data in the proximity of BTF1 and BTF2 and the lack of a
tying well that most strongly affects the structural interpretation of the geometry of the
bounding thrust faults, their eventual detachment below the GREEN horizon, the
geometry of the basement underneath the Tertiary sequence, and the geometry of the
subthrust folds.

More sophisticated structural approaches (section balancing at regional scale,
forward modelling, inverse trishear modelling) are possible and necessary, but it is the
opinion of the writer that optimised results could be obtained only after acquisition of a

better seismic resolution for the area between Sections 2 and 4.
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