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Abstract 

A series of high resolution single channel seismic (SCS) lines from the Canterbury 

Bight are presented, that extend from the Rangitata River mouth to beyond the shelf 

break, penetrate up to 150m, and sample 7 (possibly 8) sea-level cycles. Sediments 

on the outer shelf comprise a series of prograding foresets deposited during periods 

of late sea-level regression andJowstand. When the sea-level was lowest the river 

appears to have deposited lobate sands onto the most recent foreset, building out a 

shore-face barrier. Rapid sea-level rise submerges and preserves these features. Periods 

. of stillstand are observed as either elongate, locally prograding sands that overlie the 

transgressive erosion surface, or wave cut erosion features. During periods of sea-level 

highstand marine and fluvial sediments interfinger in a complex manner. Deposition 

in the Canterbury Bight, during the Late Quaternary, appears to be bimodal; during 

sea-level regression and lowstand, sediments are actively deposited within 20km of the 

present-day coastline and at the paleo-shelf edge. A gap of non-deposition developed 

and widened with sea-level fall-this encouraged the development of the regressive 

sequence boundary. During sea-level transgression, this gap narrowed and a marine 

ravinement surface developed that reoccupied and may have eroded the resgressive 

sequence boundary. During periods of sea-level highstand, deposition occurs at the 

coast where wave-action and longshore currents redistribute the sediment. I use the 

term Depositional Shoreline Break Point (DSBP) to represent the position where sea

level reached its minimum. DSBP features are recognised on all seismic dip-lines, and 

are used to determine the age of sediments and associated unconformities. 

A fuzzy-logic based numerical model is used to simulate sediment deposition in the 

Canterbury Bight during the most recent sea-level cycle. The results are consistent 

with the idea that the sediments are predominantly deposited during periods of rel

atively slow sea-level regression. I propose the transgressive surface as a seismically 

recognisable horizon that separates successive sediment sequences. 

Power spectra of topography and Bouguer gravity data from the central South Is

land exhibit the effects of deformation associated with oblique convergence between 

the Australian and Pacific plates. For cross-sections perpendicular to the length of 
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the South Island, at wavelengths (.X > 60 ± 20km), topography correlates well with 

Bouguer Gravity suggesting that long wavelength topographic features are associated 

with, or may even cause, lithospheric density variations. Bouguer gravity anomalies 

in the Canterbury Basin are likely to be the result of shallow sediment density vari

ations. Short wavelength (.X < 60km) periodic loads (topography) are only partially 

compensated by a relatively rigid (Te > 5km) lithosphere. Bouguer gravity observa

tions suggest that the central South Island topgraphy is compensated (and in places 

over-compensated)' at depth, implying that either the elastic plate rigidity has been 

overestimated, or other mechanisms for isostatic compensation are occurring. A 2D 

numerical model allows for the consideration of distributed loads and restoring forces, 

thereby applying more realistic. input parameters. The model that best fits seismic and 

gravity contraints corresponds to a broken elastic plate (Te = 30-40km) loaded with 

topography and a subsurface load (equivalent to between 50 and 80km subducted cold 

. mantle-lithosphere). 

The accommodation of sediments in the Canterbury Basin is discussed in terms of 

subsidence, compaction, bathymetric effects, and elastic flexure. Modelling of thermal 

subsidence indicates that rv 93% of the total thermal subsidence occurred by the middle 

Oligocene (30M a), with only ~ 193m since then. For regions where the dominant 

mode . of sediment deposition is progradation, petroleum well data are likely to over 

estimate subsidence rates. The load of the Neogene sediment body resulted in ~ 

395m compaction of sediments at the Clipper 1 petroleum well ( 4507 total compacted 

thickness). Elastic flexure of the Canterbury Basin, by emplacement of the Neogene 

sediment load, is determined considering two conceptual models; the first considers a 

single load, the second, a stacked sequence of prograding clinoforms. The flexural model 

that best fits gravity and seismic control corresponds with a broken plate (Te = 30km) 

loaded with topography, subsurface load (equivalent to 50km subducted cold mantle

lithosphere) and the Neogene sediment package. 

The present-day Moho relief is determined assuming that, by the early Miocene 

(20Ma), the central South Island and Canterbury Basin lithosphere had reached a 

state of isostatic equilibrium, and that the Moho relief would reflect bathymetry at 

that time. Present-day Moho relief is the combination of paleo-Moho relief and best-fit 

elastic flexure. The results indicate a~ 3.4° westward dipping Moho. 
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Chapter 1 

Introduction 

1.1 Introduction, motivation, and aims 

. One aim of this study is to collect and interpret seismic data from the Canterbury 

Bight, where a series of high energy rivers discharge sediment and interact with the 

marine environment. Single channel seismic data is able to resolve fine ( < 1m) details 

of sub-bottom sediments-this information can be used to gain an understanding of 

depositional processes during periods of sea-level fluctuation (glacio-eustasy). To aug

ment their own studies the Institute in Geological and Nuclear Sciences (Mac Beggs, 

Pers comm., 1994) sponsored the collection of more than 200km of seismic data. My 

personal interest was not only to develop a model for sediment deposition, but to under

stand the evolution of a multi-stage continental margin basin. Underlying all aspects 

of this study are the questions; how is stress distributed in the lithosphere, and can 

the lithosphere maintain long-term stress? Seismic, gravity, topography and geological 

data are used to constrain· a series of models that provide a better understanding of 

Neogene deformation and sedimentation in the central South Island and Canterbury 

Basin. 

1.2 Thesis Structure 

This thesis is constructed as a series of chapters that examine aspects of geology and 

geophysics· to understand the Neogene development of the Canterbury Basin. Intially, 

the goals of the thesis are defined, and background information (e.g. geology, tectonics, 

river flow etc.) provided to set the scene. Data acquisition and processing techniques 

are ·discussed, with particular attention to defining parameters that optimise seismic 
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data quality. Seismic data is interpreted and used to develop· a conceptual model for 

deposition patterns in the Canterbury Basin, particularly to sediments deposited in 

the Late Quaternary. A fuzzy..:logic model for sedimentation is used to understand de

positional patterns during a single sea-level cycle, and address se~quence stratigraphic 

principles. Bouguer gravity and topography data from the central South Island and 

Canterbury Basin are analysed with a variety of tools (e.g. power spectrum, coherency, 

forward modelling) and the results used to constrain a series of deformation models. 

These models address questions regarding the distribution of stress in the central South 

Island lithosphere, and accommodation of sediments ( eg. thermal subsidence, com

paction, bathymetric effects) in the Canterbury Basin. Finally, principle observations 

and conclusions reached in this thesis are summarized. 
~ 

1.3 Regional geology 

1.3.1 Tectonic Setting 

The central South Island lies within a region of continental collision that incorpo

rates the Australian-Pacific plate boundary. Subduction of the Pacific plate under 

the Australian plate at the Tonga-Kermedec trench and Hikurangi trough is linked to 

subduction of opposing polarity (Puysegur Trench) by a zone of oblique continental 

convergence through the South Island (Norris, Koons and Cooper, 1990). Spreading 

on the Pacific-Antarctic Ridge started in the Cretaceous ( ~ 95M a) and continues to 

the present day (Mayes, Lawver and Sandwell, 1990). The Tasman sea opened between 

~ 90M a and ~ 53M a seperating the Lord Howe Rise and western New Zealand from 

Australia (Weissel and Hayes, 1972). After the late Eocene inception of the Australian

Pacific boundary as a spreading ridge south of New Zealand (Carter and Norris, 1976) 

progressive rotation of the instantaneous pole southeast caused the spreading direc

tion to become progressively more oblique to the plate boundary (Sutherland, 1995). 

During the Miocene ( ~ 11-5M a) plate motion in the central South Island was almost 

pure strike-slip (Sutherland, 1995), with between 40 and 80km shortening since"" 5M a 

(Sutherland, 1995), (Walcott, 1979)-the most visible sign of oblique convergence being 

the Southern Alps. 
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Figure 1.1: Regional Geology of the South Island, illustraing the main tectonstrati

graphic terranes, and recent plate motion vector (from Sutherland 1995) 

1.3.2 Terranes and basement rock types 

The basement geology of the South Island (Figure 1.1) consists of a series of tectonos

tratigraphic terranes which were accreted to Gondwana during the Palezoic and Meso

zoic (Coombs, D.S. and Landis, C.A. and Norris, R.J; and Sinton, J.M. and Borns, 

D.J. and Craw, D., 1976). More specifically, the basement rocks of the central South 

Island consist of mainly Triassic and Jurassic inter-bedded greywacke and argillite of 

the Torlesse Supergroup, grading into schist in the south (MacKinnon, 1983). Short

ening of the Pacific Plate occurs across central South Island, most of the convergence 

being accommodated within 40km of,the Alpine Fault (Walcott, 1979)_. Uplift of the 

Pacific Plate hanging wall is rapid~ 5 -10mma-1 (Wellman, 1979), and has exhumed 
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amphibolite facies schists from depths of 20- 25km (Grapes and Watanabe, 1992). 

1.3.3 Sedimentary rocks 

Sediments in the central South Island represent deposition during two major tectonic 

episodes; 1)Cretaceous breakup up of Gondawana, and 2)Miocene to Recent devel

opment of the Alpine Fault late boundary. Cretaceous sediments were developed in 

localised fault-angle depressions (Canterbury Basin) and subsequently blanketed by Pa

leocene to Oligocene trangressive marine deposits (Field and Browne, 1993). Maximum 

transgression was reached about 30M a (Fullthorpe, Carter, Miller and Wilson, 1996) 

and was followed by 11M a tectonic and sediment quiessence (Field and Browne, 1989). 

Increased rates of convergence·along the Pacific Plate boundary resulted in a rapidin

fl.ux of terrestrial sediments. These sediments built out a continental platform that 

occupies approximately 30, 000km2 of the Canterbury Bight, and are up to 2200m 

thick near their eastern extent (Field and Browne, 1993). 

1.3.4 Quaternary sediments 

Upper Quaternary glacial deposits are extensive in the intermontaine basins of Can

terbury, with at least five recognised major glacial advances (Oliver and Keene, 1989). 

During successive glaciations debris and sediment, derived from moutain glaciers, built 

the giant alluvial fans which form the Canterbury Plains. These deposits are up to 

600m thick and thin towards the present day coast where they are incollated with 

marine congolmerates, sands, lignites, and muds (Brown and Weeber, 1992). 

1.4 General basin setting 

The Canterbury Basin is bounded to the west by the Canterbury foothills, and extends 

from Timaru in the south, to Waikari in the north. Figure 1.2 illustrates the key 

features of the Canterbury Basin. The Canterbury Plains formed as the result of 

coalescence of broad alluvial fans constructed by the Rangitata, Ashburton, Rakaia, 

and Waimakariri rivers, all of which originate in the Southern Alps. The gradient 

of the Canterbury Plains (along the Rangitata River) changes from ~ 0.0069 at the 

coast to ~ 0.0015 across the shelf. Wellman (1979) suggests the Canterbury Basin is 

being uplifted at its western margin and subsiding in the east. Towards the western 

foothills relative uplift of the plains causes the rivers to actively incise. At the coast the 
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Figure 1.2: The central South Island and Cantebury Basin ( onland extent is marked 

by an arcuate dashed line). Active faults (onland) are plotted with fine dotted lines. 

ZME: zone of minimal erosion (Leckie, 1994). Single channel seismic data, presented 

in this thesis. are labeled. Multi-channel seismic line CB82-30 (long-dashed line) is 

extended across the central South Island (short-dashed line). Bathymetry is specified 

in metres. 
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Antarctic storm-driven swell erodes alluvial flood plain deposits resulting in coastline 

retreat at an average of 1ma-1 (Wilson, 1985) that, in turn, causes localised incision 

by rivers (Leckie, 1994). A zone of minimal erosion is observed some 20 to 30km from 

the coast (Leckie, 1994). 

1.4.1 Hydraulic regime and sediment distribution 

The main rivers CJ~ that cross the Canterbury Plains have average discharges that 
"'.,.: .. 

range from 30 to 300m3 s-I, however, storms and snow melt can produce flood dis

charges of up to 6000m3s-1 (Gibb and Adams, 1982). Sediment carried by these rivers 

is predominantly greywacke, the average grainsize decreasing towards th~ coast. Gib b 

and Adams (1982) estimate the total annual sediment supply to the Canterbury Bight 

at nearly 1.7 x 1010 kgy-1, of this 1.91 x 109kgy- 1 are coarse sediments supplied by 

coastal erosion of cliffs, river input, and longshore drift. 
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Figure 1.3: Direction of net water flow on the Canterbury shelf (from Carter & Herzer 

1979) 

The offshore hydrualic regime (Canterbury shelf) consists of swell, meteorologically 

induced currents, tides, the Southland Current, and possibly internal waves (Carter and 

Herzer, 1979). During calm weather the regime is dominated by tides, the Southland 
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Current, and swell, which collectively effect a net north-eastward transport of inner 

shelf sediments (Carter and Herzer, 1979). Storms are mainly from the south and effect 

an overall north-eastward transport of bedload, northerly disturbances many reverse 

this trend on the inner shelf. Figure 1.3, from Carter and Herzer (1979), illustrates the 

direction of net water :flow on the Canterbury shelf. 

1.4.2 Sediment distribution patterns 

The Quaternary stratigraphy of the Canterbury continental shelf is described by Herzer 

(1982) as a series of glacial and-interglacial deposits, separated by extensive unconfor

mities. Herzer (1982) describes _ridge-and-s~ topography on the sea floor: very 

large, coast parallel ridges and troughs are interpreted to be remnants of Pleistocene 

spit/lagoon complexes; smaller ridges and troughs are interpreted as submarine fea

tures formed by strong currents during lower sea-levels. Sediment texture and prove-

-nance indicate that sediment movement on the shelf and along the shore, since the 

the Late Pleistocene, has been northwards. During periods of low sea-level submarine 

canyons acted as sediment sinks. Relict sediments of the last deglacial (transgressive) 

sand/ gravel sheet are being reworked, in zones of high energy, into lag gravels, sand 

ridges, sand ribbons, and sand waves. Modern sediment input is restricted mainly to 

an active belt near shore, but locally this sand has replaced palimpsest sand on the 

middle shelf (Herzer, 1982). 
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Chapter 2 

Data Acquisition and Processing 

2.1 Introduction 

. The purpose of this chapter is to describe the equipment used in the collection and 

processing of seismic, navigation and side-scan data presented in this study. Also 

covered are the analytical techniques used to describe sediment samples. 

2.2 Side-scan Sonar 

Side-scan data can be used to describe morphological features ·on the sea-floor. A 

Klein System 590 Hydroscan was deployed during this study, however, no features 

were observed on the profiles. The lack of features can be attributed to either, rela

tively deep water (~80m) where much of the signal is attenuated, or the absence of 

short-wavelength, high amplitude surface features (e.g. ripples, bryozoan mounds, rock 

outcrop). See Appendix C for operational details. No side-scan data is presented in 

this thesis. 

2.3 Navigation 

Two methods of position fixing are available on board the RV Munida: 

• NAVSTAR Global Positioning System (GPS) 

• Radar Positioning System 

GPS was the only method of position fixing used in this study. The NAVSTAR GPS 

system involves the acquisition of distances from reference points (satellites) within a 

8 



fixed coordinate system. In order to triangulate a position a minimum of 4 satellites 

are required to be within the receivers line of sight. Presently, there are 18 operational 

satellites providing 24 hour coverage for the New Zealand region. The accuracy of 

individual readings depends on the Satellite constellation configuration and biasing, 

but can be assumed to be of the order ±50m. It should be noted that the Furuno 

NAVSTAR 500 GPS receiver downloads data to a portable computer. Hydro (Trimble 

navigation software) was used to record GPS position, time, water depth, and boat 

speed. Position fixes were logged every 60s-since the boat is travelling along a straight 

path at a constant velocity, each GPS position is not independent. The overall position 

accuracy is less than ±50m. 

2.4 ·Bathymetry 

Depths to the sea floor were recorded by a Furuno hull-mounted echo sounder. An 

estimated accuracy of ±3m is allowed here. 

2.5 Seismic Data 

The single channel seismic data described in this study was acquired using a Feranti 

ORE Geopulse Sub-bottom Profiling System (SBPS). The SBPS is comprised of a 

power supply, acoustic source, hydrophone array, and receiver (each component is 

described separately in Appendix C). The data collection and reprocessing equipment 

configurations are illustrated in Figure 2.1. Data (analogue signal) is recorded onto a 

video tape (sVHS) via a pulse code modulator (PCM). For archival purposes all data 

have been transferred to audio DAT. 

The EPC Graphic Recorder initiates the key pulse (the start of each sweep), thereby 

controlling the rate at which the boomer is fired. The firing rate is dependent on several 

parameters; water depth, amount of energy released per shot and sample acquisition 

window size. The EPC recorder sends an electronic signal to the power supply that 

causes the capacitors to discharge transmitting a pulse of high voltage electricity to the 

electro-mechanical boomer. This electrical energy is converted into an acoustic pulse 

by repulsion of metal plates. 

The hydrophone array converts pressure waves into an electrical signal which is 

matched with the coincident trigger pulse, converted into a digital format and recorded 

onto s VHS video tape. Simultaneously, the raw signal and coincident trigger are fed 
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Figure 2.1: Seismic data acquisition and reprocessing equipment configurations. The 

EPC Graphic Recorder initiates the key pulse, sending an electronic signal to the power 

supply that causes the capacitors to discharge transmitting a pulse of high voltage 

electricity to the electro-mechanical boomer. The electrical energy is converted to an 

acoustic pulse by repulsion of metal plates. The hydrophone array converts pressure 

waves into an electrical signal which are passed through the Geopulse receiver, matched 

with the trigger pulse and recorded onto s VHS video tape. 
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into the Geopulse receiver. 

The Geopulse receiver filters, amplifies and processes the raw signal and trigger 

removing unwanted noise (e.g. mechanical boat noise, long-period sea swells, and 

reverberations). A time-variant filter is used to counteract the effects of signal atten

uation and spherical divergence with depth. Flat gain filters are used to maintain a 

constant signal level. 

The filtered signal is converted into hard copy format using the EPC4800 Graphic 

recorder. The EPC recorder prints a variable density filled wiggle plot of each seismic 

trace (sweep), and can be altered to suit individual scan requirements. Images produced 

by the graphic recorder, during data acquisition are used for initial interpretations and 

to ensure that optimal firing c~mditions are being achieved. 

2.6 Seismic Signal Analysis 

* filtering, and deconvolution is described 

mine the various components that comprise the 

recorded seismic signal a single trace is digitised. By analysing a single seismic trace 

filters are determined that will aid with the processing and presentation of an entire 

seismic line. The results of this analysis are presented below. 

The raw seismic signal has been converted from analogue to digital format via a 

16bit stereo audio card plugged into a desktop computer. The audio channels carry the 

key pulse (trigger) and raw seismic signal. Binary data are converted to text format, 

splitting the trigger and trace into separate files. The files are loaded into a computer 

and processed digitally with the aid of the signal processing software (MATLAB). 

The Nyquist sampling theorem dictates that the sampling rate should be twice the 

maximum frequency you want to analyse for. For the seismic samples described below 

data is digitised at 22255H z, therefore the maximum frequency that can be analysed 

for is 11127.5H z. 

2.6.1 Raw Signal 

A single trace from SCS line 2 (tape counter=400) has been digitised and presented in 

2.2. The most obvious features of the signal are: 

• sharp positive/negative peaks (t = Os, t = 0.18s, t = 0.36s) 

• periodic waveform (period=0.03s) 
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• high frequency signal superimposed onto the periodic waveform 

Spectral analysis of the raw seismic signal (refer 2.3) indicates the presence of 

four energy peaks ( < 350Hz, 370 - 535Hz, 584 - 892Hz, and 1226 - 2071Hz) The 

low frequency peak dominates the power spectrum and is attributed to boat noise. 

This higher frequency peaks are probably the result of primary reflections, multiple 

reflections, and reverberation. 
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Figure 2.2: Unfiltered (raw) seismic signal (SCS line2, tape counter=400). Note the 

four high amplitude arrivals (direct, unknown, seafloor, and seafloor multiple) and the 

33Hz periodic waveform. 

2.6.2 Noise 

The data presented in Figure 2.4 is a sample of the signal received by the hydrophone 

array with the boomer turned off. The signal was collected in quiet water with the boat 

moving at 3knots to simulate ideal shooting conditions. This signal should therefore be 

a good representation of background noise. The main feature of the signal is a dominant 
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Figure 2.3: Power spectrum of the unfiltered (raw) seismic signal (refer 2.2). Four 

distinct peaks are observed and correspond to low frequency noise and high frequency 

primary direct arrivals and reflections. 

periodic sine wave (period=0.026s), a higher frequency component is also present. The 

power spectrum of the signal shows that most of the energy is concentrated at about 

40Hz, with smaller peaks at llOH z and 330Hz respectively. The 40Hz component 

has been attributed to noise generated from the boat propeller. Mechanical noise from 

the boat engine is the likely cause for the remaining signal components. 

The raw signal power spectrum (Figure 2.4) indicates that almost all the frequen

cies are less than 2500Hz. It was therefore decided that the most appropriate :filter to 

remove the background noise (boat noise) would be a 500- 3000Hz band-pass filter. 

Signals processed by the Geopulse receiver were passed through an analogue Butter

worth Filter (500- 3000Hz). Signals processed using Matlab, were passed through 

a 500 - 3000Hz lOth order digital Butterworth :filter which are characterised by a 

magnitude response that is maximally flat in the passband and monotonic overall. 
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Figure 2.4: Unfiltered noise sampled by the hydrophone array with the boomer turned 

off. The power spectrum of th~ raw noise low frequency energy is attributed to signals 

generated by the boat propeller. 

2.6.3 Band Pass Filtered Signal 

From this point all signals have been passed through a 500 - 3000Hz bandpass filter. 

The main feature to note in Figures 2.5 & 2.6 is the complete absence oflow frequency 

noise. There is a series of sharp spikes corresponding to the arrival of electronic and 

acoustic pulses, discussed in detail below. Also present is a low amplitude beat fre

quency (16.6H z) that probably corresponds to reverberation within the hydrophone 

array. The first arrival is the electronic response, followed by the direct acoustic arrival, 

seafloor reflection, primary interface reflections, and the first sea-floor multiple. 

2.6.4 Electronic Response (t = Os) 

The electronic response (Figure 2. 7) is caused by the inductive transfer between the 

boomer power cable and the hydrophone array cable upon the discharge of the power 

supply capacitors. This can be minimised by increasing the boomer and hydrophone 

cable separation. 

2.6.5 Direct Arrival ( t = 0.02s) 

The direct. arrival is caused by the acoustic energy discharge from the boomer. The 

arrival time of the source pulse is proportional to the distance between the boomer and 

hydrophone. It should be noted the shape of the source pulse is not independent of 

direction. Figure 2.8 shows the direct arrival recorded directly below the boomer and 
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Figure 2.5: 500 - 3000Hz bandpass filtered signal. Note the arrival of a senes of 

sharp spikes corresponding to the electronic response, direct arrival, unknown ar

rival, seafloor reflection, primary interface reflections and the first seafloor multiple 

repectively. Note; er=electronic response, d=direct, u=unknown, sf seafloor, ss=sub

surface, and sfm=seafloor multiple, arrivals, respectively. 

more accurately represents the characteristics of the source pulse. Figure 2.9 shows the 

source pulse as received from the side of the boomer. The source pulse is not an ideal 

spike and its characteristics will be convolved with the characteristics of any media 

through which it travels, reducing resolving power. In theory, deconvolution of the 

seismic signal using a spiking operator may be performed on the seismic signal to help 

reduce this phenomenon. 

The power spectrum of the side lobe shows that most of the energy is contained 

within the frequency range of 500 - lOOOH z, however two distinct, higher frequency, 

peaks are visible (1500Hz, 2300Hz). Sea-surface reflections and reverberations are the 

likely cause of these peaks. 

The power spectrum of the source pulse (central lobe) clearly shows that most of the 

energy has a frequency range from 500- lOOOH z, there is some roll-off up to 3000Hz. 
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Figure 2.6: Power spectrum of the bandpass filtered signal (Figure 2.5). Note the 

complete absence of low frequency ( < 500Hz) noise. 
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Figure 2. 7: Electronic response recorded by the hydrophone array. This is produced by 

an inductive transfer of energy between the boomer power cable and the hydrophone 

array cable upon discharge of the power supply capacitors. 
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Figure 2.8: Direct arrival (centre~obe) recorded by the hydrophone array in calm water 
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Figure 2.9: Direct arrival (side lobe) and power spectrum. 

2.6.6 Unknown Arrival (t = 0.065s) 

A small spike at t = 0.065s could represent reverberation in the water column. 

2.6. 7 Seafloor Reflection ( t = 0.18s) 

The seafloor reflection is produced by the reflection of the source pulse with the sea

sediment interface. It is the strongest reflection recorded because ·the sea-sediment 

interface has the largest impedance contrast. The signal looks very similar to the source 

pulse, except it contains a higher frequency component. The power spectrum of the 

seafloor reflection shows two distinct peaks at frequencies of 704Hz and 1590Hz. The 

704Hz peak coincides with the source pulse energy peak, while the 1590Hz component 
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must represent the convolution of the source pulse and sea-sediment impulse response. 

2{)() 

150 

100 

I so 
.!!. t 0 ~, 

-50 

-I{)() 

-~~~'17'::;;8---:;0"cc.lg---::o'C:::.IR2:--:0-':.184,.---:0:-:':.l8::-6 ""':1:71.111:::-g --::-':0.1::-9 ---::-:-0.192:-:---,-'0.194 

timc(s) 

2000 ~----~ 

1800 

1600 

1400 

i 1200 

- 1000 1 aoo 
6{)() 

400 

200 

\ 

\ 
\ 

o:==-"=:---~-'- -:=::-""':~--:=---:-e=--::-:::--J 
0 2000 '2500 3000 3500 4000 

t'rcquency(H7.) 

Figure 2.10: The seafloor arrival is produced by the reflection of the source pulse with 

the seafloor. It is similar to the direct arrival (Figure 2.8), however it contains higher 

. frequencies, the result of convolution between the source wavelet and the sediment 

response. 

2.6.8 Sub.,.surface Reflections (t = 0.2- 0.36sec) 

Sub-surface arrivals are produced by the reflection of the source pulse by sub-surface 

(sediment-sediment) interfaces. The dominant 720Hz source pulse frequency is still 

present, along with a higher frequency component. A 100Hz beat frequency can also 

be seen and may represent internal reflections within the sediment-sediment interfaces. 

lime(:>) 

Figure 2.11: Subsurface arrivals are produced by the interaction of the source wavelet 

and sediment interfaces. 
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2.6.9 Seafloor Multiple (t = 0.36s) 

The seafloor multiple (also know as the water layer multiple) is caused by the reflection 

between the water surface and the seafloor, and characterised by the travel time being 

twice that of the primary seafloor reflection. 

2.6.10 Time-variant Gain Filtering 

A time-variant gain (TVG) filter works in a similar manner to a time-variant frequency 

filter . The TVG filter increases the signal gain as a function of time in order to 

compensate for signal attenuation and the spherical divergence of the seismic wavefront . 

The Geopulse receiver incorporat~s an analogue TVG filter, but is not able to apply a 

time-variant frequency filter to the seismic signal. 

2.6.11 Multiples 

Figure 2.12: An example of seafloor and sub-surface multiples from SCS line 2. 

Data recorded after the arrival of the first water-layer multiple (sea-floor multiple) are 

almost totally obscured. Detailed stratigraphic information is therefore restricted to 

data received before the arrival of the sea-floor multiple. It would be useful to extract 

this information received after the sea floor multiple. An attempt was made to remove 

the sea-floor multiple from the seismic signal using a spiking deconvolution operator 

Yilmaz (1987). The only signal processing package available for use in this study 

was Matlab which, in theory, has the capability to perform deconvolution, in practice 
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was limited by computing resources (CPU power). The fact that only one water

layer multiple is observed in the seismic signal causes additional problems with the 

calculation of the auto-correlation function. An alternate route was also tried by cross

correlating the source pulse with the seismic signal, but this failed in a similar manner 

to the auto-correlation. Alternate methods such as matched filters, cepstrum, minimum 

entropy and homomorphic deconvolution were looked into. However, considering the 

scope and time constraints of the study, none of these methods were employed. / 

2. 7 Sediment collection and processing 

Four sediment (Agassiz dredge) .samples were collected along SCS line 2. Samples 

weighing approximately 3kg were taken randomly from the total dredge sample and 

stored in heavy plastic bags. Sediment characteristics are determined using the follow

ing techniques. 

• visual examination of the sample for grainsize, sorting, relative fractions of com

ponents. 

• grainsize distribution. 

• carbonate content 

• mineralogy. 

o fauna 

The general characteristic and mineralogy of each sample are determined by exami

nation of dry disaggregated sediment under a binocular microscope. Grain-size analysis 

was performed using a rapid sediment analyser. The percentage of carbonate (CaC03) 

for each whole sample was determined using the acid-soluble weight-loss method. Sed

iment samples were washed, dried, and weighed. A known weight of sample is placed 

into a beaker of 15% hydrochloric acid over a low heat until no further reaction was 

observed. The acid-treated sample is washed, dried, and reweighed. The carbonate 

content determined from the loss in weight of the treated sample with respect to start

ing weight. The results are discussed in Chapter 3 and the raw data presented in 

Appendix D. 
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Chapter 3 

Stratigraphy 

3.1 Introduction 

This chapter is divided into four parts. The first part (Section 3.2) describes the de

positional history of the Canterbury Basin up to the Quaternary, paying particular 

attention to the interplay of key deposition factors such as: sediment supply, subsi

dence, and eustasy. In the second part series of high resolution single channel seismic 

lines are presented and interpreted (Sections 3.3, 3.4, 3.5 and 3.6)-a sediment depo

sition model is developed within the framework of sequence stratigraphy, and results 

compared with other studies. In the third part (Section 3. 7) a numerical model that 

simulates the deposition of clastic sediments during a single sea-level cycle is devel

oped and compared with observations made in part two. Finally (Section 3.8) the 

results of the first three sections are discussed, and a generic model is developed for 

the Canterbury Bight depositional system during a single sea-level cycle. 

3.2 Canterbury Basin geological history 

Since its inception of the Canterbury Basin has undergone several episodes of deforma

tion that have been recorded by sediments and their stratigraphic patterns. Figure 3.1 

illustrates the gross scale geology and major features of the Canterbury Basin. 

3.2.1 Basement rocks 

The basement rocks of the Canterbury region belong mainly to the Torlesse Terrane, 

which consists of an indurated sequence of interbeded metgreywacke, meta-argilite, 
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Figure 3.1: Canterbury Basin geology (adapted from Fullthorpe and Carter (1989) illus

trating gross-scale passive margin deposition features (determined from multi-channel 

seismic data). 

and minor metabasic volcanic assembleges of Carboniferous to Early Cretaceous age 

(Field and Browne, 1993). Smith, Stern and O'Brien (1995) observe a lower crustal, 

high seismic velocity layer underlying the basement rocks in the central South Island 

and postulate that it may represent the oceanic basement upon which the Torlesse was 

deposited. 

3.2.2 Cretaceous 

Mid-Cretaceous (95M a) proto-rift extension associated with the breakup of Gondwana

land produced a series of fault angle depressions (Field and Browne, 1989). These half

grabens subsided rapidly and locally filled with non-marine to paralic deposits. Local 

tectonism and regional (thermally driven) subsidence continued through the Cretaceous 

producing transgression and onlap of terrestrially derived sediments. The .¥cti~-rift 
sequence of rocks is generally less than 1000m thick, athough over 3000m of sediment 

had accumulated in local depocentres (e.g. Clipper Basin). Most of the region was 

subaerial at the beginning of the Mata Series times though in the south regional onlap 

of marine sediments was proceeding, the result of thermally driven subsidence (Field 

and Browne, 1989). 

3.2.3 Paleocene 

Trangression continued through the Paleocene with sediments fining (more distal) until 

the entire sequence was blanketed by mudstone. The development of volcanism is 

observed at 55± 2M a in the Clipper Basin (Mound and Pratt, 1984) and is probably 
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associated with the creation of oceanic crust between Antarctica and Australia. 

3.2.4 Eocene 

Trangression continued through the Eocene during which a layer ;f outer neritic mud

stone and micrite was deposited. In the west local tectonism and subsidence resulted in 

the development of the Fairlie Basin (Late Eocene). Some reactiviation of Cretaceous 

basement faults is observed and leads to localised thickening of sediments. Sub-alkaline 

to tholeiitic volcanism occured at View Hill (McLennan, 1981) and Oamaru (Coombs, 

Cas, Kawachi, Landis, MOcD~:::d ~ea~ :1~ J ) 

3.2.5 ~ (J ~ 
Sediments deposited during the Oligocene are characterised by limestone. Bathayal 

. micritic limestone in the early Oligocene is separated from late Oligocene packstone and 

grainstone by the Marshall para-conformity (Field and Browne, 1989). The Marshall 

Paraconformity (30-29Ma) was probably produced by a global lowering in sea-level 

associated with cooling and enhancement of ocean current activity (Full thorpe et al., 

1996). During the late Oligocene differential subsidence led to the formation of the 

northeast trending Endeavour High (refer Figure 3.2), which effectively separated the 

west and east halves of the Canterbury Basin. 

3.2.6 Miocene 

The Endeavour High was still prominent in the Early Miocene separating the de

position of phosphatic greensand and outer-shelf nanno-fossil ooze to the east, from 

limestone in the west. An influx of terrigenous sediment from the west combined 

with strong oceanic currents produced a stacked sequence of rapidly prograding (1.9 

to 4.0kmM a-1 ) sediment drift prisms (Fullthorpe and Carter, 1991). Fullthorpe and 

Carter (1989) recognise 9 unconformity bounded units deposited during the Middle 

Miocene (refer Figure 3.3). They interpret these units to have been deposited as a 

series of rapidly prograding shelf-edge clinoforms. I have analysed MSC line CB82-30 

(Figure 3.3) and recognise a further 7 similar units that have been deposited since 

9M a, making a total of 16 unconformity bounded units. The influx of sediment marks 

the initiation of uplift in the Otago region as the result of movement along the plate 

Q.~ Intraplate volcanism occurred throughout the Miocene, being mainly con-

~d around the Dunedin and Banks Peninsula region. . 
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3.2. 7 Plio-Pleistocene 

Drift of the Pacific plate's pole of rotation has increased the amount of oblique con

vergence across the Alpine Fault (Walcott, 1979). Erosion of the rapidly uplifting 

Southern Alps provided sediment to the Canterbury shelf which continued to prograde 

throughout the Plio-Pleistocene resulting in a 2200m thick sequence of eastward fin

ing interbedded conglomerates (alluvial fans), silts, shell beds, and clays (Field and 

Browne, 1993). Subsidence rates during the Plio-Pleistocene are the highest in the his

tory of the basin, reaching 350mM a- 1 at Clipper 1 well (Field and Browne, 1993), and 

the effect ofthe emplacement of the Neogene sediment load is discussed below (Chapter 

5). Further to the east, on the edge ofthe Bounty Trough, DSDP594 records an almost 

continuous ucessio of interbedded pelagic nanno-fossil ooze and hemi-pelagic clayey 

silts represen · g at least 20 glacial-interglacial episodes (Nelson, Hendy, Jarrett and 

Cuthbertson, 1985). Minor tholeitic volcanism is observed at Timaru and Geraldine 

(Duggan and Reay, 1986; Sewell, 1988). Sediments deposited in the Canterbury Basin 

during the Plio-Pleistocene, provide an ideal site to examine and test the principles of 

sequence stratigraphy. The high rate of sediment supply and exposed nature of the 

eastern coast records fine details of the sea-level curve. 

3.3 High resolution seismic stratigraphy 

During November 1995 and October 1996 approximately 200km of high resolution 

single channel seismic (SCS) data was acquired using the University of Otago's research 

vessel Munida. The survey was planned to shoot reconnaissance seismic lines for a study 

commissioned by the University of Otago and the Institute of Geological and Nuclear 

Sciences. In November 1995 4 SCS lines were collected near the continental shelf edge 

however, equipment failure and bad weather prevented further collection until October 

1996-when 5 SCS lines were shot, and when combined with the 1995lines provide good 

coverage along the shelf edge from the Waitaki Canyon to the offshore projection of 

the Rangitata River. One of these lines (SCS-line8) covers the entire width of the shelf 

extending from the Rangitata River mouth to beyond the shelf break. The purpose 

of shooting this long line was two-fold, 1) to obtain complete coverage of sediments 

deposited during a full sea-level cycle, and 2) to correlate seismic reflectors with their 

onshore correlatives to aid with dating of units. The technical aspects of the seismic 

data acquisition and processing are discussed in Chapter 2. 

Below, 9 high resolution single channel seismic (SCS) lines are presented and inter-
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preted. Uninterpreted, high quality reproductions of the same SCS lines are presented 

in Appendix E. Where possible key features are annotated on the interpreted lines and 

refer to these in the text describing each line. Each SCS line in described separately 

in terms of internal reflectors (stacking patterns, amplitude, angle_ of dip, morphology) 

and sedimentary units (drape, conformity, thickness, thinning direction, basal contact, 

and stacking patterns). These observations are combined and the entire seismic line 

is interpreted in a eustatic framework (transgressive, highstand, regressive, lowstand, 

still-stand). To aid the interpretation of the data the following colour scheme is used: 

--

• red line: regional unconformity 

• black dotted line: intern~l seismic reflectors 

• yellow: sediments deposited during sea-level regression 

• orange: sediments deposited during sea-level low stand 

• green: sediments deposited during sea-level transgression 

• blue: sediments deposited during sea-level high stand 
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3.3.1 SCS line 1 

SCS line 1 strikes SW-NE, and was shot near the upper edge of the continental slope 

( ~ 140m water depth). Six regional reflectors are observed and interpreted these as 

late regressive to lowstand erosional surfaces. Their long wavelength ( ~ 15km) and 

arcuate morphology indicates that these features may be the uppermost surfaces of two 

coalescing stacked river deltas (refer Figure 3.4). Internal reflectors in unit A (between 

Ul and U2) prograde to the north-east and appear to infill a valley/ channel feature. 

These internal reflectors are truncated by Ul. A prominent 5m high hump (T=00:58) 

appears to be a primary morphological feature and may represent a levee bank build 

up of sediment on the northeastern side of a delta. There does not appear to be offset 

of earlier erosional surfaces, ruling out the hypothesis that this feature has a tectonic 

origin. Seismic diffraction immediately to the left of the hump may be evidence for gas 

hydrates, or an out-of-plane slump. All the sediment obseryed in this seismic line is 

interpreted as being deposited during either late sea-level regression, or more probably, 

sea-level lowstand. A highstand origin for sediment is ruled out on the premise of 

uniformity: the present-day highstand shoreline is some 80km away, combined with 

ocean currents that transport sediment north inhibiting deposition on the shelf edge. 

3.3.2 SCS line 2 

SCS line 2 strikes SE-NW and ties to the NE end of SCS line 1. This line is char

acterised by a series of seismically transparent sediments, interspersed by seismically 

bright (high amplitude) regional reflectors . The bright reflectors exhibit a hummocky 

morphology and truncate internal reflectors ( eg U2 at T=01:30) and are interpreted 

as regressive sequence boundaries that have been subsequently reoccupied and eroded 

by the transgressive sea. The sedimentary units (A-G) thin towards the depositional 

lowstand shoreline breakpoint where they change their seismic characteristics from 

relatively transparent to more opaque. These units are interpreted as aggrading to 

prograding silts deposited during sea-level fall (regression). During a period of glacia

tion, as the sea-level reached its minimum, the river (probably the Rangitata) deposited 

sediments as a lowstand prograding delta with an associated shoreface ridge. These 

shoreface ridges tend to be about 5m high and up to 3km wide (refer Figure 3.5). 

It is plausible that a shallow lagoon formed between the shoreface barrier and depo

sition shoreline break-point. Unconformities U5, U6 and U7 are very complex and 

exhibit up to 5m relief. These features probably represent a complex history of high 
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frequency sea-level :f:l.uctuations and prolonged periods of erosion that occurred during 

still stands. A thin wedge of recent highstand sediment rests on top of Ul and thickens 

to the northwest (landwards). The absence of highstand sediments re:f:l.ects hydrody

namic conditions (longshore currents, and southerly storm driven wave action) whereby 

sediment has been transported out of the plane of the seismic line. However, Oris Hen

stock (Pers. comm, 1997) interprets a series of thin sediment packages that overlie 

transgressive sediments as being deposited during sea-level highstand (using superior 

resolution, digitally reprocessed, SCS lines from the Canterbury Bight). 

3.3.3 SCS line 3 

SCS line 3 strikes NE-SW and·ties to the NW end of SCS line 2. Seven relatively :f:l.at

lying continuous re:f:l.ectors are observed on this seismic line. Sedimentary units between 

these re:f:l.ectors are seismically clean. Internal re:f:l.ectors exhibit a shallow apparent NE 

dip and appear to have prograded from the southwest, down-lapping onto each under

lying unconformity and truncated by the successive unconformity (refer Fig 3.6). The 

Seismic bright spots appear along some of the unconformities and are interpreted as 

paleo-river channels that have been infilled by coarse (possible gravel) lag deposits de

posited during sea-level transgression. Unconformities U5, U6 and U7 exhibit complex 

morphology and onlap, the result of high frequency sea-level :f:l.uctuations, periods of 

still-stand, or possible river lobe switching. Overlying Ul is an aggradational layer of 

highstand sediment that thickens from 5m (SOL) to 12m (EOL). 

3.3.4 SCS line 4 

SCS line 4 strikes NW-SE and ties to the SW end of SCS line 3. This line was shot 

with a following sea that caused the boomer to submerge, which in turn produces a 

seismic reverberation and data quality deterioration. However, 8 regional surfaces are 

recognised in the seismic section and interpreted as regressive sequence boundaries that 

have been eroded and reoccupied by the transgressive sea-level rise. U2 and U3 have 

extremely strong amplitudes, which may provide evidence for an overlying transgres

sion sediment lag. This lag must be very thin as it is not seismically resolved. The 

undulating morphology of U2 and U3 has been interpreted as the result of shore-face 

wave action and erosion during periods of sea-level still stand. U5, U6 and U7 exhibit 

complex onlap patterns and are interpreted to be the result of high frequency ( < 40K a) 

sea-level oscillations. The regressive sediments between each regional unconformity are 
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acoustically clean. Their internal reflectors downlap onto the underlying unconformity 

and truncated by the overlying unconformity (refer Figure 3.7). Sediments deposited 

beyond the depositional shoreline breakpoint are acoustically murky, with internal re

flectors increasing in dip from 0.1 o to 2.2° seaward. Many of .these clinoforms are 

truncated indicating shear failure through slumping. These observations indicate the 

development of an offshore delta during late sea-level regression and lowstand. 

3.3.5 SCS line 5 

SCS line 5 strikes SW-NE and ties mid-way along SCS line 10. This seismic line 

was shot in about lOOm water depth and is about lOkm landward of the shelf edge. 

Six (possibly 7) seismic reflectors are observed and interpreted as regressive sequence 

boundaries on the basis of correlation with SCS line 10. The reflectors do not appear to 

truncate any internal structures, however, they appear to prograde from the northeast 

·to the southwest. With the exception of Ul, the unconformities terminate to the 

southwest in an arcuate shape, interpreted as the edge of a prograding delta deposited 

during sea-level regression. Between T=OO:OO and T=00:40 the unconformities are 

incised by a series of backfilled :fluvial channels. Seismic velocities of sediments in these 

channels must be high as evidence by the velocity pull-up effect (T=OO:lO). This would 

be indicative of compaction (loss of water), or change in composition ( eg clean sands, 

gravels, cementation). I favour a change in sediment type associated with the back 

filling of a river channel by river sands. 

3.3.6 SCS line 8 

SCS line 8 strikes NW-SE running from the mouth of the Rangitata River to beyond the 

shelf edge. Up to 5 regional seismic reflectors are observed and interpreted as regressive 

sequence boundaries. Ul, U2 and U3 traverse across most of the shelf and appear to 

be terminated at the land end by :fluvial aggradational surfaces (refer Fig 3.9). The 

:fluvial aggradational surfaces are difficult to interpret because of shallow water noise 

and water bottom multiples, however, they extend, in places about 20km offshore 

where they terminate with up to 15m vertical relief, interpreted as highstand shoreface 

cliffs. These shore face cliffs would be similar to those observed along the modern 

day coastline, which are up to 25m high. A highstand sediment drape overlies Ul 

and thins from 7m (near the river mouth) to 3m about 50km offshore. Sedimentary 

units between each regional unconformity thicken and prograde seaward, having been 
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deposited during sea-level fall. Internal seismic reflectors in sedimentary units B and E 

(T=01:50 to T=03:30) indicate complex fluvial incision and backfilling. Sedimentary 

unit C (up to 22m thick) onlaps and downlaps onto U2, although low amplitude seismic 

reflectors indicate seaward progradation, and is interpreted to be.a lens of sand or silt 

deposited during a prolonged period of sea-level highstand or stillstand. Reflectors · 

from unit B onlap seaward onto unit 0 (T=03:25) indicating that the sea-level must 

have drowned unit C during subsequent transgression, followed by progradation of 

unit B during sea-level regression. Sedimentary unit D overlies U2 and exhibits up to 

10m topography. Unit D has been interpreted as a transgressive lag deposited during 

periods sea-level stillstand and shore-face erosion. 

3.3. 7 · ·scs line 9 

SCS line 9 strikes SE-NW and ties to the middle of SCS line 1. Seven regional reflectors 

·are observed on this line and interpreted as regressive sequence boundaries that have 

been reworked and reoccupied by the transgressive sea. Erosional features on these 

surfaces are up to 5m high and represent periods of still-stand and shore-face erosion 

during the regional sea-level transgression. Reflectors within the sedimentary units 

downlap onto the underlying unconformity and are truncated by the overlying sequence 

boundary. Beyond the lowstand depositional shoreline breakpoint (refer Fig 3.10) the 

sediments prograde to form beach ridge like deposits. Internal clinoforms steepen 

seaward in dip from 0.2° to 2.45°. A thin drape of sediment (T=01:15 to the end of 

the line) overlies Ul and is interpreted as being deposited during the present sea-level 

highstand. U2 and U3 have bright (high amplitude) reflectors that may indicate the 

presence of a more resistant, higher velocity, transgressive lag. 

3.3.8 SCS line 10 

SCS line 10 strikes SE-NW and is the southernmost dip line of the seismic survey. 

Seven (possible 8) regional seismic reflectors are observed and dip approximately 0.24° 

seaward. UO is almost entirely covered by a thin drape ( ~ 5m thick) of highstand 

sediment. Transgressive lag deposits are observed overlying U5 and U2, although 

seismic bright spots along other unconformities may indicate their presence. U5 onlaps 

onto U6 indicating that either the sea-level transgression across U5 did not extend 

across the entire shelf or, that erosion has removed all remains of sedimentary unit I. 

From T=02:00 the seismic signal deteriorates due to rough sea conditions and a diving 
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boomer. The bathymetry from this point also changes gradient (break in slope) and the 

seismic reflectors become harder to interpret. No faulting or disruption of sediments 

is observed, I therefore postulate that this morphological feature has a sedimentary 

or1gm. 

3.3.9 SCS line 11 

SCS line 11 strikes NW-SE and ties to the end of SCS line 10. The entire line is shot 

in 35 to 40m water depth. As a consequence sea-floor multiples overprint many key 

primary reflections. Two regional unconformities are inferred from the seismic data 

when tied with SCS line 10, and are interpreted as regressive sequence boundaries. A 

thin blanket of sediment overlies U1 for the length of the line and is interpreted as 

sediment deposited during the present sea-level highstand. The seafloor morphology 

appears quite rough with a distinct break at T=00:42, this observation adds strength 

to the interpretation of SCS line 10 (the depositional patterns being controlled by the 

morphology of a prograding delta). 

3.3.10 Stratal architecture 

The seismic reflection data described above indicates a series of unconformity bounded 

depositional cycles. Sediments belonging to the transgressive, highstand, regressive, 

and lowstand systems tracts are recognised on the SCS lines. Each sea-level cycle is 

separated by an irregular erosion surface and in some places sediments are relatively 

conformable. Sedimentary units and unconformities observed in SCS data are sum

marised in (Figure 3.13) and described below. 

3.3.11 Transgressive sediments 

• Transgressive sediments appear as seismically bright spots that overlay the ero

sive transgressive surface. The high amplitude of these regional reflectors could 

indicate the presence of a thin sediment lag, possibly similar to the Upper Canter

bury Bight Formation (Herzer, 1982) which consists of mainly reworked regressive 

sediment and shell fragments. 

• Transgressive sediment bodies are generally discontinuous, up to 7m thick and 

prograde seaward and interpreted to have been deposited during periods of sea

level stillstand within the overall regional sea-level trangsression. 
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unit I unc # description SCS line number 

1 2 3 4 5 8 9 1 0 11 
a highstand X X X X X X X X 

~,~z~,~-,-::r.:'~~1V:::~~i';c•{;'i · ~ r.osiofugl secu.te,IJlp~Ji.~i:J.uti~aw. J.f~:,; lfiii,@ ·r ·"'·2< ~ :·~·*~f, ,, ~~_r· · ~--~~- }<A ·'f.t:ro:~ ·~. ( · :k: .· :; 
b regressive and lowstand L R & L R R&L R R&L R&L R&L R 
c highstand x 
d transgressive x x x 

~"·:;!ii!., ~ ~2 ::~,1 · erosi.o f:Ja~:se~ueraG:@ ·tl0i!Joaaw~ . ;1~5f :. ~.:,)(~,_:g; (· ·· lit~' ;,:.~xt<::1 '')l~~ ~}.Q:;/ ::.;~~~ ,,,,)x-~-:c· ._.,~ )< ··•i 
e regressive and lowstand L R & L R R & L R R & L R & L R & L R 
f transgressive x 

2t·-"'!."'" .,i~]'¥};'-"~- .~I • ~rO§j6maFsequelt1¢~,'~.G!;Ln~8,~~ 1ililrt:: ~<i-~ .:. . ~~- ;"!:.¥. ',1["•.2<'';.- c c··i;~'r: ll~£>.K;F;£ ~i:~t·"_'ii l iJ?<go "~l t;,~.~1 
g regressive and lowstand L R & L R R & L R R & L R & L R & L R 
h transgressive x 

f ~ · -~ '}tf.i!,_~~l': "",{ :fe:r,~lo@at, s~"~~~f,i~ ·~tomrrtlarY"< i'ir~~ ~>·~ i' :,~~Ji(fo ~x ~~· ~X:;~ -~'*-~'L ·X' .,, · ~ "'$<~;\J ~ ~;.jr 
regressive and lowstand R & L R R & L R R & L R & L R & L 
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Figure 3.13: Summary of sedimentary units and unconformities observed and described 

in this study. Numbers refer to regressive sequence boundaries, letters refer to sedi

mentary units. X means present on seismic line, R&L mean regressive and lowstand 

respectively. 

• Transgressive sediments on SCS line 3 appear as discontinuous, seismically trans

parent, bodies and are interpreted as channel fill deposits . These sediments 

overlay the regressive sequence boundary but underlay the transgressive flooding 

surface (also erosional) . 

• A sharp planar basal contact exhibits relief, the result of periods of sea-level 

stillstand. Further up-dip this surface can be conformable. 

3.3.12 Highstand sediments 

• A recent sediment drape is observed above the most recent transgressive surface. 

The unit is thickest (7m) near the present day coastline and thins seaward. 
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• Minor internal reflectors suggest that it was deposited as a series of storm related 

sediment pulses. Older occurrences of these deposits are predicted, however they 

are not resolvable in this study (seismic resolution and lack of digital processing 

facilties). 

• A sedimentary prism overlays U2 and is interpreted to be an offshore sand/ silt bar 

deposited during a prolonged period of sea-level stillstand or highstand. Similar 

features are observed on the modern shelf (refer Figure 3.18 from Carter and 

Carter (1985) near Molyneux Bay. 

3.3.13 Regressive sediments 

c;p Using SCS data described in this study I argue for the e~e of a regressive sequence 
) \\ tract. u-

• Regressive sediments have been deposited as a series of seaward prograding units 

(para-sequences) with internal reflectors increasing in dip (0.1 o to 0.2°) seaward. 

• Regressive sedimentary units are acoustically clean and interpreted as well-sorted 

sand/silt. 

• There appears to be a change in the acoustic property of the sediments seaward 

of the depositional shoreline break point (DSBP), that acts as a marker to dif

ferentiate the change from the regressive to lowstand systems tract. The contact 

between regressive and lowstand sediments appears to be conformable. 

• Toplap of units is not observed, indicating either sub-aerial (regressive) erosion, 

maririe (transgression) erosion, or non-observation. 

3.3.14 Lowstand sediments 

• Lowstand sediments occur as a series of prograding clinoforms that have been 

deposited after the sea-level has reached a stable minimum. 

• Internal reflections increase in dip (0.24° to 2.45°) seaward and are often disrupted 

by slumping. I interpret these deposits to have been formed by the progradation 

of a lowstand river delta and subsequent build-up of a shore face barrier. As such 

I would expect sediment composition to reflect the depositional environment ie. 

shoreface=?well sorted sands, behind shoreface=?wash over deposits and estuarine 

mud. 
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• The shore face barrier may be up to 5m high and 3km wide. The development 

of the shore face barrier changes along the length of the shelf edge but is recog

nisable in at least 6 previous sea-level cycles, indicating that similar process and 

thus depositional environment has been consistent during the late Quaternary. 

Sediment grab samples from SCS line 2 support this hypothesis. Samples DW3 

and DW4 (taken landward of the most recent submerged beach-ridge) contain 

mud-dwelling, deposit feeding bivalves, and have a finer grainsize than DWl and 

DW2 (taken from infront of submerged beach-ridge and do not contain mud

dwelling and deposit feeding bivalves). Refer to Appendix C for sedimentological 

descriptions of each sample. 

3.3.15 Fluvial sediments 

Fluvial sediments are identified as two forms: channel fill deposits on the inner and 

mid-shelf (deposited during sea-level transgression), and fluvial fans (deposited during 

sea-level regression and lowstand). SCS line 8 shows a series of buried alluvial fans 

that extend up to 20km offshore where they are terminated by a high stand erosional 

shoreline. Therefore, there are two depositional centres during sea-level regression and 

lowstand, the aggrading fluvial fans and the prograding delta further to the east. 

3.4 Age of surfaces and sediments 

In the previous section sediments and unconformites are descibed in terms of a cyclic 

deposition model. Using the depositional shoreline break (DSBP) as a marker to indi

cate the position of sea-level lowstand a chronological model for deposition is developed. 

This DSBP is repeatedly observed on all SCS dip lines and several successive sea-level 

cycles. The age of each DSBP is determined by identifying then digitising their associ

ated regressive sequence boundary. Two-way travel times are converted to depths using 

a lD velocity model (Vw = 1470ms-I, and "Vsed = 1700ms-1 ). Thickness is converted 

to age by dividing by the sedimentation rate from the nearby Clipperl petroleum well 

(0.12mma-1 ). In subsection 5.8.4 the limitations of extrapolating sedimentation and 

subsidence rates from a single petroleum well over an entire basin are discussed. How

ever, data presented in Figure 3.14 indicates there is a first order correlation between 

the estimated age of the features and periods sea-level lowstand. The misfit of data can 

be attributed to either incorrect identification of the features or, spatial and temporal 

variations in sedimentation rates. 
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Figure 3.14: Estimated age of lowstand shoreline breakpoints plotted against their 

associated unconformity number. Also plotted are the oxygen isotope curves from 

DSDP594 (Nelson et al., 1985) and the global composite curve from Feeley et al. 

(1990) along with the Huon Peninsula sea-level curve (Chappell and Shackelton, 1986). 

Estimated ages are determined by assuming a constant sedimentation rate (0.12mma-1
, 

Clipper 1 well). 

I am confident that DSBP were formed at the time when sea-level reached low

stand, as such I assign a chronological order and specific age to them; that being the 

oxygen isotope age of the glacial maximum. By correlation the age of the overlying 

transgressive erosion surface can be estimated. Figure 3.15 illustrates the chronological 

order of Late Quaternary sediments described in this study and correlates them with 

data from other studies. 
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Depositional depth of lowstand shoreline breakpoints 

The deposition depth of the DSBP is determined using their estimated ages and a 

regional subsidence of 0.2mma- 1 (Wellman, 1979) for the Canterbury Basin. Simi

larly, depositional depths for features identified as either transgressive or still stand 

are determined (refer Figure 3.16). Lowstand shoreline breakpoints appear to decrease 

in depositional depth (139 to 96m) with increasing age, no such correlation is ob

served with transgressive and stillstand features. This infers that either the subsidence 

rate has increased by 0.06mma-1 during the past 620Ky, or sea-level amplitude has 

increased by 43m over the same time period. An error in the subsidence rate would 

produce a linear change in depositional depth and thus the interpretation would remain 

unchanged. 

3.5 Correlation of ages with other studies 

In this section age estimates determined in section 3.4 are compared with those from 

other studies in the Canterbury Bight region. 

Herzer (1982) has examined micro and macro fossil assemblages in various sedi

mentary units from the Canterbury shelf. He describes the Pegusus Bay Formation as 

a highstand mud and very fine sand sediment drape deposited in the past 6000 years. 

The muddy parts of the formation indicate low energy conditions which are been in

terspersed by high energy sandy layers. The Pegasus Bay Formation corresponds with 

Unit A (this study). Underlying this unit is the Canterbury Bight Formation, which is 

divided into the Upper Member and Lower Member. The Upper Member has been in

terpreted as reworked Lower Member and was deposited during sea-level transgression 

(6.4-27.9Ka). The Lower Member underlies the upper member and is interpreted as a 

marine neritic regressive sequence (last interglacial highstand through the last glacial 

regression), consisting of mainly Mode IV muddy-sand and sandy-mud with high shell 

content, and corresponds with Unit B (this study). On the inner shelf rapid deposition 

in quiet water is inferred from macro and micro fossil assemblages. The Lower Member 

overlies Unit X which includes buried river channels, truncated foresets, and second 

order ridges, which corresponds with Units D&E (this study). Figure 3.17 illustrates 

the surface geology as described by Herzer (1982). 

Barnes (1993) recognises 13 unconformity-bounded Plio-Pleistocene seismic units 

on the northwest Chatham Rise slope. He interprets these as indicating an episodic 

history of mid-bathayal current erosion and deposition associated with glacial and 
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Figure 3.16: Estimated deposition depth of lowstand shoreline breakpoints, trangres

sive, and stillstand features are plotted against the assigned age of their associated 

unconformity. Depositional depths are determined by assuming a constant subsidence 

rate of 0.2mma-1 (Wellman, 1979) for the Cantebury Basin. 

interglacial periods. 

Barnes (1994) recognises 12 unconformity-bounded sedimentary units oflate Pliocene 

to Recent age beneath the inner and middle north Canterbury continental shelf. He 

interprets these units as predominantly highstand (HST) silty-muds separated by thin 

( < lm) transgressive (TST) gravel layers that mantle the ravinement surface. Isolated 

pockets of channel fill beneath the ravinement surfaces may be remnants of lowstand 

(LST) fluvial sediments and Tl sequence boundaries. 

Nelson et al. (1985) describes the late Quaternary sequence of eastern New Zealand 

(DSDP594) as lOOm of bluish-grey pelagic oozes and greenish-grey hemi-pelagic oozes 

that extend uninterupted back 730K y. Periods of glaciation are expressed by the 
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Figure 3.17: Seafloor geology of the Canterbury Bight from Herzer (1981). 

appearance of hemi-pelagic ooze (sed rate=0.10-0.35mma-1 ), whereas interglacial pe

riods are represented and pelagic ooze (sed rate=0.05-0.10mma-1). He suggests the 

~~ hi.gh freque~cy (a few t~ several thousand years~ se~-l~vel fluctuations 

(1-nfurrecrrrc:'m high resolutiOn oxygen Isotope data) may be an mtrmsic feature of the 

late Quaternary. These cyclic units are the deeper water equivalents of highstand and 

regressive/lowstand units observed in this study. 

Carter and Carter (1985) describe an 85km long inner to mid-shelf nearshore sand 

wedge (refer Figure 3.18). The sandwedge (up to 34m thick) developed in a region 

of quiet water and high sediment supply ( Clutha River) in two stages associated with 

periods of still stand ( 9600-8800years, and 6500-0 years). I suggest that this feature 

may be very similar to the highstand sediment wedge (Unit C) observed on SCS line 8. 

Griggs, Carter, Kennett and Carter (1983) describe sediment cores of late Qua

ternary age from the Canterbury continental margin and Bounty Trough. During 

glacial episodes of lower sea-level rivers delivered enourmous volumes of sediment to 

the shelf edge. During interglacial periods terrigenous sediment supply was reduced 

(mainly trapped in lakes). Sedimentation rates ranged from 0.6mma-1 (upper slope) 

to 0.3mma-1 (lower slope) and were highest on the canyon floors (0.1-0.2mma-1 ). 
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Figure 3.18: Holocene sediment wedge on the Otago continental shelf from Carter 

& Carter (1985). The features are similar to the highstand units described in the 

Canterbury Basin (this study). 

Griggs et al. (1983) note that during glacial periods, although enormous volumes of 

sand and gravel formed the outwash of the Canterbury Plains, fine sediments were 

transported by rivers and deposited directly onto the upper continental shelf. 

Numerous water bore holes have been made into the Quaternary gravels of the 

Canterbury Plains. Anderson (1994) and Brown and Weeber (1992) summarise the 

stratigraphy of the onland deposits and their correlative offshore units (from Herzer 

1981 ). These results are presented in Figure 3.19. It is interesting to note they perceive 

that the interglacial sediments thicken towards the shelf edge and interfinger with 

landward thinning glacial deposits (gravels). I describe the offshore extension of these 

alluvial surfaces (SCS line 8) however, poor quality SCS data from this study and 

lack of penetration has made~orrelation with their onshore equivalents impossible. I 

observe that gravel deposits only prograded up to 20km offshore and they interfinger 

in a complex manner with sequences of regressive and highstand sediments. During 

glacial periods the depositional system is bimodal ie. aggradation of gravel occurs 

onland and progradation of sediments (sandy-silts and muds) occurs seaward of the 

local base level. During interglacial periods storm related sediment pulses blanket the 

transgressive most recent marine flooding (transgressive) surface. 
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Figure 3.19: Onshore-offshore geological cross-section from Brown & Weeber (1992). 

Onshore geology is determined from water-bore hole logs and projected offshore to 

correlate with the units described by Herzer (1981). 

3.6 Ancient and modern depositional analogues 

Rhone Continental Shelf 

Tesson, Gensous, Allen and Ravenne (1990) describe a series of shallow seismic profiles 

from the Rhone continental shelf. They interpret the data as a stacked sequence of 

progradational lowstand wedges that have accumulated during the late Quaternary. 

The wedges are bounded by erosional sequence boundaries and onlap the mid shelf. 

On the outer shelf each wedge is separated by thin transgressive deposits, highstand 

deposits appear to be absent. The upper surface of the wedge is locally eroded by 

distributary channel which can be incised by sea-level fall as well as wave ravinement 

during transgression. These sedimentary units are almost identical to those described 

in the Canterbury Bight (this thesis). I suggest-that si!lce two separaj;e regiQllL~~ibit 
~-- ' ·····"'"· -..,...,,, 

similar depositional patterns indicates that eustatic change is the dominant driving 
~-~·--·· .. ~----·. ··-·--~···-··-···-········~~··"···~·-~-·-~-" ··· ... -..... 

force for the development of stacked lowstan~--~~llY§_I!c;_es. 
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Cardium Formation 

Sand bodies of the Cardium Formation (Cretaceous) occur in 3 parallel linear trends 

and are up to 100km long, 4km wide, and 7m high. Pattison and Walker (1992) 

suggest that a major relative lowering of sea-level first exposed mudstones to subaerial 

erosion. Subsequent marine transgression of this surface removed evidence of subaerial 

exposure. Pauses in transgression (still-stands) resulted in incised shoreface profiles, at 

this time rivers supplied coarse sediment to the shoreface. The sediment was reworked 

along-shore to form very long, straight narrow sand bodies. Continued transgression 

buried these shoreface sand bodies. 

Transgressive sediments from the Canterbury Bight are observed as a senes of 

discontinuous sediment bodies that overly the transgressive surface. These bodies 

appear continuous over distance of more than 20km, are up to 3km wide and 5m 

high. These bodies are interpreted as locally prograding shoreface units deposited 

· during periods of still-stand that are subsequently submerged and buried by regressive 

sand/silts. The deposits appear to be very similar to the Cardium Traps and I suggest 

they are a modern day analogue for a very significant pertroleum reservoir. 

The lowstand shore-face/beach-ridge deposits described in this thesis (section 3.3) 

are not analogues to the Cardium Traps. These units are interpreted as well-sorted, 

clean shore-face sands and may form a legitimate reservoir in their own right. Fur

thermore, a stacked sequence of lowstand wedges is likely to be visible in multichannel 

seismic data, transgressive deposits will not. In the next section a series of numerical 

models are presented that help to explain the development of these features. 
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Figure 3.20: Rhone continental shelf regional transect illustrating the internal geome

try of the superimposed sediment wedges on the outer-shelf (from Tesson et.al. 1990). 

These lowstand progradational wedges are very similar to those described in the Can

terbury Basin (this study). 
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Figure 3.21: Schematic cross-section showing the depositional and erosional history of 

the Brunswick allomember (Cardium Fm) in terms of eight stages of sea-level fluctu

ation (from Pattison & Walker, 1992). The Late Quaternary transgressive sediments 

observed in the Canterbury Bight are similar to these Cretaceous units and may serve 

as a useful modern-day depositional analogue for a major petroleum reserve. 

53 



3. 7 Numerical modelling 

Fuzzim (Nordlund, 1996) a fuzzy-logic based Macintosh computer programme is used to 

produce a series of numerical models that simulate sediment deposition in the Canter

bury Basin during the past 245K y. Model results are compared with SCS observations 

and stratigraphic interpretations. 

Stratigraphic simulations allow for the modelling of several processes simultane

ously in space and time. These processes usually include tectonics, sea-level change 

(eustasy), and sediment supply. The relationship between these variables is illustrated 

in Figure 3.22 from Galloway (1989). Nordlund (1996) has developed a stratigraphic 

modelling package based on the premise that since geology is a descriptive science 

and the majority of geological· data are qualitative, then fuzzy-logic, which allows for 

the quantification of data and modelling of complex non-linear relationships, would be 

ideally suited to the modelling of geological data sets. 

(';,;;';"'-;"'l_li_e_c....Jto'-n-ic_s--.. 

Glacial Eustacy II Geoidal Eustacy II Tectonic Eustacy L------.....1 ~...1 __ c_li_ma_te_--1 

l ... t Oil 
) l.___,.--__ J 

t 
Eustatic Subsidence 

Sea Level Change Rate 

l ~ ~ .. 
(Sequence Development) 

Figure 3.22: Variables that influence depositional history and sequence stratigraphy of 

prograding basin margins. Sequence architecture is the product of interplay between 

eustatic sea-level, subsidence rate, and sediment supply (from Galloway (1989)). 

3.7.1 Model parameters 

Each numerical simulation is controlled using a set of input files and rules, these are 

outlined below: 
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Fuzzy rules 

All rules are built-up on the basis of the same domain variable, namely the mixture 

between end-members of a set ( eg. sand and clay, or shallow and deep). Nordlund 

(1996) describes and illustrates the contructs of fuzzy-rules and fuzzy-sets. The fuzzy

rules used in this study are presented below and the fuzzy-set is presented in Appendix 

B. 

• IF near river THEN some deposition AND terr muddy sand 

• IF at river mouth THEN extremely rapid deposition AND terr sand 

• IF far from river THEN very slow deposition AND terr iD:termed 

• IF far from river AND deep THEN very slow deposition AND terr mud 

• IF land AND near river THEN very slow erosion 

• IF land AND at shore THEN very slow erosion 

• IF very far from river THEN very slow deposition AND terr sandy mud 

1. In the first model the sediment supply is a constant 0.12mma-1 as determined 

from the Clipper-1 petroleum well. Therefore, the model examines the effect of 

sea-level change (eustasy). In the second model I vary the sedimentation rate 

4-fold (0.4mma- 1 to 0.05mma-1 ) to simulate glacial and interglacial periods 

repsectively. 

2. All models use the sea-level curve determined by Chappell and Shackelton (1986). 

3. The initial surface upon which sediment is deposited has been defined to simulate 

the actual morphology of the Mid-Canterbury Bight continental shelf. 

4. For all models, subsidence is equal to that determined by Field and Browne 

(1993) for the Clipper-1 Petroleum well (0.12mma-1 
). 

5. For all modes, sediment compaction is comtrolled by Fuzzim's internal com

paction fuzzy-rules and fuzzy-set. 

6. For all models no isostatic compensation is allowed (simulates a rigid elastic plate, 

where Te = oo). Note that Fuzzim does allow for the partial or complete "Airy" 

isostatic compensation of sediments if required. 

55 



"snapshot" time= 155.5ky 
cells: Skm*Skm 

terrigenous 
sediment 

sand 

mud 

Figure 3.23: 3D-perpective of model parameters. 

3.7.2 Model 1 Constant sediment supply rate 

Modell simulates sediment deposition with a constant sediment supply rate (0.12mma 1 

Clipper-1 petroleum well). One feature of this model is the development of lobate 

sandy-silt bodies, that are interpreted as off-shore river deltas. Similar features are 

observed on SCS lines 1, 2, 4, 8, 9 and 10 where they are interpreted as shore-face and 

near-shore sand bodies deposited during sea-level lowstand. 

3. 7.3 Model 2 Variable sediment supply rate 

Model 2 simulates sediment deposition with variable sediment supply rate, analagous 

to glacial and inter-glacial periods. Figure 3.25 illustrates the depositional style in 

dip-cells directly with the source. One key feature to observe with this model is the 

development of localised (up to 10m thick) shore-face sandy-silt bodies, deposited by 

the source river during periods of sea-level highstand and lowstand. Their morphology 
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Figure 3.24: a)Fence diagram illustrating near-shore (highstand) and shelf-edge (low

stand) lobate sediment prisms from model 1. b )Fence diagram illustraing the internal 

geometry of shore-face sand-silt prism. 
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is illustrated in Figure 3.24 and they exhibit internally prograding units that are eroded 

on the upper surface. Another feature of the model is the thick sucession of silt beds 

that have prograded during sea-level fall (regression). Figures 3.25b and 3.25d indicate 

that most of the sediment has been deposited by the process of progradation during sea

level fall and that this sediment was deposited in water < lOOm deep. The regressive 

sequence boundary is illutrated in Figure 3.25a and is overlain by a thin veneer of 

transgressive silt. In turn, the transgressive silt is overlain by the marine flooding 

surface. The chronostratigraphic diagrams show that, within 40km of the coastline 

(cell 1) there exist significant hiatuses (up to lOOK y ), further offshore the hiatus is 

about lOky. This observation has important repercussions regarding the assigment of 

times to key depositional features, namely, the regressive sequence boundary and the 

marine flooding surface. These two features are readily recognisable in seismic section 

(refer section 3.3), but their usefulness as marker horizons should be weighted by the 

length of time they represent. The regressive sequence boundary represents a time

span up to lOOKy, the transgressive surface some lOKy. It may be more pertinent to 

use the trangressive surface as a boundary between successive stratigraphic sequences. 

3.8 Discussion 

The SOS data analysed in this study record a series of shelf-wide (80km) regional sea

level transgressions and regressions. Furthermore, higher frequency fluctuations in the 

local sea-level during sea-level transgression are recorded as wavecut erosion features 

and transgressive deposits. Little highstand sediment is observed in the SCS data and 

that indicates the presence of strong longshore currents and wave base erosion similar to 

those observed today. The majority of sediment deposited during the past 620K a has 

occurred during the regressive/lowstand section of the sea-level curve (glacial periods). 

The Depositional Shoreline Break Point indicates the position when sea-level reached 

its minimum and I have used this feature to constrain the age of observed sedimentary 

units and erosion surfaces. It is likely that either subsidence rates or sea-level amplitude 

fluctuations have increased during the past 620K a. Three-dimensional projections of 

the Canterbury Bight are presented in Figures 3.26, 3.27, 3.28 and 3.29 and illustrate 

observed and postulated features during four parts of the sea-level cycle. 

58 



® 
accommadation 

- progradation 

- aggradation 

depositional depth 
<Om 

>250m 

regressive sequence 
boundary 
parasequence boundary 

marine flooding surface 

time lines (1 Oky) 

@ inshore offshore 
ce ll1 cell17 

OK a 

245Ka 
Om -125m 

terr.sedim. accommadation 
Huon SL curve 

dep. depth 

Figure 3.25: Model2, CelllO dip-profiles and chronostratigraphic diagrams illustrating 

sediment deposition patterns. 
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3.9 Recommendations for future work 

I believe the Canterbury Bight offers a unique environment to determine New Zealand 

sea-level curve during the Quaternary, however, accurate dating of sedimentary units 

~ erosion surfaces is imperative. I strongly recommend that future studies concentrate 
IJ 

on the collection of dredge and piston core samples from seismically targeted regions. 

60 



r:rj ...... 
oq 
.: 
t-j 
(1) 

c.,.;) 

tv 
a.> 

c.,.;) 

t:J 
'"d 
t-j 

0 ....... 
(1) 
('l 
ct-...... 
0 
~ 

0 
........ 
ct-
p-' 
(1) 

Q 
§ 
ct-a.> (1) 
t-j 1-' 
o" 
.: 
t-j 

<..::: 

td ...... 
oq 
p-' 
ct-

p... 
.: 
t1. 
~ 

oq 

tJl 
(1) 

ll' ,__... 
(1) 

< 
(1) ,__... 
p-' ...... 

<§. 
tJl 
ct-.., 
~ 
p... 

Highstand 

v 
Antarctic storm driven 
southerly swells interact 
with continental shelf producing 
bedforms, and rapidly-eroding 
the coastline causing the rivers to 
locally incise 

Storm related deposit<> 
blanket the midshelf 
(virtually no sediment 
reaches outer shelf) 

Active deposition of offshore 
gravel bodies (river drops bedload 
at coastline) 



~ ....... 
(JQ 

~ 
t-j 
(]) 

w 
~ 
-.;r 

w 
0 

'"d 
t-j 

0 
'-' 0 

(]) 
("l 
ct-....... 
0 
~ 

g., 
ct-
p-' 
(]) 

0 
(ll 
~ 
ct-a:> (]) 
t-j tv 
0"' 
~ 
t-j 

'-< 
tJj ....... 

C§-
ct-

p.. 

~ ....... 
~ 

(JQ 

Ul 
(]) 

>;' 
1-' 
(]) 

< 
~ 
t-j 
(]) 

(JQ 
t-j 
(]) 
Ul 
Ul ....... 
0 
~ 

Regression 

Antarctic storm driven 
southerly swells interact 
with continental shelf producing 
bedforms, and locally eroding 
the coastline · 

Locallised erosion 
of coast due to 
swell and wave 
action 

buried and locally 
incised transgressive 
sediment wedge 

Longshore current locally erodes 
coast, but mostly redistributes 
sediment northwards 

Postulated strand-plain 
deposits, that are subsequently 
removed by marine erosion 
(during sea-level transgression) 

Glacial advance 

Locallised incision of 
rivers into shelf sediments 
(development of Type1 
sequence boundary) 



1-:I:j ...... 
()q 

~ 
1-j 
(1) 

w 
~ 
00 

w 
t:l 

'"d 
1-j 

0 
c..... 
(1) 
0 
M-...... 
0 
~ 

0 ......., 
M-

l=r' 
(1) 

0 
Ill 

CJ") 
~ 
M-

w (1) 
1-j 

0"' 
~ 
1-j 

~ 

tJj ...... 
()q 
l=r' 
M-

p.. 
~ 
1-j ...... 
~ 

()q 

(Jl 

(1) · 

Ill 
I ,_. 

(1) 

< 
(1) ,_. 
........ 
0 
~ 
(Jl 

M-
(lJ 

~ 
p.. 

Lowstand 

v 
Sediment (turbidites) enter 
submarine channels leading 
into the Bounty Trough 

Antarctic storm driven 
southerly swells interact 
with upper-continental 
slope, making slooe unstable 

Longshore current may affect 
shelf-edge deposits (erosion 
and slumping) but has little affect 
on exposed continental shelf 

Prograding shore-face/ 
beach ridge complex, with 
associated wash over 
sediments and lagoonal facies 

Slumping of oversteppened 
shelf-edge sediments 

environment 

Maximum extent of fluvial 
outwash depsoits (the change in slope 
from causes the rivers to drop their 
bed-load). 

Maximum glacial advance 
reaches, or passes most 
river gorges (range-front) 

Coalescing alluvial outwash 
fans (sea-ward fining gravel) 
initially infilling incised river 
valleys, then avulse to build 
out the Canterbury Plains 



':rj ...... 
()q 

.::: 
t; 
(l) 

'"""' tv 
(!) 

'"""' t::) 

'"d 
t; 
0 
'-' . 
(l) 
(l 
rt-..... . 
0 
J:j 

0 ,_,., 
rt-
P"' 
(l) 

0 
0'.> 

>11 
,.j::.. 

J:j 
rt-
(l) 
t; 
cr' 
.::: 
t; 

'<! 

td ...... 
()q 
p-' 
rt-

p... 
.::: 
t; ,_.. 
J:j 

()q 

Ul 
(l) 

~ 
1-' 
(l) 

<! 
(l) ,....... 
rt-
t; 

§ 
Ul 

()q 
t; 
(l) 
Ul 
Ul ...... 
0 
i:l 

Transgression 

v 
Antarctic storm driven 
southerly swel ls interact 
with continental shelf producing 
bedforms, and locally eroding 
the coastline 

Submerged 
preserved shore-face/ 
beach ridge compiBx Submerged transgressive 

deposit (periods of still-stand 
locally incise coast line, these 
topographies features are infilled 
by longshore transported sediments, 
cf. Cardium Traps) 

Deglaciation releases 
water and sediment causing 
rivers to evulse and outbuild 
the Canterbury Plains 

Glacial retreat 

Wave action locally 
erodes coast, trans
porting sediment 
(sand/silt) northeast 



Chapter 4 

Topography and Gravity 

4.1 Introduction 

In this chapter topography and gravity data from 11 cross-sections sampling the central 

South Island are analysed. The data are described in terms of spatial and spectral 

characteristics. Bouguer gravity data from the Canterbury Basin are also described 

and interpreted using simple models. This information is used in Chapter 5 to develop, 

test and constrain a variety of geodynamic models. 

4.2 Data Sources and Processing 

Bouger gravity and topography data presented in this study are from a variety of 

sources. A. Lowry (Pers comm) provided a complete onshore-offshore Bouguer gravity 

dataset for the New Zealand region. Satellite altimetry-derived free air offshore data, 

ship track free air near-shore, and complete Bouguer corrected land data have been 

binned within a 4km mesh; a semi-variance test was performed to flag potentially bad 

measurements, then the best measurement for each bin was kept. Each of the best free 

air measurements was then "complete" Bouguer corrected and finally grided using a 

minimum curvature interpolation algorithm (Lowry, 1996). 

The topographic dataset for the South Island region was provided by IGNS (B. Davy, 

Pers comm) as spot heights for each grid node on the 1 inch to 1 mile topographic map 

series. Bathymetric data is from combined sources, namely: Etopo5 (Haxby, Karner, 
c_ 

LaBrecque and Weissel, 1983), G#co Ship Track data, and miscellaneous IGNS data 

sets. 

GMT3.0 (Wessel and Smith, 1995) is used to process and present gravity and topog-
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Figure 4.1: Location of cross sections used to extract topography and Bouguer grav

ity data. Directions were choosen to run sub-parallel and perpendicular to the main 

structural fabric of the central South Island. 

Table 4.1: Resolution and accuracy of topography and Bouguer gravity data used in 
this study. 

Dataset Resolution Accuracy 
Bouguer gravity 4km * 4km ±2mGals flat regions (Reilly 1970) 

±lOmGals mountains (Reilly 1970) 
±3mGals offshore (Lowry 1996) 

Topography 1.6km * 1.6km ±lOOm onland (linch:lmile topo map) 
±20m near-shore (B. Davy Pers comm) 

±150m off-shore (Haxby 1983) 

raphy data. GMT processes are controlled using Unix CShell scripts which enable long 

and sometimes convoluted processes to be repeated, altering parameters as required. 
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Figure 4.2: Topography and Bouguer gravity for cross sections perpendicular to the 

length of the South Island. Smooth, solid line represents 60km low-pass filtered topog

raphy. 
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Figure 4.3: Topography and Bouguer gravity for cross sections parallel to the length 

of the South Island. Smooth, solid line represents 60km low-pass filtered topography. 
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4.3 Observations 

Mountain ranges are three-dimensional; similarly processes that effect their develop

ment must be examined in three dimensions (Koons, 1994). Continuous offshore and 

onshore Bouguer gravity and topography data from eleven 500km long cross-sections 

parallel and perpendicular to the length of the central South Island are analysed. These 

data (unfiltered) are presented in Figures 4.2 and 4.3, and also discussed in the follow

ing sections. Also plotted, as an indicator of average topographic expression is 60km 

low-pass filtered topography (refer to section 4.6.4 for information about the choice of 

wavelength). 

4.4 Cross-sections perpendicular to South Island 

4.4.1 Cross section 1 

A broad continuous marine shelf (Challenger Plateau) exists to the west of the land. 

Rugged mountains of the Karamea and Kaikoura Ranges reach heights > 2000m. 

Offshore, to the east the southern-most extension of the Hikurangi Trough is visible 

(x = 380km) and is > 1200 metres deep. A -60mGal Bouguer low is coincident with 

the high point of the topography and is slightly asymmetric, being steeper on the east 

limb. 

4.4.2 Cross section 2 

This line is characterised by nearly symmetric topography. Broad marine shelves exist 

on both sides of the island with the water depths reaching 800m. The topography is at 

least 1500m high with a bimodal shape similar to cross-section 1. A -45mGal Bouguer 

low is about 450km in wavelength and flanked by 2 shorter wavelength (A = 50km) 

30mGal highs(x = 160km, 320km). These gravity highs are continuous across the 

coastline and are therefore not considered to be gridding artefacts. 

4.4.3 Cross section 3 

Marine shelves exist on both sides of the island with water depths reaching lOOOm. The 

topography is dominated by the Southern Alps (> 2000m) and to the east by Banks 

Peninsula (500m). A -45mGal symmetric Bouguer low is coincident with the high 

point of the Southern Alps. A -40mGgal high (x = 380km) can be directly correlated 
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with the Banks Peninsula Volcanic Complex. A 40mGal Bouguer couple ( x = 180km) 

lies just off the west coast of the island, but has no direct topographic correlation. 

4.4.4 Cross section 4 

Deeper water ( ~ 1300m), nearing the southern edge of the Challenger Plateau leads 

into a narrow marine shelf ( 40km wide) flanking the abrupt rise of the Southern Alps 

(> 2300m). The Canterbury Plains and associated marine shelf are about 160km wide 

and dip gently eastward. An asymmetric -60mGal gravity low is slightly offset (some 

20km) to the east of the topographic high. 

4.4.5 Cross section 5· 

Deep-water (1600m) low relief bathymetry gently shallows towards the west coast. The 

. strongly asymmetric topography (> 3000m) of the Southern Alps decreases in height 

to the east. An 80km wide marine shelf is developed which abruptly terminates into 

1200m water. An asymmetric Bouguer low ( -75mGals) is offset some 35km east of 

the topographic high point. 

4.4.6 Cross section 6 

A deep-water section (1700m) rises (x=150km) to a lOkm wide marine shelf. The 

Southern Alps and associated eastward ranges exhibit a broad asymmetric shape, being 

steeper on the west of the main divide. The -90mGal gravity low is offset 20km east 

of the topographic high point and is slightly asymmetric (steeper on the west limb). 

4.5 Cross-sections parallel to South Island 

4.5.1 Cross section 7 

The bathymetry (1700m to 100m) of this entirely marine line reflects the transition 

onto the Challenger Plateau. The Bouguer gravity shows a series of short wavelength 

(A = 30km) anomalies. To the north the gravity becomes progressively more negative. 
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4.5.2 Cross section 8 

The topography exhibits a series of short wavelength (A = 15km) peaks and troughs 

that diminish in amplitude (lOOOm to Om) to the north, which represent ridge and 

valley pairs that run perpendicular to the length of the island. Their decreasing am

plitude appears to be a function of sampling direction and the change from Pacific to 

Australian plates. The gravity in the southern portion of the cross section ( x = Okm 

to 220km) is consistently negative ( ~ -30mGal) but changes ( x = 240km) to about 

OmGal in the region of the plate boundary. 

4.5.3 Cross section 9 

The topography sampled is entirely mountainous, with elevations up to ~ 2000m. 

Two periodic components are observed (A = 15km, 50km) being correlated with ridge

valley and basin interspacing respectively. The Bouguer gravity is entirely negative, 

increasing ( -70mGal to -40mGal) to the north ( x = Okm to 270km) before decreasing 

back down to -50mGal. No direct correlation between the gravity and the topography 

is observed. 

4.5.4 Cross section 10 

The topography associated with the East Otago Ranges (x = Okm to 140km) di

minishes to the relatively flat lying Canterbury Plains. To the north ( x = 440km) 

the marine shelf is narrow before dropping into the Hikurangi Trench. The Bouguer 

gravity fluctuates about OmGal, with small aperiodic (20mGal) peaks and troughs. 

4.5.5 Cross section 11 

This mainly marine cross section exhibits little bathymetric relief. The Waitaki marine 

canyon cross-cuts the line at x = 140km, and further to the north (x = 400km) the 

bathymetry reflect the northern edge of the Chatham Rise. The Bouguer gravity is 

entirely positive, increasing slightly from 40mGal to 70mGal to the north. 

4.6 Spectral analysis 

Spectral analysis of data is useful to determine if periodic components exist within a 

complex signal. The power spectral density of a data set represents the energy per unit 
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interval on the frequency scale (Bath, 1989). Periodic components within a complex 

signal will appear as a series of discrete spikes with an amplitude proportional to their 

respective energies. The power spectra for each transect are presented in Figures 4.4 

and 4.5. I remove any residual DC signal component is removed by subtracting the 

individual average of each cross section. 

4.6.1 Topography 

The power spectra for cross sections perpendicular to the length of the South Island 

are dominated by long wavelength (A > 80km) energy. The presence of lower energy 

(A < 15km, c::: 30, 40, 50km) confirm the spatial observations made in the previous 

section. Cross-sections parallel' to the length of the island do not exhibit dominant long 

wavelength energy. Short wavelength (A < 15, A c::: 40- 60km) peaks are present on 

all cross sections indicating that topography with A < 60km is not partition parallel or 

perpendicular to the length of the South Island. In comparison partitioning appears 

to exist for wavelengths A > 80km. 

4.6.2 Bouguer Gravity 

The power spectra for cross sections perpendicular to the length of the island exhibit 

dominant long wavelength (A > 80km) energy; in comparison island parallel lines do 

not. For wavelengths A < 80km no significant peaks are observed, rather a gradual 

decrease of energy is observed. In a similar fashion to topography, Bouguer gravity 

exhibits partitioning at long wavelengths (A > 80km). 

4.6.3 Correlation between gravity and topography 

To determine if a relationship exists between Bouguer gravity and topography I cal

culate the correlation coefficient for each cross section. The correlation coefficient is 

defined as: 

(4.1) 

were r=correlation coefficient, n=number of variables :n and y, refer to Bath (1989). 

The sign of the correlation coefficient ( r) indicates either a positive or negative 

correlation. Furthermore the square of the correlation coefficient (r2
) is a measure 

of the variation in variable :n that can be accounted for by a linear relationship with 
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Figure 4.4: Power spectral density of a)Topography and b )Bouguer gravity for cross 

sections parallel (dashed line) and perpendicular (solid line) to the length of the South 

Island. Both datasets have been high-pass filtered to remove any residual DC compo

nent. For longer wavelengths (). > 80km) partitioning of the power spectra occurs only 

on cross-sections perpendicular to the length of the South Island. Lower energy, shorter 

wavlength (). < 50km) spectral peaks do not exhibit partitioning and are attributed 

to ridge-valley pairs. 
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of the South Island. Figure 4.6b indicates that long wavelength.\> 60 ± 20km topo

graphic features, in lines perpendicular to the South Island, correlate well with Bouguer 

Gravity. 
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variable y. For example: if r 2 = 0.90 then 90% of the variation in Bouguer gravity can 

be accounted for by a linear relationship with topography. 

Table 4.2: Correlation coefficients between Topography and Bouguer gravity for each 
cross section in F. 4 1 1gure .. 

Cross section Correlation coefficient ( r) T2 

1 -0.8128 0.6606 
2 -0.7473 0.5585 
3 -0.7582 0.5749 
4 -0.9205 0.8473 
5 -0.9361 0.8763 
6 -0.9216 0.8493 
7 -0.9265 0.8584 
8 -0.8591 0.7381 
9 -0.8759 0.7672 

10 -0.6583 0.4334 
11 -0.7998 0.6397 

All cross sections have a negative correlation coefficient, indicating that positive 

topography corresponds with negative Bouguer gravity. Cross sections 4, 5, and 6 have 

high negative correlation coefficients, confirming the visual description of the data 

(Figures 4.2 and 4.3). Cross section 7 is marine and entirely on the Australian plate, 

with a high negative correlation coefficient. Particularly interesting are the relatively 

low negative correlation coefficients for cross sections 1, 2, and 3, despite the presence of 

visually correlated topography and Bouguer. The low correlation coefficients are due 

to the presence of shorter wavelength Bouguer gravity features because topography 

and Bouguer gravity are related to sedimentation as well as deformation. For example, 

cross sections 9 and 10 pass over predominantly sedimentary region and exhibit low 

correlation. 

The correlation coefficient does not provide information about topographic wave

lengths that correlate with Bouguer gravity. This information can be obtained by 

analysing a spectral equivalent of the correlation coefficient; the power spectral density 

of the coherent output (Bath, 1989). 

4.6.4 Cross spectral analysis 

The power spectral density plot for cross-sections parallel to the South Island (Fig

ure 4.5) does not exhibit peaks, therefore topographic variations, for all wavelengths, 

parallel to the length of the island do not correlate with Bouguer gravity variations. 
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The power spectral density for cross-sections perpendicular to the South Island show a 

clear inflection at k = 0.12±0.04 (..X= 60±20km) suggesting that topographic features 

with wavelength A > 60 ± 20km correlate with Bouguer gravity. Noting that Bouguer 

gravity anomalies provide information about crustal and mantle density variations we 

can infer that long wavelength (..X > 60 ± 20km) topographic features are associated 

with, or even cause, density variations. 

4. 7 Canterbury Basin Gravity 

Figure 4.6 is a detailed image of the Bouguer gravity dataset for the Canterbury Basin. 

The central South Island grav:ity· dataset has already been described in the previous 

sections. In this section specific features within the Canterbury Basin are decsribed 

and interpreted. 

4. 7.1 Feature 1 

The positive side of a 120km long, 20mGal, Bouguer pair coincides with the axis of the 

front ranges (from the Hunter Hills to Mount Hutt), the relative low extending onto 

the Canterbury plains. Stern (1995) interpets a similar feature (further south) as an 

uncompensated greywacke thrust sheet. 

4.7.2 Feature 2 

A 30km wide 20mGal Bouguer low lies just offshore between the Ashburton and Rakaia 

rivers. There does not appear to be any correlation with bathymetry (Figure 4.7a) or 

the Neogene Isopach map (Figure 4.7c). Bal (1996) determined the hydraulic con

ductivity (Figure 4. 7b) within the shallow sediments of the Canterbury Plains, inter

preting regions of high conductivity (k > log102.5) as backfilled braid-plain valleys. 

These rapidly deposited sediments will have a low density when compared with sur

rounding sediments, producing localised Bouguer gravity lows. I have produced a 

2D-gravity model (Figure 4.8) for the surface exposed and successively buried back 

filled low-density sediment bodies. The low relative densityc0 :~=3ookg'rf7,)"3 ) surface 

exposed body produces a 32km wide, -6mGal gravity response;W!ththe magnitude 

decreasing and width increasing for each successive model. The horizontal gradient of 

a gravity field can provide information about the depth of the anomalous mass dis

tribution. The maximum horizontal gradient for the back-filled valley model is about 
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Figure 4_6: Canterbury Basin Bouguer gravity_ Gravity data is from Lowry {1996) and 

contoured at 10mGal intervals (refer to table 4_1 for grid resolution and errors)- Black 

dotted-lines refer to basement faults (Field and Browne 1989)_ Black dashed-lines refer 

to active fault traces_ Red dashed-lines and numbers refer to gravity features discussed 

in this section_ 
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Figure 4_7: Canterbury Basin Bouguer gravity maps with vanous overlaid isopach 

maps : a)topography, b )hydraulic conductivity (Bal, 1996) , c )Neogene sediment 

isopachs (Field and Browne, 1989), and d)depth to basement map (Field and 

Browne, 1989)-
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Figure 4.8: Canterbury Basin gravity models. Model 1: basement depression in

filled with sediment (!:lp = -200kgm-3
). Model 2: Shallow sediment bodies (!:lp = 

-200kgm-3
) simulating backfilled paleo-river valleys. · 

An alternate explanation for the observed Bouguer low is a zone of low-density 

sediment infilling a basement depression. This model seems to be supported by Depth 

to Basement Isopach data (Figure 4.7d), where the 1500m isopach forms a localised 

depression. However, the isopach data is poorly constrained in this region because the 

multi-channel seismic lines do not come close to the coast. Depth to Basement isopachs 

within the coastal region are interpreted with due caution. This scenario (Figure 4.8) 

is modelled using a 30km*30km, 500m deep, localised depression that has been infilled 

r~h-i~~-d~~~it; sedi~J = -700kgm -a, Cretaceous coal measures and graben 

fill). The model produces 45km wide, -13mGal gravity anomaly, with a maximum 

horizontal gradient of 1.6mGalkm-1. 

I therefore suggest that feature 2 is best interpreted as a sediment filled basement 

depression. 
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4.7.3 Feature 3 

The 40mGal Bouguer high can be directly correlated with the Banks Peninsula Volcanic 

Complex. 

4.7.4 Features 4 & 5 

Two 10mGal positive Bouguer anomalies lie directly offshore and north of the Waitaki 

and Rakaia river mouths. Although these anomalies may be artefacts produced by 

the griding procedure-this notion is given less weight because feature 7 is continuous 

across the grid boundary (coastline). Alternatively they may represent either a rela

tively high-density sediment body, or a shallowing of the basement depth. The latter 

hypothesis is rejected due to lack of corroborating evidence (refer Figure 4.7d) 

4. 7.5 Feature 6 

A 170km long by 40km wide 15mGal Bouguer high correlates with the most recent 

and thickest sediment section of the Neogene prograding foresets (Figure 4.7c). Holt 

and Stern (1991) describe a similar feature and interpret the positive free air anomaly 

to be caused by an uncompensated sediment load (Taranaki Giant Foreset Formation). 

4.7.6 Feature 7 

An elongate 40mGal high is associated with the East Otago heat-flow anomaly (Allis, 

unpublished manuscript) and is probably the result of a Miocene-rifting episode (Field 

and Browne, 1989). 
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Chapter 5 

Modelling 

5.1 Introduction 

In this chapter previous gravity studies of the Central South Island are summarised. 

Arguments for and against elastic flexural deformation of the lithosphere are presented, 

with particular reference to mechanisms of isostatic compensation. A series of litho

spheric and basin scale flexural models are developed and the adequacy of these with 

respect to gravity, seismic control, stratigraphy, plate tectonics and geological field data 

is discussed. 

5.2 Previous Studies 

Woodward (1979) and Allis (1986) have both modelled the gravity field in the central 

South Island using simple geometric constraints. Woodward (1979) describes an elon

gate negative isostatic gravity anomaly ( -300J-LN /kg) in the region between Wanaka 

and Pukaki. A small positive (100J-LN /kg) high runs parallel and to the west of the 

Alpine Fault (refer Figure 5.1). Four crustal cross sections (Figure 5.2) through the cen

tral South Island are modelled by fitting predicted gravity with the observed Bouguer 

data. These models were fine tuned, by altering their geometry, until a reasonable fit 

was achieved. Woodward (1979) uses S-P conversion depths (Calhaem, 1977) as an 

external constraint, but he notes that these depths are too shallow to represent the 

crust-mantle boundary. Woodward (1979) concludes that his gravity models indicate 

the crust beneath the Southern Alps is 40 to 45km thick and the western margin of 

the thickened crust is the downward extension of the Alpine Fault. 
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Figure 5.1: Isostatic gravity map (Woodward, 1979) of the central South Island. Con

tour interval is lOOJ-LNfkg. Cross sections labelled A-A' etc. refer to the gravity models 

presented in Figure 5.2 

Figure 5.2: Four topography and Bouguer gravity profiles (refer to Figure 5.1 for 

locations) across the central South Island (Woodward, 1979) and associated crustal 

models 
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Allis (1986) notes that the gravity field has a prominent northeast trending lineation 

parallel to the plate boundary and ascribing the negative Bouguer anomaly to crustal 

thickening that occurred during the last ten million years. Allis (1986) considers that 

features of a gravity field which must constrain any model of crustal shortening are 

the absence of a large low adjacent to the northern half of the Alpine Fault, and the 

relatively high gradient which bounds the west side of the Alpine Fault. Three gravity 

profiles (Figure 5.3) are developed using geometrical constraints to determine the Moho 

relief adjacent to the Alpine Fault. Allis (1986) suggests that his models emphasise two 

key points: 1) Crustal thickening beneath the Alpine Fault is an important component 

of the Late Cainozoic shortening episode, and 2) Overthrusting of the Pacific plate 

(or underthrusting by Australian, plate crust) is an important part of the shortening 

process towards the southern end of the Alpine Fault. 

The studies by Woodward (1979) and Allis (1986) have provided key information 

towards the understanding of crustal processes in the Central South Island. However, 

both studies have been hampered by the unavailability of external constraints and 

therefore each author has been careful not to over interpret their geometric models. 

Stern (1995) notes that the existence of a negative isostatic and free air gravity 

low over the central South Island is consistent with active subduction of relatively cold 

and dense mantle, the load of the mantle pulls the crust-mantle boundary beneath its 

equilibrium level. He also notes that 50 to 80km of convergence between the Pacific 

and Australian plates is thought to have occurred since the late Tertiary. Stern (1995) 

suggests that a corresponding amount of cold mantle material must have been sub

ducted beneath the South Island. A dynamic model is developed (Figure 5.4) similar 

to one initially suggested by Karner and Watts (1983) whereby an elastic plate with 

a free edge is loaded by both topographic and "hidden" loads. These models are pre

sented in Figure 5.4 and Stern (1995) determines an effective crustal thickening of 12 

to 15km, with much of the thickening being in the form of oceanic crust. The models 

also suggest that the existence of a broad isostatic gravity low is consistent with active 

mantle-lithosphere subduction. Stern (1995) interprets the gravity high, which flanks 

the eastern side of the central gravity low, as mobile greywacke thrust sheet, infilling 

paleo-bathymetry. These front ranges are too small to be isostatically compensated 

and therefore produce relative Bouguer gravity highs. 
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Figure 5.3: Crustal models from Allis (1986) illustrating geometric models to explain 

the gravity field across the Alpine Fault. Stipled areas denote Pacific plate crust, 

dashed lines in the crustal cross section indicate the Moho and plate boundary prior 

to the onset of late Cenozoic convergence. The Alpine faults corresponds with the zero 

line on each profile. 
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Figure 5.4: Gravity model and crustal structure beneath the central South Island from 

Stern (1995). The gravity response is calculated assuming an elastic plate model with 

a reference Moho depth of 27km. The flexure of the plate is determined considering an 

applied topographic load and a "hidden" sub-surface load equivalent to either 50km 

or 80km of cold subducted mantle-lithosphere. 

5.3 Geodynamic models 

5.3.1 Introduction 

The theory of plate tectonics implies that near-surface rocks are rigid and therefore 

behave elastically on geological timescales. These plates (lithosphere) are subjected to 

a variety of vertical and horizontal stresses causing them to bend. In turn, the effective 

flexural rigidity of the lithosphere can be determined by relating observed flexure with 

applied loads. 

Turcotte and Schubert (1982) present the general equation for the deflection of an 

elastic plate: 

(5.1) 

where D=flexural rigidity, w=elastic plate deflection, q( :v )=downward force per unit area, 

and ?=horizontal forces. 
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The effective elastic thickness parameter (Te) is commonly used as a measure of 

flexural rigidity and related to rigidity by: 

(5.2) 

where E= Young's Modulus (0.7 X 1011 ), v:::::poisson ratio (0.25), and Te=effective elastic 

thickness. 

Burov and Diament (1996) note the gravity effect of large scale excess mass on 

the earth's surface is significantly reduced (compensated) by light "roots" at depth. 

This effect is called isostasy. Pratt (1855) and Airy (1855) developed models of isostasy 

based on Archimedes principle .that assumes the lithosphere is balanced hydrostatically 

and cannot support any deviatoric stresses. This model corresponds to a non-rigid plate 

(Te = Okm). However, geological and geophysical studies of continental collision zones 

. (eg. Lyon-Caen and Molnar (1983), McNutt, Diament and Kogan (1988), Karner and 

Watts (1983), Sheffells and McNutt (1986), Stern (1995)) do not support the model of 

point isostatic compensation (Airy model, Te = Okm) , but prefer a model of isostatic 

compensation by elastic flexure (Te > Okm). 

The elastic flexural deformation appears to be a useful model for describing litho

spheric flexure. The elastic models discussed here range from zero rigidity (Te = Okm, 

where all applied loads are point compensated at depth), to infinite rigidity (Te = 

ookm, where all loads remain completely uncompensated). The elastic model is rel

atively easy to solve numerically, however it does assume a specific rheology for the 

lithosphere. 

5.3.2 Rheology and flexural parameters 

Watts (1978) considers the oceanic crust as a single homogeneous layer, the thickness 

of which is largely controlled by the geotherm. Oceanic crustal geotherms are strongly 

age dependent, therefore a simple Te-age relation holds (Sclater and Christie, 1980). 

Continental crust is geologically complex, being composed mainly of quartz and 

feldspar that deforms in a manner such that the upper crust ( ~ 12km) is cold and 

strong, the lower crust is hot and ductile (Brace and Kohlsted, 1980), that in turn, 

overlays a strong olivine rich mantle lithosphere. 

Therefore, Te cannot correspond to one specific mechanical layer or geotherm. 

Burov and Diament (1996) show that the thicker the continental crust the weaker 

the lithosphere, implying that in active orogenic belt the lithosphere should become 

86 



~r---~~~-+0 

.]1) 

'E 
-..10 ·= 
.}Q £ 

0. 
--411 t! 

0 soo. 1500 

Ao- (,\ll):l! 
\l m t1Y.t(l 1soo 

M (Mp::~} 

Figure 5.5: Lithospheric rheology diagram from Burov & Diament (1996) showing 

a typical continental yield-stress envelope tiO'(Y) for thermal age 50 0M a and strain

rate=3 x 10-15 s-1 . Quartz-controlled crust and olivine-controlled mantle. 

weaker with time. Kjnir and Karner (1985) point out that, if you consider the litho

sphere to be represented by a two layer model (upper crust and rigid mantle) then, for 

thermally young lithosphere ( < 250M a) Te will be controlled by the crustal strength. 

If the crust is weaker than the mantle (ie. old lithosphere > 400 - 700M a) Te will be 

controlled by the mantle-lithosphere strength. 

The elastic flexural model assumes that compensation of topography occurs at the 

Moho. Burov and Diament (1995) suggest that deformation of lower crust by ductile 

flow (see Figure 5.5) provides an additional compensation mechanism. In this case 

the mantle will be partially unloaded and the Moho may appear flattened, resulting in 

overestimates of Te. 

To summarise, Te is not a physical thickness, but an approximation that can be 

used to constrain the mechanical thickness of the lithosphere and its variations. 
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5.4 Lithospheric stresses 

5.4.1 Vertical (normal) stresses 

Vertical stresses in the lithosphere are the result of applied loads· ( eg. mountains and 

sediment bodies). For example, a mountain 3000m high with density p = 2670kgm - 3 , 

will produce a vertical stress of 78M Pa. Turcotte and Schubert (1982) note that, 

when applying equation 5.3 to determine the flexure of the earth's lithosphere due to 

an applied load we must be careful to include the hydrostatic restoring forces due to 

effective displacement of mantle rocks in the vertical column by material of smaller 

density. 

Turcotte and Schubert (1982)' show that the flexure of the earth's lithosphere can 

be determined using the following equation: 

:Jd4w d2w 
D (\ dx4 + P dx2 + (Pm- Pi)gw = qa(x) (5.3) 

where w=deflection of the elastic plate, qa=applied load, Pm=density of the mantle and Pi= 

density of the infill. 

5.4.2 Horizontal stresses 

Horizontal stresses in the earth's lithosphere are due to plate tectonic forces (e.g. slab 

pull-ridge push). Souder and England (1986) show that the vertically averaged rhe

ology can be approximated by a single power law (assuming brittle deformation occurs 

by Byerlee's Law and ductile deformation by steady-st,creep mechanisms) over a 

wide range of strain rates from 10-3 to 10-7 s-1 . They show that the strength of the 

lithosphere depends most strongly on the thermal state of the upper-mantle but also is 

influenced by the stress supported in the brittle portions of the lithosphere. Using this 

model I plot the relationship between differential stress and lithospheric depth (Fig

ure 5.6) considering various ratios of pore to lithostatic pressure and assuming that 

brittle failure occurs due to compression. 

For example: consider the upper crust ("" 10km) at hydrostatic pore pressure 

(.X = 0). The crust behaves elastically up to a differential stress of 330M Pa when it 

fails bri@ If the fluid pressure in collisional zones approaches lithostatic pressure 

(.X = 0.8) then brittle failure at 10km depth occurs at 70M Pa. This relationship 

illustrates that the higher the fluid pressure in the upper crust the more likely for 

failure to occur by brittle deformation ie. faulting. For depths in the crust below 15km 

deformation will be dominated by ductile behaviour of quartz. 
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Differential Stress (MPa) 

Figure 5.6: Differential stress diagram after Sonder & England, illustrating the relation

ship between differential stress and lithospheric depth. As fluid pressure (.A) increases 

the differential stress required to fail the crust brit@ decreases. Note that A = 0.0 is 

equivalent to dry rock, A = 0.4 approximately hydrostatic, and A = 0.8 overpressured 

(e.g. subducting slab, collision zone) . 

Coblentz, Sandiford, Richardson, Zhou and Hillis (1995) determine the differential 

stress for the entire earth's lithosphere. A value of 20M Pa (averaged over a lOOkm 

thick lithosphere) is calculated near the South Island (172.1E, 47.2S). Similarly, Eng

land and Molnar (1991) estimate the average shear stress for the Andes and Tibet re

gions at 25M Pa (averaged over a lOOkm thick lithosphere) but note that heat flux near 

major thrust zones indicates that, at depth, shear stresses may exceed 50-lOOM Pa. 

Sholz (1979) notes that, metamorphic assembleges indicate, localised stress along the 

Alpine Fault (New Zealand) must have exceeded lOOM Pa. 

In summary, the average differential stresses in the earth's lithosphere is approx

imately 20M Pa, however, the process of ductile deformation as described by Sonder 

and England (1986) will effectively localise the stress leading to brittle failure of the 

upper mantle lithospere and upper crust. This conclusion is supported by seismological 

evidence (Chen and Molnar, 1983). 

Schubert (1983) determine the minimum (critical) stress required to buckle an elas-
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tic plate, such that: 

(5.4) 

where Pc=critical stress, L =length of the elastic beam (Alpine Fault to Antarctic-Pacific 

spreading ridge ~ 5500km), and D=flexural rigidity. 

Table 5.1: The minimum (critical) horizontal differential stress required to buckle an 
elastic plate for increasing values of rigidity. 

Te(km} Flexural rigidity (Nm) Critical Stress (MPa) 
0 0 0 
1 6.22x1018 2 
5 7.78x 1020 250 
10 6.22x 1021 2030 
20 ·4.98x1022 16200 
30 1.68x1023 54800 
40 3.98x1023 130000 

The differential stress required to buckle an elastic plate (T., > 5km) is 250M Pa, 

which is greater than the stress required to initiate brittle failure, for moderate to high 

fluid pressures (ie. A > 0.5). Shortening of the Pacific plate in the central South Island 

will be accommodated by the process of brittle (faulting) and ductile deformation, 

rather than buckling. 

5.5 Central South Island 

The general properties associated with deformation of an elastic plate have been dis

cussed and now this model is applied to the central South Island. 

The crustal rocks of the central South Island are predominantly greywackes and 

schists, having an average crustal density of 2670kgm - 3 . Fossil conodonts, in greywacke, 

near Geraldine indicate an age of at least 300M a (Jenkins and Jenkins, 1971). This 

implies that the underlying lithosphere, upon which greywackes and schists were de

posited, is older than 300M a. Cande and Kent (1992) interpret the oldest magnetic 

anomaly (east of the Bounty Trough, 185E46S) at 83M a. Cooper and Reay {1983) 

describe a (Permian) sedimentary contact between the Pounamu Ultramafics and an 

overlying turbidite sequence, inferring that the ultramafic rocks represent oceanic base

ment upon which the schist was deposited. Direct evidence for the age of the litho

sphere in the central South Island is limited, however the majority of studies indicate 

a Permian or older age. 
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A wide continental shelf has developed in the Canterbury Bight. During the past 

19My the shelf edge has prograded some 80km (Fullthorpe and Carter, 1991); during 

this time numerous Type 1 sequence boundaries were developed (refer Chapter 3). 

Reynolds, Steckler and Coakley (1991) show that rigid crust (Te=30km) promotes the 

development of Type 1 sequence boundaries and wide continental shelves. Conversely, 

non-rigid crust (Te=Okm) would promote the development of Type 2 sequence bound

aries and narrow shelves. 

5.6 lD model flexural model 

As an initial attempt to understand how the positive load of the Southern Alps and 

negative load of associated valleys deflect the lithosphere I use an analytical solution 

presented by Turcotte and Schubert (1982) to determine the degree of compensation 

(C) for a periodic load (topography) applied to an elastic plate. The degree of compen

sation is the ratio of the deflection (elastic) of the lithosphere compared to its maximum 

hydrostatic deflection (Airy model), such that: 

where Pm = 3300kgm-3 , Pc = 2670kgm-3 , D=fiexural rigidity, and g=gravitational 

acceleration (9.8ms-1 ). 

(5.5) 

The 1D model results are presented in Figure 5.8 and show that weak elastic plates 

do not support short wavelength topography eg. when A= 60km (refer to Chapter 4 for 

choice of wavelengths) and Te = lkm then 95% compensation is predicted. Increasing 

the rigidity of the plate to say Te=5km with the same periodic load produces only 

6% compensation. As Te increases to infinity, compensation decreases to zero. As 

the size of the periodic load increases, the amount of compensation also increases e.g. 

when A = 200km and Te = 5km and 30km 90% and 6% compensation is predicted 

respectively. 

The 1D elastic flexural model predicts that topographic load alone is not enough 

to produce the observed gravity anomaly. If the deformation of the lithosphere in 

the central South Island can be adequately modelled by a 1D elastic flexural model, 

and the lithosphere is reasonably rigid (as argued above), then the short wavelegnth 

topographic features will not be compensated at depth. A longer wavelength mountain

chain (say A= 200km) will be compensated to a greater degree. However, Woodward 
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Figure 5. 7: Key Observations along the central South Island Transect (refer Figure 1.2). 

Topography and bathymetry have been extracted from the IGNS dataset (refer Chap

ter 4). Seismic reflectors have been digitized from MCS line CB82-30 and isopach 

maps (Field and Browne, 1989). The Alpine fault has been projected from its sur

face rupture at an angle of 40°. Crustal reflectors are those observed by Smith et al. 

(1995). The "Airy" root is determined using an average crustal thickness of 27km and 

.6.p = -500kgm-3
. Note: 6x vertical exaggeration. These observations are used to 

constrain elastic flexural models where appropriate. 
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(1979) observes a -30mGal isostatic gravity anomaly (based on the Airy model of 

point isotasy) associated with the Southern Alps, implying an excess crustal root of 

low density material. This observation suggests that either the applied loads cannot 

be adequately represented by a periodic load, or elastic plate rigidity has been over 

estimated, or other mechanisms for isostatic compensation are occuring . 
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Figure 5.8: Degree of compensation for a periodic load (topography) applied to an 

elastic plate of varying effective elastic thickness (Te)· The analytical solution to this 

1D model is presented by Turcotte and Schubert (1982). The 1D model indicates 

that either short wavelength ( < 60km) topographic features are unlikely to produce 

a signifcant deflection of an elastic plate or the effective elastic thickness (Te) is very 

small. 

5.7 2D flexural model 

The assumption that topography can be expressed as a periodic function restricts the 

applicability of the 1D flexural model. To overcome this limitation a series of 2D models 

are developed where the flexural response of an elastic plate is calculated using a :finite 

difference algorithm (Bodine, 1981). The 2D models allow the applied loads, restoring 

forces, and flexural rigidity to vary laterally. The effect of horizontal differential stress 

is not modelled, but may affect the lithosphere and resulting flexure. 
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a) Broken plate model 

subsurface load 

crustal root 
(Pc-Pm) 

b) Continuous plate model topographic load (pc) 

/ 

flexural bulges (exaggerated) 

I \ 
greywacke-schist 

oceanic crust 

Figure 5.9: Generic flexure model for a)broken and b )continuous elastic plates. Pos

sible loads. acting on the plate are the topography and sub-surface ("hidden") loads. 

Restoring forces are equal to (Pc - Pm)g except over the flexural bulge where they are 

equal to (Pm- Pi)g. 
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Figure 5.10: a )gravity, and b )flexure, for a continuous elastic plate flexure model loaded 

by topography only. The gravity response has been calculated assuming an average 

crustal thickness of 27km. 
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Figure 5.11: a)gravity, and b )flexure, for a broken elastic plate flexure model loaded 

by topography at the free end of the beam. The gravity response has been calculated 

assuming an average crustal thickness of 27km. 
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Figure 5.12: a)gravity repsonse, and b )geometry of "hidden" sub-surface load models 

equivalent to 50km and 80km cold subducted mantle-lithosphere. 
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Figure 5.13: a)gravity, and b)fl.exure, for a broken elastic plate flexure model loaded by 

topography and 50km of cold subducted mantle-lithosphere (llp = 30kgm-3
) at the 

free end of the beam. The gravity response has been calculated assuming an average 

crustal thickness of 27km. 
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free end of the beam. The gravity response has been calculated assuming an average 

crustal thickness of 27km. 
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Figure 5.9 after Stern (1995) illustrates the geometry and parameters used in the 

2D model. Both continuous and broken elastic plate models are produced, and assume 

that before flexure the elastic plate was in a state of isostatic equilibrium, and for all 

broken plate models the Australian plate is always in a state of isostatic equilibrium. 

The topographic load has been determined by examining the average topography 

from cross sections perpendicular to the length of the South Island (refer to Chapter 

4). Models 1 and 2 assume that elastic flexure is the result of topographic loading only. 

Subsequent models introduce the concepts of hidden and sediment loads. Using the 

method of Talwani (1959) the gravity response for each model is calculated, assuming 

an average thickness of 27km for the Pacific plate (Reyners and Cowan, 1993). The 

effective end of the broken plate models is placed at the surface rupture of the Alpine 

Fault (x=200km). All models use a 4000km long elastic plate to minimise unwanted 

edge effects. Model flexural parameters, restoring forces and densities are illustrated 

in Figure 5.9. 

5. 7.1 Model 1 topographic load (continuous elastic plate) 

This model simulates the effect of applying a topographic load (refer to Figure 5.9 

for dimensions) on a continuous elastic plate. Any flexure created beneath the topo

graphic load is assumed to be infilled by greywacke (p = 2670kgm-3
), and sea-water 

(p = 1030kgm-3
) elsewhere. Replacing sea-water with sediment would increase the 

amplitude of the flexure. The predicted flexure and gravity response is plotted in Fig

ure 5.10. The model shows that an applied topographic load produces a flexure basin 

with a width proportional and depth inversely proportional to effective elastic thickness 

(Te)· For the model where Te = 5km a reasonable fit is observed between calculated 

and observed gravity (200km < x < 320km), but missfits elsewhere. An angle of 

flexure of> 5° is predicted is greater than the dip (2.9° and 3.4°) of the two seismic 

refractors observed by Smith et al. (1995). Increasing plate rigidity (Te = 30km) re

sults in a poor fit between flexure and gravity. The central South Island lithosphere is 

Permian or older in age and should be r atviely: rigid (Te ~ 40km following the model 

of Burov & Diament 1996) . On the basis hese observations the continuous elastic 

plate model for all values of Te is rejected. 
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5. 7.2 Model 2 topographic load (broken elastic plate) 

The second model examines flexure of an elastic plate considering a broken plate model, 

in which the topographic load is placed into the free-end of the plate (Figure 5.9b). 

As for the continuous plate model greywacke infills flexure under the topographic load 

and sea-water elsewhere. The predicted flexure and gravity response is presented in 

Figure 5.11. This model predicts between 6300m and 4700m deflection at the free-end 

of the elastic plate ( x = 200km) for Te = 5km to 40km respectively. To the east of the 

topographic load (Canterbury Basin) additional space (downward flexure) is produced, 

the width being proportional to Te· To simulate the affect of a weakened plate a 

model where Te increases linearly from 15km (x = 200km) to 30km (x = 300km) 

then constant at 30km ( x > ·300km) is produced, the resulting flexure and gravity 

response are almost identical to the model where Te = 30km everywhere. A 3° slope 

of downwarp is calculated for the model where Te=30km and is consistant with the 

slope of the observed seismic refractor (Smith et al., 1995) . The observed gravity, for 

Model 2, is best matched when Te = 5km, however this model is rejected because the 

predicted flexure does not match the seismic control. 

Both continuous-plate and broken-plate models produce solutions that fit some, but 

not all of the control data. Gravity models are inherently non-unique and therefore 

more strength is placed on matching predicted flexure with seismic control. At this 

stage of the study the observed gravity does not match the gravity repsonse for a 

relatively rigid plate, topography alone cannot deflect the lithosphere enough, agam 

implying the existance of a "hidden" sub-surface load. 

5.7.3 Model 3 topo +hidden load (50km convergence) 

Stern (1995) notes that there is a growing acceptance that the Southern Alps represent 

a surficial layer on the subducted pacific plate that is effectively delaminated at the 

collision zone; similarly, there must be cold mantle lithosphere that has been subducted 

into less dense asthenosphere. This model examines the flexure and gravity response 

of a broken elastic plate that has been loaded with topography and a "hidden" sub

surface load equivalent to the subducted mantle lithosphere. The sub-surface load is the 

same as described by Stern (1995), consisting of a distributed end load equivalent to the 

excess mass of 50km of cold 80km thick subducted mantle-lithosphere (!1p = 30kgm-3
). 

The cold subducted mantle-lithosphere effectively pulls down the overlying Pacific plate 

crust below its equilibrium level, its density contrast producing a long wavelength 
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gravity high (>. ~ 800km, < 15mGal, refer to Figure 5.12). The lower density crust 

infill the space generated by the subducting mantle-lithosphere, producing a dominant 

negative Bouguer anomaly. 

For models where Te < 30km the angle of flexural downwarp is greater than 5° and 

inconsistant with seismic control. Similarly, the amplitude of the gravity response is 

too negative. When Te = 30 or 40km the angles of flexural downwarp are 3.9° and 2.9° 

respectively, consistant with seismic control. However, the amplitude of the gravity 

response is too positive when compared with observed gravity data low. The best fit 

between observed and calculated gravity is for a model when Te ~ 20km. Note that 

the fit between the predicted and observed gravity deteriorates away from the central 

South Island, indicating a dep~rture (thinning) of the crust from the average thickness 

(27km) u'sed in these models. 

5.7.4 Model 4 topo + hidden load (80km convergence) 

If a sub-surface load equivalent to the excess mass of 80km of cold 80km thick sub

ducted mantle is considered, then the flexural model which best fits the observed seis

mic control corresponds to Te = 40km. The model when Te = 30km fits the observed 

gravity data best, with all other models ( Te < 30km) rejected. When Te = 30km a 

3000m deep, 80km long space is calculated near the western edge of the Canterbury 

Plains. This prediction is partially supported by Hicks (1989) who uses gravity data 

to determine the basement structure of the Canterbury plains, noting that sediment 

thicknesses of up to 1000m are required near the foothills to explain local gravity lows. 

Stern (1995) suggests that mobile thrust sheets may have infilled paleo-bathymetry in 

this region. If Model 4 (Te = 30 to 40km) is the best-fit then the space predicted by 

the flexural model may have been infilled by a 2000m thick mobile thrust sheet, with 

the overlying sediments being 1000m thick. 

To summarise, the model that best fits both observed gravity data and seismic 

control corresponds to simulation where an elastic plate (Te = 30 to 40km) is loaded 

by topography and a "hidden" sub-surface load (equivalent to 80km of cold subducted 

mantle-lithosphere). 

5.7.5 Modellimitations 

It may be possible to achieve a better fit between the observed and modelled data, 

however given the sparsity of independent control my solution is one of parsimony. To 
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make each model transparent assumptions are made in a systematic manner about the 

size and position of the applied loads. 

The models presented in this section assume that flexural deformation of the litho

sphere can be adequately approximated using 2D-elastic plate. Several questions arise: 

• Can lithospheric rocks support long-term stress, or is it necessary to consider 

visco-elastic behaviour? 

• Can the elastic plate free-edge approximate the plate boundary? This assumes no 

stress transfer between lithospheric plates, or rigidity-support from the Australian 

plate. 

An elastic plate flexural model can match first-order topography, seismic and gravity 

observations. Errors in the observed topography and gravity data sets are described in 

Chapter 4. 

5.8 Basin scale flexure and subsidence 

For all elastic models presented in the previous section downward flexure (subsidence) of 

the plate beyond the width of the applied loads is predicted-the result of lateral stress 

distribution. Rapid erosion of topography serves to actively redistribute the applied 

load across the Pacific plate towards and into the Canterbury Basin. These sediments 

record their rate of deposition, sea-level fluctuations, and changes in accommodation 

space (subsidence or uplift). In this section mechanisms that produce subsidence in 

sedimentary basins are described and numerical models developed that are constrained 

using observations from previous chapters. 

5.8.1 Canterbury Basin - subsidence history 

The Canterbury Basin was formed as the result of the late Cretaceous (105-64Ma) 

rifting episode associated with the breakup of Gondwanaland (Field and Browne, 1993). 

Terrigenous sediments filled half-grabens and by the end of the Cretaceous ( 65M a) the 

entire Canterbury Bight was submerged. This period of rapid subsidence was followed 

by a less rapid but longer period of thermal subsidence, during which a thick ( 4000m) 

sequence of transgressive marine sediments was deposited (Field and Browne, 1993). 

The geohistory curve for the Clipper-1 well site (Figure 5.15) indicates that Neogene 

subsidence rates were as high as those of the late Cretaceous rifting phase, reaching 
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a maximum of 350mM a-1 during the Pliocene to Recent. During the Paleogene (55-

30M a) subsidence rates decrease to around 7.5mM a--1. By the Oligocene (30M a) 

a marine platform had developed over most of the basin (Fullthorpe et al., 1996) 

and sedimentation rates were at a minimum ( < 5mM a-1 
). Similar subsidence and 

sedimentation patterns are observed in other petroleum wells from the southeastern 

region of the Canterbury Basin (Field and Browne, 1989). The increase in subsidence 

rate since the Pliocene (5M a) marks the influx of sediments derived from the uplift of 

the central South Island. 

5.8.2 lD thermal subsidence 

Until the Middle Miocene (15M a) the subsidence rates in the Canterbury Basin follow 

those of the extensional basin model initially proposed by McKenzie (1978). McKenzie 

(1978) modelled the development and evolution of sedimentary basins whereby rapid 

· stretching of the continental lithosphere produces thinning and passive upwelling of 

mantle asthenosphere, being associated with block faulting and rapid subsidence. The 

asthenosphere then thickens as it cools by heat conduction to the surface and further 

slow subsidence occurs which is not associated with faulting. Equations 5.6 and 5. 7, 

from McKenzie (1978) describe the initial and thermal subsidence respectively: 

Si =a [(Pm- Pc)~ (1- aT1~)- ~] (1- ~) 
Pm(1- aT1)- Pi 

(5.6) 

· apmaT1 ( 4 
00 

1 [ {3 . (2m+ 1)7rl ( 2t)) 
e(t) = Pm- Pi 7r2 I; (2m+ 1)2 (2m+ 1)7r sm {3 exp -(2mi) -:;. 

(5.7) 

where Si=initial subsidence, e(t)=final depth to which the upper surface of the lithosphere 

sinks, Pm=mantle density(3330kgm-3), Pc=average crust density(2800kgm-3), Pi=infill 

density(2300kgm-3), a=thickness of lithosphere (125km), a=coefficient of thermal 

expansion (3.28 X 10500-I, T1 =temperature at the base of the lithosphere (1333°C), and 

r= thermal decay constant (62.8M a). 

Field and Browne (1993), using the McKenzie (1978) model, calculate an extension 

factor {3=1.5 for the Clipper-1 well. In terms of the McKenzie (1978) model two 

key ages are inferred : 1) 105M a rift initiation and 2) 80M a initial transgressive 

sediment deposition. The subsidence predicted by the 1D McKenzie model is presented 

in table 5.2. Assuming an extension factor {3 = 1.5 an initial subsidence (rift related) of 

2584m is calculated, and 2125m of thermal subsidence has occurred in the last 80M a, 
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with only 309m in the past 20M a. Therefore 85% of the thermal subsidence in the 

Canterbury Basin occurred before the deposition of the Miocene to recent prograding 

sediment body. The total predicted subsidence since rift intiation is 4 709m ( cf. 4650m 

sea level to basement Clipper-1 well) 

Field and Browne (1989) calculate the maximum depth to basement isopach for 

Canterbury Basin at 6500m, leaving a deficit of ~ 1800m. This deficit indicates that 

either: 1) the McKenzie model is inadequate, 2) extension is non-uniform across the 

basin, 3) other mechanisms of subsidence have not been accounted for. 

Age (Ma) 
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PAlEO SEA BOTTOM 
UNIT SUBSIDENCE 
roT AL suas1oe·Nce 
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\ 
\ 
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\ 4.0 

Figure 5.15: Clipper-1 petroleum well geohistory curve from Field and Browne (1993). 

Neogene subsidence rates were almost as high as those of the Cretaceous rifting phase. 

Increase in subsidence began around 15M a and accelerated in the last 5My. 

5.8.3 2D thermal subsidence 

A numerical model is developed to calculate the subsidence driven by 2D thermal 

conduction. Figure 5.16 illustrates the principal features of the subsidence model. 

At time t=O a rift of finite width is created such that the continental lithosphere is 

extended by a factor {3 . Since the temperature of the material, both within and outside 

the rift remains the same during extension, isostatic compensation causes upwelling of 
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Table 5.2: Predicted thermal subsidence for the Clipper-1 petroleum well from the time 
of initial transgressive sediment deposition (80M a), as predicted using a 1D model 
described by McKenzie (1978) . The model uses the same constants as described by 
McKenzie (1978) with the infill (post compacted) density of 2300kgm-3 as determined 
from the Clipper-1 sonic log (Pratt & Mound 1982). 

Time (Ma) {3 = 1.2 {3 = 1.5 {3 = 2.0 
10 201 435 669 
20 372 805 1239 
30 528 1121 1726 
40 642 1390 2140 
50 748 1620 2494 
60 839 1816 2795 
70 916 1982 3052 
80 . 981 2125 3271 
90 1038 2246 3458 
100 1085 2350 3617 

hot asthenosphere. Cooling of the hot material within the rift produces subsidence 

as the temperature perturbation decays. Similarly, the thermal pulse produces uplift 

along the rift flanks which then subside until the entire lithosphere has regained thermal 

equilibrium. 

Using a spreadsheet solution (Koons Pers. comm, 1996), for the Nicolson-Crank 

Implicit finite difference approximation (where a = 0.65) to the 2D general heat flow 

equation, the temperature in each cell after one epoch is calculated. Figure 5.17 il

lustrates the spreadsheet setup. Each cell represents a 5km * 5km unit of lithosphere, 

such that the entire model contains m * n cells. Initially, all the columns of cells have 

an identical thermal gradient (20°Ckm-1 
), the thermal perturbation being modelled 

by increasing the thermal gradient within a block of cells by the extension factor ({3) . 

Boundary conditions at the edge and base of the model are set to no-flow, with the 

temperature at the surface permanently set to 0°C. 

The temperature in cell ( i , j) is given by: 

. . ((i,j -1) + (i,j + 1) + (i -1,j) + (i + 1,j) + (~)) 
temp(t,J)= (4 +(~)) (5.8) 

where the initial parameters are: ~=thermal diffusivity (3.28 X 10-5), m=mesh size (5km), 

!=derivative variable (39.61), T=epoch length (20ka), Pm = 3300kgm-3 , Pc = 2800kgm- 3
, 

and Pi= 2300kgm-3 . 
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At the end of each epoch the isostatic mass balance for each column is calculated and 

the thermal subsidence determined using the following relationship: 

S = Pc(Cl- C2) + Pm(Ml- M2) 
Pi 

where, S=thermal subsidence, C1, C2, M1, and M1 are the masses of each component 

(crust and mantle) of the lithosphere column at times 1 and 2. 

lithosphere 

asthenosphere 

A 

a r. 
0. 
<ll 
'0 

temp 1333°C 

(5.9) 

Figure 5.16: Sketch of the principal features of the 2D thermal subsidence model. 

At time t=O a piece of thermally equilibrated continental lithosphere (:finite width) 

is rifted by f3. Isostatic compensation causes passive upwelling of hot asthenosphere, 

which cools to produce subsidence as the thermal pulse decays. 

Note that the initial subsidence, associated with the rifting event, is calculated 

using the McKenzie (1978) model. The spreadsheet solution is iterated, resetting the 

initial condition for each successive epoch with the results from the previous epoch, 

until the desired time interval is completed. 

I present the results of the 2D thermal subsidence model in Figure 5.18. The Can

terbury Basin is best modelled using an extension factor f3 = 1.5 with a rift width 

of 120km, and predicts an initial uplift-subsidence couple along the edges of the rift. 

107 



(i-l),j 

T=O'C 

i,U-1) 

i,U+l) 

T=1333'C 

dT/dz=O 
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Figure 5.17: Schematic diagram of key cell equations within the excel spreadsheet. No

flow boundary conditions are simulated by letting neighbouring cells equal each other 

(ie dt I dx = 0 or dt I dz = 0). The entire array is iterated resetting initial conditions for 

each successive epoch with the results from the previous epoch, until the desired time 

interval has elapsed. 

After 80M a the rift has thermally subsided about 2500m, the total subsidence (ini

tial+thermal) being some 5100m. The width of the basin (120km) is the same width 

as the inital rift. Sediments will initially fill depocentres either side of a central high. 

As the basin continues to subside the sediments will aggrade and onlap onto the central 

high, with no landward onlap predicted. 

With respect to the Canterbury Basin the 2D model predicts that 93% of the 

observed thermal subsidence will have occurred by the Oligocene (30Ma), only 193m 

of subsidence since then. The lD thermal subsidence model predicts that 76% of 

the observed thermal subsidence will have occurred during the same period of time 

(30M a), with a further 505m of subsidence since that time. The geohistory curve from 

the Clipper-1 well (Figure 5.15) indicates that subsidence reached a minimum by the 

Oligocene (30M a) supporting the suitability of the 2D thermal subsidence model. 

A short-coming of both thermal subsidence models is the non-prediction of strati

graphic onlap at the basin margins. White & McKenzie (1988) show that iflithospheric 

mantle is stretched over a wider region than crust, postrift stratigraphic onlap will oc

cur at the basin margins, giving rise to a "steers-head" geometry. An assumption made 

in the thermal subsidence models is that sediment fills any space created in a uniform 

manner (aggradation). The model is a suitable analogue only if the rate of sediment 

supply is equal to the rate of subsidence. However, if sediment supply exceeds subsi

dence (e.g. Canterbury Basin Neogene sediments) then deposition is by progradation 

and the suitability of the thermal model will be limited. 
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Width of initial rift (120km) 
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Figure 5.18: Thermal subsidence predicted by the 2D-numerical model. The model 

that best fits the observations is one where the initial rift width is 120km with and 

extension factor {3 = 1.5. Sediments will initially fill depocentres either side of a central 

high. As the basin continues to subside the sediments will aggrade and onlap onto the 

central high. With respect to the Canterbury Basin the 2D model predicts that 93% 

of the observed thermal subsidence will have occurred by the Oligocene (30M a), with 

only 193m of subsidence since then. 
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5.8.4 Bathymetry 

Often sedimentation and subsidence rates from petroleum wells are extrapolated over 

large areas within one basin, however this assumes that these rates are laterally uni

form. This assumption may be valid when the basin is dominated by aggradation 

of sediments (e.g. Paleogene transgressive sediments of the Canterbury Basin), but 

invalid when progradtion dominates (eg. Canterbury Basin Neogene sediments). Pro

grading sediment deposits are usually comprised of a stacked sequence of clinoforms 

units, which are are sigmoidal in shape. Two petroleum wells which penetrate a pro

grading sequence of sediments will exhibit very different sedimentation and subsidence 

rates (Figure 5.19). The subsidence and sedimentation rates at pertroleum well 1 will 

be relatively uniform, however the same rates a well 2 will exhibit marked variation. 

Well 1 

time 
t2 t3 t4 t5 

0 subsidence rate 

+ sedimentation rate 

Well 2 

time 
t2 t3 t4 t5 

Well ZY.; 
~ 

Figure 5.19: Sketch of a prograding clinoform sequence, illustrating the variation in 

subsidence and sedimentation rates from two petroleum wells drilled at different places. 

For example: Fullthorpe et al. (1996) suggest that the Oligocene (30M a) Can

terbury Bight was a broad eastward-dipping marine erosion surface. By the Middle 

Miocene (19M a) sediment drift prisms began to accumulate producing a Miocene shelf 

edge that exhibited u:p to 600m vertical relief. Subsequent sediment bodies will pro

grade into the space in front of the shelf edge, producing the illusion of up to 600m 

subsidence. 

I suggest that, for regions where the dominant mode of sediment deposition IS 
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progradation, petroleum well data are likely to over-estimate subsidence rates. It may 

be useful to normalise subsidence rates with the sedimentation rate for the same time 

period. 

5.9 Sediment compaction 

The compaction of sediments due to water expulsion and diagenesis produces a reduc

tion in their volume. The compaction of sediments due to the Neogene sediment load 

is calculated using a basin analysis spreadsheet from Larrieu (1995) who, in turn uses 

the method of Falvey and Middleton (1981), where the porosity is at depth (y) is given 

by: 

(5.10) 

where </>=porosity of sediment at depth (y), ¢0=porosity of the sediment at the surface 

(0.53), c=compaction constant (2.18), Pb=mean density of water saturated sediment, 

Pw=density of sea water(1030kgm-3) and lT=effective stress (vertical compressive stress 

minus :fluid pressure) 

.. " 
Stratigraphic, and density data from the Clipper-1 petroleum well to calculate the 

sediment compaction at 395 ± 40m. 

5.9.1 Elastic flexure due to sediment loading 

In Chapter 3 the stratigraphy of the Neogene sediment body is describes as a stacked 

sequence (up to 2200m thick) of prograding clinoforms that have prograded ~ 80km 

across the Canterbury Bight. The normal stress associated with this sediment load 

(p = 2200kgm-3
) is approximately 47 M Pa, and comparable to the load of the topog

raphy (78M Pa). Therefore, the Neogene sediment load should produce flexure of the 

Pacific plate lithosphere. To ascertain the amount of flexure two conceptual models 

are proposed; a single load, and a stacked sequence of smaller loads (clinoforms). 

5.9.2 Model 1 single Neogene sediment load 

This model follows the idea proposed by Holt and Stern (1991) where they consider 

the flexure of the Australian plate to be due to the applied load of the Taranaki Giant 

Foreset Formation. The deposition of the sediment body is considered to be instan

taneous, with its geometry defined as the difference between present day bathymetry 
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Figure 5.20: Sketch of the single Neogene sediment load, defined as the difference 

between present day bathymetry and the depth to the "Green" seismic horizon (30M a) 

along MCS line CB82-30. 
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Figure 5.21: Prograding Neogene sediment load model. The model is based on the 

observation that 16 individually recognisable unconformity-bounded clinoforms have 

prograded across the Canterbury Bight shelf during the past l9My. 

and the paleo-bathymetry of the surface upon which the load was deposited. In terms 

of the Canterbury Basin, the Neogene load is defined as the difference between the 

present day bathymetry and the Green seismic horizon (30M a) along MCS line CB82-

30. Flexure created behind the shelf break is infilled with sediment (p = 2200kgm-3 ), 

and the space in front by sea water (p = 1030kgm-3
). 

5.9.3 Model 2 prograding Neogene sediment load 

This model, illustrated in Figure 5.21, is based upon the observation that the Neogene 

sediment body is comprised of a stacked sequence of prograding clinoforms. Fullthorpe 

and Carter (1991) describe 9 distinct units within the Middle Miocene (19-11.5Ma). I 

have identified a further 7 units, making a total of 16 distinct units since 19M a. Flexure 
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produced by an individual unit is calculated, then the flexure of the stacked sequence is 

determined as the cummulative sum of all16 units. For the purposes of simplifying the 

model I assume a standard clinoform geometry, as described by Fullthorpe et al. (1996), 

with a uniform compacted density (p = 2200kgm-3 ). The flexure created behind the 

shelf break is filled with sediment (p = 2200kgm - 3
), and the space in front by sea 

water. 

Shelf-edge progradation of 96km, and a maximum thickness of 2190m is predicted 

by the geometric model. Fullthorpe and Carter (1991) note that since the middle 

Miocene (19M a) the clinoforms have prograded ~ 80km across the Canterbury Basin, 

with a maximum thickness of ~ 2200m. 

For both flexural models a broken elastic plate is assumed with the free edge defined 

at ( x = 200km ), and the position of the loads made relative to this point. The predicted 

flexure and gravity responses are represented in Figure 5.22. 

For the models when Te = 5km both the single and prograding loads produce 1000m 

and 1400m flexure respectively, the width of the flexural basin is approximately the 

width of each load. For models when Te = 30km the loads are distributed across the 

elastic beam (250km < x < 700km), producing up to 820m subsidence. An interesting 

observation is that the single load model (Te = 30km) predicts downward flexure 

(subsidence) in the region of the Southern Alps (40km < x < 100km) and 180m uplift 

at the Alpine Fault. 

The gravity @e for both models exhibits poor correlation with observed gravity 

data. I suggest tliat the gravity field of the the Canterbury Basin must reflect features 

other than those produced by the flexure of the Neogene sediment load. 

5.9.4 Summary 

In the preceeding sections various mechanisms of subsidence are examined and their 

individual contributions calculated. This information is summarized in Table 5.3 and 

a value for the maximum predicted total subsidence in the Cantebury Basin since the 

Neogene for both the single and prograding sediment load models is determined. 

The maximum observed Neogene sediment thickness is 2200m, leaving a deficit 

with predicted subsidence of up to 372m. This deficit may be the result of inadequate 

model parameters, or could reflect the difference between the present day and paleo

bathymetry (19Ma). 
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Table 5.3: Combined subsidence predicted by various models. 

Component Single load subsidence (m} Prog load subsidence (m) 
2D thermal 193 193 
Compaction 395 395 

Paleobathymetry 600 600 
2D flexure 820 640 

Total 2008 1828 

5.10 Combined flexural model 

An elastic flexural model where the combined loads (topo+hidden+sediment) is con

sidered and the results presented in Figure 5.23. All models produce gravity responses 

that match observed gravity data between 160km < x < 230km and east of x = 230km 

the flexure produced by the sediment load deflects the Moho below its reference level 

(27km) producing a negative gravity anomaly that does not fit the observed gravity 

data. The model that best-fits the observations corresponds to Te = 30km and a 

hidden load equivalent to 50km of cold subducted mantle-lithosphere. 

5.11 Uncompensated sediments 

The gravity response of the combined flexural model does not match the observed data 

in the region of the Canterbury Basin. This suggests that either the flexural model 

is wrong, or other density anomalies are unaccounted for. I reject the idea that the 

flexural model is wrong given that seismic evidence (Smith et al., 1995) and a wide 

continental shelf indicate the crust is relatively rigid. The idea that not all masses 

(that do not contribute to flexure) have been acounted for is favoured. 

An example of such a mass would be the difference between the observed Neogene 

sediment thickness and its corresponding flexural subsidence. This uncompensated 

mass excess would produce a positive gravity anomaly. Holt and Stern (1991) describe 

such a gravity feature associated with the Taranaki Giant Foreset Formation. The 

excess sediment mass is determined considering the flexure produced by single and 

prograding load models and the results are presented in Figur¢5.12:) .£ . 
The effect of the uncompensated sediments is to produce a p~gravity anomaly. 

However, a deficit > 40mGal between observed and modelled gravity is observed in

dicating the presence of a significant mass anomaly, as yet unaccounted for. I suggest 
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that a gravity anomaly of this magnitude and wavelength is due to "pre-flexural" Moho 

relief. 

5.12 Paleo-Moho morphology 

In this section evidence is provided that supports the notion that Moho morphology 

primarily reflects either the morphology at the time of basin rifting, or the last time 

when the crust attained isostatic equilibrium. In the Canterbury Basin the Moho 

morphology has been modified by elastic flexure, the result of applied Neogene loads 

(topography, subducted cold mantle-lithosphere and sediments). 

The 2D thermal subsidenc~ model, presented earlier, shows that subsidence in the 

Canterbury Basin reached a minimum by the Oligocene (30Ma). Field and Browne 

(1989) show that the subsidence rates for the Clipper-1 well were < 7mM a-1 from 

. 30- 20M a. During this lOMy tectonic and sediment quiescence I suggest that by the 

middle Miocene (20M a) the Moho attained isostatic equilibrium, there by reflecting the 

Oligocene (30Ma) bathymetry. Using a simple lD gravity model (l:lg = 27r[l:lphm, 

where hm=the deviation from the average Moho thickness of27km) the Moho relief that 

will produce a gravity response to match the deficit between the observed and flexure 

modelled (best-fit) gravity data is determined. Paleo-bathymetry is then determined 

··using the·relationship····3. 6h~ = h:,;·:··· The· predicted· :paleo= bathymetry and paleo=Moho 

relief are presented in Figure 5.25. 

Data presented in Figure 5.25 indicate that paleo-water depths ranged from Om ( x = 

200km) to 1500m (x = 600km). Fullthorpe et al. (1996) who show that water depths 

in the Canterbury Basin during the Oligocene (30M a) ranged from outshelf (lOOm) to 

upper bathayal (600m). Similarly, Field and Browne (1989) produce paleo-geographic 

maps for the Canterbury Basin, indicating that, during the Oligocene (30M a) water 

depths ranged from paralic (~om at x = 220km) to middle-outershelf (~200m at 

x = 400km). 

The predicted present-day Moho is determined by adding the best-fit flexure to the 

Oligocene paleo-moho and presented in Figure 5.25. The angle of Moho dip between 

(200 < x < 330km) is~ 3.4°west which is consistent with the crustal refractor decribed 

by Smith et al. (1995). Further to the east the predicted present-day Moho dips~ 0.8° 

west (reaching a mimimum thickness of 22km at x = 570km). The maximum crustal 

thickness predicted by the model is 35km adjacent to the Alpine Fault ( x = 200km). 
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Chapter 6 

Conclusions 

~is thesis covers many topics ranging from analysis of gravity data to fuzzy-logic 

modelling of stratigraphy. This chapter summarizes the main observations in data 

analysed, models developed and conclusions made about the development of the Can

terbury Basin. 

The analysis of Multi-channel (MCS) and high-resolution single channel seismic 

(SCS) data from the Canterbury Basin shows that during the Neogene, stratigraphic 

patterns have been dominantly controlled by eustatic sea-level fluctuations. Seven 

unconformity-bounded units younger than 9M a, are observed on MCS line CB82-

30. Seven (possibly 8) unconformity-bounded sequences are observed on SCS data 

presented in this thesis and are comprised of sediments deposited during the trans

gressive, highstand, regressive and lowstand parts of the eustatic sea-level curve. Each 

sequence is separated by an irregular erosion surface (unconformity), although in places 

contact appears conformable. These observations indicate that cyclic shelf-wide fluc

tuations in sea-level occur at different frequencies, presumably associated with periods 

of glaciation. 

Transgressive sediments tend to be seismically bright, suggesting the presence of 

an overlying, relatively high velocity sediment lag. The transgressive sediment bodies 

are discontinuous and overlie the transgressive erosion surface. These are interpreted 

to have been deposited during periods of still-stand during an overall sea-level trans

gression, and suggest these sediment bodies are a suitable modern-day analogue for the 

Cardium Traps (Pattison and Walker, 1992). 

Highstand sediment deposits are observed only in the two most recent sequences and 

consist of either a seaward thinning sediment drape that overlies the last transgressive 
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surface or, a sediment prism that onlaps and downlaps the penultimate transgressive 

surface (interpreted as an offshore sand-silt bar deposited during a prolonged period of 

stillstand or highstand). 

Regressive sediments have been deposited as a series of seaward· prograding sand-silt 

units (para-sequences). They overlie either highstand sediments or on top of the pre

vious transgressive surface. The top of these units is the regressive (Type 1) sequence 

boundary. 

The term Depositional Shoreline Break Point (DSBP) is used to represent the po

sition where sea-level reached its minimum. This position is recognised on the seismic 

lines as a change in paleo-shelf slope, coupled with a steepening of internal clinoform 

reflections and a change from relatively clean to murky acoustic properties of sediments. 

Lowstand sediments occur as a series of seaward prograding clinoforms that are 

often disrupted by internal slumping and are interpreted to be deposited by a devel

oping lowstand river delta and buildup of a shore-face barrier. The contact between 

regressive and lowstand sediments (systems tracts) appears conformable. A suitable 

modern-day analogue would be Galveston Island (Gulf of Mexico). A stacked sequence 

of shore-face barriers has the potential to become a petroleum reservoir that would be 

visible in multi-channel seismic data. 

Fluvial sediments are identified as either channel fill deposits on the inner to mid

shelf (deposited during sea-level transgression), or fluvial fans associated with progra

dation of the Canterbury Plains during periods of glaciation. 

Deposition in the Canterbury Basin during the Late Quaternary appears to be 

bimodal. Regressive and lowstand sediments are actively deposited within 20km of 

the position of the present-day coastline and at the paleo-shelf edge. A gap of non

deposition developed and widened with sea-level fall, encouraging erosion and the de

velopment of the regressive Type 1 sequence boundary. During sea-level transgression 

this gap reduced and a marine flooding surface developed that may reoccupy, or erode 

the regressive sequence boundary. At highstand, deposition occurs at the the coast 

where wave-action and longshore currents redistribute the sediment. 

The DSBP is used to determine the age of the sediments and associated unconfor

mities. Assuming a constant regional subsidence rate the depositional depth of each 

DSBP is determined, suggesting that either subsidence during the past 620K y has in-
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creased by 0.06mma-1
, or sea-level amplitude has increased by 43m during the same 

period of time. 

The Canterbury Bight depositional system has been modelled for a single sea-level 

cycle. The model predicts the development of lowstand (shore-face) and highstand 

sediment prisms similar to those observed in the seismic data. I propose that, since 

the transgressive surface represents~ lOKy (cf. regressive surface~ lOOKy), it would 

be more pertinent to use the transgressive surface as a boundary between stratigraphic 

sequences. 

Topography and Bouguer gravity data from the central South Island, have been 

analysed using spatial, spectral and cross correlation techniques. Power spectra of 

topography from cross-sections perpendicular to the length of the South Island are 

dominated by wavelengths A > 80km due to strain parallel to the Alpine Fault. Shorter 

wavelength (A < 50km) signals appear on all cross-sections and are correlated with 

ridge/valley pairs. Power spectra of Bouguer gravity from cross-sections perpendicular 

to the length of the South Island exhibit dominant energy for wavelengths A > 80km, 

corresponding to the lower crustal root. At shorter wavelengths partitioning between 

parallel and perpendicular cross-sections is not resolvable. 

Correlation between topography and Bouguer gravity is negative, such that positive 

topography correlates with negative Bouguer gravity. Cross-sections that exhibit low 

correlation co@ents tend to pass over predominantly sedimentary regions. Cross 

spectral analysis of data parallel to the length of the South Island indicates that for all 

wavelengths, there is poor correlation between topography and Bouguer gravity. For 

cross-sections perpendicular to the length of the South Island at wavelengths A > 60 ± 
20km, topography correlates well with Bouguer gravity. Long wavelength topographic 

features are associated with, or even cause lithospheric density variations. 

Seven Bouguer gravity anomalies are identified in the Canterbury Basin, many 

being correlated with shallow sediment density variations. 

A simple lD analysis of the buckling of an elastic plate suggests that shortening of 

the Pacific plate in the central South Island, will be accommodated by the processes 

of brittle failure (faulting) and ductile deformation, rather than by buckling. 

The degree of compensation for a periodic (topography) load applied to a lD elastic 

plate is determined and suggests that for short wavelengths (A < 60km) and a relatively 
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rigid plate (Te > 5km) less than 6% of the load is compensated. For longer wavelength 

features (A > 200km) up to 90% of the load is compensated. Isostatic gravity obser

vations in the central South Island are not consistent with modelling suggesting that 

either topography cannot be adequately represented by a periodic Joad, or elastic plate 

rigidity has been over estimated, or other mechanisms for isostatic compensation are 

occurrmg. 

A 2D numerical model determines the flexure associated with an applied distributed 

load and restoring forces thereby simulating more realisitic input parameters. The 

model that best fits independent observations (gravity, seismic, geology), from the 

central South Island is a broken elastic plate (Te = 30-40km) loaded with topography 

and a subsurface load (equivalent.·to 80km of subducted cold mantle-lithosphere). The 

development of a flexural basin east of the applied topographic load is also predicted. 

Subsidence caused by thermal contraction, the result of lithospheric cooling follow

ing the Canterbury Basin Cretaceous rifting episode, is determined using both 1D and 

2D models. The 2D model allows for cooling by vertical and lateral conduction, the 

1D model allows only for vertical heat conduction. The 1D model predicts that 85% 

of the thermal subsidence will have occured by the Oligocene (30M a). The best-fit 2D 

model is one where extension {3 = 1.5 and the initial rift-width is 120km and predicts 

that 93% of thermal subsidence will have occurred by the Oligocene (30M a), with only 

193m since then. Data from the 2D model suggest that sediments will initially infill 

depocentres either side of a central high. 

For regions where the dominant mode of sediment deposition is progradation, 

petroleum well data are likely to over-estimate subsidence rates. Clinoforms do not 

exhibit uniform thickness, but are sigmoidal with their thickest section near the shelf 

edge. Petroleum wells are effectively one-dimensional, therefore subsidence and sedi

mentation rates will not reflect the overall basin average, but rather the stacking pattern 

of the clinoform sequence. It would be more appropriate to normalise subsidence rate 

with sedimentation rate for the same time period. 

The equation for porosity as a function of depth from Falvey and Middleton (1981) 

is used to determine compaction of sediments in the Canterbury Basin due to the 

emplacement of the Neogene sediment load at 395 ± 40m. 

Two conceptual models for the emplacement of the Neogene sediment load in the 

Canterbury Basin are presented. The first considers a single load, defined as the differ-
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ence between the present day bathymetry and the Oligocene (30M a) seismic horizon, 

the second consists of a stacked sequence of smaller loads (clinoforms) that have pro

graded across the shelf. The flexural response for both models is determined and 

combined with the best-fit flexure for the central South Island. The combined model 

that best-fits the gravity data corresponds to Te = 30km. A wide continental shelf and 

numerous Type-1 unconformities also support the notion that the Canterbury Basin 

lithosphere is relatively rigid. A missfit between the observed and predicted gravity 

response is identified and attributed to either uncompensated Neogene sediments, or a 

pre-flexural Moho relief. 

The Clipper 1 petroleum well geohistory curve and thermal subsidence models 

suggest that by the early Miocene (20Ma) the central South Island and Canterbury 

Basin lithosphere had reached a state of isostatic equalibrium. The Moho relief would 

reflect the bathymetry at that time, The 20M a paleo-bathymetry is determined and 

·ranged from ~ Om in the west to ~ 1500m east of the present-day shelf edge. If models 

presented in this thesis are valid then the present-day Moho relief can be determined by 

combining the paleo-Moho relief and best-fit elastic flexure. A Moho dip of~ 3.4°W is 

consistent with the crustal reflector described by Smith et al. (1995), with a maximum 

crustal thickness of~ 35km predicted adjacent to the Alpine Fault. 
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Appendix A 

SCS Shotpoint Locations 

·' 

List of shot points numbers, geographic positions and DAT tape counter details for 
the SCS data presented in this thesis (refer Figure A.1) SCS line: 1 

DAT tape: 4 
DAT time: 00:49:15 to 2:11:42 
1171.7714 -45.0433 
40 171.783689 -45.033814 
60 171.788022 -45.030986 
100 171.796519 -45.0245 
140 171.804517 -45.017647 
180 171.813356 -45.010478 
220 171.823839 -45.004475 
260 171.829925 -44.997444 
300 171.837878 -44.990286 
340 171.847297 -44.984061 
380 171.857533 -44.977486 
420 171.86855 -44.971972 
460 171.880058 -44.967142 
500 171.889275 -44.961461 
540 171.899003 -44.955639 
580 171.908428 -44.949428 
620 171.919031 -44.943828 
660 171.928214 -44.936642 
700 171.938242 -44.931133 
740 171.947922 -44.925097 
780 171.958417 -44.919631 
820 171.968558 -44.913794 
860 171.978358 -44.907986 
900 171.9877 -44.902153 
940 171.997553 -44.8968 
990 172.009575 -44.889119 
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SCS line: 2 
DAT tape: 5 
DAT time: 00:00:00 to 01:29:24 
1 172.011769 -44.885142 
40 172.003581 -44.879956 
80 171.995647 -44.874981 
120 171.986475 -44.869147 
160 171.978919 -44.863792 
200 171.970964 -44.858281 
240 171.962608 -44.852275 
280 171.954956 -44.846122 
320 171.946614 -44.840131 
360 171.938972 -44.834978 
400 171.930933 -44.828617 
440 171.922806 -44.822978 
480 171.914933 -44.8173 
520 171.907314 -44.811653 

. 560 171.899314 -44.805481 
600 171.8907 42 -44.799119 
640 171.882644 -44.79315 
659 171.7889 -44.7361 

SCS line: 3 
DAT tape: 5 
DAT time: 01:29:30 to EOT 
1 171.7658 -44.7308 
40 171.750886 -44.7 45278 
80 171.745272 -44.750206 
120 171.736461 -44.755856 
160 171.727942 -44.761369 
200 171.719817 -44.766853 
240 171.712319 -44.773183 
280 171.704747 -44.779397 
320 171.698144 -44.785519 
360 171.691797 -44.7927 
400 171.684983 -44.798514 
440 171.677617 -44.805206 
480 171.669958 -44.812025 
520 171.661639 -44.818517 
560 171.653267 -44.824214 
600 171.644286 -44.830194 
640 171.635406 -44.836211 
680 171.6264 78 -44.842181 
720 171.617942 -44.8487 
760 171.609778 -44.854358 
800 171.600972 -44.860019 
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840 171.592075 -44.866544 
880 171.583619 -44.872711 
920 171.575081 -44.878875 
960 171.567 481 -44.885017 
982 171.562783 -44.888381 

SCS line: 4 
DAT tape: 6 
DAT time: 00:00:00 to 01:31:32 
1 171.560192 -44.893336 
40 171.570061 -44.898378 
80 171.580692 -44.904686 
120 171.590861 -44.910344 
160 171.601378 -44.91535 
200 171.610267 -44.921372 
240 171.620219 -44.926692 
280 171.629019 -44.932686 
320 171.637897 -44.938531 
360 171.64 7292 -44.944883 
400 171.661961 -44.950056 
440 171.668172 -44.956381 
480 171.674542 -44.963192 
520 171.682425 -44.969739 
560 171.690553 -44.976072 
600 171.698417 -44.981889 
640 171.705517 -44.988517 
680 171.714031 -44.995697 
720 171.721731 -45.003553 
760 171.729211 -45.009911 
800 171.730653 -45.022708 
840 171.7 44228 -45.023417 
880 171.751203 -45.030369 
920 171.758019 -45.037353 
960 171.76554 7 -45.044561 
1000 171.772894 -45.051417 
1040 171.781186 -45.058861 
1072 171.785856 -45.06485 

SCS line: 5 
DAT tape: 6 
DAT time: 01:31:32 to 2:29:11 
0 171.3677 -45.2 
5 171.48433 -45.12183 
10 171.49167 -45.11717 
15 171.49817 -45.11283 
20 171.50517 -45.10833 
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25 171.51134 -45.10333 
30 171.51817 -45.09817 
35 171.52451 -45.09267 
40 171.53084 -45.08783 
45 171.53717 -45.08283 
50 171.54333 -45.0775 
55 171.54916 -45.07283 
60 171.5555 -45.06833 

SCS line: 8 
DAT tape: 1 and 2 
DAT time: 00:00:00 to EOT (both tapes) 
1 171.524716 -44.206181 
40 171.538874 -44.218919 
80 171.550076 -44.231501 
120 171.563779 -44.244363 
160 171.578796 -44.257049 
200 171.592289 -44.27007 4 
240 171.608958 -44.28194 
280 171.626505 -44.295039 
320 171.646289 -44.308097 
360 171.664908 -44.319909 
400 171.692264 -44.336649 
440 171.711571 -44.348928 
480 171.730532 -44.361275 
520 171.779044 -44.392581 
560 171.798407 -44.405407 
600 171.817354 -44.417096 
640 171.838015 -44.428255 
680 171.858504 -44.440222 
720 171.879138 -44.453643 
760 171.899177 -44.466872 
800 171.926786 -44.4861 
840 171.946573 -44.499211 
880 171.966433 -44.512667 
920 171.987131 -44.525822 
960 172.011491 -44.540614 
1000 172.055319 -44.557463 
1040 172.070376 -44.569265 
1080 172.096591 -44.592076 
1120 172.11865 -44.61396 
1180 172.143205 -44.6388 
1220 172.159096 -44.656406 
1260 172.17 46 -44.673559 
1300 172.237491 -44.729081 
1340 172.2595 -44.7 46393 
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1380 172.28223 -44.762284 
1420 172.303666 -44.777924 
1460 172.322887 -44.791631 
1498 172.342655 -44.80442 

SCS line: 9 
DAT tape: 3 
DAT time: 00:00:00 to 01:25:21 
0 171.898095 -44.976037 
20 171.892308 -44.976309 
40 171.880732 -44.9667 48 
60 171.864813 -44.953894 
80 171.855318 -44.947585 
100 171.846095 -44.940184 
120 171.830651 -44.928668 
140 171.820874 -44.921309 
160 171.811578 -44.914384 
180 171.802999 -44.907308 
200 171.793251 -44.900333 
220 171.77 4025 -44.884881 
240 171.764 701 -44.877723 
260 171.7 48438 -44.863989 
280 171.714515 -44.834707 
300 171.696339 -44.81907 4 
320 171.686983 -44.811207 

SCS line: 10 
DAT tape: 3 
DAT time: 01:25:23 to 02:52:18 
1 171.65677 -45.160399 
20 171.646851 -45.152391 
40 171.637327 -45.146164 
60 171.625236 -45.137061 
80 171.614577 -45.129606 
100 171.601513 -45.120446 
120 171.586086 -45.109556 
140 171.57 4116 -45.101672 
160 171.562968 -45.093888 
180 171.551365 -45.085532 
200 171.540297 -45.077838 
220 171.509503 -45.054076 
240 171.499152 -45.046167 
260 171.490173 -45.038277 
280 171.4 76069 -45.024592 
300 171.458038 -45.010458 
320 171.448815 -45.002513 
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340 171.439919 -44.995014 
360 171.432725 -44.988815 
380 171.416172 -44.9786 
400 171.407643 -44.972038 
420 171.399404 -44.966222 
438 171.391357 -44.96066 

SOS line: 11 
DAT tape: 4 
DAT time: 00:00:00 to 00:49:13 
0 171.386313 -44.961137 
20 171.377724 -44.955569 
40 171.368661 -44.949691 
60 171.350496 -44.982924 
80171.340203 -44.989956 
100 171.330131 -44.997024 
120 171.320201 -45.003239 
140 171.302386 -45.013392 
160 171.280327 -45.027279 
180 171.270097 -45.033356 
200 171.260485 -45.039965 
220 171.250223 -45.046327 
240 171.240188 -45.052632 
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Figure A.l: Shotpoint numbers for the single channel seismic (SCS) lines, and dredge 

sample locations presented in this thesis. 
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Appendix B 

Model Inputs & Results 

B.l Flexure model input files 

. Average· topography, broken plate model 

801,5 ! Sed wedge load (length 4000km) 

-1 !broken plate 

0,100,630,630 !crust (rho=2670) replacing Mantle (rho=3300) 

1 

101,4000,2270,2270 !water (rho=1030) replacing Mantle (rho=3300) 

0 

0,4000,30,30 !Te=50km from 0 to 4000km 

0 

0,20,500,1800,2670 ! Topographic load (crust replaces air) 

1 

21,100,1800,620,2670 

0 !end of load 

Average topography, continuous plate model 

801,5 ! element definition (801 elements, 5km spacing (length 4000km) 1 !continuous 

plate 

0,999,2270,2270 !restoring force = water (rho=1030) replacing Mantle (rho=3300) 

1 

1000,1100,630,630 !restoring force =rock (rho=2670) replacing Mantle (rho=3300) 

1 

1101,4000,2270,2270 !restoring force =water (rho=1030) replacing Mantle 
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(rho=3300) 

0 

0,1000,30,30 !Te=30km 

1 

1001,1100,15,30 

1 

1101,4000,30,30 

d 
975,999,0,500,2670 !Average Topographic Load 

1 

1000,1020,500,1800,2670 !Alpine Fault at x=1000km 

1 

1021,1100,1800,620,2670 

0 !end of load 

Average topography + hidden load, broken plate model 

· 801,5 ! element definition (801 elements, 5km spacing (length 4000km) 

-1 !continuous plate 

0,100,630,630 !restoring force= rock (rho=2670) replacing Mantle (rho=3300) 

1 

101,4000,2270,2270 !restoring force= water (rho=1030) replacing Mantle (rho=3300) 

0 

0,4000,5,5 !Te=30km 

0 

0,20,500,1800,2670 !Average Topo Load, Alpine Fault at x=Okm 

1 

21,100,1800,620,2670 

1 

0,40,80000,80000,60 !hidden load 

0 !end of load 

Single Neogene sediment load, broken plate model 

801,5 ! Neogene Sed wedge load (length 4000km) 

-1 !broken plate 

0,4000,2270,2270 ! restoring force water (rho=1030) replacing Mantle (rho=3300) 
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0 

0,4000,30,30 !Te from 0 to 4000km 30km 

0 

1101,1110,0,700,1170 ! (neogene sediment load (rho=2200), sediment 

(rho=1800kg/m3) replaces water (rho=1030) 

1 

1111,1120,700,1050,1170 

1 

1121,1130,1050,1200,1170 

1 

1131,1140,1200,1300,1170 

1 

1141,1150,1300,1381,1170 

1 

1151,1160,1381,1552,1170 

1 

1161,1170,1552,1616,1170 

1 

1171,1180,1616,1671,1170 

1 

1181,1190,1671,1658,1170 

1 

1191,1200,1658,1803,1170 

1 

1201,1210,1803,1866,1170 

1 

1211,1220,1866,2267,1170 

1 

1221,1230,2267,1946,1170 

1 

1231,1240,1946,1819,1170 

1 

1241,1250,1819,1419,1170 

1 

1251,1260,1419,1096,1170 
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1 

1261,1270,1096,1125,1170 

1 

1271,1280,1125,959,1170 

1 

1281,1290,959,1020,1170 

1 

1291,1300,1020,979,1170 

1 

1301,1310,979,1002,1170 

1 

1310,1400,1002,300,1170 

1 

1401,1500,300,0,1170 

0 !end of load 

Prograding Neogene load (clinoform), broken plate model 

1333,3 ! Sed wedge load (length 4000km, dx=4km) 

-1 !broken plate 

0,2072,1100,1100 !Sed (rho=2200) replacing Mantle (rho=3300) 

1 

2073,4000,2270,2270 !water (rho=1030) replacing mantle (rho=3300) 

0 

0,4000,30,30 !Te from 0 to 4000km is 30km 

0 

2000,2060,0,137,1170 !(incremental progrgading load, sediment (rho=2200kg/m3) 

replaces water (rho=1030) 

1 

2061,2064,137,571,1170 

1 

2065,2068,571;571,1170 

1 

2069,2072,571,0,1170 

0 !end of load 
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B.2 Stratigraphic model inputs 

26 26 
2000 
·220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 

-220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 
·220 -180 -150 -100 -75 -50 0 

·220 -180 -150 -100 -75 -50 0 
-220 -180 ·150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 
-220 -180 ·150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 

-220 -180 -150 -100 -75 -50 0 
·220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 
'220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 
·220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 

-220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 

·220 -180 ·150 -100 -75 -50 0 
-220 -180 -150 -100 -75 -50 0 

10 20 30 
10 20 30 
10 20 30 
10 20 30 

10 20 30 
10 20 30 
10 20 30 
10 20 30 
10 20 30 
10 20 30 
10 20 30 
10 20 30 
10 20 30 
10 20 ,,30 

10 20 30 
10 20 30 
10 20 . 30 

10 20 30 
10 20 30 

40 45 50 

40 45 50 
40 .45 50 
40 45 50 
40 45 50 

40 45 50 
40 45 50 
40 45 50 
40 45 50 
40 45 50 

40 45 50 
40 45 50 
40 45 50 
40 45 50 
40 45 50 

40 45 50 
40 45 50 
40 45 50 

40 45 50 

55 

55 
55 
55 

55 
55 

55 
55 
55 
55 

55 
55 
55 
55 
55 
55 
55 
55 

55 

62 
62 
62 

62 

62 
62 
62 

62 
62 
62 
62 
62 
62 
62 
62 

62 
62 
62 

62 

68 
68 
68 

68 

68 
68 
68 

68 
68 
68 
68 
68 
68 
68 
68 

68 
68 
68 
68 

74 80 ' 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 

74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74' 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 

74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 
74 80 90 100 110 120 140 150 400 650 

10 20 30 40 45 50 55 62 68 74 80 90 100 110 120 140 150 400 650 
10 20 30 40 45 50 55 62 68 74 80 90 100 110 120 140 150 400 650 
10 20 30 40 45 50 55 62 68 74 80 90 100 110 120 140 150 400 650 
10 20 30 40 45 50 55 62 68 74 80 90 100 110 120 140 150 400 650 
10 20 30 40 45 50 55 62 68 74 80 90 100 110 120 140 150 400 650 

-220 -180 -150 -100 -75 -50 0 10 20 30 40 45 50 55 62 68 74 80 90 100 110 120 140 150 400 650 
-220 -180 -150 -100 -75 ·50 0 10 20 30 40 45 c50 55 62 68 74 80 90 100 110 120 140 150 400 650 

Figure B.l: The initial deposition surface used in Canterbury Basin deposition models. 

Profile runs along the Rangitata River (gorge to coast) then projects offshore to shelf 

edge. 
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HPS: yes 
PREMISE_BASED: yes 
NO_OF _SETS: 54 
very_rapid_erosion 0 3 -6.000000 0.00 -4.000000 1.00-3.000000 0.00 
rapid_erosion 0 3 -5.000000 0.00 -3.000000 1.00 -2.000000 0.00 
some_erosion 0 3-3.000000 0.00-1.7500001.00-0.500000 0.00 
slow_erosion 0 3-1.000000 0.00-0.500000 i .00-0.000000 0.00 
very_slow_erosion o 3 -0.500000 0.00 -0.250000 1.00 -0.000000 0.00 
no_deposition o 3 -0.500000 0.00 0.000000 1.00 0.500000 0.00 
very_slow_deposition 0 3 0.000000 0.00 0.500000 1.00 1.000000 0.00 
slow_deposition 0 3 0.000000 0.00 1.000000 1.00 2.000000 0.00 
some_deposition 0 3 1.000000 0.00 2.000000 1.00 3.000000 0.00 
rapid_deposition 0 3 2.000000 0.00 3.000000 1.00 5.000000 0.00 
very_rapid_deposition 0 3 3.000000 0.00 4.000000 1.00 6.000000 0.00 
extremely_rapid_deposition 0 3 4.000000 0.00 6.000000 1.00 8.000000 0.00 
terr_sand 5 3 -25.0000 0.00 0.0000 1.00 25.0000 0.00 
terr_muddy_sand 53 0.0000 0.00 25.0000 1.00 50.0000 0.00 
terr_interrned 5 3 25.0000 0.00 50.0000 1.00 75.0000 0.00 
terr_sandy_mud 5 3 50.0000 0.00 75.0000 1.00 100.0000 0.00 
terr_mud 53 75.0000 0.00100.00001.00125.0000 0.00 
carb_sand 6 3 -25.0000 0.00 0.0000 1.00 25.0000 0.00 
carb_muddy_sand 6 3 0.0000 0.00 25.0000 1.00 50.0000 0.00 
carb_interrned 6 3 25.0000 0.00 25.0000 1.00 50.0000 0.00 
carb_sandy_mud 6 3 50.0000 0.00 75.00001.00100.0000 0.00 
carb_mud 6 3 75.0000 0.00 100.0000 1.00 125.0000 0.00 
org_terr_material7 3-10.0000 0.00 0.00001.0010.0000 0.00 
org_marine_material 7 3 90.0000 0.00 100.0000 1.00 11 0.0000 0.00 
massive_reef 8 3 -10.0000 0.00 0.0000 1.00 10.0000 0.00 
branching_reef 8 3 90.0000 0.00 100.0000 1.00 110.0000 0.00 
land 12 3-100.00001.00 0.00001.00 0.0000 0.00 
at_surface 12 4 -20.0000 0.00 0.0000 1.00 5.0000 1.00 35.0000 0.00 
in_photic_zone 12 4 0.0000 0.00 0.0000 1.00 10.0000 1.00 50.0000 0.00 
shallow 12 4 -5.0000 0.00 0.0000 1.00 20.0000 1.00 250.0000 0.00 
deep 12 2 50.0000 0.00 400.0000 1.00 
at_river_mouth 13 4-1.0000 0.00 0.00001.00 200.00001.00 5000.0000 0.00 
near_river 13 4 -1.0000 0.00 0.0000 1.00 1000.0000 1.0010000.0000 0.00 
far_from_river 13 2 2000.0000 0.00 20000.0000 1.00 
very_far_from_river 13 210000.0000 0.00 40000.00001.00 
at_shore 14 3-1.0000 0.00 0.00001.0010000.0000 0.00 
near_shore 14 4 -1.0000 0.00 0.0000 1.00 500.0000 1.00 20000.0000 0.00 
far_from_shore 14 21000.0000 0.00 30000.00001.00 
exposed 15 2-0.3000 0.00 0.70001.00 
sheltered 15 2 -0.5000 1.00 0.3000 0.00 
hi_in_slope 16 2 0.0000 0.00 0.5000 1.00 
lo_in_slope 16 2 -0.2000 1.00 0.3000 0.00 
hi_out_slope 17 2 0.0000 0.00 0.5000 1.00 
lo_out_slope 17 2 -0.2000 1.00 0.3000 0.00 
convex_up 19 2 0.0000 0.00 10.0000 1.00 
planar 19 3-10.0000 0.00 0.00001.0010.0000 0.00 
concave_up 19 2-10.00001.00 0.0000 0.00 
at_reef 20 3 -1.0000 0.00 1.0000 1.00 10000.0000 0.00 
near_reef 20 3 0.0000 0.00 1.0000 1.00 20000.0000 0.00 
far_from_reef 20 2 1000.0000 0.00 30000.0000 1.00 
hot 21 3 20.0000 0.00 30.0000 1.00 40.0000 0.00 
cool21 3 5.0000 0.00 15.0000 1.00 25.0000 0.00 
warm 21 4 10.0000 0.00 20.0000 1.00 25.0000 1.00 35.0000 0.00 
extremely_slow_erosion o 3-0.200000 0.00-0.1000001.00 0.000000 0.00 
NO_OF _RULES: 7 
IF near_river THEN some_deposition AND terr_muddy_sand PRIORITY: 1 o 
IF at_river_mouth THEN extremely_rapid_deposition AND terr_sand PRIORITY: 10 
IF far_from_riverTHEN very_slow_deposition AND terr_interrned PRIORITY: 10 
IF far_from_river AND deep THEN very_slow_deposition AND terr_mud PRIORITY: 10 
IF land AND near_riverTHEN very_slow_erosion PRIORITY: 10 
IF land AND at_shore THEN very_slow_erosion PRIORITY: 10 
IF very_far_from_river THEN very_slow_deposition AND terr_sandy_mud PRIORITY: 10 

Figure B.2: Fuzzy rules used in Modell. 
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HPS: yes 
PREMISE_BASED: yes 
NO_OF _SETS: 54 
very_rapid_erosion 0 3-6.000000 0.00-4.0000001.00-3.000000 0.00 
rapid_erosion 0 3 -5.000000 0.00 -3.000000 1.00 -2.000000 0.00 
some_erosion 0 3-3.000000 0.00-1.7500001.00-0.500000 0.00 
slow_erosion 0 3 -1.000000 0.00 -0.500000 1.00 -0.000000 0.00 
very_slow_eroslon o 3-0.500000 0.00 -0.250000 1.00 -0.000000 0.00 
no_deposition 0 3 -0.500000 0.00 0.000000 1.00 0.500000 0.00 
very_slow_deposition 0 3 0.000000 0.00 0.5000001.001.000000 0.00 
slow_deposition o 3 0.000000 0.00 1.000000 1.00 2.000000 0.00 
some_deposition 0 3 1.000000 0.00 2.000000 1.00 3.000000 0.00 
rapid_ deposition 0 3 2.000000 0.00 3.000000 1.00 5.000000 0.00 
very_rapid_deposition 0 3 3.000000 0.00 4.000000 1.00 6.000000 0.00 
extremely_rapid_depositionO 3 4.000000 0.00 6.000000 1.00 8.000000 0.00 
terr_sand 5 3 -25.0000 0.00 0.0000 1.00 25.0000 0.00 
terr_muddy_sand 53 0.0000 0.00 25.0000 1.00 50.0000 0.00 
terr_intermed 5 3 25.0000 0.00 50.0000 1.00 75.0000 0.00 
terr_sandy_mud 5 3 50.0000 0.00 75.0000 1.00 100.0000 0.00 
terr_mud 53 75.oooo o.oo 10o:oooo 1.00 125.oooo o.oo 
carb_sand 6 3 -25.0000 0.00 0.0000 1.00 25.0000 0.00 
carb_muddy _sand 6 3 0.0000 0.00 25.0000 1.00 50.0000 0.00 
carb_intermed 6 3 25.0000 0.00 25.0000 1.00 50.0000 0.00 
carb_sandy_mud 6 3 50.0000 il.oo 75.0000 1.00 100.0000 0.00 
carb_mud 6 3 75.0000 0.00 100.0000 1.00 125.0000 0.00 
org_terr_material7 3-10.0000 0.00 0.0000 1.00 10.0000 0.00 
org_marine_material 7 3 90.0000 0.00 100.0000 1.00 110.0000 0.00 
massive_reef 8 3-10.0000 0.00 0.0000 1.00 10.0000 0.00 
branching_reef 8 3 90.0000 0.00 100.0000 1.00 110.0000 0.00 
land 12 3-100.00001.00 0.00001.00 0.0000 0.00 
at_surface 12 4 -20.0000 0.00 0.0000 1.00 5.0000 1.00 35.0000 0.00 
in_photic_zone 12 4 0.0000 0.00 0.00001.0010.00001.00 50.0000 0.00 
shallow 12 4 -5.0000 0.00 0.0000 1.00 20.0000 1.00 250.0000 0.00 
deep 12 2 50.0000 0.00 400.0000 1.00 
at_river_mouth 13 4-1.0000 0.00 0.0000 1.00 200.0000 1.00 5000.0000 0.00 
near_river 13 4-1.0000 0.00 0.00001.001000.00001.0010000.0000 0.00 
far_from_river 13 2 2000.0000 0.00 20000.0000 1.00 
very_far_from_river 13 210000.0000 0.00 40000.00001.00 
at_shore 14 3-1.0000 0.00 0.0000 1.00 10000.0000 0.00 
near_shore 14 4-1.0000 0.00 0.00001.00 500.00001.00 20000.0000 0.00 
far_from_shore 14 2 1000.0000 0.00 30000.0000 1.00 
exposed 15 2-0.3000 0.00 0.7000 1.00 
sheltered 15 2 -0.5000 1.00 0.3000 0.00 
hi_in_slope 16 2 0.0000 0.00 0.5000 1.00 
lo_in_slope 16 2 -0.2000 1.00 0.3000 0.00 
hi_out_slope 17 2 0.0000 0.00 0.5000 1.00 
lo_out_slope 17 2 -0.2000 1.00 0.3000 0.00 
convex_ up 19 2 0.0000 0.00 1 0.0000 1.00 
planar 19 3-10.0000 0.00 0.00001.0010.0000 0.00 
concave_up 19 2-10.0000 1.00 0.0000 0.00 

. at_reef 20 3 -1.0000 0.00 1.0000 1.00 10000.0000 0.00 
near_reef 20 3 0.0000 0.00 1.0000 1.00 20000.0000 0.00 
far_from_reef 20 2 1 000.0000 0.00 30000.0000 1.00 
hot 21 3 20.0000 0.00 30.0000 1.00 40.0000 0.00 
cool 21 3 5.0000 0.00 15.0000 1.CiO 25.0000 0.00 
warm 21 4 10.0000 0.00 20.0000 1.00 25.0000 1.00 35.0000 0.00 
extremely_slow_erosion 0 3 -0.200000 0.00 -0.100000 1.00. 0.000000 0.00 
NO_OF_RULES: 7 
IF near_river THEN some_ deposition AND terr_muddy_sand PRIORITY: 1 o 
IF at_river_mouth THEN extremely_rapid_deposition AND terr_sand PRIORITY: 10 
IF far_from_river THEN very_slow_deposition AND terr_intermed PRIORITY: 10 
IF far_from_river AND deep THEN very_slow_deposition AND terr_mud PRIORITY: 10 
IF land AND near_riverTHEN very_slow_erosion PRIORITY: 10 
IF land AND at_shore THEN very_slow_erosion PRIORITY: 10 
IF very_far_from_river THEN very_slow_deposition AND terr_sandy_mud PRIORITY: 10 

Figure B.3: Fuzzy rules used in Model 2. 
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B.3 Backstripping and decompaction 

Figure B.4: Inputparameters and results of sediment backstripping and decompaction 

algorithm using data from the Clipper 1 petroleum well. 
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B.4 Thermal Models 

Tau (sec) 

lnfill density (kg/m3) 

1.979E+15 Tau (M 62.71 

2300 

Depth above final d!)Qth(m)_ 

Time (years) Time (sec) Extension (~) 
1.2 1.5 2 

0 0 1362 2948 4539 
10000 3.156E+11 1362 2948 4538 
20000 6.312E+11 1361 2947 4537 
30000 9.467E+11 1361 2947 4536 
40000 1.262E+12 1361 2946 4536 
50000 1.578E+12 1361 2946 4535 
60000 1.893E+12 1360 2945 4534 
70000 2.209E+12 1360 2945 4534 
80000 2.525E+12 1360 2944 4533 
90000 2.84E+12 1360 2944 4532 

100000 3.156E+12 1360 2943 4531 
200000 6.312E+12 1357 2939 4524 
300000 9.467E+12 1355 2934 4517 
400000 1.262E+13 1353 2929 4510 
500000 1.578E+13 1351 2925 4503 
600000 1.893E+13 1349 2920 4495 
700000 2.209E+13 1347 2915 4488 
800000 2.525E+13 1344 2911 4481 
900000 2.84E+13 1342 2906 4474 

1000000 3.156E+13 1340 2901 4467 
2000000 6.312E+13 1319 2855 4396 
3000000 9.467E+13 1298 2810 4327 
4000000 1.262E+14 1278 2766 4258 
5000000 1.578E+14 1257 2722 4191 
6000000 1.893E+14 1238 2679 4124 
7000000 2.209E+14 1218 2637 4059 
8000000 2.525E+14 1199 2595 3995 
9000000 2.84E+14 1180 2554 3932 

10000000 3.156E+14 1161 2513 3870 
20000000 6.312E+14 990 2143 3299 
30000000 9.467E+14 844 1827 2813 

. 40000000 1.262E+15 720 1558 2398 
50000000 1.578E+15 614 1328 2045 
60000000 1.893E+15 523 1132 1743 
70000000 2.209E+15 446 966 1486 
80000000 2.525E+15 380 823 1267 
90000000 2.84E+15 324 702 1081 

100000000 3.156E+15 276 598 921 

Age (years) 

0 2E+07 4E+07 6E+07 8E+07 1 E+OS 

or---,_---r---T---,---_~ 

1000-- -----· . -· . .- -~-----. --
2000 t---+-'---+--::-""'-+-......=.t----l 

/.· _,/ ./' 
3000 f----b,..:_-+--r. "'-+----+-----! 

5000 t---,'1-----+----+~---- 1.2 

I -------1.5 
6000 ++---1----+----H---- -2 

-----4 
I 

4 
6418 
6417 
6416 
6415 
6414 
6413 
6412 
6411 
6410 
6409 
6408 
6398 
6388 
6378 
6367 
6357 
6347 
6337 
6327 
6317 
6217 
6119 
6022 
5927 
5833 
5740 
5650 
5560 
5472 
4666 
3978 
3392 
2892 
2466 
2102 
1792 
1528 
1303 

Thermal Subsidence (m) 

Sqrt time (Ma) Extension (~) 
1.2 1.5 2 4 

0.0000 0 0 0 0 
0.1000 0 0 1 1 
0.1414 0 1 1 2 
0.1732 1 1 2 3 
0.2000 1 2 3 4 
0.2236 1 2 4 5 
0.2449 1 3 4 6 
0.2646 2 3 5 7 
0.2828 2 4 6 8 
0.3000 2 4 7 9 
0.3162 2 5 7 10 
0.4472 4 9 14 20 
0.5477 6 14 22 31 
0.6325 9 19 29 41 
0.7071 11 23 36 51 
0.7746 13 28 43 61 
0.8367 is 33 50 71 
0.8944 17 37 58 81 
0.9487 19 42 65 91 
1.0000 22 47 72 102 
1.4142 43 93 142 201 
1.7321 64 138 212 300 
2.0000 64 182 280 397 
2.2361 104 226 348 492 
2.4495 124 269 414 586 
2.6458 144 311 479 678 
2.8284 163 353 544 769 
3.0000 182 394 607 858 
3.1623 201 435 669 946 
4.4721 372 805 1239 1753 
5.4772 518 1121 1726 2440 
6.3246 642 1390 2140 3027 
7.0711 748 1620 2494 3527 
7.7460 839 1816 2795 3953 
8.3666 916 1982 3052 4316 
8.9443 981 2125 3271 4626 
9.4868 1038 -2246 3458 4890 

10.0000 1085 2350 3617 5115 

Sqrt(t)-Ma 

o.oooo 2.0000 4.0000 s.oooo aoooo 10.0000 
0 

1000 
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~: t---..... r--
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,, ...... 

' ' ' .... 
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Figure B.5: Predicted Thermal Subsidence (1D McKenzie Model) for the Canterbury 

Basin. Inputs parameters have been taken from Field and Browne (1993). 
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69 
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15 
96 
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57 

47 
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93 
83 
70 
57 
46 
36 
29 
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138 
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46 
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33 
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295 
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75 
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396 
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43 
33 
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43 
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138 
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68 

30 
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229 
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112 

183 
173 
149 
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79 
63 
49 
39 

35 
83 

217 
324 
325 
289 
243 
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160 
127 
101 
79 

35 
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463 
606 
577 
499 
413 
333 
266 
210 
165 
129 

221 
202 
172 
141 
113 
90 
71 
56 
44 

40 
148 
303 
397 
382 
334 
279 
227 
182 
145 
114 
90 

40 
377 
627 
732 
674 
574 
472 
380 
302 
238 
187 
146 

262 
232 
195 
159 
127 
101 
79 
62 
49 

45 
249 
411 
478 
443 
381 
315 
255 
204 
162 
127 
100 

45 
598 
825 
869 
774 
650 
530 
425 
337 
266 
208 
163 

-800 -717 -640 -570 -509 -459 -418 -387 -364 -349 -339 ·334 
306 352 399 -919 -872 -827 -783 -743 -708 -676 -649 -628 -612 -601 -596 
263 295 326 -1008 -977 -947 -919 -892 -868 -847 -828 -813 -802 -794 -790 
218 240 263 -1081 -1059 -1039 -1019 -1001 -985 -970 -958 -947 -940 -934 -932 
176 193 210 -1141 -1125 -1110 -1097 -1084 -1072 -1062 -1054 -1046 -1041 -1037 -1036 
140 153 166 ·1189 -1177 -1167 · 1157 -1147 -1139 -1132 -1126 -1121 -1117 -1114 -1113 
111 121 
87 95 
68 74 
54 58 

50 55 
395 589 
540 688 
566 660 
506 571 
428 475 
351 386 
283 310 
225 246 
178 194 
140 152 
110 119 

130 -1227 -1219 -1211 -1203 -1197 -1190 -1185 -1181 -1177 -1174 -1172 -1171 
102 -1258 -1251 -1245 -1240 -1235 -1230 -1226 -1223 -1220 -1218 -1217 -1216 
80 -1282 -1277 -1272 . -1268 -1264 -1261 -1258 -1255 -1253 -1252 -1250 -1250 
62 -1301 -1297 -1293 -1290 -1287 ·1285 -1282 -1280 -1279 -1277 -1277 -1276 

60 65 70 75 80 85 90 95 100 105 110 115 120 
826 1101 -1353 -1083 -844 -649 -503 -401 -336 -296 -275 -263 -258 
853 1033 -1523 -1348 -1182 -1033 -903 -795 -709 -643 -596 -564 -546 
759 866 -1767 -1665 ·1567 -1475 -1389 -1313 -1247 -1191 -1148 -1117 -1098 
638 711 -1957 -1891 -1827 ·1767 -1711 -1660 -1616 -1579 -1549 -1528 -1515 
523 575 -2114 -2069 -2026 -1985 -1947 -1913 ·1884 -1859 -1839 -1825 -1816 
421 460 -2243 -2211 -2180 -2152 -2126 -2103 -2083 -2066 -2052 -2043 -2037 
336 364 -2347 -2324 -2302 -2281 -2263 -2247 -2232 ·2220 -2211 -2204 -2200 
266 287 -2430 -2413 -2397 -2382 -2368 -2356 -2346 -2338 -2331 -2326 -2323 
209 226 -2496 -2483 -2471 -2460 -2450 -2441 -2434 -2427 -2422 -2419 -2417 
164 177 -2548 -2538 -2529 -2521 -2513 -2507 -2501 -2496 -2493 -2490 -2488 
129 138 -2589 -2582 -2575 -2568 -2563 -2558 -2553 -2550 -2547 -2545 -2544 

50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 
891 1251 1658 -2003 -1592 -1230 -934 -712 -558 -458 -398 -365 -348 -339 -336 
1052 1303 1570 -2244 -1975 -1721 -1493 -1294 -1128 -996 -894 -820 -769 -737 -722 
1015 1167 1324 -2606 -2448 -2296 -2152 -2019 -1899 -1794 -1706 -1634 -1580 -1544 -1526 
877 982 1088 -2897 -2793 -2692 -2597 -2508 -2427 -2355 -2294 -2243 -2205 -2179 -2166 
727 803 
588 646 
470 513 
371 405 
292 318 
229 249 
179 194 

879 -3139 -3067 -2997 -2931 -2871 -2816 -2767 -2725 -2691 -2664 -2647 -2638 
701 -3339 -3286 ·3237 -3190 -3148 -3109 -3075 -3046 -3022 -3004 -2992 -2986 
555 -3501 -3462 -3426 -3392 -3361 -3333 -3309 -3288 -3271 -3259 ,3250 -3245 
437 -3630 -3601 -3574 -3549 -3526 -3506 -3488 -3473 -3460 -3451 -3445 -3441 
342 ·3733 -3711 -3690 -3671 -3654 -3639 -3625 -3614 -3605 -3598 -3593 -3591 
268 -3813 -3797 -3781 -3766 -3753 -3742 -3732 -3723 -3716 -3711 -3707 -3705 
209 -3877 -3864 -3852 -3841 -3831 -3822 -3814 -3807 -3802 -3798 -3795 -3794 



Appendix C 

Seismic Equipment 

C.l Ferranti ORE Subbottom Profiling System 

Power Supply (model 5420A) 

The Geopulse power supply is a portable (80kg), capacitive discharge, variable power 

supply. The energy emitted from the power supply can be varied from 1051 oules to 

2801. As you increase the output energy from the power supply you must reduce the 

firing rate, else the system will overheat causing serious damage to both the power 

supply and boomer 

Note: never exceed the maximum Power rating of the boomer (720W). 

Maximum energy j sec=rate* discharge energy per shot 

for example: 350W = 2 times per second * 1751 

The power supply is triggered electronically from the EPC graphic recorder. For this 

study the power supply was set at 1751. 

Acoustic Source (model 5813A) 

The acoustic source is a boomer attached to a catamaran which is towed 50m behind 

the boat, and floats just beneath the surface of the water. The boomer is an 

electrodynamic plate which produces a 3.5kH z acoustic signal when subjected to a 

high voltage pulse from the power supply. 

Hydrophone Array (model 5110A) 

The hydrophone array (colloquially known as the eel) consists of 20 epoxy encased 
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piezoelectric elements, spaced 15cm apart, and centred within an 8m long housing. 

The piezoelectric elements convert pressure into an electric signal The housing is 

filled with kerosene to provide slightly negative bouyancy. Attached to the end of the 

array is an 8m section of rope which dampens unwanted noise. The hydrophone array 

is towed to one side of the boat away from the wake to reduce noise. The frequency 

response of the hydrophone array is 5Hz to 20kHz. 

Geopulse Receiver (model 5210A) 

The Geopulse receiver filters, amplifies and processes the signals received by the 

hydrophone array. Features include: 

e Analogue high pass, low pass and band pass filters (filter range from 20Hz to 

15kHz). 

• Key rate programmer (allows the key rate from the EPC graphic recorder to be 

multiplied or divided according to the desired operational parameters). 

• Time varying gain and delay (TVG compensates for attenuation and spherical 

divergence of the reflected signal. The TVG can be triggered by setting a 

manual delay or by the first reflection (sea floor)). 

e Bottom track (sets the sea bed tracking, which automatically follows the sea 

floor, used in conjunction with the TVG delay). 

• Automatic gain control (can be manually or automatically controlled, to ensure 

the signal output is maintained at a constant level). 

• Swell filter (compensates for sea swell effects, by averging the distance between 

the hydophone and the first reflector at set time intervals). Tape 

record/ playback (allows the operator the choice of recording raw or filtered 

signals and replaying when desired) 

JVC VPlOO Digital Audio Processor (PCM) 

The JVC Pulse code modulator (PCM) performs two main tasks: 

• Converts an analogue signal into a digital signal. 
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• Modulates the digital signal with an FM signal, which is then in a suitable 

format for recording onto VHS (Hi-Fi) video tape. The whole system can be 

reversed inorder to playback the seismic signal, for reprocessing. 

JVC BR 700ER Hi-Fi Stereo Video Cassette Recorder 

The JVC video recorder is a high :fidelity (Hi-Fi) recording device used to record up 

to three hours of stereo signal (raw seismic signal and trigger pulse). The video 

recorder has a dynamic range of 96dB ( c.f. standard video recorder 48dB). 

Sony DTC A8 Digital Audio 'Tape recorder 

The Sony DAT is an audio digital tape recorder, using 4mm magnetic tapes. The raw 

signal and trigger are input, via the Geopulse receiver, directly in the DAT recorder 

(digitized at 48KHz). This piece of equipment was purchased to replace the ageing 

JVC video cassette recorder, and has several advantages; small size, ability to record 

up to 6 hours seismic data, and easy play-back and search facilities. All the single 

channel seismic data collected for this thesis have been converted from VHS to DAT 

format for archival purposes. 

C.2 Klein System 590 Hydroscan (sidescan sonar) 

The sidescan sonar system comprises two pieces of equipment, the tow:fish, and the 

graphic recorder. The tow:fish is towed to one side of the boat, at a depth of 

approximately 5m. The tow:fish emits a 100kHz swath beam (1° horizontal, 40° 

vertical) of acoustic energy which is reflected off submerged objects and the sea floor. 

The reflected signals ( echos) are received and converted by the tow:fish into electrical 

signals, which are then processed by the Model 595 graphic recorder. The returning 

echos are converted into marks of varying intensity (the stronger the return the 

darker the mark) rendering a 2D (cross-track and along-track) image of the sea floor. 

When the seafloor exhibits relief an acoustic shadow is produced (recorded as a white 

area behind a strong reflector). The height of the object may be determined by 

examining the width of the shadow (slant range). 
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Appendix D 

Sediment Sample Descriptions 

Sediment dredge samples have been analysed for carbonate content, grain-size, miner

alogy, and fauna-their descriptions are presented in this appendix. 
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Sample: DW1 (OU63560) 
Collected by: D Wilson (Nov 1996, RN Munida, Agassiz dredge) 
Location: 172.0131 -44.9049 
Water Depth: 153m 

Visual Description 
Abundant shell and bryozoan fragments, many bored and enrusted. Abundant foraminifera 
(some infilled with dk green glauconite). Small angular qtz grains (grains >1phi are rounded 
and occasionally stained with iron oxide). Other lithics: platey feldspar, muscovite, biotite, 
magnetite, detrital glauconite (It green), and possibly calcite. The bulk sediment is light in 
colour, reflecting it's predominant carbonate content. 

Fauna 
Bivalvia: Anomia trigonopsis, Pleuromeris zealandica, Cosa costata, Limatula maoria, 

Chlamys sp, Nemocardium pulchellum 

Gastropoda: Turritellidae indet, Austromita lawsi, Zemitrella sp, Penion protoconch, 
Aoteadrilla otagoensis, Splendrilla sp 

Mise: numerous branching and encrusting bryozoa 

Grainsize Distribution 
Frequency(%) 

L Frequency (%) 16 
Mean: 2.09 (phi) fine sand 
Sorting: 0.84 moderately sorted 
Skewness: 0.07 near symetrical 
Kurtosis: 0.90 mesokurtic 

~80 
i:)' 
c ~ 
~60 

Grainsize distribution determined g-
using a rapid sediment analyzer. U: 
Sample initally wet-seived to remove E40 
coarse (<-1phi) and fine (>4phi) fractions8 
Fall Distance: 1.85m 
Temp: 2o·c 20 
Eqivalent Density: 2.65gm/cc 

. 
• 

.. . . . 
. 
• 
• • • 

Interval: 0.5phi 
Graphic statistics: Folk and Ward (1957) 01-~~~,-r-~-,~-+ 

-1 0 
Carbonate content: 58.3% 

Inferred Depositional Environment and Age 

1 2 
Grainsize Phi 

3 4 

12 i:)' 
c 
Q) 
::J 

8 g 
u: 

4 

0 

The sample has been collected from the outer shelf, however numerous shell fragments have 
been extensively bored suggesting they have been on the seafloor for some length of time. The 
presence of authigenic glauconite in foraminifera tests suggests relatively calm conditions exist 
on the present-day seafloor. I infer, from SCS seismic data, that the sediment was deposited 
in a shore-face beach ridge complex during the last glacial lowstand (» 18ka). Probably 
Canterbury Bight Fm (Lower Member) 

Figure D.l: DWl sediment sample description. 
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Sample: DW2 (OU63561) 
Collected by: David Wilson (Nov 1996, RN Munida, Agassiz Dredge) 
Location: 171.9859 -44.8851 
Water Depth: 140m 

Visual Description 

Abundant shell and bryozoan fragments, many bored and enrusted. Abundant foraminifera 
(some infilled with dk green glauconite). Small angular qtz grains (grains >1phi are rounded 
and occasionally stained with iron oxide). Other lithics: platey feldspar, muscovite, biotite, 
magnetite, and detrital glauconite (It green). 

Fauna 

Bivalvia: Anomia trigonopsis, Pleuromeris sp. 

Gastropoda: Turritellidae indet, Naticidae indet 

Mise: numerous branching and encrusting bryozoa 

Grainsize Distribution 

cf!-80 

G' 
c 

Frequency (%) 

2: Frequency(%) 16 

cf!. 

Mean: 2.36 (phi) fine sand 
Sorting: 1.02 poorly sorted 
Skewness: -0.16 coarse skewed 
Kurtosis: 0.80 platykurtic 

~60 12 G' 
o-

Grainsize distribution determined ~ 
using a rapid sediment analyzer. Ll.. 40 
Sample initally wet-seived to remove E 
coarse ( <-1 phi) and fine (>4phi) fractions(5 
Fall Distance: 1.85m 20 
Temp: 20"C 

c 
Q) 
:::l 

8 ~ 
Ll.. 

4 

Eqivalent Density: 2.65gm/cc 
Interval: 0.5phi o~~~~~~~~~~~o 
Graphic statistics: Folk and Ward (1957) -1 0 1 2 3 4 
Carbonate content: 16.8% Grainsize (Phi) 

Inferred Depositional Environment and Age 
The sample has been collected from the outer shelf, however numerous shell fragments have 
been extensively bored suggesting they have been on the seafloor for some length of time. The 
presence of authigenic glauconite in foraminifera tests suggests relatively calm conditions exist 
on the present-day seafloor. I infer, from SCS seismic data, that the sediment was deposited 
in a shore-face beach ridge complex during the last glacial lowstand (»18ka). 

Figure D .2: DW2 sediment sample description. 

155 



Sample: DW3 (OU63562) 
Collected by: D Wilson (Nov 1996, RN Munida, Agassiz dredge) 
Location: 171.9637 -44.8702 
Water Depth: 139m 

Visual Description 
Shell and bryozoan fragments, some foraminifera, but mainly small angular qtz grains. 
Other lithics: platey feldspar and calcite, muscovite, biotite, magnetite, detrital glauconite. 
The bulk sediment is very fine grained. 

Fauna 

Bivalvia: Cosa costata, Cyclopectin sp, Yoldiella powelli, Saccella bellula, 
Pleuromeris zealandica, Mysella sp, Lucinidae sp, Poroleda lancedata 

Gastropoda: Stiracolpus symmetrica 

Mise: some branching and encrusting bryozoa 

Grainsize Distribution 
Mean: 3.03 (phi) very fine sand 
Sorting: 0.68 moderately well sorted 0 80 
Skewness: -0.33 strongly coarse skewed d' 
Kurtosis: 1.30 leptokurtic G' 

Frequency(%) 

2:: Frequency(%) 

• 20 

16 

;:,g 
0 

a560 
::::l 
CJ 

12 G' 
Grainsize distribution determined 
using a rapid sediment analyzer. ~ 
Sample initally wet-seived to remove lL 40 
coarse (<-1phi) and fine (>4phi) fractions~ 
Fall Distance: 1.85m () 

20 Temp: 2o·c 
Eqivalent Density: 2.65gm/cc 
Interval: 0.5phi 
Graphic statistics: Folk and Ward (1957) 04-~~~T-~~~r-r-~ 

0 2 3 4 
Grainsize Phi 

Carbonate content: 15.0% 
-1 

Inferred Depositional Environment and Age 

8 

4 

0 

This sample is taken landward from an inferred ancient shore-face beach ridge complex. 
Numerous mud-dwelling and deposit feeding bivalves combined with the fine grain size 
suggest a calm shallow depositional environment, perhaps estuarine, or wash over. 
Numerous shell fragments have been extensively bored suggesting they have been exposed 
on the seafloor for somelength of time. The inferred age of deposition is (» 18ka). 

Figure D.3: DW3 sediment sample description. 
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Sample: DW4 (OU63563) 
Collected by: David Wilson (Nov 1996, RN Munida, Agassiz dredge) 
Location: 171.9238 -44.8339 
Water Depth: 131m 

Visual Description 
Shell and bryozoan fragments, some foraminifera, but mainly small angular qtz grains. 
Other lithics: platey feldspar and calcite, muscovite, biotite, and magnetite. 
The bulk sediment is very fine grained. 

Fauna 
Bivalvia: Cosa costata, Limatula maoria, Nemocardium pulchellum, Nuculla sp, 

Pleuromeris zealandica, Anomia trigonopsis, Poroleda lanceolata, Parathyasira sp, 
Cardita aotearia, Diplodorita globus 

Gastropoda: Stiracolpus symmetrica, Buccinulum pertinax, Agatha georgiana, Dentimargo sp 

Scaphopoda: Antalis glaucarena 

Grainsize Distribution 
Mean: 2.99 (phi} fine sand 
Sorting: 0.72 moderately sorted 
Skewness: -0.28 coarse skewed 
Kurtosis: 1.03 mesokurtic 

"'c80 

6' 
~0 

Grainsize distribution determined cr 
using a rapid sediment analyzer. ~ 
Sample initally wet-seived to remove ~0 
coarse ( <-1 phi) and fine (>4phi) fractions :J 

Fall Distance: 1.85m o
20 Temp: 20"C 

Frequency (%) 

2: Frequency (%) 16 

?;'2. 

• 12 6 
c 
Q) 
:::l 

8 ~ 
lL 

4 
Eqivalent Density: 2.65gm/cc 
Interval: 0.5phi 
Graphic statistics: Folk and Ward (1957) 

04-~~~~~~~-.-.--ro 

-1 0 2 3 4 
Carbonate content: 18.9% Grainsize Phi 

Inferred Depositional Environment and Age 
This sample is taken landward from an inferred ancient shore-face beach ridge complex. 
Numerous mud-dwelling and deposit feeding bivalves combined with the fine grain size 
suggest a calm shallow depositional environment, perhaps estuarine, or wash over. 
Numerous shell fragments have been extensively bored suggesting they have been exposed 
on the seafloor for somelength of time. The inferred age of deposition is (» 18ka). 

Figure D .4: DW 4 sediment sample description. 
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