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Abstract

The Otago continental shelf is a prospective petroleum area on the east side of the
South Island New Zealand. During the Neogene it evolved from a post-rift to passive
margin as giant progrades extended eastward across the shelf, fed by tectonic uplift
and erosion of the Southern Alps to the west. Seismic reflection profiles reveal an
uplifted limestone horizon near the Dunedin Volcano. This may be caused by a
buoyant load under the lithosphere and can be spatially and temporally linked to the

Dunedin Volcano and geophysical anomalies in the area.

This thesis utilises 2D and 3D seismic data to map Neogene sequence boundaries
over the Otago Shelf. Seven such sequence boundaries have been mapped based on
distinctive seismic characteristics above and below these surfaces. These surfaces have
been tied to nearby petroleum and Integrated Ocean Drilling Project wells using
biostratigraphic data and then used to generate a series of isopach and depth maps
that document the Neogene evolution of this margin. The maps depict the deposition
of Neogene sediment and provide age constraints to structural events in the basin such

as the uplift near Dunedin and fault movement on the Endeavour High.

The maps are then used to develop a lithospheric flexure model where uplift is
interpreted to have been caused by asthenospheric upwelling beneath Dunedin. The
model provides insight into the conditions that led to the flexure of the lithosphere,
specifically the elastic thickness of the plate and the magnitude and depth distribution
of buoyant intrusive material that fed the Dunedin Volcano. Asthenospheric upwelling
explains elevated heat flow around Dunedin and would result in enhanced petroleum
maturity. This highlights the potential for petroleum generation in source rocks

immediately offshore from Dunedin.

Keywords: Neogene; Otago; Dunedin; Canterbury Basin; New Zealand; seismic;

flexure; asthenospheric upwelling.
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Who would sail the seven seas and share a sailor’s fate?
Eastward round by Dusky Sound, and Pegasus - through the Strait,
Port Cooper, Ocean, Tom Kain’s Bay, for that is the coaster’s fate.

Extract from a variant of ‘Across the Line’ circa 1840
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Nomenclature

This document is a Masters thesis prepared for Victoria University of
Wellington. At this time, there are few regulations concerning writing style so
the final format is left to the author with regard to reference style, figure
placement and other conventions. Therefore, where university regulations are
absent, this document follows the conventions set out in the instructions to
authors for the New Zealand Journal of Geology and Geophysics (Mellanby
2013). Guidance for discipline-specific terminology is taken from the word list
of the American Geophysical Union (Byerly 2010).

The lithostratigraphic nomenclature used here (Section 2.3) is from Carter
(1988). The regional unconformity which has previously been called the
Marshall Paraconformity (Carter et al. 1974) is here referrred to as the
Marshall Unconformity (Carter 1988; Field & Browne 1989) due to recognition
that it does not fit the criteria for a paraconformity. The naming conventions
used in this thesis for sequence stratigraphic units is set out in section 3.2.3
and compared to other works in Fig. 2.6. Where seismic lines are shown, they
use a zero-phase, positive-polarity wavelet convention as disseminated by the

Society of Exploration Geophysicists
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1. Introduction

The eastern margin of the South Island of New Zealand evolved from a post-rift
to passive margin in the Neogene Period. During this time, tectonic uplift formed
the Southern Alps to the west, which eroded and fed sediment to giant progrades
that grew eastward across the continental shelf. Part of this eastern margin is the
Otago continental shelf. The shelf has a proven petroleum system and many
prospective areas for exploration. Our understanding of the evolution of the
progrades is critical to petroleum models in this region (Funnell et al. 1996), yet
our knowledge of the detailed stratigraphic architecture and the geometry of these
units is limited.

Seismic transects show that the Otago Shelf was uplifted, possibly by a
buoyant load under the lithosphere. The uplifted area also has several geophysical
anomalies: a positive gravity anomaly, surface volcanics, a high surface heat flow,
high mantle-helium ratios, a highly reflective region in the lower crust, and a low-
velocity zone in the lithosphere. The volcano, uplift, and anomalies may all have a
common cause: an upwelling of asthenosphere in the mid-Miocene (Godfrey et al.
2001; Hoernle et al. 2006). If an upwelling did occur it would greatly enhance

petroleum maturity in the area (Funnell et al. 1996).

1.1 Motivation for this thesis

The Neogene Period was an important time in the history of the Canterbury
Basin, but little seismic stratigraphy has been conducted for the southern and
offshore portions of the basin for this period. Most published work has focused on
the central parts of the basin where the ODP (Ocean Drilling Project) and IODP
(Integrated Ocean Drilling Project) wells are located (Field & Browne 1989;
Fulthorpe & Carter 1989; Browne & Naish 2003; Lu et al. 2003; Osterberg 2006;
Carter 2007). Petroleum exploration has covered the entire basin, but has largely

targeted the Palaeocene and older intervals where potential source and reservoir



rocks have been encountered. This leaves a gap in our knowledge of the Neogene
Period in the southern portion of the basin.

The Neogene interval is critical to evaluating the basin’s petroleum potential
because it comprises the overburden and hence is a major factor in achieving
maturity within the basin’s source rock units. Greater knowledge of the interval
will better define the critical moment for petroleum generation, improve basin
models, and constrain timings for structural and volcanic events. This thesis uses
new well data to correlate key Neogene horizons across the study area. The
results are the first maps of these horizons for the southern section of the basin,
offering a new understanding of key influences and timing constraints.

The second part of this thesis uses these results as input to a 3D plate flexure
model, allowing investigation into the history of uplift under the Dunedin
Volcano. The uplift history may support the hypothesis that an upwelling of
asthenosphere occurred under Dunedin. This would help explain the anomalies in
the area and point toward enhanced petroleum generation potential in nearby

source rocks.

1.2 Project Aims

The primary objectives of this research are to:
1. Produce depth structure maps of several Neogene horizons on the Otago

continental Shelf.

2. Use these horizons to produce 3D plate flexural models related to the
uplift history around the Dunedin Volcanic Centre.

For the first objective, newly available well and seismic data are used to map

Neogene stratigraphic horizons across the Otago Shelf. The maps produced will

extend our knowledge of Neogene geology on the shelf. Specifically they will

provide insight into the timing and extent of the overburden interval, timing of
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structural events and faults, and allow closer investigation into uplift in the
Dunedin area.

For the second objective, the afore-mentioned maps are used to make the first
3D model of flexure history around the volcanic centre. The model tests different
scenarios, showing which parameters can or cannot explain the observed uplift
history within the assumptions of the model. The results have implications for
plate makeup, the nature of the uplift, regional heat flow, and petroleum

prospectivity.

1.3 Study Area

The study area is a portion of the continental shelf (shown in light blue in Fig.
1.1) on the east coast of the South Island, New Zealand. The area covers the
continental shelf from the well Takapu-1A in the south and west
(46°09'39.39" 'S, 170°26'7.34" 'E), to ODP-Site 1119 in the north and east
(44°45719.92" 'S, 172°23"35.88" 'E). The area is part of the broader Canterbury
Basin, an intracontinental rift and subsequent sag basin (Mogg 2010) which
covers more than 40,000 km?2. Cretaceous-Pleistocene sediment is thicker than 5

km in some parts of the basin (Sutherland & Browne 2003).
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Fig. 1.1: Map of the study area showing 2D and 3D seismic data used in this thesis. The
colours indicate elevation compared to mean sea level and labelled black lines show
selected faults which were active during the Neogene. Black lines mark primary 2D
seismic data, grey lines are secondary 2D seismic, labels indicate wells and place-names,
and the rectangular area east of Dunedin marks a 3D seismic survey (the WAKA 3D
survey). Transects for Chapter 3 are shown as red lines for Fig. 3.5, Fig. 3.6, Fig. 3.4
respectively.

The Quaternary interval within the basin is an excellent example of a passive
margin influenced by high rates of sediment influx and along-shelf currents. In the
geological record these influences are manifested as sedimentary drifts in waters of
intermediate depth (c. 200-2000 m)(Fulthorpe & Carter 1991). The basin had

high rates of sediment supply in the Neogene after the development and erosion of
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the nearby Southern Alps, which results in a seismic record of high-frequency
depositional cycles (Lu 2004).

Both research and industry data sets have been collected within the study
area. In 2010-2011, the basin was the focus of the Integrated Ocean Drilling
Project (IODP)’s Expedition 317, which drilled four research wells to complement
an existing Ocean Drilling Project (ODP) well (Expedition 181, Site 1119). One
of the IODP holes (Site U1352) reached almost 2 km in depth, and because of the
level of recent paleontological dating, it has been a key well for correlation
purposes. It offers new data to constrain the sequence stratigraphy of the basin,
especially in the upper slope.

Companies have undertaken petroleum exploration in this area for more than
50 years. The first offshore well, Endeavour-1, was drilled in 1970. The basin
shows promising petroleum potential, with a gas condensate discovery and several
petroleum shows. There are currently five offshore petroleum wells and five
research wells. Petroleum exploration is on-going with several companies actively
exploring in 2014, including drilling of the Caravel-1 well.

Seismic coverage of the offshore Canterbury Basin is modest, with more than
10,000 km of 2D seismic lines acquired from 1966 to present (Mogg et al. 2008).
The first 3D survey, the Waka 3D, became publicly available in late 2012 and
forms a major part of the source material for this thesis. The University of Texas
acquired a high-frequency 2D seismic survey, EW00-01, in 2000. This survey is
notable because it targeted depths shallower than 2 km, in contrast to industry
seismic surveys that target deeper intervals. The EW00-01 data concerns the area
around the ODP 1119 well and covers the area subsequently drilled by the IODP
wells in the central section of the basin.

A series of petroleum companies and authors have interpreted the basin’s
seismic data but few looked at the Neogene interval of the southern Canterbury

Basin. Most interpretations focused either on the central basin (Lu et al. 2003; Lu



2004; Carter 2007) or intervals that are older (Mound & Pratt 1984; Spicer 1986;
Perry 1991; Haskell 2000; Hart 2004; Austral Pacific Energy Ltd 2006; Tap Oil
Ltd 2006; Mogg 2007; AWE New Zealand Ltd 2010; Constable & Crookbain 2011;
New Zealand Oil and Gas Ltd 2012) or younger (Brown et al. 1988; Browne &
Naish 2003; Osterberg 2006; Gorman et al. 2013) than the Neogene. This leaves a
gap in our knowledge of the Neogene interval of the southern portion of the

Canterbury Basin.



2. Geological Setting

2.1 Canterbury Basin

The study area forms part of the offshore Canterbury Basin (as described in
Section 1.3). The Canterbury Basin (Fig. 2.1) extends east from the Southern
Alps, under the onshore Canterbury Plains, and includes the adjacent shelf edge
and beyond to c. 174°50°E. It is bounded to the north by Kaikoura and to the
south by the Miocene volcanics that form the Otago Peninsula (Brown et al.
1988; Field & Browne 1989). This chapter provides a summary of the geological

background of the basin.
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Fig. 2.1: Location map showing features and currents east of the South Island, New
Zealand. The Canterbury Basin is marked with a red polygon and the study area is the
blue rectangle. The Otago Peninsula is labelled OP, and Banks Peninsula as BP. Major
currents are marked in blue and the Alpine Fault is marked with an arrow indicating slip
direction. This figure is modified from Fulthorpe et al. (2011).



2.2 Tectonic Setting

The Canterbury Basin forms part of the continental block of Zealandia (CB in
Fig. 2.2). Regional tectonics proceeded through three main tectonostratigraphic
phases since the Cretaceous Period: rifting, passive margin, and plate boundary
convergence (Cande & Kent 1995; Sutherland 1995).

Rifting began between 10590 Ma and is associated with the separation of
New Zealand from Australia and the greater Gondwana continent (Mayes et al.
1990). Cessation of the rift phase was followed by a passive margin phase from
around 60 Ma to 25 Ma (Fig. 2.2, plates 1-2). At 33.7 Ma, the Pacific sector of
the southern ocean fully opened and thermohaline circulation developed,
including the deep western boundary current (DWBC). The new current flow
caused a New Zealand-wide hiatus of up to 12 Ma, which is recognised in the
sedimentary record as the Marshall Unconformity (Fulthorpe et al. 1996). This
forms a distinct basin-wide horizon that separates transgressive sediments below
the surface from regressive sediments above it.

The basin remained a passive margin until convergence between the
Australian and Pacific plate commenced around 20 Ma (Cande & Stock 2004). In
the South Island convergence was accommodated by the Alpine Fault: a large
strike-slip fault running down the western side of the South Island (Adams 1979;
Tippett & Kamp 1993a; Walcott 1998; King et al. 1999; King 2000b). Movement
on this fault transformed the shape of the continental fragment (Fig. 2.2, plates
3-6), with more than 500 km of right-lateral displacement recorded since its
inception (Kamp 1987). Between 15 Ma and 2.6 Ma the pole shifted southwest
(Stock & Molnar 1982; Sutherland 1995), causing a growing component of
convergence on the Alpine Fault that resulted in uplift of the Southern Alps,

along with increased erosion, and sediment supply (Lu 2004).



Chapter 2. Geological Setting 9

Fig. 2.2: New Zealand tectonic plate reconstructions from (after King et al. 1999; King
2000a). The Canterbury Basin is denoted by the letter CB, Great South Basin by GSB,
Taranaki Basin by TB, and the East Coast Basin by ECB. The bold line depicts the
paleocoastline and the pink circles indicate active volcanism. White colouring is
terrestrial non-deposition, yellow is marginal marine sand-dominated facies, pale blue-
grey is the shelf, mid-blue is the slope or rise, and dark blue is deep ocean. Faults,
subduction zones, and seafloor spreading centres are shown in red.
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2.2.1 Physiographic Setting

The Canterbury Basin has a complex physiographic setting. Sediment has the
ability to cross the entire basin from west to east. Beginning with sediment input
from erosion of the Southern Alps in the west, then crossing the Canterbury
Plains, shelf, and slope where it interacts with many oceanographic features, until
it ultimately deposits into the Bounty Trough and Bounty Fan.

In the modern physiography, large braided rivers transport substantial
volumes of sediment from the Southern Alps onto the Canterbury Plains and
shelf. This amounts to 50,000 km? in the last 5 Ma (Herzer 1981; Browne & Naish
2003). The sediment has built a wide continental shelf up to c¢. 90 km wide in the
northern portion of the Canterbury Basin. The northward-directed Southland
Front runs along the shelf, orthogonal to the sediment supply from the west (Fig.
2.1). This alongshore current has an average speed of 6 cm/s (Herzer 1979; Carter
et al. 1999) and moves 400,000-700,000 m? of sediment northward each year (Kirk
& Tierney 1978).

Partly as a result of alongshore drift, the shelf has a gentler slope to the
north at c. 2°, compared to > 5° to the south. The current creates large sediment
drifts at slope depths with erosional moats (Lu et al. 2003). Other notable
features include current reworking, sediment sourced from the south (Fulthorpe et
al. 2011), and unconformities that indicate current scoured platforms (Fulthorpe
et al. 1996). These depositional features suggest that similar currents have been
operating since 30 Ma. Seismic interpretation is made difficult by heterogeneous
depositional features caused by changes in currents and current regimes.

In the lower bathymetric portions of the slope is a local gyre of the
Subantarctic Front, which forms the leading edge of the Antarctic Circumpolar
Current. This influences sedimentation to 900 m water depth. Numerous canyons

also cut the shelf in the south, with many of them intercepting sediment
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transported from rivers or alongshore currents and transporting those sediments

eastward to the Bounty Trough.

2.2.2 Alpine Fault

The Alpine Fault is a remarkably linear feature that can be traced along the
length of the South Island and marks the plate boundary between the Pacific and
Australian plates. It is a large strike-slip fault that connects a subduction zone to
the north and a reverse fault zone to the south with opposite convergence
directions. More than 200 km of right-lateral displacement has been recorded
since 6 Ma but total shortening across the Alpine Fault is only 90 km (Walcott
1998). The extent of strike-slip movement is so great that the basement terranes
of New Zealand are distinctly curved as they approach the Alpine Fault,
displaying a geometry consistent with dextral shear (Sutherland 1999). With
time, the plate boundary experienced an increasing degree of convergence that
built the Southern Alps, a mountain range as high as 3700 m in elevation that
runs down the west coast of the South Island. Erosion of the Southern Alps is a
major sediment supply to the Canterbury Basin.

Research on the Alpine Fault has been intensive. The history of movement on
the Alpine Fault along with the timing and extent of bending of New Zealand
basement terranes has been one of the most widely debated subjects in the
literature on New Zealand geology (Sutherland 1999). There are a wide range of
proposed initiation times for Alpine Fault movement, and later for uplift of the
Southern Alps. Initiation of strike-slip motions occurred around either 100 Ma
(Wellman & Cooper 1971), 45 Ma (Sutherland 1999), 30 Ma (Carter & Norris
1976), 25-23 Ma (Cooper et al. 1987; Kamp 1987; Adams & Cooper 1996; Lebrun
et al. 2003), or 20 Ma (Cande & Stock 2004). Estimates for uplift of the Southern

Alps similarly vary between around 15 Ma (Carter et al. 1991), 11 Ma (Cande &
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Stock 2004), 10-8 Ma (Carter & Norris 1976; Norris et al. 1978; Adams 1979), or
8-5 Ma (Tippett & Kamp 1993a; Batt et al. 2000).

Presently the Alpine Fault accommodates c¢. 355 mm/yr of parallel
movement and 10 mm/yr of perpendicular movement between the Australian and
Pacific plates (DeMets et al. 1994; Leitner et al. 2001). Movement varies along its
length, becoming almost pure strike-slip at its northern and southern ends
(Sutherland 1999). Tectonic reconstructions of the central Alpine Fault reveal
that the maximum convergence rate occurs north of the Fox Glacier area (Lu
2004), where exhumation rates have been measured at up to c. 10 mm/yr

(Tippett & Kamp 1993b).

Perpendicular Perpendicular
convergence (km) convergence rate (mm/yr)

50 100 150 0 5 10
@ C]

——
20-11.5M
-

11.5-6 Ma
+

@ {
ps \
@)
5)
< \/ 6-2.6 Ma
4 —A—
2.6-0 Ma

Fig. 2.3: Convergence differs along the strike of the Alpine Fault. A, The positions of 11

sites along the fault. B, The total convergence perpendicular to the fault (middle). C,
The associated rate of perpendicular convergence (right) of these sites over four time
intervals. This figure is modified from Lu (2004).

Terrigenous sediment began to accumulate offshore as early as 20 Ma
(Fulthorpe et al. 2011) near the IODP Expedition 317 wells. From 11-0 Ma,
sedimentation is strongly correlated with convergence on the fault, suggesting
that erosion of the Southern Alps is the main factor in sedimentation (Lu, 2004).
Convergence on the Alpine Fault varies with position (Fig. 2.3) (Lu 2004). It may
be possible to use this to predict sediment thickness from 11 Ma to present. If so,
sediment should be thinnest in the southern part of the basin, and thickest in the

central basin. However, the link between sediment supply and deposition may be
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complicated by along-shelf currents, volcanic uplift, plate flexure, canyons, and

other processes.

2.2.3 Subsidence

For the most part, the subsidence in the basin follows an exponentially decreasing
curve, which is typical of a post-rift basin. Fig. 2.4 demonstrates this using the
subsidence curve for the Clipper-1 exploration well (Lu 2004), which is located in
the central basin. A major divergence from the trend occurs from c. 50 Ma to 35
Ma when there is a slight inflection. The curve switches to an increasingly rapid
subsidence trend as early as 20 Ma, increasing toward the present day, which is

caused by a shift in tectonics from post-rift to convergent.
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Fig. 2.4: Tectonic subsidence curves for the Clipper-1 exploration well. Figure modified
from Lu (2004).

2.3 Sedimentation

Sediments in the Canterbury Basin can be divided into several
tectonostratigraphic groups based on the broad tectonic evolution of the region:
rifted basin, passive margin, and active plate boundary. Fig. 2.5 illustrates these

groups with a schematic of the basin’s large-scale stratigraphy (after Carter
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1988). During the rifted basin phase, pre-rift and syn-rift sediment were
deposited. The pre-rift basement terranes formed as part of the Gondwana
succession by sediments and volcanics deposited during the Permian to Early
Cretaceous and their metamorphosed equivalents. The Syn-rift Matakea Group
(of Carter 1988) was deposited in Cretaceous grabens and half-grabens during
rifting. They comprise predominantly coarse clastic sediments, which include non-
marine breccia-conglomerates and thick immature coal measure sequences (Carter

et al. 1994).

W SE

Southern Alps

Canterbury Bight Tectonic Phase

< Coast

Canterbury Plains

Active Boundary

Passive Margin

Alpine Fault zone

Rifted Basin

Fig. 2.5: Schematic large-scale stratigraphy of the Canterbury Basin after Carter (1988),
figure modified from (Fulthorpe et al. 2011).

After rifting, the basin became a passive margin. Post-rift thermal subsidence
led to the deposition of the Onekakara Group (of Carter 1988) during the Late
Cretaceous to Early Oligocene. Mainly fine-grained siliciclastic and carbonate
mudstones and limestones were deposited during this time, with less abundant
sandstones and volcanics (Carter 1988). A regional unconformity called the
Marshall Unconformity (or the Marshall Paraconformity of Carter et al. (1974))
was possibly caused by a change to a dominantly regressive sedimentary regime
(Fulthorpe et al. 1996). This unconformity was followed by deposition of basin-
wide bioclastic limestone and calcareous sandstones units within the Kekenodon
Group.

A regressive phase followed, during which the Otakou Group (of Carter 1988)
was deposited. This group consists of a prograding wedge comprised mainly of

marine mudstone and sandstone, but with minor limestone and non-marine
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deposits including lignite (Forsyth 2001). Deposition within the Otakou Group
had two major phases. During the first phase, from c¢. 20 Ma to 11.3 Ma,
sedimentation around the IODP wells was not associated with convergence on the
Alpine Fault. During second phase, from 11.3-0 Ma, sedimentation was strongly
correlated with plate convergence, which implies that sedimentation was more

strongly driven by erosion on the Southern Alps (Lu 2004).

2.4 Seismic Stratigraphy

Previous seismic stratigraphy has focused either on time periods outside the
Neogene Period or on locations in the central basin, leaving a gap in our
knowledge of the Neogene interval of the southern portion of the Canterbury
Basin.

Petroleum exploration has generated numerous seismic interpretation reports
(Fig. 2.6) that focus on the Eocene or older intervals of the basin, which contain
the source and reservoir rocks (Mound & Pratt 1984; Spicer 1986; Perry 1991;
Haskell 2000; Hart 2004; Austral Pacific Energy Ltd 2006; Tap Oil Ltd 2006;
Mogg 2007; AWE New Zealand Ltd 2010; Constable & Crookbain 2011; New
Zealand Oil and Gas Ltd 2012). Most of the reports use 2D seismic data but
Mogg (2010) has interpreted the first 3D data in the area, the Waka 3D, with a
focus on the Oligocene and earlier horizons.

Academic stratigraphy has focused on the area to the north of the study area,
where the high-frequency EW00-01 seismic survey and multiple research wells are
located (Lu et al. 2003; Carter 2007), or on the earlier Quaternary interval
(Brown et al. 1988; Browne & Naish 2003; Osterberg 2006; Gorman et al. 2013).
The exception to this is an older study (Fulthorpe & Carter 1989) which could
not successfully apply global sea level curves to the basin due to complex

stratigraphy and a lack of well and biostratigraphic data.
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This leaves a gap in our knowledge of the Neogene interval in the southern
basin, despite important Neogene events such as the Dunedin uplift, canyon and

drift development, and overburden emplacement.

2.5 Volcanism

There are numerous volcanic centres in the Canterbury Basin. They span a wide
age range from the mid-Cretaceous to the Pliocene and are widely distributed
throughout the Canterbury and Great South basins (Field & Browne 1989; Timm
et al. 2010). For the purpose of this thesis, the relevant volcanics are the late

Cenozoic intraplate basalts in the Dunedin area, shown in Fig. 2.7.

Z
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Fig. 2.7: Late Cenozoic basalts in the onshore Dunedin area (black), modified from Hoke
et al. (2000).
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The main phase of intraplate basaltic volcanism occurred during the middle
Miocene, forming two major shield volcanoes: the Bank Peninsula and Dunedin
volcanics (Fig. 2.6). The Dunedin Volcano was active for c. 4 Ma between 16.0
and 10.1 Ma with surrounding vents and flows erupting between 23 and 9 Ma
(Hoernle et al. 2006; Coombs et al. 2008). The Bank Peninsula volcanoes were
active from > 12 to c. 7 Ma (Timm et al. 2010). During this time they discharged
large volumes of basaltic magma (c. 1600 km? at Banks Peninsula and c. 600 km?
at Dunedin) making them the most voluminous Neogene intraplate volcanoes in
New Zealand (Timm et al. 2010). The cessation of volcanic activity at these
locations has been linked to the start of convergence on the Alpine Fault (Hoke et
al. 2000).

The origin of the middle Miocene volcanic centres on the South Island is
debated. They are intraplate basaltic volcanoes presumed to be too far removed
from the active plate margin to be subduction-related (Hoke et al. 2000).
Researchers have advanced several hypotheses to explain them. These include
relative movement of Zealandia over a linear mantle region of upwelling
asthenosphere (Adams 1981; Farrar & Dixon 1984), a fossil plume head (Weaver
et al. 1994; Storey et al. 1999), hotspots (Hoernle et al. 2006), melting of the
lower lithosphere due to a hotter than normal asthenosphere (Finn et al. 2005;
Panter et al. 2006; Sprung et al. 2007), and lithospheric removal (Hoernle et al.
2006; Timm et al. 2010). The debate over their origin has roots in conflicting
evidence. The volcanism ranges from large to small-scale and has no progression
in age and location. There is also conflicting evidence from heat flow, mantle-

helium (Godfrey et al. 2001), and geochemistry (Timm et al. 2010).

2.6 Geophysical Anomalies near Dunedin Region

Several geophysical anomalies are present around Dunedin that suggest the

injection of buoyant melts and heat into the mantle and crust (Godfrey et al.
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2001). These observations include high heat flow (Funnell et al. 1996; Cook et al.
1999), helium gas anomalies (Hoke et al. 2000), positive isostatic gravity
anomalies (Reilly 1972), volcanism and evidence of an upwarped region of low
seismic wave-speeds beneath the Dunedin Volcano (Fig. 2.8). Seismic lines
approaching Dunedin (Fig. 3.6) show that an Oligocene limestone horizon has

been uplifted and multiple horizons truncate onto it.

SW Dunedin NE
250 km 287 km 310 km model coordinate
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T —— — S
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reflective midcrust

slow, highly reflective lower crust

Fig. 2.8: Seismic data has revealed crustal anomalies beneath Otago that may represent a
hot fluid-rich region. Figure modified from Godfrey et al. (2001).

The cause of these anomalies and the uplifted limestone layers has been a
subject of debate. Godfrey et al. (2001) propose that the anomalies may be
caused by a hot body emplaced beneath and into the lower crust, the heat of
which is just reaching the surface today. If so, this would mean that petroleum
source rock near Dunedin would have enhanced maturity, potentially extending
the petroleum producing area (Funnell et al. 1996). In this model, the low-
velocity zone is caused by a hot, fluid-rich region in the crust and mantle. In
addition to the high heat flow and low-velocity zone, this model explains the high
helium ratios and the positive isostatic gravity anomaly. A variation of this

hypothesis is supported by Hoernle et al. (2006) as a cause of the Dunedin
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volcanics because it explains why volcanism was restricted to one region over such
a long period of time. This hot and buoyant body may have also uplifted the
regional limestone horizon. This possibility was tested by Godfrey et al. (2001)
using a 2D flexure model and the uplift was found to be consistent with the
model.

The link between the apparent uplift and the Dunedin volcanics has been
questioned for two reasons (Mortimer et al. 2002). First, the uplift could be an
artefact of the intersection of the 2D seismic transect and paleoshorelines, in
which case it would disappear when viewed on different seismic transects.
Secondly, Miocene uplift was widespread throughout onshore Otago, not just
restricted to the doming around the Dunedin Volcano. Mortimer et al. (2002)
noted that this issue needs to be more closely examined using shallow seismic
datasets. The next chapter does this using a widespread set of 2D and 3D seismic

data.

2.7 Petroleum Potential

The Canterbury Basin is a petroleum basin with a long history of petroleum
exploration dating back to 1914 when the first onshore well was drilled. Since that
time, a number of onshore and offshore wells have been drilled, many to
basement, targeting predominately Cretaceous source rocks and reservoirs of
Cretaceous to Tertiary age. All the elements of the petroleum system are present
in the basin: the source, reservoir, seal, overburden, and trap. The elements are
illustrated in the petroleum systems diagram in Fig. 2.9 for Galleon-1, which
produced a gas-condensate show (Wilson 1985).

Source rocks have been a key risk in the basin, with BP Shell Aquitaine and
Todd Petroleum Development Limited attributing failure to find commercial
hydrocarbon accumulations to a lack of sufficiently mature source beds

(Sutherland & Browne 2003). The primary source rocks are Late and mid-
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Cretaceous coal measures, but there are prospective Palacocene-age black shales
(Mogg 2008). The mid-Cretaceous source rocks may have the greatest maturity
and hydrocarbon potential and have been proven at Clipper-1 and Galleon-1
(Hawkes et al. 1985; Wilson 1985). They were deposited in a syn-rift environment
that was mostly terrestrial and paralic and are mostly limited to grabens, while
the Late Cretaceous source rocks represent transgressive sediments and have a
wider distribution in the basin (Sykes & Funnell 2002). The latter were deposited
in a post-rift environment that was predominantly fluvial and paralic (Killops et
al. 1997). The Palaeocene-age black shales are potential source rock and have the
distinction of being the most oil-prone, but they may lack maturity (Sykes &
Funnell 2002).

Reservoirs include mid Cretaceous and Late Cretaceous terrestrial and
transgressive marine sandstones. Late Cretaceous sandstones of the post-rift
sequence are a proven reservoir, however they are restricted to the west of the
Canterbury Basin (Mogg 2010). They could include coastal plain sands as drilled
by Endeavour-1, marginal marine sandstones as drilled as Galleon-1 and
Resolution-1, or potential Late Cretaceous turbidite sands on the contemporary
slope. The reservoirs in Clipper-1 were mid-Cretaceous sandstone with good
porosity and limited permeability (Doust 2006).

Late Cretaceous marine shales and early Tertiary marine mudstones provide
seals for both Late Cretaceous and mid-Cretaceous reservoirs (Haskell 2000).
These provide an effective seal but volcanics frequently create a risk of seal
breach. Most explored trap styles in the basin are Palaeocene doming and folding
or Eocene drape of strata over igneous intrusions (Mogg 2010). The potential for
other plays exists, as many traps are present in the basin such as tilted fault
blocks, channel sands, graben fill, and turbidite fans.

The thick prograding Otakou Group of the Neogene provides overburden. The

timing and location of the overburden could prove important in petroleum
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modelling because it determines the critical moment when the source rocks
reached the required burial depth for generation and expulsion of hydrocarbons.

The critical moment is the point in time when generation, migration, and
accumulation come together to preserve the most hydrocarbons in a petroleum
system (Magoon & Dow 1994). For Galleon-1 this point was in the Oligocene to
Recent, when overburden reached a thickness conducive for generation and
migration into existing traps. Throughout the basin, the critical moment could
vary based on numerous factors including the timing of overburden emplacement,
uplift history, heat flow gradient, and nearby volcanic emplacement.

This thesis improves models of the petroleum system in two ways. First, it
produces maps of key horizons in the Neogene sequence, improving our knowledge
of the timing of overburden emplacement. This allows petroleum models to
constrain the timing of oil expulsion because the timing of overburden
emplacement has a dominant effect on maturation history for the Canterbury
Basin (Funnell et al. 1996). Second, this thesis investigates a model where a hot
and buoyant body caused the uplift around Dunedin. The increased heat from the
hot body would result in enhanced source rock maturity around offshore Dunedin,
and extend the kitchen area by bringing source rocks into the oil production

window (Funnell et al. 1996).
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Fig. 2.9: A petroleum systems diagram for the Galleon-1 exploration well. Figure from
Haskell (2000).
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3. The Neogene Seismic Stratigraphy of the Otago
Shelf

3.1 Introduction

This chapter covers the use of the latest well and seismic data to map Neogene
age horizons across the Otago Shelf. Six Neogene horizons are mapped across the
shelf from the TODP wells in the north to the Otago Peninsula in the south.
Depth conversion and gridding has been used to convert the seismic horizons from
two-way time into depth horizons. From these, a series of structure contour and
isopach maps have been produced that document the evolution of the Neogene
interval. The results show the evolution of the overburden and provide age
constraints to structural events in the basin such as the Endeavour High and
uplift on the Otago Shelf. Generated maps will also be used for a flexural model

of the uplift, presented in the next chapter.

3.2 Data Set

The data used in this thesis are a combination of research and industry open-file
data. The research data include 2D seismic lines and wells with associated logs,
biostratigraphy, and well tops. The industry data are open file and include 3D
seismic surveys as well as further 2D seismic lines and wells with associated logs,
biostratigraphy, and well tops made available through a series of Petroleum
Reports (PRs) on the New Zealand Petroleum and Minerals website,

WWwWWw.nzpam.govt.nz.

3.2.1 Seismic Data

Seismic data for the Canterbury Basin were acquired from 1966 to present, and

include more than 12,000 km of 2D seismic data (Samuel 2011) and 1000 km? of
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3D seismic data. These data cover the continental shelf and extend some distance
beyond the slope.

The petroleum exploration industry generated most of the seismic data, with
notable exceptions being the high resolution EWO00-01 multi-channel survey
targeting the Neogene (Lu et al. 2003) and the SIGHT96 transects targeting the
deep structure of the Pacific-Australian plate boundary (Sutherland et al. 2012).

The quality and level of data processing varies greatly and includes data
from a modern 3D survey to 1970’s 2D seismic data with poorly digitised
locations. Surveys were not used if they were made redundant by a newer survey,
could not be reliably tied to modern data, used sub-optimal processing, or used
incorrect navigation. The seismic surveys used are shown in Fig. 1.1 and listed in
the Table A1.1.

To ensure that the timing and phase of the seismic data was consistent, mis-
ties and inconsistent phases were identified and corrected. The EW00-01 survey
shot by the research vessel Maurice Ewing was used as a reference survey, because
it is relatively new data (acquired in 2000) and processed to a uniform and high
standard. Other surveys were matched progressively outward from the Ewing
data. To identify mis-ties in seismic lines, different seismic data were compared at
the distinct Oligocene limestone reflection (Marshall Unconformity) and bulk-

shifted where necessary.

3.2.2 Wells

Six offshore industry wells have been drilled on the continental shelf since 1970:
Endeavour-1, Resolution-1, Clipper-1, Galleon-1, Takapu-1A, and Cutter-1 (for
detail see Table A1.2). These industry wells have targeted the Cretaceous to
Palaeogene intervals. Although logging was undertaken for the Neogene interval in

all of these wells, the only consistent log is gamma, which lacks response because
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it was logged through casing. This prevented well correlation using downhole logs
across the basin.

In 1998 and 2010 respectively, the Ocean Drilling Project (ODP) and the
Integrated Ocean Drilling Project (IODP) drilled five wells. These provide
essential biostratigraphic well control within the study area because they focused
on the Pleistocene and Neogene intervals, providing the best biostratigraphic
control for shallower sediments (Expedition 317 Scientists 2011).

Unfortunately, all wells are located on the continental shelf or slope (Fig.
1.1). The nearest well control for present-day water depths greater than 350 m is
hundreds of kilometres away, either on the Chatham Rise or in the Great South
Basin. This means that any horizon beyond the slope must be correlated from the
shelf, which means passing through many drifts, canyons, migration-caused mis-
ties, and facies changes, leading to unavoidable uncertainty. Anadarko Petroleum
Corporation have drilled the Caravel-1 well in the Waka 3D boundaries in the
first quarter of 2014 but the results of this well remain confidential. Once this
information is released publicly, it should provide biostratigraphy and well control

that will drastically improve Neogene interpretation beyond the shelf.

3.2.3 Well Tops and Biostratigraphy

The main wells used in this study are Clipper-1 and the four IODP wells. The
biostratigraphy used for Clipper-1 was sourced from Griffin (2009), for IODP-
U1352 from unpublished data by GNS Science (M. Crundwell, pers. comm. 2013),
and for the remaining IODP wells from Expedition 317 Scientists (2011). Well-top
data comes from Expedition 317 Scientists (2011) and Lu (2004) (called U2-U10
in the data source).

The well tops and biostratigraphy are of good quality; for example, Clipper-1
biostratigraphy underwent only minor revision since initial drilling. The

agreement between the core wells is visible on Fig. 3.5 where in general they
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correlate well. Unfortunately, these wells are restricted to the central shelf, which

introduces uncertainty in the southern basin and the slope.

3.3 Method

3.3.1 Well Correlation

A well correlation attempts to use well logs, seismic data, and biostratigraphy to
correlate features among wells. This can provide better constraints for seismic
interpretation, which in turn leads to more accurate output maps.

In this thesis, well correlation for the Neogene interval is not possible due to
lack of data. Log data is sparse in this interval because previous exploration had
no commercial interest in Neogene targets. The logs that were run usually consist
of a gamma log from a cased hole, and so there is very little character to the log.
Logs in the IODP research wells are more complete, but only cover a small area
of the basin. Even among the IODP wells the Neogene sequence boundaries did

not have a distinct character on the available logs.

3.3.2 Well to Seismic Ties

Well-to-depth ties are important because they provide the critical links from
physical logs to seismic data. However, they must be performed with care because
they are a significant source of uncertainty in the final maps. The depth tie for
Clipper-1 used publicly available check-shot data from the well-completion report
by Hawkes et al. (1985). The IODP U1351 and U1352 wells were more difficult to
tie because they lack a vertical seismic profile, instead a mixture of Canterbury
Basin data sources were used, specifically core data from Polat (2012), synthetic
seismograms from Polat (2012), and a regionally established depth-to-time
relationship from Brusova (2011). Where possible core observations were
incorporated, followed by synthetic seismograms, or if these were not available, a

regional time-depth relationship (Table A2.1 and Table A2.2). The divergence
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among depth functions is shown in Fig. 3.1 and reveals a divergence of up to 8%

(increasing with depth). This gives us some idea of the uncertainty arising from

this step.
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Fig. 3.1: Comparing functions to convert time and depth. Time is in seismic two-way
time and depth is in metres below sea floor for the IODP U1351 well. The functions
shown are Expedition 317 Scientists (2011) pre-cruise depth function (dashed line),
Brusova (2011)’s depth function for Offshore Canterbury (dash dot line) , Polat (2012)’s
core observations (solid line) and synthetic seismogram (dotted line). The divergence
between depth functions is be up to c. 8%.

3.3.3 Interpretation Methods

Standard seismic interpretation was carried out as detailed in Sheriff & Geldart
(1995). The following steps were taken for regional seismic interpretation:

(1)  Well tops were loaded in Petrel (Schlumberger Ltd 2013) and time-to-
depth conversion established (as described in section 3.3.1).

(2) Horizons that could be regionally correlated were identified and defined
(as described in section 3.3.4).

(3) Seismic correlation was carried out between Clipper-1 and IODP wells
using the down-dip seismic line EW00-01-66 shown in Fig. 3.5.

(4) Horizons were interpreted on two key transects: a composite line made of
SIGHT-96 lines and line EW00-01-66 (Fig. 3.6 and Fig. 3.5). These are

illustrated in map view in Fig. 1.1.
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(5) Interpretation progressed on loops of seismic lines. These started over a
small area and increased in size until key horizons were interpreted over
the shelf.

(6) Infill interpretation was performed on dip lines (trending SE-NW),
followed by strike lines (perpendicular to dip lines) until a consistent set
of horizons covered the shelf.

(7) Slope transects were constructed which carried interpretation off the
shelf and into slope areas.

(8) Interpretation was joined between slope transects to extrapolate key
horizons to the slope.

(9) Several iterative stages of quality checking and refinement followed.

(10) Initial isochron and two-way time maps were used to further refine
interpretation.

(11) Depth conversion used a basin wide velocity model and allowed
construction of depth structure maps and isopach maps.

(12) Final depth structure maps were created within the study area.

(13) Isopach maps were created using the calculated difference between

successive structure maps.

3.3.4 Interpreted Horizons

Eight horizons were mapped over the southern Canterbury Basin (Fig. 2.6). The
Marshall Unconformity was also interpreted regionally as it was a prominent and
regionally correlatable surface and because it provides a lower bounding surface to
the Neogene succession. Further horizons were selected from Lu (2004) if they
were distinct enough to be interpreted regionally. Lu (2004) named these horizons
U10, U8, Ub, U3, U2, and Ul, but in this thesis they are named Top N100, Top
N80, Top N50, Top N30, Top N20, and Top N10 for consistency with Constable &
Crookbain (2011).

Horizon names like U10 refer to unconformity 10, but this nomenclature only
has relevance to a particular study area and time interval. To map over a 