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Executive Summary

This report analyses the structural setting of the northern Te Anau Basin (TAB), based
on a reinterpretation of 8 seismic lines (AMOCO, 1985-1986), reprocessed by Excel
Geophysical, Denver in 2005. Prominent seismic horizons have been traced and mapped
across the basin using the Kingdom software package (Seismic Micro-Technology Inc.).
Seismic units have been tied to the regional stratigraphy, to the only available
exploration well (Upukerora — 1), and to surface geology. This analysis provides:

1. Interpretation of the regional stratigraphy in terms of structural control on the
paleogeography of TAB during the early Tertiary rifting and the late Tertiary
compressional phases (Figs 3-6).

2. Reinterpretation of the stratigraphic sequence crossed by the Upukerora — 1 well
(Fig. 8).

3. Identification of the seismic units mappable across the basins (Fig. 9).

4. Construction of depth-converted sections from the interpreted seismic lines (TQL
27,26,25,55; TQB 33, 34, 30, TQM 27).

5. Construction of geological cross sections (Plates 1-5) along 5 transverse lines
(TQL 27, TQB 33, TQL 26, TQL 25 and TQB 34). Two cross sections (Plates 2
and 5) incorporate the eastern and western boundary of TAB, provide a regional
overview of the deep structure of the basin down to depths of 5 km, and facilitate
regional interpretation of the mapped seismic units.

6. Construction of three contour maps (Base of the Prospect Formation, Base of the
upper Takaro Formation, Top of the lower Takaro Formation, Plates 6-8) that
elucidate the structural geometry of the deformed sequence in the region of the
Upukerora and Danby Hill anticlines.

The proposed interpretation incorporates all the available data and provides an
internally consistent solution, but casts some doubt on earlier stratigraphic
interpretations.

However, the new interpretations must be considered with caution because of: (i) poor
resolution of the seismic lines across thick clastic sequences, in the shadow zone of the
largest faults and below 1.5 sec TWT; (ii) abrupt lateral and vertical variations of facies
and thickness, (iii) poor resolution of the stratigraphic position of the seismic horizons;
(iv) application of a local velocity model tied to the only available well; and (v) lack of
ties between subsurface and surface geology.

The structural analysis shows that the geometry of synsedimentary depocentres within
TAB is controlled by dominant NW-SE and N-S trends (relative to present geographic
co-ordinates), imposed, since the late Oligocene-early Miocene, by transpressive
reactivation of high-angle faults inherited from the Eocene rifting phases.



The following prime-order features characterize the studied area:

The Upukerora-Danby Hill culmination is bounded by steep, conjugate faults
dipping west and ecast. The eastern fault (Upukerora Thrust, F2) is a major
structure, and possibly a splay of a transpressional fault at the boundary of the
Median Batholith and the Brook Street Terrane. The fault bounds an anticlinal
closure with a steep axial surface that is well defined by the lower Takaro
Formation. The fold can be traced with continuity from the Upukerora to the
Danby Hill region, along an N-S axial trace with along-strike culminations and
depressions. Structural elevation decreases from north to south and the fold
closure in the lower Takaro Fm in not visible south of line TQL-25.

The Upukerora-Danby Hill culmination has all the diagnostic features of an early
extensional basin inverted during deposition of the Horseshoe Mudstones (early
Oligocene to early Pliocene) and onlapped in the late stages of shortening (late
Miocene-early Pliocene) by the Prospect Formation. Inversion of the early
graben-infilling sequence determines: (i) the harpoon-head geometry of the Boyd
Creck and Turret Peaks sequence in the hanging wall of the Upukerora thrust, (ii)
the onlap of progressively younger intra-Horseshoe layers onto the west flank of
the structural culmination and (iii) the growth geometry of intra-Horseshoe layers
deflected in the footwall of the Upukerora fault.

Strong mechanical heterogeneity is imparted by the thick horizon of the
Horseshoe Mudstones that appear largely detached, and internally deformed, with
likely over-thickening in the core of the anticline, caused by shortening of the
limbs along the east and west-verging faults. The detachment of the uppermost
sequence is also displayed by steep inflection of bedding within the Prospect
Formation at surface.

The Upukerora-Danby Hill anticline is not the only attractive culmination in the
arca. Other < 2 km deep culminations are inferred to be preserved in the basin in
between the Upukerora and Reverse faults (e.g. TQL-25) and in the hanging wall
of the 15 Mile Creek fault (e.g. section 5). However, their presence needs to be
confimed by acquisition of further subsurface data.

The structural style illuminated by the geological cross sections shows the effects of
shortening of the uppermost incompetent sequence localised along high-angle faults that
are likely to have been reactivated during dextral transpression. Large reverse offsets
(up to 1 km) are shown by the displacement of the mapped marker horizons (e.g. lower
Takaro Fm) along the Upukerora Fault. However, unquantified right-lateral strike-slip
may characterize deeper segments of the faults, possibly breaching the source- reservoir
— trap system.

The deep TAB is filled with thick turbiditic deposits that span the whole transition from
extensional to compressional regimes associated with the tectonic evolution of the New
Zealand active margin throughout the Cenozoic. As such, the basin shares some



relevant sedimentological and structural features with other large, hydrocarbon
producing, provinces in the world (e.g. the Los Angeles Basin in California).

While similarities are appealing, a number of key analyses need to be addressed. These
include: (i) evaluation of the strike-slip components of the transpressive faults; (ii)
validation of the transpressive deformation by section balancing and retrodeformation;
(ii1) better imaging of the location of the source rocks and preservation of structural
traps during the polyphase deformation of the basin; (iv) better definition of the burial
and uplift history in relation to the deformation stages; (v) understanding of oil
migration paths driven by stacking of units with contrasts in permeability, by fracturing,
and by syntectonic rotations.

The interpretation of other available seismic lines in the area between Lines TQB-34
and TQM 27, and the acquisition of new seismic data in the region between the
Upukerora and Reverse Fault, and west of the 15 Mile Creek Fault are necessary for
assessing distribution and the along-strike southward continuity of the major
culminations. Identification of further exploration drilling sites needs a testing of the
structural interpretation that — at present — is pushed beyond the areal coverage of
subsurface data and/or the resolution of the existing seismic survey.



1. Introduction

This report analyses the structural style of the Te Anau Basin (TAB), with emphasis on
its northern portion. Analysis and interpretations are based on a relatively limited
number of seismic lines (Fig. 1) originally surveyed by AMOCO (1985-1986) and
recently reprocessed by Excel Geophysical, Denver. Only one exploration well

(Upukerora-1, cf, Carter and Rainey, 1988) has been drilled.

Seismic horizons and seismic units with regional continuity have been defined and
mapped across TAB using the Kingdom software package (Seismic Micro-Technology
Inc.), which provides a flexible platform for integration and regional correlation of the

seismic and well data, for time-depth conversions, and for mapping of units.

The interpretation of the seismic lines has been framed in the regional setting of TAB,
and emphasizes the strong link between architecture, thickness and facies of the

sedimentary sequence and synsedimentary tectonic episodes.

Eocene rifting and late Oligocene to Pliocene compressional episodes with reactivation
of earlier normal faults have controlled the location and evolution of basin depocentres

vs. source areas, and appear to be linked to long-lived discontinuities in the basement.

The structural geometry and evolution of the basin is elucidated by: (1) a review of the
stratigraphic sequences controlled by extensional and compressional episodes; (2) a re-
interpretation of the stratigraphic sequence crossed by the Upukerora — 1 well; and, (3) a

correlation between subsurface geology and the available surface geological maps.






These steps and the use of a provisional velocity model have allowed:

The construction of 5 geological sections that incorporate the northernmost
transverse lines (TQL-27, TQB-33, TQL-26, TQL-25, TQB-34) and extend
them into adjacent geological features (Fig. 1 and Plates 1-5). The sections that
incorporate Lines TQB-33 and TQB-34 have been extended to the eastern and
western boundary of TAB, in order to provide a link with the sequences
outcropping on the uplifted shoulders of the basin, to depict the problematic
geometry of the deep basinal area and to interpret the geometry of basement

blocks.

The construction of three contour maps on: (1) the base of the Prospect
Formation; (2) the base of the Upper Takaro Formation; and, (3) the top of the
lower Takaro Formation in the Upukerora-Danby Hill region and conterminous

areas covered by the reprocessed seismic lines (Plates 6-8).

The analysis provides an internally coherent and consistent structural picture, is able to

correlate seismic horizons, seismic units and correlative unconformities with surface

outcrops, and points out some inconsistencies in previous stratigraphic interpretations,

which are attributed to poor outcrop conditions and lack of biostratigraphic constraints.

However, the interpretations illustrated by the geological cross sections should be

viewed with caution, because of the following limiting factors:

Poor resolution of the seismic lines within strongly deformed clastic units and in

the shadow zones of the large faults.
Tenuous correlations between the seismic reflectors and seismic units with

mapped geological units, consequent on the poor stratigraphic resolution of the

only available exploration well (Upukerora —1) and on the extensive lack of ties
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between surface and sub-surface horizons in the basinal area and in the regions

blanketed by extensive alluvial cover.

e Lack of a regionally valid velocity model for time-depth conversions.

o Important lateral and vertical variations of facies and thickness controlled by

synsedimentary tectonics.

The structural analysis illustrates the geometry of likely structural traps, provides a
framework for interpreting the location of source rocks, and suggests that structurally-
controlled over-thickening of mudstones in the anticlinal core of the Upukerora-Danby

Hill culmination may favour sealing of reservoir rocks.

However, evidence is largely circumstantial, and interpretation in areas beyond the
regional coverage of seismic lines (or are not satisfactorily illuminated by the seismic

survey) is not well constrained.

Similarities between the stratigraphic architecture and structural style of TAB and other
large hydrocarbon-producing, actively deforming Cenozoic basins (e.g. the Los Angeles
Basin in California) encourage new exploration efforts, but only the acquisition of a
more extensive seismic survey and the drilling of new wells will provide a sound basis

for further developments.
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2. Geological Setting of the Te Anau Basin

The Te Anau Basin (TAB) is a composite basin (Norris et al, 1978; Norris and Turnbull,
1993; Turnbull et al., 1993; Carter and Norris, 2005), characterised by high subsidence

rates and persistent clastic sedimentation since at least mid Eocene times.

The basin occupies a N-S depression filled with up to 8 km of sediments (Turnbull et
al., 1993), bounded by the uplifted Fiordland block to the west, the Livingstone

Mountains to the east and the Takitimu Mountains to the southeast (Figure 1).

Complex inter-fingering relationships between TAB and the Waiau Basin to the south
are indicated by the distribution of facies within the Tertiary sequence. Today the two
basins are separated by the NE-SW Moonlight Fault, that is interpreted as an inherited
major discontinuity at the tip of the Eocene Macquarie-Puysegur ridge (Norris and
Turnbull, 1993; Lebrun et al., 2003), reactivated during the Oligocene with right-lateral
transtensional mechanisms and during late Miocene-Pliocene times with dextral

transpressive mechanisms.

The sedimentary infilling of TAB provides a record of the whole series of tectonic
events driven by the kinematics of the Australia-Pacific plate boundary. Reconstructions

are discussed and summarised in the monograph by Turnbull et al. (1993).

It is beyond the aim of this report to provide a regional tectonic synthesis of TAB since
the early Cretaceous Gondwana break-up with separation of New Zealand from
Antarctica and Australia and opening of the Tasman Sea (e.g. Sutherland, 1995; King,
2000).

However, it is important to frame the analysis within two major events that have shaped

the Tertiary evolution of TAB:
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e Rifting of the Macquarie Ridge propagating into the New Zealand continental
crust (late Mid Eocene-late early Oligocene), accommodated by systems of
normal and transtensional faults bounding rapidly-subsiding basins filled by
terrestrial, transitional and marine sequences. Complex inter-fingering relations
(both in space and time) characterize these basins, likely as a consequence of

differential subsidence rates, coupled to sea-level fluctuations.

o Convergence of the Australia-Pacific plates from the latest Oligocene,
accelerating in the last 6 Ma, with establishment of the subduction margin west
of Fiordland, and partitioning of right-lateral and transpressive motion on the
Alpine Fault (cf. Norris and Cooper, 2001). Deep seismic events in the
Fiordland region indicate that the present western margin of TAB sits above the

steeply east-dipping Australian plate (Eberhart Phillips and Reyners, 2000).

The low topography of TAB, coupled with the extensive Quaternary and Holocene
cover masks most of the significant features of the basin, especially critical issues such
as the presence or absence of Cretaceous source sediments and the boundaries of

different tectono-stratigraphic Terranes beneath the young sedimentary cover.

Connections with the nearby regions (Beggs et al., 2000; Beggs and Pye, 2004), large-
scale tectonic reconstructions (Sutherland, 1999) and geophysical data (Anderson,
1981) indicate that the basin is floored by a number of tectono-stratigraphic Terranes,
laterally juxtaposed along major faults. As already pointed out in the basement map of
Turnbull et al. (1993, Map 7), the boundaries between the Fiordland granitoids-gabbros,
the Median Batholith, and the Brook Street volcanic/volcaniclastic Terranes lie
underneath the basin east of Lake Te Anau, and control major mechanical/competence

discontinuities into which many of the basement faults may root.
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3. Tectono-Stratigraphic Sequence of the Te Anau Basin

The stratigraphic sequence of TAB is characterised by important lateral variations in
facies and thickness of the Tertiary clastic infilling (e.g. Carter and Norris, 2005) that
reflect structural controls on the basin paleogeography imposed by the activity of major
bounding and intrabasinal faults during (i) the rifting and (ii) the compressional tectonic
phases, with a persistent location of W-deepening subsiding area flanked by structural
highs.

An extensive description of the stratigraphic sequence, of the adopted stratigraphic
nomenclature, and of the complex - and often problematic - stratigraphic correlations
across the basin is given in Tumbull et al. (1989; 1993, and quoted references) and

Carter and Norris (2005).

In the following discussion emphasis is put on space-time evolution of the stratigraphic

sequence in terms of synsedimentary tectonics.

A major interpretive key relies on the evidence that the early rift sequence has been
subjected to large scale ‘eversion’, consequent on compressional inversion of early
normal faults during the late Oligocene, Miocene and Pliocene shortening phases (cf.
Figure 2). An important consequence of compressional inversion, illustrated by
analogue modelling and regional examples (cf. Buchanan and Buchanan, 1995;
McClay, 1995; Yamada and McClay, 2004) is the shift in the relative position of
sources (structural highs) vs. sinks (subsiding basins), controlled by the reversal of

movement on the same fault plane.
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Figures from 3 to 6 provide a synthetic and simplified image of the architecture of the
sedimentary sequence across an ideal transverse section that is most applicable to the
regions of the basin covered by the 1:50,000 geological maps Te Anau Downs and
Snowdon (Turnbull, 1985; 1986). Three major panels bounded by the Te Anau,
Upukerora, and Moonlight faults maintain a distinct individuality at each stage, and
correspond with (1) the Stuart, Franklin and Murchison Mountains in the west, (2) the

Upukerora region in the centre, and (3) the Whitestone River region in the east.

Each figure covers a time window (indicated with reference to the New Zealand
timescale, Figure 7), characterised by a dominant tectonic regime, and illustrates the
position of different sedimentary units at that time. Thus, each figure focuses on the
portion of the sequence deposited within the given time frame, and ignores the
underlying units. Sedimentary units and formations are labelled according to the NZGS
maps. The coloured horizons which appear in Figures 3-6 (brown, green, blue, orange
and yellow) correlate with the seismic reflectors mapped in the analysed seismic lines

(cf. Figures 8 and 9), as discussed in the next paragraphs.

Eocene-Early Oligocene rifting

The sequence of the Bortonian-Runangan Sandfly Formation (as, conglomerates and
breccias grading into sandstones and mudstones) is localised (Figure 3) in rapidly
subsiding fault-bounded marine basins and is overlain by late Eocene terrestrial arkosic
sandstones of the Earl Mountains Formation (ae, Kaiatan-Runangan), deposited in
prograding deltas, with lacustrine-lagoonal mudstone lithofacies on top (equivalent to
the Orauea mudstones in the Waiau Basin). The geometry of asymmetrical half-grabens
at time of deposition and the persistence of a structural high in the Whitestone region
help explain the observed lateral variations in thickness (Figure 3). Late stages of
extensional down-faulting are marked by deposition of carbonaceous mudstones and
sandstones in sheltered marine and lagoonal areas, with episodic discharge of deltaic
sandstones, attributed to the Bortonian/Runangan-early Whaingaroan Boyd Creek
Formation (wo), laterally equivalent to the Stuart Mountains Formation (ws) west of

Lake Te Anau.
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Intra Oligocene quiescence and Late Oligocene reversal from extension to
compression)

Post-rift thermal subsidence coupled to global sea-level changes, are generally
considered the major controlling causes of the Oligocene marine transgression observed
throughout the South Island. In the Whaingaroan, TAB (Figure 4) was inundated by the
thick turbiditic sequence mapped as Turret Peaks Formation (wu) that fills a central
subsiding area. The clear signal of the start of a new compressional phase is the basin-
wide Late Whaingaroan unconformity that is traced in the subsurface (Turnbull et al.
1993; see also the following paragraphs). The submarine erosional unconformity
(Figure 4) is tied to the establishment of two shallow marine shelf areas on the west
(Murchison Mountains) and east (Whitestone River), controlled by reversal of
movement on the Te Anau and Moonlight Faults. Thus, the unconformity may grade
into a seismically undetectable paraconformity in the middle of the basin. Here, the
subsurface unconformity is tentatively correlated with the outcropping unconformity at
the base of the late Whaingaroan-Duntroonian Point Burn Formation (wp), which
overlies Fiordland granodiorites and Earl Mountains sandstones in the Murchison
Mountains regions (cf. Geological Map Te Anau Downs, NZGS, 1985). However, the
stratigraphic position of the Point Burn Formation remains problematic and poorly
dated, and the geometric relationships with the Turret Peaks Formation are unclear in
the outcrops west of Lake Te Anau (cf. Turnbull et al., 1989). Above the unconformity,
sedimentation is marked by the downlap of sandstone units (lower Takaro Formation,
Iwk) in the Upukerora-Whitestone River region, prograding into the lower sequence of
the Horseshoe Mudstones (wn, equivalent of the lower Waicoe Fomation) in the

central subsiding area (Figure 4).

Early-Middle Miocene compressional phase

The accumulation of the thick wedge of the upper Horseshoe Mudstones (wn), and of
the laterally equivalent Garden Point Mudstones (wg) is coeval (Figure 5) with
important components of shortening on the major faults (Te Anau, Upukerora,
Moonlight Faults and associated conjugate systems). The informal stratigraphic name of

Horseshoe Mudstones is here retained, though Turnbull et al. (1989) recommend the
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dismissal of this name, in favour of the more regional ‘Waicoe Formation’. As already
discussed in Ghisetti (2005), the ‘Waicoe Formation’ incorporates a monotonous, long-
term spanning (Whaingaroan to Kapitean) mudstone sequence that grades laterally into
units that occupy a distinct stratigraphic position at the margins of the basin. Thus, in
the absence of stratigraphic markers within the Waicoe Formation, lateral correlations
can be uncertain. The Horseshoe mudstones show clear relation of onlap on growing
structural highs, and are characterised by growth stratal geometry in the footwall of
synsedimentary reverse faults. Persistent location of structural highs in the hanging wall
of the active faults is recorded by the shallow shelf limestones of the Duntroonian-
Waitakian Tunnel Burn Formation (w¢) in the Murchison Mountains and by the
sandstones with limestone members (e.g. Elephant and Lodge Members) of the Takaro
Formation (wk) in the Upukerora-Whitestone River regions (Figure 5). Activity of
synsedimentary faults is also well testified by the local discharge of turbiditic submarine

fans (e.g. Otaian-Altonian Borland (wb) and Haycocks (wx) Formations).

Late Miocene-Pliocene transpressive phase

Increasing and accelerating tectonic activity connected with the establishment of the
New Zealand transpressive transform margin is well reflected by uplift, erosion and end
of marine sedimentation in TAB (Figure 6). Faults active through this stage are
interpreted as characterised by transpressive right-lateral motion with shelf areas
persistently localised in the uplifted blocks (e.g. regressive sequence of the upper
Takaro Formation, uwk), and turbiditic fans (Borland and Haycocks Formations)
discharging into the deeper basinal trough, where the Horseshoe Mudstones continue to
accumulate. The Prospect Formation (Tongaporotuan-Kapitean-Opoitian) (see
Manville, 1996) correlates with the Rowallan Sandstones of the Waiau Basin, and lies
in apparent geometric conformity above the underlying marine deposits. It is a 2-3 km
thick coarse-grained clastic sedimentary unit that blankets the whole TAB, and has
certainly been folded and faulted since deposition, by continuous activity on the major

faults.
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4, Stratigraphic sequence crossed by the Upukerora — 1 well

The basin-wide stratigraphic correlations discussed in the previous section and their
interpretation in terms of tectonically-controlled paleogeography provide a key for
interpreting the poorly defined stratigraphic sequence crossed by the Upukerora-1 well
(Carter and Rainey, 1988).

Uncertainties in the stratigraphic attributions, the likely presence of a fault at ~ 750 m
measured depth (MD), and the total lack of ties with surface geology make somewhat
problematic the interpretation of the Upukerora —1 well that, unfortunately, is the only

available tie for the whole seismic survey (Figure 1).

The best seismic marker located in the line TQB-33 is a package of high-energy
reflectors (in between the blue and green reflectors, Figure 8), with a base at 0.5 TWT at
the well intersection. This package correlates with a high resistivity unit, crossed
between 1053 and 1310 m MD, of Otaian-Waitakian age. The base of this unit (green
reflector) shows relationships of clear unconformable overlap, and truncates
discordantly a number of reflectors of the underlying sequence (Figure 8). The
unconformity is recognised in all the seismic lines and can be mapped with continuity in
the subsurface. The age of the overlying sequence and the interpretation of the regional
geology lead to identify the green horizon as the Late Whaingaroan unconformity (cf.

Figure 4).

The distinct seismic facies of the blue and green reflectors couplet identifies a
lithological unit that maintains similar thickness in all the analysed lines, and is here
interpreted as a channelised sandstone body at the base of the lower Takaro Formation
(cf. Figure 4). The implication is that in the structural high of the Upukerora —1 well the
intra Oligocene unconformity has removed the uppermost horizons of the Turret Peaks
Formation, which lies underneath the unconformity and has been drilled down to the

well bottom. There are no definitive paleontological determinations in this interval to
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confirm or preclude this interpretation, but it is the best explanation for the

unconformable character of the green seismic horizon.

The distinctive reflector that is immediately below the well (brown reflector in Figure 8)
is therefore interpreted as the base of Turret Peak /top of Boyd Creek Formations, and
not as the top of the Eocene sequence as shown in Turnbull et al. (1993, Fig. 6.1).
Though the biostratigraphy is poor, this interpretation takes into account the attribution

to the Duntroonian of the lowest section of the well.

Above the blue reflector, a package of reflectors is identified as belonging to the
Horseshoe Mudstones (cf. Figure 5) up to the reflector (orange) at 519 m MD. This unit
is crossed (~ 750 m MD) by a fault that causes a repetition of the stratigraphic sequence

with older-over-younger relationships (lower Otaian/Otaian-Waitakian/lower Otaian).

This fault can be traced as a W-dipping discontinuity in the seismic line, mostly because
of the lack of continuity of reflectors in the likely folded and fractured hanging wall.
The whole package in between the orange and yellow (140 m MD) reflectors,
corresponds with the regressive sequence of the upper Takaro Formation (cf. Figure 6).
The bright reflectors at the base of the unit are likely to host the gas show identified in
the well. Correlation of the uppermost sequence (from 140 m MD to the surface) with

the outcropping Prospect Formation is straightforward.
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5 Seismic Reflectors and Seismic Units Mapped Across the Te Anau
Basin

The seismic reflectors of Line TQB-33 tied to the Upukerora 1-well (Figure 8) can be
identified with reasonable confidence in all the analysed seismic lines. However, the
interpretation of lateral variations in thickness within the same unit (see e.g. Figures 3-
6) requires some caution in extending lateral correlation that cannot be tested with other

exploration wells or by continuity with surface geology.

All the lines show interruptions in the continuity of reflectors that are attributed to
problems of energy penetration in clastic sequences, to folding and fracturing of the
units and to poor resolution close to the major faults. Also, most lines do not show any

consistent reflector below 1.5 sec TWT.

The reflectors that have been identified and mapped in the entire study region are shown
using a part of line TQB-34, that provides an ideal example because of the lower
intensity of deformation (Figure 9). The inferred base of the Boyd Creek Formation
(dashed light brown) and the base of the Turret Peak Formation (brown) that appear in
some lines (e.g. TQL-27) are not shown in Figure 9. In fact, these horizons cannot be
traced with continuity and their stratigraphic correlation is rather loose. From bottom to
top, the intra Oligocene unconformity (green reflector that separates the top Turret
Peaks Formation from the lower Takaro Formation), the top of the lower Takaro
Formation (blue), the base of the Upper Takaro Formation (orange) and the base of the
Prospect Formation (dark yellow) correspohd with well-marked, high-amplitude, basin-
wide reflectors (Figure 9). Intra Horseshoe reflectors are well displayed in some seismic
lines (e.g. TQL 27, TQB-33, TQL-26, TQL-25), but remarkably absent in others, where
the formation (see Fig. 9) appears as an opaque, non-reflective package. These
variations can be attributed to mudstone-sandstone inter-layering vs. predominantly

mudstone facies respectively.

The boundary between the upper Takaro marine sandstones and conglomerates and the

terrestrial Prospect Formation gravels appears gradual in most of the lines and is
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surprisingly not marked by any angular unconformity. Actually, the base of the Prospect
Formation (cf. Manville, 1994) is not always marked by a high amplitude reflector, and
remains not positively identified in some lines. As discussed by Manville (1994; 1996)
it is possible to distinguish an internal, intra-Prospect package of reflectors (light yellow
in Figure 9) that bound a lower chaotic (gravel-dominated) and an upper well-bedded
(sandstone passing upwards into mudstones?) seismic facies. Manville (1994)
tentatively correlates this reflector with the top Miocene/basal Pliocene horizon and
identifies its surface ties at the boundary between resedimented conglomerates and
fining-upwards fluvial sandstones within the Formation. Thus, it is possible that there
are two distinct lithostratigraphic units that are presently undistinguished within the

‘Prospect Formation’.
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6. Geological Sections Tied to the Seismic Lines

The seismic horizons mapped in the transverse and longitudinal seismic lines (TQL-27,
TQB-33, TQL-26, TQL-25, TQB-34, TQB-30, TQL-55 and TQM-27, Figure 1) and tied
to the Upukerora-1 well define the framework used for the construction of 5 transverse
geological sections that illustrate the structural geometry of the Upukerora and Danby
Hill Leads in the regional context of TAB.

The passage from the seismic lines (in TWT) to the geological sections (in depth)
requires a velocity model. The chosen model honours the depth of the reflectors crossed
by the Upukerora — 1 well (Figure 10), but corrections are increasingly uncertain away

from the well region and for depths >0.8 sec TWT.

The trace of the chosen geological sections is indicated in Figure 1. All the sections are
laterally extended beyond the seismic lines, and two sections (Sections 2 and 5 in Plates 2
and 5) cross the whole TAB from the Fiordland block (west) to the Maitai Terrane in the
hanging wall of the Countless Fault to the east (Section 2) and to the Moonlight fault to
the southeast (Section 5).

Though the interpretation of the deep geometry of TAB portrayed in Sections 2 and 5 is
speculative, ties with the surface geology allow meaningful inferences to be made for

along-strike projections and interpretations of the other lines.

Surface geology is derived from the published geological maps (New Zealand Geological
Survey, 1973; Turnbull, 1985; 1986) and from the unpublished map of Manville (1994),
thanks to the kind permission of the Author. All the maps are at 1:50,000 Scale and this is
the scale chosen for the geological sections of Plates 1-5. Vertical and horizontal scales
are the same. A light grey frame marks the boundary of the seismic line to which the
geological section is tied. Formations are labelled as in the geological maps (cf. Figs 3-6),

and the major seismic reflectors (Figs 8 and 9) are identified with their colour.
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Geological Section 1 (tied to seismic line TQL-27)

The major feature portrayed in this line (Plate 1) is the culmination of the Upukerora
anticline, with a well-defined fold core in the lower Takaro Formation (Iwk), truncated by
W- (F2) and E- (F1) dipping high-angle reverse faults. These faults may represent the
shallower splays of a major transpressive fault rooted in the basement and localised at the
boundary between the Brook Street Terrane to the east and the Median Batholith to the

west.

Elements indicative of the inversion of an early rift system that has controlled deposition
of the Eocene and of the Early Oligocene (Boyd Creek Formation, wo) sequence (cf.
Figure 3) include the: (i) harpoon-like geometry of the Turret Peaks formation in the core
of the Upukerora anticline, (ii) limited reverse separation associated with sets of E-and
W-dipping high angle faults; (iii) the lack of an eastern limb of the Upukerora anticline
and (iv) the lack of an adjacent syncline. However, the portion of the section > 2 km deep

is poorly portrayed by the seismic data.

The growth of the Upukerora anticline is well marked by the onlap (with internal
unconformities) of the intra-Horseshoe Mudstones horizons on the long, shallow dipping
west limb and by the growth stratal architecture (with internal unconformities) in the
footwall of the Upukerora and Reverse Fault (named by Manville, 1994) thrusts. These
local unconformities can be correlated with different rates of shortening and growth of
the anticline, eventually dictated by changes in slip rates of the bounding faults. Growth
of the anticline appears to have decelerated after deposition of the base of the upper
Takaro Formation (uwk). Shortening in the incompetent sequence of the Horseshoe
Mudstones is accommodated by a system of conjugate detachments (D1 and D2) that
propagate along bedding, and ramp upsection in the core of the anticline. These structures
appear to control ‘diapiric’-style flow of the over-thickened mudstones in the
culmination, plus over-steepening of the Takaro Formation, consistent with bedding

geometry at the surface.
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The west flank of the Upukerora anticline dips to the west, but is eventually truncated and
uplifted in the hanging wall of a high-angle west-dipping fault (F3). Seismic resolution of
the hanging wall panel of this fault is poor.

The sequence in the hanging wall of the eastern Reverse Fault is not portrayed in the line
and is projected from limited outcrop information at surface. It therefore remains

speculative.

Geological Section 2 (tied to seismic line TQB 33 and to the Upukerora —1 well)

This regional section (Plate 2) interprets the Upukerora anticline culmination in the
regional context of TAB, by linking the reflectors of the seismic image and of the well to
the geological units that crop out at surface on the east and west uplifted shoulders of the

basin.

Exposure of the Eocene (ae) to late Oligocene (wb) sequence on the uplifted margin of
Fiordland in the Murchison Mountains (west shore of Lake Te Anau) provides a good
window on the architecture of this margin, but the rapid lateral transition of the shelf
facies from the structural high into the deeper basin (Figure 4) makes correlations

extremely speculative.

A basin-wide correlation is given by the base of the outcropping Point Burn Formation,
which lies unconformably above the Fiordland granodiorites and the onlapping edge of
the Earl Mountain sandstones. This basal unconformity (cf. Figure 4) is tied to the intra-
Oligocene unconformity (base of the lower Takaro Formation) detected in the seismic

lines and marked by a high-amplitude reflector (green horizon).

The subsiding depocentre of TAB is presumed to host up to 8 km of Tertiary sediments
(Anderson, 1981; Turnbull et al., 1993). Section 2 portrays a thickness of 6 km above the
Boyd Creek Formation (wo) and does not locate the basement below the depocentre.
However, the Fiordland basement uplifted in the Murchison Mountains is likely to drop

in adjacent steps, bounded by the Te Anau fault and sets of blind, sub-parallel faults. The
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depocentre filled with Turret Peaks, Horseshoe and Prospect Formations is bounded to
the east by the extrapolated downward continuation of the 15 Mile Creek Fault. East of
this fault, line TQB-33 portrays a structural setting similar to line TQL-27, with- from
west to east - the high angle transpressive faults F1, F4 and F2 bounding the Upukerora

culmination.

Eversion of the early rift sequence and folding of the lower Takaro Formation are also
well portrayed in this section. Line TQB-33 provides a better insight than line TQL-27 on
the geometry of the base of the Turret Peak Formation, and the favoured interpretation is
that that the well has stopped before penetrating the Boyd Creek Formation. The down-
dip extrapolation of the Upukerora thrust (F2) at depth > 2 km is speculative, and so is
the repetition of the Boyd Creek Formation, that is presumed by maintaining the vertical
components of reverse offset observed for the lower Takaro Formation.

Other differences relative to line TQL-27 are that the W-dipping fault crossed by the well
at ~ 750 m MD (cf. Figure 8), appears subparallel, but distinct from the detachment D2
and the higher stratigraphic level of propagation (upper Takaro Formation) of the
eastward dipping detachment D1. The deflection of the footwall panel common to F2 and
the Reverse Fault appears to locate a bulge culminating at 1.5 km in the lower Takaro
Formation, but this geometry is inferred outside the boundary of the seismic line. The
geology of the hanging wall panel of the Reverse Fault is poorly constrained by outcrop
data and the projected depth of the Brook Street Terrane basement is largely hypothetical.

Section 3 (tied to seismic line TQL-26)

Section 3 (Plate 3) is a relatively short section, dominated by the Upukerora culmination,
bounded by the E-dipping F4 and the W-dipping F2 faults. Many of the features
discussed for lines TQL-27 and TQB-33 in the Upukerora area are observed in this line as
well. Differences worth to be stressed are the more complex geometry of F2, with a fault
splay (at about 2 km depth) that is not imaged in the two northern sections, and a more

articulated geometry of the anticlinal core, with a smoothly undulated hinge zone.
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The anticlinal bulge in the footwall of both F2 and the Reverse Fault is inferred for this

section as well, but remains at the eastern resolution boundary of the line.

The sequence in the hanging wall of the Reverse Fault is poorly defined, but the steep
dip of the Prospect formation in outcrop dictates the shape of a steep to overturned

western flank of a large anticlinal culmination.

Section 4 (tied to seismic line TQL-25)

This section (Plate 4) provides the best image of the Danby Hill Lead, that is the along-
strike southward continuation of the Upukerora structure. In contrast with the northern
sections, the harpoon geometry of the Turret Peaks Formations appears to be mimicked
by the lower Takaro Formation as well, and the core of the anticline is thus not well

expressed, because the hinge zone is truncated by F2.

The conjugate systems of F2 (interpreted as inherited from the earlier rift phases) are
well represented by the E-dipping faults F1 and F4. Detachments D1 and D2 are well

traced in the Horseshoe Formation, and by steepening of the Prospect bedding above D1.

The bulge in the lower Takaro Formation in the footwalls of both F2 and the Reverse
Fault is imaged within the seismic line, but is structurally less elevated than in the other

sections.

The hanging wall of the Reverse Fault remains poorly imaged by surface data and — in
contrast with Section 3 — apparently hosts a hanging wall syncline with steep W-dipping
beds of the Takaro Formation in the footwall of the Mararoa Fault.

Section 5 (tied to seismic line TQB-34)

This is the southernmost geological section (Plate 5) that — together with section 2 -
describes the geometry of the Upukerora-Danby Hill culmination in the regional setting
of TAB.
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The western shoulder of the uplifted Fiordland basement displays the same features
already described in Section 2. The deep depocentre of TAB is depicted at shallower
depth (5 km) above the basement, but no firm data constrain this interpretation. However,
it is a geometrical necessity that the basinal sequence is uplifted at depths of 1.5-2 km in
the hanging wall of the 15 Mile Creek Fault, because of the culmination of the lower

Takaro Formation reflectors at the west boundary of line TQB-34.

The Danby Hill structure loses its structural continuity in this line, and a moderately W-
dipping panel of lower Takaro Formation and Horseshoe Mudstones is detected in the
hanging wall of F2. The southward convergence of the 15 Mile Creek and Upukerora
(F2) faults seems to cause the progressive disappearence of the culmination. The footwall
region of both F2 and the Reverse Fault displays a flat lying geometry of the lower
Takaro Formation at depths of ~ 2 km, with a possible synclinal deflection in the
immediate footwall of the Reverse Fault. A hanging wall syncline in the Prospect

Formation is defined by measured bedding attitudes at the surface.
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7. Structural Contour Maps

Three seismic horizons identified and mapped in all seismic lines have been selected to

represent the geometry and structure of the Upukerora and Danby Hill Leads. These are:

1. The base of the Prospect Formation (late Miocene) — dark yellow reflector
in Figures 8 and 9

2. The base of the upper Takaro Formation (early Miocene) —orange reflector
in Figures 8 and 9

3. The top of the lower Takaro Formation — blue reflector in Figures 8 and 9

Plates 6-8 show the contour lines (in depths) of these horizons at 1:50,000 Scale.

Choice of these horizons is based on their good continuity, and on their
representativeness in describing the change in geometry of the folded sequence from the
topmost — detached — units to the core of the anticline, controlled by contrasts in
competence between the Takaro sandstones and the Horseshoe mudstones and by the
convergence of the F1 and F2 Faults from the surface downwards. Unfortunately, poor
resolution of lines and the limited power of penetration below 1.5 sec TWT make it

impossible to provide a contour map of the base of the Turret Peaks Formation.

The different faults identified in the lines and correlated across the area (cf. Plates 1-5)
are traced in the maps, and marked with their identity label. The Reverse, F1, F2 and F3
Faults cut through the sequence from the upper (Prospect Formation) to the lower unit
(lower Takaro Formation), but their lateral continuity across the horizons is variable. F4
is only visible in the top of lower Takaro Formation contour map (cf. section 4), and
detachments D1 and D2 are traced only in the base of upper Takaro Formation contour

map.

In all Plates the black areas identify the zones of superposition of the hanging wall block

over the footwall block along the reverse faults, where overlapping of contour lines is
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omitted, for sake of clarity. Given the steep dips of most of these faults, these areas
remain narrow and follow the trace of the fault line. Only in the case of the detachment
D1 (Plate 3) the deflection of the fault from a ramp into a flat parallel to the base of the
upper Takaro Formation implies that the whole area shaded in Plate 7 is detached, and

translated along the flat.

The contour maps were originally generated with the Kingdom software, but they have
been revised and — where necessary — modified, to portray a more structurally meaningful

contouring that still honours the data constraints along the lines.

Contours on the base of the Prospect Formation (late Miocene)

Though the surface outcrops of the Prospect Formation do not facilitate an immediate
understanding of the regional structure, (cf. Manville, 1994) the base of the formation
reflects very well the geometry of the Upukerora and Danby Hill structural culminations.
The two culminations are aligned in a NNE-SSW anticlinal axial trace, but they are
distinct, because of the inflection of the anticlinal crest line in a saddle between lines
TQL-26 and TQL-25. South of line TQL-25 the anticlinal culmination deflects into a NE-
SW orientation and can be traced at the intersection with line TQB-34, where it is
intersected by a number of subparallel, small displacement N-S faults dipping both east
and west. In section 5 (Plate 5), these faults are interpreted as the upper splay of a deeper
transpressive fault system, consistent with the southward continuation of the NE-SW
anticlinal culmination. However, this geometrical closure is at the margin of resolution of

the data and 1s not well constrained.

The eastern and western limbs of the Upukerora anticline are truncated by the W-dipping
F2 Fault (reverse vertical component of about 100-200 m) and the E-dipping F1 and F3
Faults (reverse vertical component < 100m ). Major offset occurs at the boundary of the

Reverse Fault, but the quality of surface data does not allow quantitative estimates.

The hanging wall of the Reverse Fault is not imaged by the seismic data and the fold

hinges depicted in Plate 6 are projected from surface information.
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In the footwall of the Reverse fault, south of line TQL-25, the base of the Prospect
Formation is deformed by a train of subparallel folds, with anticlines separated by short-
wavelength synclines. The axial traces deflect progressively from NS to NE-SW and E-W
orientation and are truncated by the Reverse Fault. This geometry suggests components

of shortening and rotational dragging in the mid-late Pliocene to Pleistocene (?).

Contours on the base of the upper Takaro Formation (early Miocene)

The base of upper Takaro Formation/top of Horseshoe Mudstones (Figures 8 and 9) is a
major competence discontinuity in the whole stratigraphic sequence deformed in the
Upukerora-Danby Hill culmination. This setting (Plate 7) is well shown by the
development of detachments (D1 and D2) dipping east and west, localised on the flanks
of the anticlinal culmination. These detachments (cf. Plates 1-4) propagate along bedding

planes and ramp upsection towards the core of the anticline.

The internal stratal architecture of the Horseshoe Formation ties very well the
synsedimentary growth of the Upukerora anticline since the late Oligocene (Figures 4 and
5). Detachments D1 and D2 cut the Upukerora thrust fault (F2) and seem to
accommodate the late stages of fold buckling in the incompetent horizons. D1 has the
same strike as F2, but it has a lower dip angle and thus truncates the upper tip of F2.
Though the sequence above the base of the upper Takaro Formation appears detached and
translated, the Upukerora culmination remains well defined by the N-S axial trace of an
anticline, with a narrow hinge zone truncated by D2 to the west and F2 and D1 to the
east. These structures breach through the hinge of the anticline along line TQL-25.

South of TQL-25 a NE-SW oriented anticlinal culmination is bounded by F2 and D2, and
may represent the deflected southward continuation of the Upukerora-Danby Hill

structure.
At the west boundary of the survey, the base of the upper Takaro Formation appears to

plunge to depths >1500-1700 m towards the basinal depocentre of TAB. However, it is

worth remembering that the Takaro Formation was only deposited on the tectonically
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controlled synsedimentary structural high (cf. Figures 5 and 6) and is not continuous

within the basin depocentre.

South of line TQB-34 a monoclinal dip of the Takaro Formation towards the south-west
accounts for a depth >300 m at the SW end of line TQM-27, but it is again questionable

whether this horizon still corresponds with the base of the upper Takaro Formation.

In the hanging wall of detachment D1 (footwall of the Reverse Fault), the base of the
upper Takaro Formation defines a N-S anticline (in between lines TQL-26 and TQL-25)
truncated in the hinge zone by D1 and on the east limb by a splay of the Reverse fault.
This fold is interpreted as detached above the flat portion of D1 (grey-shaded area in
Plate 7).

Contours on the top of the lower Takaro Formation (late Oligocene-early Miocene)

The lower Takaro Formation is bounded by the high-amplitude couplet of the blue and
green reflectors (Figures 8 and 9) and is the best seismically defined unit in the whole
survey. The most relevant geometry of this unit (Plate 8) is a N-S anticline in the hanging
wall of the Upukerora Fault (F2), with a double plunging axial trace that culminates in
three separate highs between: (1) Lines TQL-27 and TQB-33; (2) Lines TQB-33 and
TQL-26; and, (3) south of Line TQL-26. These culminations define a rather continuous,
undulating, Upukerora-Danby Hill anticline. South of line TQL-25, the fold hinge is
obliquely truncated by F2 and the Danby Hill anticlinal culmination is deflected along a
NE-SW to E-W axial trace, eventually truncated in the hinge by F2.

The west flank of the anticline is defined by the contours as a regularly W-dipping
monocline, truncated - with components of reverse vertical displacement - by the W-
dipping faults F4, F1 and F3 (with some additional minor splays). Vertical displacements
are of the order of 200 m.
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The Upukerora anticline has no well-developed eastern flank. As already discussed (e.g.
Section 1), this geometry is attributed to the inversion of an earlier asymmetrical graben,

with the hinge of the anticline marking the everted depocentre of the graben.

The reverse vertical component of displacement on F2 measured by the offset of the base
of the lower Takaro Formation is > 1000 m. Between lines TQL-26 and TQL-25, the
footwall of F2 plunges to the west to depths >1800 m, but the definition of a synclinal

closure is unconvincing.
The lack of a clear system of sub-parallel anticlines and synclines (though truncated by

reverse faults) reinforces the interpretation of localised deformation along the pre-

existing, Upukerora normal fault during compressional inversion.

42



8.

Structural synthesis of the investigated area

The analyses based on: (i) location of the seismic reflectors in the surveyed region; (ii)

role of synsedimentary tectonics in shaping TAB (Figures 3-7); (iii) lithostratigraphic

sequence of the Upukerora-1 well (Figure 8); and, (iv) connections between surface and

subsurface geology, have given rise to the interpretations portrayed in the geological

cross sections (Plates 1-5) and in the contour maps of the base to Prospect Formation

(Plate 6), the base to the upper Takaro Formation (Plate 7) and the top of the lower

Takaro Formation (Plate ).

The Plates provide a synthesis of the structural setting of the investigated area, with

emphasis on the geometry of the Upukerora-Danby Hill culmination.

The first-order characters portrayed by this analysis are:

The Upukerora Fault is a major structure that has played a fundamental role in
controlling (i) an early asymmetrical graben (Eocene-Early Oligocene) filled with
the sequences of the Sandfly, Earl Mountains and Boyd Creek Formations; (ii) the
location of the everted Upukerora Anticline during the Miocene-Pliocene
compressional phases. It is possible that the Upukerora Fault splays upwards from
a deeper, strike-slip (transpressive) discontinuity that juxtaposes the eastern

boundary of the Median Batholith against the Brook Street Terrane.

The diagnostic features (Figure 2) that indicate compressional inversion of the
early Upukerora normal fault as a high-angle reverse fault are: (i) the harpoon
geometry of the Boyd Creek and Turret Peaks sequence in the hanging wall of the
Upukerora thrust; (ii) the onlap of progressively younger intra-Horseshoe layers
onto the west flank of the structural culmination; (iii) the growth geometry of
Horseshoe beds deflected in the footwall of the Upukerora fault; and, (iv) the lack

of an eastern limb of the Upukerora anticline.
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Growth of the Upukerora Anticline was imposed by reverse re-activation of the
Upukerora Fault, starting in late Oligocene-early Miocene times. Synsedimentary
fault activity — at variable slip (earthquakes?) - occurred primarily during
deposition of the Horseshoe Mudstones, and is recorded by angular
unconformities in the intra-Horseshoe Formation reflectors. The fault dies out and
does not propagate above the base of the upper Takaro Formation. However, the
whole sedimentary sequence of the upper Takaro and Prospect Formations is
folded along the Upukerora-Danby Hill Anticline axial trace, and appears to be
detached above the incompetent package of the Horseshoe Mudstones. Buckling
of upper units along the Upukerora-Danby Hill Anticline may reflect regional
components of shortening imposed by the basin-bounding master faults (e.g. Te
Anau Fault to the west and faults bounding the Maitai basement to the east, cf.
Figure 1 and Plate 2).

The Upukerora-Danby Hill culmination is bounded by N-S to NE-SW oriented
faults, dipping steeply both west and east, inherited from the Eocene-Early
Oligocene Upukerora asymmetric graben. The faults bound an undulating
anticlinal hinge with a steep axial surface that is well displayed by the lower
Takaro Formation. The fold is traced with continuity from the Upukerora to the
Danby Hill region. The axial trace is N-S oriented in the Upukerora region, but
shows a general deflection towards NE-SW orientation at its southern termination
(Plates 7 and 8). A general breaching of the hinge of the Danby Hill anticline
truncated by the N-S Upukerora fault in the lower Takaro Formation is suggested
by the interpretation of the region between Lines TQL-26 and TQL-25 (Plate 8).
Structural elevations decrease from north to south, and the fold closure in the

lower Takaro Formation. is not visible in line TQB-34.

Other potentially promising culminations are shown by the geological sections. Of
particular interest is the < 2 km deep culmination preserved between the
Upukerora and Reverse Faults (e.g. TQL-25) and in the hanging wall of the 15

Mile Creek Fault (Section 5). However, the presence of the culmination is based
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on limited circumstantial evidence, and needs to be backed up by acquisition of

further subsurface data.

Major challenges for a better structural interpretation of TAB are imposed by: (1)
the extreme non-cylindrical geometry of geological structures, consequent on
dramatic changes in facies and thickness of units both along and transverse to the
axis of the basin. These changes are likely to control the structural style, the
trajectories of propagation of the faults, the presence of large-scale
intraformational rotations and detachments; (2) the likely (but unquantified)
components of strike-slip motion on the major faults. These displacements impose
high level of uncertainty in retrodeformation and balancing of the geological

sections.
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9. Structural Controls on the Source-Reservoir-Trap System

The present geometry of the Te Anau Basin (TAB) results from the superposition of
different tectonic events, connected with: (i) the Eocene and subsequent propagation of
the Macquarie Ridge, accommodated by transtensional rotations at the northern tip, (ii)
the development of the New Zealand transform and transpressional plate boundary, with
subduction along the Puysegur trench. A major consequence of the shifting from
extension to compression is the associated shifting in the relative location of structural
highs (source) and depocentres (sink), with accumulation of thick turbidites in the
footwall of the major faults. The Miocene-Pliocene shortening has been extensively
accommodated by reactivation of pre-existing discontinuities in the basement, with
consequent geometrical and kinematic incompatibilities that impose differential rotations
between adjacent blocks. Local rotations may further complicate the ‘regional’
kinematics, giving rise to a complex response in the sedimentary cover and exerting a

control on fluid migration paths.

Defining the time-space structural framework in relation to the architecture of the thick
syntectonic clastic wedges is thus fundamental for deciphering the hydrocarbon potential

of TAB.

Assessment of the hydrocarbon potential of TAB (cf. Beggs et al, 2000) requires the
analysis of: (1) presence and maturation of source rocks; (2) hydrocarbon migration; (3)
reservoir continuity; (4) geometry and integrity of structural traps formed during different
tectonic stages; (5) preservation of trapped fluids.

This report focuses principally on the structural analysis of the Upukerora-Danby Hill
region of TAB and does not address most of these issues. However, data acquired during
the structural analysis and the interpretations provided so far are vital for understanding

the potential of oil-gas reservoirs.
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Source Rocks

Significant packages of source rocks contained in the lowermost sedimentary sequence
have not been specifically identified. This problem was originally discussed by Turnbull
et al. (1993), and no additional information has since been forthcoming. It is still not
known whether any Cretaceous rocks (which might possibly include source facies) exist
above the basement and below the oldest recorded sediments of the Sandfly Formation
(Bortonian-Runangan). The reconstructions provided in the geological sections do not

exclude their presence, but nothing exists to prove it.

Eocene to early Oligocene lacustrine mudstones deposited in the shallowing-upwards
depocentres in the late rift stages (Boyd Creek Formation, Figure 3) are also potential
source rocks (cf. discussion in Turnbull et al., 1993). The interpretation of the seismic
lines suggests that these rocks are distributed throughout the basin, but they have never
been drilled. The reinterpreted stratigraphic sequence of the Upukerora — 1 well (Fig. 8)
indicates that the borehole stopped just above the top of the Boyd Creek Formation.

Duration and amounts of the synrift tectonic subsidence and the postrift thermal
subsidence (McKenzie, 1978; Royden et al., 1980) are both important parameters to be
considered for modelling the thermal history of the source rocks before the reversal of

movement associated with the onset of compression.

Reservoirs

The structurally-controlled margins of the Oligocene-Miocene basin depocentre,
characterised by the progradation of thick clastic wedges laterally interfingering with
mudstones, and the sandstone-hosting shallower shelf areas that may be preserved in the
hanging wall of blind faults (e.g. 15 Mile Creek Fault, Plate 2) provide good
paleogeographic conditions for the accumulation of reservoir rocks. In the Upukerora-
Danby Hill culmination, the sandstones of the lower Takaro Formation are overlain by
the detached (and possibly over-thickened) Horseshoe Mudstones, which potentially
create optimal sealing conditions. However, — with the exclusion of the gas show in basal

upper Takaro Formation - the Upukerora — 1 well has not proven any hydrocarbon
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potential within the drilled sequence. The role of faulting in controlling the lateral and
vertical sealing of the reservoirs and the breaching of the structural traps clearly need to
be carefully addressed.

Structural Traps

Different structural traps appear to be present in the investigate area. The seismic
resolution is not adequate to investigate potential traps originated during the extensional-
transtensional phases that have escaped subsequent inversion. Compressional traps are
better imaged, but their 3-D closure is not proven. The Upukerora-Danby Hill
culmination could be described as a half-dome with a long west limb dissected by reverse
faults, and the hinge zone truncated by the Upukerora fault. The vertical displacement of
the Upukerora Fault (F2) with juxtaposition of the lower Takaro sandstone against the
Horseshoe mudstones provides good 2D conditions for sealing. However, these
conditions may not apply for the lower portion of the fault at the intersection with the
conjugate system F4 (cf. Plate 2). Potentially good 2D sealing conditions are maintained

by the Upukerora fault at Danby Hill.

The role of late stage strike-slip offsets on the major faults disrupting earlier traps,
breaching of seals and lateral escape of hydrocarbons remains to be investigated. The
Upukerora fault does not appear to have been active after deposition of the base of the
upper Takaro Formation, but the components of shortening accommodated in the upper

Takaro and Prospect Formation require the activity of adjacent faults.
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10. Recommendations

The Te Anau Basin (TAB) is filled with thick turbiditic deposits that span the whole
transition from extensional to compressional regimes associated with birth, evolution
and deformation of the present New Zealand active margin. The structural style that has
dominated the evolution of TAB since the inception of the tectonic phases is
transpressional reactivation of early normal faults, with unquantified - but likely
significant - components of lateral motion and syntectonic rotations in the late

deformation stages.

As such, the basin shares some relevant sedimentological and structural features with
other large — hydrocarbon producing — actively deforming Cenozoic basins (e.g. Los
Angeles Basin in California, cf. Biddle, 1991; Bjorklund, 2003), but the absence of
good-quality and extensive seismic coverage and the lack of exploration wells do not

allow further inferences.

From a structural point of view, there are several attractive exploration targets in the
basin. The most obvious is the Upukerora Anticline-Danby Hill culmination (Plate 8),
but the experience of the Upukerora — 1 well is a good reminder of the associated risks.
Other < 2 km deep culminations are inferred to be preserved in the basin between the
Upukerora and Reverse Faults (e.g. Plate 4) and in the hanging wall of the 15 Mile
Creek Fault (e.g. Plate 5). However, positive evidence of their presence needs to be

confirmed by subsurface surveys.

Several critical issues need to be addressed. These include: (i) evaluation of the strike-
slip components of the transpressive faults; (ii) validation of the transpressive
deformation by section balancing and retro-deformation; (iii) better imaging of location
of source rocks and preservation of structural traps during the polyphase deformation of
the basin; (iv) better definition of burial and uplift history in relation to timing of
deformation; (v) understanding of oil migration paths driven by stacking of units with

contrasts in permeability, by fracturing, and from syntectonic rotations.
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The interpretation of other available seismic lines in the area between Lines TQB-34
and TQM 27, and the acquisition of new seismic data in the region between the
Upukerora and Reverse Fault, and west of the 15 Mile Creek Fault are necessary for
assessing distribution and the along-strike southward continuity of the major
culminations. Identification of further exploration drilling sites needs a testing of the
structural interpretation that — at present — is pushed beyond the areal coverage of

subsurface data and/or the resolution of the existing seismic survey.
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