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Chapter1
Introduction
1.1 Background and significance

The Canterbury basin has a well-defined petroleum system, with mature source,
reservoir, seal rocks and traps (Sahoo et al., 2015). Besides there are igneous intrusions, found
in the basin (Sahoo et al,, 2015), which are important to be studied in details before
conducting further hydrocarbon exploration and production. Igneous intrusions could make
the geology of the field areas change in several ways; for example, they induce domal uplift
(forced fold) which could be a trap or petroleum accumulation(Kumar et al., 2013, Holford et
al., 2012). Furthermore, fractures in some rocks could be enhanced and turned to be potential
reservoirs. Additionally, the thermal effect of igneous intrusion sometimes has favorable
influence on hydrocarbon generation, accelerating the maturation of hydrocarbon (Galushkin,
1997; Fjeldskaar et al., 2008). However, igneous intrusions can cause problems sometimes
during phases of drilling; such as a slow drilling speed (Millett et al., 2016). Accordingly, it is
so essential to study igneous intrusions in the sedimentary basin that has petroleum potential
for the highest benefits of hydrocarbon exploration and production.

Besides, igneous intrusions do not expose all their bodies on the surface and mostly
they intrude sedimentary rocks within subsurface, so using seismic reflection data which allow
us to study subsurface geology is one of the best ways to apply for this study. The study of
igneous intrusions from seismic data can provide benefits for the understanding of seismic
geometry, distribution and characteristics of igneous intrusions comprehensively. The seismic
interpretation will allow us to detect the position and distribution of igneous bodies. Besides,
the mechanism of magma flow patterns or igneous intrusion emplacements will be examined
with help of detailed interpretation of their true geometries (Thomson and Hutton, 2004). The

results of this study could lead us to understand the processes of volcanism in the study area

which might be linked to tectonic setting in the Canterbury basin.



1.2 Objective

To analyze the seismic characteristics, geometries and distribution of igneous

intrusions.
1.3 Study area

The study area is in WAKA 3D block (3D seismic volume), having length of 72 kilometers
and width of 20 kilometers and covering 1,440 km? (Fig. 1.1) It is located at the grid position
at latitude of 183.12 degrees decimal and longitude of -45.35 degrees decimal in the 59G
zone of southern hemisphere. The study area is in the Canterbury basin located on the east

coast of the southern istand of New Zealand.

Fig. 1.1. The study area, Waka-3D block in the Canterbury basin, New Zealand.
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Methodology

The study of seismic igneous intrusions can be divided into 3 main phases below

Interpret 3D seismic reflection data of WAKA 3D to identify all possible igneous
intrusions of the Canterbury basin and visualize them with amplitude extraction
and opacity rendering methods to see the geometries, characteristics, distribution
and locations of them. The result will be the map of locations and distribution of
seismic igneous intrusions and the descriptions of the seismic characteristics of

each igneous intrusion identified.

Perform well data correlation from the nearest well (Galleon-1) from WAKA 3D
with 2D line passing through both the well of Galleon-1 and WAKA 3D and correlate
the relative age of horizons of rock formations from tangible data (well data) to

intangible data (3D seismic reflection data).

Analyze the results of interpretation and make assumptions of potential magma
feeders, flow patterns and emplacement ages of igneous intrusions correlated to

host rocks and conclude.



The workflow and expected results are shown below (Fig.1.2).

WORKFLOW EXPECTED RESULTS
-
Interpret seismic data to identify all ‘ - The map of igneous intrusions in the
possible igneous intrusion and visualize ,\ study area
them. ™ - Locations, distribution and geometries
Y, of igneous intrusions

!

-
Perform well data for correlation between |
S/

.| -~ Ages of horizons and host rocks bearing
igneous intrusions

tangible data and intangible data.

!

Analyze the results of interpretation

‘ - Potential magma feeder zones
. - Flow pattern and emplacement timing
of igheous intrusions

N
~—

Fig. 1.2. The workflow and expected results of the study.



Chapter 2
The Geology of the study area

2.1 The general information of the Canterbury basin

The Canterbury Basin contains up to 6 km of strata, thickest in the Clipper Sub-basin
which one of many sub-basins (Fig. 2.3) and covers more than 40,000 square kilometers in
both onshore and offshore. It extends east into deeper water of the Bounty Trough and is

contiguous south with the much larger Great South basin (Fig. 2.1).

Fig.2.1. The Canterbury basin in New Zealand (Sutherland and Browne, 2003).

Additionally, it is one of the petroliferous frontier basins in New Zealand and is under active
exploration in multiple permits. Sub-commercial gas and condensate discoveries suggest that
it has a working petroleum system. Accordingly, this basin is interesting for further studying in

the aspect of petroleum exploration and production.



2.2 The tectonic settings and chronostratigraphy of the Canterbury basin

The general geology, basin evolution, and paleogeographic development since the
Cretaceous have been described by several authors (e.g. Field and Browne, 1989; Constable
and Crookbain, 2011). The Canterbury basin is an intra- continental rift and subsequent sag
basin (Sahoo et al., 2015). The tectonic evolution of the Canterbury basin can be divided into
four main phases (Sutherland and Browne, 2003).

1) Permian to Jurassic convergent margin.

2) mid-Cretaceous rifting.

3) Late Cretaceous to Oligocene passive subsidence.
4) Miocene to Recent transcurrent tectonics.

The 4 phases of tectonic evolution are shown below (Fig. 2.2).

Fig. 2.2. Four main phases of tectonic evolution of the Canterbury basin

(Cox and Sutherland, 2007).



First, a large number of clastic sediments were deposited and complexly folded in an
accretionary convergent margin in Permian to Jurassic. Most of these rocks are considered
economic basement below which rock layers are not expected to contain commercial
hydrocarbons (Sutherland and Browne, 2003).

Secondly, mid Cretaceous, it began life as an extensional fault-angle basin due to the
crustal stretching that accompanied the beginnings of opening of the Tasman sea, the sea
existed between Zealandia and Australia in Gondwana stretching and break up. The
sedimentary basin was infilled by fluvial and paralic sediments, including coal that forms the
main source rock in the region (Fig. 2.4) (i.e. the Horse Range and Katiki formations; Uruski,
2010; Ghisetti and Sibson, 2012). The primary geometries and architecture of the basin are
controlled by normal faults. The greatest subsidence occurred in the Clipper sub-basin, but
widespread faulting created smaller grabens elsewhere (Fig. 2.3). This rifting period was related
with final separation of New Zealand, Antarctica, and Australia during Gondwanaland break-

up which had been starting in Jurassic. (Field and Browne, 1989)

IMIAIN FEATURES, WELLS IN CANTERBURY BASIN
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Fig. 2.3. The Clipper sub-basin where greatest subsidence occurred in the Canterbury basin

(Sutherland and Browne, 2003).



Third, late Cretaceous passive subsidence occurred, resulting in transgression towards
the northwest areas and another bulk subsidence of the basin until Paleocene. This
characterised stratigraphically by the upwards progression from terrestrial sandstone and coal
(i.e. the Pukeiwihai Formation) to deposition of marine sandstone, mudstone, and siltstone
(Fig. 2.4) (i.e. the Katiki, Moreaki, and Hampden formations; Carter, 1988; Killops et al., 1997).
Overlying these formations is the marine Amuri Limestone (Fig. 2.4) (Fulthorpe et al., 1996). In
late Eocene, a new plate boundary propagated into New Zealand, but the Canterbury basin
was outside the deformed region and continued to passively subside. Transgression reached
its peak in Oligocene at ~29 Ma is marked in the Canterbury Basin by a regional unconformity
(Fig. 2.4) (e.g., Carter, 1988; Fulthorpe et al., 1996).

Finally, late Oligocene to Recent deposition reflects progressive uplift and erosion of
the Southern Alps, with resulting marine regression eastward and considerable sediment
supply to the Canterbury basin, whilst the other bulk subsidence occurred in the Canterbury
basin about 4-5 Ma ago as due to transcurrent tectonic of alpine (Fig. 2.4) (i.e. the 5 Tokama

Siltstone; Lu et al., 2005)



Fig. 2.4. Tectono-stratigraphic framework of the Canterbury Basin and phases of petroleum
development derived from Reeves et al. (2017), highlighting ages of onshore magmatic events.
Magmatic events correspond to: A = Geraldine and Timaru Lavas; B = Banks Peninsula; C =
Cookson Volcanics; and D = View Hill, Central Canterbury (Timm et al., 2010). Petroleum
system elements correspond to: So = source rock; R = reservoir rock; Se = Seal; and G =

hydrocarbon generation.
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2.3 The seismic stratigraphy and facies characterization of the Canterbury basin

Six broad seismic facies were derived and used to define sedimentary facies for the
Cretaceous through Eocene succession by Sahoo et al. (2015). Six types of seismic facies are
shown below and ordered from the top (younger age) of seismic image to the bottom (older
age) respectively.

1) Bathyal (mainly mudstone) facies

These facies are observed in the Eocene section in all wells and consist of
mudstone mainly. Plus, they are considered as regional seal rocks.

2) Shelfal (mudstone and siltstone) facies

Data from Clipper-1 show a wide range of depositional environments from
shelfal to upper bathyal environments (Griffin, 2013) but there is no apparent
distinction between environments based on seismic data. These facies are widely

distributed from Late Cretaceous to the Eocene level.

3) Shoreface-shelfal (sandstone-siltstone) facies

They were widespread during Late Cretaceous - Late Paleocene. For the
purpose petroleum modelling, they can act as the carrier beds or reservoir rocks.
4) Coastal sandstone and siltstone facies

They include deltas, estuaries and beach environments and dominate in Late
Cretaceous.
5) Coastal coal measures facies

Coastal coal measures include coal and coaly mudstones which are the main
source rocks in the study area (Shell BP Todd, 1984; Sykes and Funnell, 2002). They
include deltas, estuaries and beach environments and widespread during mid
Cretaceous.
6) Continental facies

In Mid-Cretaceous, sediments were deposited as alluvial fans and fluvial facies

during rifting phase. Lacustrine facies might be possible in the isolated depocentres
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with in syn-rift grabens; however, it is difficult to identify them by using seismic data
alone.

2.4 The volcanism of the Canterbury basin

Intraplate igneous activity in Zealandia commenced in the Late Cretaceous (~100 Ma
ago). Outcrops, wells, seismic reflection and magnetic data in the Canterbury basin show
evidences of several igneous events occurring intermittently and locally from the Late
Cretaceous to the Pleistocene and rock compositions vary from mafic to felsic as shown (Fig.
2.4 and Fig. 2.5) (Timm et al., 2010). For example, Miocene basaltic volcanoes that resulted in
the Banks Peninsula and the Dunedin harbor located in the Canterbury basin are by far the
largest of these features, but smaller intrusive and extrusive centers are widespread and have

a variety of ages. (Sutherland and Browne, 2003).

Fig. 2.5. Bathymetric map of the mainly submerged continent of
Zealandia derived from Timm et al. (2010), outlined by the dashed
line, and adjacent areas. Sampling sites are shown by black dots
marking Cenozoic volcanic centers (monogenetic volcanic fields =
circles and larger volcanic complexes/fields with =100 km3,
including composite shield volcanoes = triangles). Sampling sites are
(1) Urry Knolls, (2) Veryan Bank, (3) Graveyard seamounts, (4) western
Chatham Rise, (5) northern Campbell Plateau margin, (6) Pukaki
Bank, (7, 8) areas north and west of the Antipodes Islands, (9) Otago
volcanic fields (including Timaru/Geraldine) and Dunedin Volcano,
(10) Canterbury volcanic fields and Banks Peninsula, (11) Westland,
(12) Auckland and Northland volcanic fields, and (13) Rowling B
seamount on the Hikurangi Plateau. Plate motion vector is from

Clouard and Bonneville (2005).

Fig. 2.6. The map of ages of intraplate volcanic centers of Zealandia
derived from Timm et al. (2010). The Cenozoic volcanoes (black
numbers) are irregularly scattered on the Central and Western
Chatham Rise, the Campbell and Challenger Plateaus and the South
and North Islands of New Zealand, showing no clear age progressions
(symbols as in Fig. 2.5.). Age data from Hoemle et al. (2006) are
marked with an asterisk, two asterisks refer to age data from Timm
et al. (2009) and ages in brackets are taken from Cook et al. (2004)
and Smith et al. (1993).
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Chapter 3
Methodology
3.1 Data and software employed in the study

The study was conducted by using geophysics tools and the following 3 main data

below.
1. 3D volume seismic reflection dataset of WAKA 3D
2. 2D line seismic reflection dataset of TIE1P1
3. Galleon-1 well data

All data were derived in the Canterbury basin. The 3D seismic volume (Waka3D block) has an
available recording length of approximately 4.8 s (Two Way Time) and a bin spacing of 12.5
m x 25 m in crossline and inline directions respectively. The seismic volume is a post-stack
where acoustic impedance increases are indicated by positive amplitudes, and dominated by
frequency of 30-50 Hz, resulting in a vertical resolution of about 10.0-16.7 m, using an average
sediment velocity of 2.0 km/s and the horizontal resolution of about 20.0-33.4 m. These
ensure confidence in geomorphological interpretation of the igneous intrusions. Plus, 2D line
seismic reflection datasets were also employed to extend the interpretation from the Galleon-
1 well that was drilled outside of 3D seismic survey to correlate lithostratigraphy in the study

area (Fig. 3.1.). Seismic interpretation was conducted in Petrel2013 software.
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TIE1P1(2D)

Fig. 3.1. Three main data

Galleon-1 employed in the study within

‘ // the Canterbury basin on the

east coast of southern island,

New Zealand.

WAKA 3D

N

50 km 1

3.2 Seismic interpretation

Studying igneous intrusions in subsurface starts with detecting all potential igneous
intrusions in the 3D seismic reflection data. There are common criteria which are employed
to interpret seismic reflections of igneous intrusions and make the interpretation more reliable
and accurate. Commonly, seismic reflections of igneous intrusions show apparently high
amplitudes due to the high contrast of acoustic impedance values between igneous intrusions
and surrounding rocks which mostly are sedimentary rocks. Plus, seismic reflections of igneous
intrusions transgress and intrude locally in seismic profiles. Lastly, they tend to terminate

abruptly. An example of seismic reflection data satisfying criteria is showed (Fig. 3.2).
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Fig. 3.2. The seismic reflection satisfying criteria and interpreted as an igneous intrusion.

Consequently, the very first thing to do is searching for seismic reflections that satisfy
these criteria throughout the study area (Waka 3D). However, some might not satisfy all the
criteria completely, so it means that interpretation would be less reliable and accurate. Then,
each igneous intrusion will be detected and visualized or imaged by 2 methods mentioned
in the next item. After visualizing all seismic reflections of igneous intrusions throughout the
study area, they must be described in aspects of seismic characteristics, distribution and
geometry as results of the study. The description will benefit inferring potential feeders and
magma flow patterns and directions and the effects of igneous intrusions on surrounding rocks

such as forced fold (domal uplift) of sedimentary rocks overlying the intrusions.
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Methods of imaging seismic reflections of igneous intrusions
3.3.1 Surface generation

After seismic reflections of igneous intrusions satisfy the criteria mentioned
above and are considered as igneous intrusions. Then, seismic reflection tracking is
applied to track seismic reflections of all possible igneous intrusions existing in seismic

profiles.

Next, the surface of igneous intrusions will be generated from the tracking (Fig.
3.3). However, the software automatically makes the interpolation of the surfaces of
igneous intrusions, so the gap where there is no seismic reflection satisfying igneous
intrusions will be filled up. Accordingly, the surfaces derived might not represent the

totally exact igneous intrusions.

Fig. 3.3. The surface of an igneous intrusion generated by tracking the seismic

reflection of the igneous intrusion.
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3.3.2 Geo-body extraction

Geo-body extraction is one of the effective and popular visualizing methods
among earth scientists studying igneous intrusions. Firstly, surface mapping of igneous
intrusions gives the rough understanding of how and where igneous intrusions were
located and distributed throughout the study area. Then, box probe will be used to
cut off unwanted parts and keep the interesting parts of total 3D seismic datasets, so
the boxes created in the parts where surfaces of igneous intrusions exist. Each box
covers total surfaces of igneous intrusions to ensure whole seismic reflections of

igneous intrusions lay in the box. (Fig. 3.4a, Fig. 3.4b and Fig. 3.5).

10 km

10 km

Fig.3.4. (a) The surface of an igneous intrusion helping to create the box probe covering
the total igneous intrusion. (b) The generated box probe to cover the surface of the

igneous intrusion.
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Fig.3.5. The box probe covering the surface of the igneous intrusion, showed in 3D.

Next, amplitude extraction will be employed to extract only strong amplitude
seismic by applying the RMS (root mean square) attribute (Fig. 3.6). This attribute is
applied to amplify and increase the contrast between the strong amplitude seismic

reflections and the weak amplitude of surrounding ones.

Fig.3.6. The box probe applied the RMS attribute to amplify the contrast between the

strong amplitude ones and the weak ones.
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Then, opacity rendering is used to make the strong seismic reflections representing
igneous intrusions opaque and colored; moreover, it turns the surrounding to become
transparent. Consequently, the geo-body of total exact seismic reflections
representing igneous intrusions will be derived and visualized in 3D (Fig. 3.7).
Additionally, sculpturing could be applied to get more correct and better image (Fig.

3.8). by cutting off some unreliable seismic reflections.

Fig.3.7. The geo-body of an igneous intrusion before sculpturing.

Fig.3.8. The geo-body of the igneous intrusion that was sculpted.
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3.4 Well data correlation

The age relationship between igneous intrusions and host rock formations can be
derived reliably from well data correlation. This method provides the correlation between
tangible data which are well data and intangible data which are seismic data. However, there
is no well appearing in the 3D seismic data used, so the best and nearest well which is the
Galleon-1 well will be used. Commonly, there are some 2D seismic lines passing through both
well and 3D seismic volume for benefits of correlation. Firstly, 2D seismic line passing through
both WAKA 3D and Galleon-1 will be loaded along with Galleon-1 well data (Fig. 3.9). Rock
formations will be presented in the well section incorrectly in the first place. Because the
depth measurement scale of seismic data is in TWT (two-way-time) whilst the depth
measurement scale of well data is in meters, so it requires the seismic well tie to correct this

problem.

Fig.3.9. The window of 3D seismic volume and 2D seismic line and Galleon-1 well data.
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Seismic well tie

It is the process providing synthetic seismogram calibrated to seismic data to acquire
the depth in the unit of meters instead of two-way-time. To generate synthetic seismogram,
two main wire line log data are needed; sonic log data providing wave velocity through
formations, density log data providing density of rock formations. Then acoustic impedance
of each formation is calculated by the product of multiplying compressional wave velocity
and density of a formation. The values of acoustic impedance are used to determine reflection
coefficient to do convolution with wavelet of seismic data. So, synthetic seismogram is derived
(Fig. 3.10). The synthetic seismogram will be calibrated to seismic data by shifting synthetic
seismogram to correlate to seismic data. Finally, the depth level in meters of each rock

formation is derived in the well.

Fig.3.10. The columns of compressional velocity, density, acoustic impedance, reflection
coefficient, synthetic seismogram and seismic data (left to right) respectively with rock

formations.
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After deriving known tops of rock formations correlated to 2D seismic line, the seismic
reflection lines of each top formations will be tracked to correlate to 3D seismic volume (Fig.
3.11.). Finally, horizons of each top of rock formations will be created by tracking and used to

correlate to the emplacement timing of igneous intrusions.
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Chapter 4

Results

There are 3 main results described in the study, including the location and distribution
of igneous intrusions, the seismic characteristics and geometries of igneous intrusions and the

relative age between igneous intrusions and host rock formation as follows.
4.1 The location and distribution of igneous intrusions

The study shows that there are 5 possible igneous intrusion bodies in the study area,
covering a total area of at least 80 square kilometers (Fig. 4.1a and Fig. 4.1b). On the map
view, most of the igneous intrusions are located and distributed nearby in one another on the
west center of WAKA3D. However, the fifth sill unit (igneous intrusion unit) is located far away
from the others. Sill unit 1 to sill unit 4 are roughly at the same depth level (TWT) whilst sill

unit 5 is at the deeper level, the cooler color is, the deeper igneous intrusion is.
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Fig. 4.1. (@) The bird’s eye view map of the study area showing igneous intrusions. (b) The

3D view map of the study area showing all sill units.
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4.2 Seismic characteristics and geometries of igneous intrusions

The shapes of five sill units are different from one another. Consequently, they are
divided into 3 main types; a saucer-shaped sill, an inclined sheet and a layer-parallel sheet.
To make general description and get the better understanding of each sill unit, the methods

of measurement are defined as follows.
4.2.1 Measurement methods of geo-body size

There are 3 main types of igneous intrusions occurring in the study area: a saucer
shaped sill, an inclined sheet, a layer-parallel sheet. The description table shows how to

measure length of any geometries of igneous intrusions (Fig. 4.2).

Fig. 4.2. The description table showing how to measure length of any geometries of igneous

intrusions ideally.
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4.2.2 The description of each sill unit
a. Sill unit 1

The seismic reflections is interpreted as an igneous intrusion and characterized by high
amplitude, medium to low frequency and low continuity (Fig. 4.3). The 2D shape of the body
is cancave upward. The average height of this body is 550 milliseconds (TWT) and the angle
of the inclined sill to the horizon is steep. It is noticed that seismic reflections under
interpreted igneous body are unclear. Furthermore, the weaker amplitude seismic reflections
interpreted as sedimentary layers overlying this igneous body are convex upward. Sill unit 1

covers an area of about 17.97 km? (Fig. 4.4).

Fig. 4.3. The seismic reflection profile showing sill unit 1 (at the center).
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Fig. 4.4. The top view of geo-body of sill unit 1.

In the 3D seismic window (Fig. 4.5) after rendering geo body extraction, the shape of
this igneous intrusion is like saucer; thus, it is called “saucer-shaped sill”. The igneous body
looks almost elliptically symmetric. Consequently, it is divided in to 3 main parts; the inner
sill located at the center of the body, the outer sill or inclined sheet connecting with the
inner sill and dendritic rim on which discontinuity of the body can be seen easily. The long
and short-axis lengths of this body are approximately 3 and 2 kilometers respectively.

However, there is a big gap or discontinuity in the inclined sheet in south of this igneous body.

Fig. 4.5. The 3D geo-body of sill unit 1.
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b. Sill unit 2

This sill unit is characterized by high amplitude, medium frequency and low continuity.
It intruded the horizontal seismic reflections as inclined or dyke like intrusion which is distal
to the basement (Fig. 4.6). The dyke-like intrusion has the height of 500 milliseconds and make

a steep angle to the horizon. Sill unit 2 covers an area of about 21.18 km? (Fig. 4.7).

Fig. 4.6. The seismic reflection profile showing sill unit 2 (at the center).

Fig. 4.7. The top view of geo-body of sill unit 2.
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However,in 3D seismic volume at IL 1260, the shape of igneous intrusion turned to be
concave upward (Fig. 4.8). Additionally, the weaker amplitude seismic reflections above this
igneous body are convex upward. The width and height of this intrusion in the picture is

around 2.8 kilometers and 300 ms respectively.

Fig. 4.8. Another seismic reflection profile showing sill unit 2 (at the center).

By rendering the same technique, the 3D shape of the igneous body is quite complex;
thus, it is called “complex sill” which is supposed to form due to hybridization of magma
intrusions (Fig. 4.9). It consists of a saucer-shaped sill and an inclined sheet connected to one
another. The long and short-axis lengths of saucer-shaped sill are 1.7 and 2.8 kilometers
respectively. Whatsoever, the length of the inclined sheet is obscure. As there are no available
seismic reflection data connected to it at the lowest bottom and it is connected to the
basement where seismic reflections are very dim and messy, termination of the igneous rock

cannot be seen.
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Fig. 4.9. The 3D geo-body of sill unit 2.

c. Sill unit 3

Seismic characteristics of the sill are high amplitude, low frequency, meduim continuity
(Fig. 4.10). There are 2 igneous intrusions closed to the basement showing high amplitude.
The right one is smaller than the left one (Fig. 4.10). However, the 2D shape of both intrusions
is concave upward. Plus, the seismic reflections above these intrusions, which are weaker, are
concave upward as these intrusions are. Sill unit 3 covers an area of about 17.31 km? (Fig.

4.11).
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Fig. 4.10. The seismic reflection profile showing sill unit 3 (in the red dot rectangle).

Fig. 4.11. The top view of geo-body of sill unit 3.

By rendering the same technique, the 3D shape of the igneous body is inclined sheet
(Fig. 4.12). The smaller inclined sheet (on the left side of the picture) is dipping roughly
northward whilst the larger one is dipping southward and has the height of 250 ms. On map

view, the size of the length of smaller and larger inclined sheets are 2 and 9 kilometers.
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However, there are no available seismic data for the termination of the larger inclined sheet,

so the width is unclear.

(10XL km x 6.6 IL km)

Fig. 4.12. The 3D geo-body of sill unit 3.

d. Sill unit 4

This interpreted sill is a reflection of high amplitude, low frequency and medium
continuity. There is a igneous intrusion closed to the basement (Fig. 4.13). This intrusion seems
slightly concave upward; however, it is sub-horizontal in most Inline profiles. Plus, the seismic

reflections above this intrusion, which are weaker in amplitude, oriented horizontally.
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Fig. 4.13. The seismic reflection profile showing sill unit 4 (at the center).

From geo-bodies (Fig. 4.14), there are 2 main shapes of sills including an inclined sheet
and a layer-parallel sheet or sub-horizontal sheet. Consequently, the combination of 2 shapes
of igneous intrusion is called “complex sill”. Plus, the angle of the inclined sheet is steep and
the height is 600 milliseconds (measured in XL 3660), whilst the layer parallel sill seems

insignificantly convex upward.

Fig. 4.14. The 3D geo-body of sill unit 4.
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Sill unit 4 covers an area of about 33.43 km? (Fig. 4.15). The layer-parallel sill has the
long-axis length is 4.4 kilometers and the short axis length is 2.7 kilometers. The length of the

inclined sheet is 6.0 kilometers and the width is 2.4 kilometers.

Fig. 4.15. The top view of geo-body of sill unit 4.

e. Sill unit 5

Under the basement, seismic characteristics of this sill are medium to high amplitude
(Fig. 4.16). The seismic reflections are messy and weak; however, there are the seismic
reflections expressing stronger amplitude than that of surroundings. The strong amplitude
seismic reflections mentioned are slightly inclined and make a small angle to horizon. Plus,

the vertical height is 200 milliseconds. Sill unit 5 covers an area of about 3.81 km? (Fig. 4.17).
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Fig. 4.16. The seismic reflection profile showing sill unit 5 (at the center of the bottom).

Fig. 4.17. The top view of geo-body of sill unit 5.

The igneous intrusion has a inclined sheet morphology and is discontinuous or patchy (Fig.
4.18). The geo-body is inclined and make a small angle to horizon. The average length is 750

meters. Plus, the height and the width are 200 milliseconds and 1 kilometers respectively.
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Fig. 4.18. The 3D geo-body of sill unit 5.

4.3 The relative age between host rock formations and igneous intrusions

Well data of Galleon-1 provided the tangible data of ages of rock formation. This leads
to correlation of well data to seismic data. Consequently, the interpreted horizons represent
tops of the host rock formations at any ages. All sill units and some horizons are expressed
simultaneously to make the better picture to understand the relative age between host rock
formations and igneous intrusions. None of sill units intruded above the top of Eocene rock
formation (Fig. 4.19). The youngest horizon that 4 igneous intrusions (sill unit 1-4) cross is Top

Paleocene horizon (Fig. 4.19). Sill unit 5 does not cross any horizons.
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Fig. 4.19. Five sill units (White body) are showed in 3D seismic volume with horizons

(translucent layer).

The summary results of each sill showing pictures and describing seismic

characteristics, any measurements and geometries is given in table 1. and table 2.
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Chapter 5
Discussion

In chapter 4, the results of the study are stated, including locations, distribution,
geometries and relative ages of igneous intrusions. These results will be discussed in 4 items
including the effect of igneous intrusion emplacement on surroundings, relative ages of

igneous intrusions, relationship to tectonic settings and magma flow.

5.1 The effects of igneous intrusion emplacement on surroundings

leneous intrusions in the basin form by emplacement of magma intruding. During the
phase of emplacement, magma intrudes the host rocks, it propagates with high temperature
of heat and pressure. So, it is supposed to cause the deformation to the surroundings. The
seismic reflections of surroundings above the igneous intrusion (sill unitl) are convex upward
and interpreted as domal uplift or forced fold structure (Fig. 5.1). This structural feature is
formed due to igneous intrusion emplacement (Polteau et al.,, 2008) leading to form a

structural trap in petroleum systems (Kumar et al., 2013).

Fig. 5.1. Seismic profile showing the igneous intrusion of sill unit 1 (yellow line) and domal

uplift/forced fold structure (white dot)
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Interestingly, domal uplift or forced fold structure was formed above only sill unit 1
and 2 which have saucer shaped morphology while others do not; thus, the assumption is
that saucer shape can induce forced fold structure (Kumar et al., 2013, Polteau et al., 2008).
A simplistic kinematic model for the growth of a forced fold during the development of a

saucer-shaped sill is proposed by Hansen et al. (2006) (Fig. 5.2).

Fig. 5.2. A schematic of how forced fold structure forms derived from Hansen et al. (2006). (a)
In the first stage, magma is spreading to form thin sill. (b) Spreading continues faster and causes
the forced fold feature at the seabed or free surface. (c) The sill transgresses upward guided by
peripheral fractures (peripheral dyke equivalent)and increased interaction with the free surface

causing upward displacement along the periphery of the forced fold.

However, Revees et al. (2017) suggested that four sills in their study, S1-3 are saucer
shaped sills and S4 is layer-parallel sill (comparable to sill unit 1-4 in this study respectively)
induced forced fold by their interpretation. In contrast, no significant evidence of forced fold
features was found above sill unit 3 (inclined sheet) and 4 (layer parallel and inclined sheet)

which are not saucer shaped.
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5.2 Relative ages and emplacement timing of igneous intrusions

There is no well encountering igneous intrusion in the study area. Without well data
which ages or emplacement timing of igneous intrusions are difficult to be determined.
However, the law of cross-cutting relationship can be applied in this situation to determine
the relative ages of igneous intrusion emplacement, igneous intrusions are certainly younger
than the host rocks intruded or cut by them. Sill unit 1-4 all crossed top Paleocene horizon
(Fig. 4.21), the youngest horizon sills crossed, and none of these crossed top Eocene horizon
(Fig. 4.20), so it can be implied that timing of emplacement of those sills is younger than
Paleocene; thus, it can be interpreted that timing of sill emplacement for sill unit 1-4 is
younger than Paleocene by the assumption of cross cutting relationship. Also, sill unit 5 is

assumed to emplace contemporaneously with others.

Besides, some structures induced by igneous intrusion emplacement could possibly
help to determine relative age or timing of emplacement; for example, forced fold caused by
igneous intruding appears to be seen in limited range above igneous intrusion on a horizon
that once had been the free surface when emplacement occurred (Fig. 5.2). Consequently,
this characteristic is used to determine emplacement timing. The distal end of horizon
affected to cause forced fold and seismic onlap onto this feature could imply the timing of
emplacement which should be later than or roughly equal to the age of that horizon. Both
sill units have saucer shaped morphologies inducing forced fold of the overlying rock
formation till the end at the top Miocene horizon and seismic onlap is shown (Fig. 5.3a and
Fig. 5.3b). As a result, emplacement timing of sill unit 1 and 2 should be younger than or
roughly equal to Miocene. This corresponds to the previous assumption from cross-cutting
relationship also. In short, every sill unit had emplaced simultaneously in the Canterbury since

Miocene or younger.

In the other hand, Revees et al. 2017 proposed that sills emplaced principally in

Oligocene, Early Miocene and Early Pliocene in their study. However, the key note is that their
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sill 3 and sill 4 of their study (which are not apparently saucer shaped morphology in my

view) induced forced fold in Oligocene.

Fig. 5.3. (a) The distal end horizon of forced fold effect (Red dot) from sill unit 1 at top
Miocene (Yellow line). (b) The distal end horizon of forced fold effect (Red dot) from sill

unit 2 at top Miocene (Yellow line).
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5.3 Relationship between igneous intrusion emplacement and tectonic settings and

magmatic events in New Zealand

Sill units had occurred since Miocene, so they could possibly be influenced by tectonic
settings happening from Miocene to Recent. However, there are 4 main phases of tectonic
settings in the Canterbury basin stated in Chapter 2. In late Eocene, a new plate boundary
propagated into New Zealand, but the Canterbury basin was outside the deformed region and
continued to passively subside. Consequently, the assumption is that all units of sills were
scarcely influenced by any tectonic settings occurring in the Canterbury basin. Besides, sill
unit 1 and 2 have saucer shaped morphology which commonly forms in the undeformed
sedimentary basin (Polteau et al, 2008), indicating that these sills was rarely affected by

tectonic settings.

Additionally, all sills are assumed to emplace in the Canterbury basin during Miocene
to Recent, so it can be correlated to magmatism or volcanism events in the Canterbury
volcanic fields and Banks peninsular nearby the study area (Fig. 2.5). Sill emplacement could
start from Miocene to Recent, so it is likely to be related to the Cookson volcanics during
Miocene and View Hill, central Canterbury (Fig. 2.4). This could support the concept of several
igneous events occurring intermittently and locally in New Zealand from the Late Cretaceous

to the Pleistocene

5.4 Zones of magma sources and magma flow

There are 3 different morphologies of igneous intrusions in the study area, so magma

flow and feeder should be also different.
5.4.1 The saucer shaped sill

The saucer-shaped sill might have dyke as a feeder at about the bottom area;
however, it is rarely imaged and seen in seismic profiles (Thomson, 2007) because of survey
limits like the steep dip angle. Some models propose that saucer-shaped sill intrusions form

along the level of neutral buoyancy of the magma, and the feeders are expected to be
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located below the outer sill at one side of the saucer (e.g., Bradley, 1965; Francis, 1982;
Chevallier and Woodford, 1999), similar to this study as presented (Fig. 5.4). In contrast, other
models propose that saucers are fed from below through a central feeder dyke (Malthe-
Sgrenssen et al., 2004; Thomson and Hutton, 2004; Galerne et al., 2008). These laccolith
models controlled by discontinuities of the country rock, the feeders are expected to be
located below the inner sill, resulting in radial lateral upward and outward magma flow

(Fig.5.3b; e.g. Pollard and Johnson, 1973; Malthe-Sgrenssen et al., 2004; Galland et al., 2008).

Fig. 5.4. (@) Model of emplacement controlled at the level of neutral buoyancy (LNB), Modified
from Francis (Bradley, 1965; Francis, 1982 e.g. Barker, 2000). Sills are fed laterally from one
part of the outer sills. (b) Model of emplacement along horizontal discontinuity (Galerne et

al., 2011), derived after Malthe-Sgrenssen et al. (2004).
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However, in this study, sill unit 2, a sill complex, shows that inclined sheet supposed
to be a dyke feeder is located underneath the inner sill of the saucer shaped sill (Fig. 5.5).
Consequently, saucer shaped sills in this study is more compatible to horizontal discontinuity

model.

Fig. 5.5. Sill unit 2 showing that inclined sheet served as the dyke feeder to the inner sill of

saucer shaped sill.
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5.4.2 The inclined sheet

In most cases of sill emplacement, inclined sheets are commonly supposed to be
dyke feeder (Thomson and Hutton, 2004; Magee et al., 2014) of which magma flows upward
to the shallower level. The magma flow of inclined sheets is indicated by orientation of
intrusive steps or bridge structure and the assumption that magma flows from the deeper

level to shallower level (Naviset et al., 2017).

5.4.3 The layer-parallel sheet or concordant-strata sill

Multiple magma lobes and the styles of flow indicator can provide insights into
mechanisms of layer-parallel sheet emplacement; e.c., intrusive steps, broken bridges or
magma fingers (Pollard et al., 1975; Rickwood, 1990; Hutton, 2009; Schofield et al., 2012);
however, based on observation, there is no such features like those appearing in any sill units

in the study area.

These assumptions of flow mechanism for each morphology were applied to all sill

units; thus, the magma flow pattern and potential feeder zone were derived as fallows
Sill unit 1 is saucer shaped sill that might have dyke feeder at around the center of

the bottom; however, it cannot be seen in any seismic profile due to limits of survey methods.

The magma flow direction is showed below (Fig. 5.6).

Fig. 5.6. Magma flow direction (yellow arrows) and potential feeder zone (pink circle) of sill unit 1.
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Sill unit 2 is sill complex including a saucer shaped sill and an inclined sheet which is
assumed to be dyke feeder of saucer shaped sill above. The magma flow direction is showed

below (Fig. 5.7).

Fig. 5.7. Magma flow direction (yellow arrows) and potential feeder zone (pink circle) of sill unit 2.

Sill unit 3 is inclined sheet which has the magma flow direction showed below (Fig.

5.8).

Fig. 5.8. Magma flow direction (yellow arrows) and potential feeder zone (pink circle) of sill unit 3.
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Sill unit 4 is sill complex including a layer-parallel sheet and an inclined sheet. The
magma flow direction is showed (Fig. 5.9). The magma flow direction of a layer parallel sheet
is ambiguous; however, the assumption is that magma flow from lower to higher level (from

the layer parallel sheet at lower level to the inclined sheet at higher level.)

Fig. 5.9. Magma flow direction (yellow arrows) and potential feeder zone (pink circle) of sill unit 4.

Sill unit 5 is inclined sheet and patchy, so it is divided into 3 lobes which is considered
as multiple magma lobes that can help constrain the potential feeder zone and magma flow

pattern. The magma flow direction of sill unit 5 is showed below (Fig. 5.10).

Fig. 5.10. Magma flow direction (yellow arrows) and potential feeder zone (pink circle) of sill unit 5.
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5.5 Implications for hydrocarbon exploration

lsneous intrusion, having effects on host rocks and surrounding, is also important for
hydrocarbon exploration because: (1) sills can induce forced folds that might potentially be
structural (i.e. four-way dip closures) and stratigraphic (i.e. pinchout) traps (e.g., Reeckmann
and Mebberson, 1984; Smallwood and Maresh, 2002; Schutter, 2003; Schmiedel et al., 2017),
(2) intrusion-induced faulting and fracturing, which may occur with folding, can increase local
permeability and porosity of reservoirs (e.g., Reeckmann and Mebberson, 1984; Holford et al.,
2012), (3) The porosity can be reduced by the inelastic process (e.g., compaction and
fluidization) which inhibits hydrocarbon migration and reduce reservoir quality (Schofield et
al,, 2017), (4) igneous intrusions can enhance thermal maturation to source rocks(Holford et
al,, 2013). The emplacement of sill unit 1-4 in the petroliferous Canterbury Basin since
Miocene overlapped with the duration of hydrocarbon generation in the mid-Miocene (Fig.
2.5) (Bennett et al., 2000). Consequently, the force folds induced by sill unit 1 and 2 might be
possible trap for hydrocarbon before its leakage at that time. All sill units except sill unit 5
intrude Cretaceous-to-Palaeogene strata, where the principal source rocks (e.g., coals) are
expected (Fig. 2.4 and Fig. 4.19). However, their impact on source rock maturity is unknown

due to no available well data nearby.
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Chapter 6
Conclusion

In this study, 5 sill units were discovered and identified. Igneous intrusions tend to
distribute mostly on the west center of the study area and cover at least 80 square kilometers
approximately. Each of sills has different morphologies. Some sills are complex and have
various geometries; for example, sill unit 2 has the hybridization of a saucer shaped sill and
an inclined sheet, so it is called sill complex. There are 3 main morphologies found in this
study including a saucer shaped, an inclined sheet, and a layer-parallel sheet morphology. All
sill units had emplaced in the Canterbury basin since Miocene or younger. The saucer shaped
morphology of sill unit 1 and 2 imply that these sill units were not influenced significantly by
the effects of tectonic settings of the Canterbury basin. Moreover, sill unit 1 and 2, having
saucer shaped morphology, induced the forced fold structure above them which could
possibly be a trap for petroleum systems. The magma flow pattern is different for each
morphology of sills. Radially spreading magma flow from inner to outer sills is applied to
saucer shaped sill. The magma flow of inclined sheet which is commonly the dyke feeder
starts from the deeper parts to the shallower ones. However, the magma flow of layer-parallel
sheet in this study (sill unit 4) is still ambiguous due to lack of flow indicators like intrusive

steps, broken bridge structure and magma fingers.
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