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Abstract 

What is the current condition of geologic hazards off the coast of Dunedin, New Zealand?  

Both the Akatore and Green Island Faults are thought to be active in this location.  With 

earthquake events around Christchurch, New Zealand in 2010 and 2011, and around 

Kaikoura in 2016, what is the likelihood of earthquakes on the active faults around Dunedin, 

New Zealand? What is the extent of seismic investigations that have taken place in this 

region?  What processing has been required for these seismic data? 

To answer these questions, an area of roughly 1,000 km2 off the coast of Otago warrants 

further inquiry.  While numerous offshore studies have been conducted along the coast from 

Tokomairiro Mouth to St Kilda, Dunedin, these studies have been analyzed individually and 

have remained relatively isolated from each other.  Data from previous and current studies 

included in this thesis are single-channel seismic, multi-channel seismic, sediment, sidescan 

sonar, and multi-beam echo sounder datasets.  These data will then be interrogated alongside 

each other. 

Multi-channel seismic and multi-beam echo sounder datasets were collected specifically for 

this study using the R.V. Polaris II.  Other datasets were collected by the University of Otago, 

Land Information New Zealand (LINZ), National Institute of Water and Atmospheric 

Research (NIWA), GeoNet, and the Otago Regional Council (ORC).  The data were 

processed using Caris and GLOBE Claritas software packages before viewing them using 

ArcGIS and IHS Kingdom software. 

By reviewing the processing of the multi-channel seismic data, improvements and 

suggestions are made for future data collection.  These improvements and suggestions are 

geared toward streamlining the processing method and ensuring all possible signal is being 
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recorded to improve the resolution of the marine geology.  This improved resolution of the 

marine geology was combined with the other datasets to study the interactions between the 

bathymetry, geology, and sediments.  The resulting acoustic images and maps provide 

answers to the questions concerning marine geologic hazards around Dunedin, New Zealand. 

The Akatore Fault continues at least 6 km offshore from Tokomairiro Mouth.  Evidence for 

movement and the amount of throw in this area are not possible to determine as the seismic 

data are obscured by the presence of the Otago Schist.  Folding is observed numerous 

lithologic units north of the fault and is believed to be connected to the Akatore Fault.  This 

fold continues on its southwest to northeast orientation before changing direction and heading 

further offshore. 

As the fold continues, it transitions back into a fault, which is a step-over fault from the 

Akatore Fault.  This second fault, named the Green Island Fault, has a minimum length of 9 

km.  Evidence of movement on the Green Island Fault within the last 6.5 ky is visible in both 

the seismic and sidescan sonar data.  The total amount of throw is not known as the first 

multiple obscures the single-channel seismic data.  Multi-channel seismic data require better 

positioning before it is possible to obtain increased depth penetration and improve the quality 

of the seismic data.   

The quality of the seismic data would also be aided by improved resolution.  Analysis of the 

frequencies observed during each survey suggests that a sampling rate of 0.15 ms is required 

to record all possible signal.  Data collected using this sampling rate would be able to record 

frequencies up to 3,333 Hz.  Initial results have shown the frequency component of the water 

column and marine geology to be between 100 Hz and 3,175 Hz. 
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Chapter 1 Introduction 

1.1 Previous Work 

What geological features are present off the coast of Otago, New Zealand, and what hazards 

are of interest to people living and working in the area?  A number of regionally-based Otago 

studies and relevant studies from around the world by way of various disciplines have been 

conducted throughout the years.  The focuses of these studies have varied between the 

hydraulic regime, sediment transport/deposition, bathymetric, and geologic to seismic studies 

(including both single-channel and multi-channel seismic data).  More details on past surveys 

are included in sections 2, 4, and 5.  See Figure 1-2 at the end of this section for a timeline of 

these studies. 

1.1.1 Hydraulic Regime 

Theories on the source and composition of the Southland Current, the northeastward 

directional ocean current along the Otago coast, have varied over the years.  Now it is 

considered to be comprised mainly of Subantarctic Water (SAW) with a small mixture of 

Subtropical Water (STW) (Sutton, 2003).  The current travels along the Southland Front, an 

area of water which separates the distinct SAW and STW bodies of water based on salinity 

and temperature (Hopkins et al., 2010).  Both the current and front travel from the southern 

end of New Zealand north until they reach the Chatham Rise. 

At this point, a portion of the current continues north, while the remainder of the current, 

along with the front, changes orientation and heads eastward (Hopkins et al., 2010; Sutton, 

2003).  The current and front flow on the eastern side of the study area and further out into 

the Pacific Ocean.  However, what is unclear is the hydraulic regime of the shallower waters 
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closer to shore.  Clearly, freshwater and saltwater mixing is occurring close to the mouths of 

the Clutha, Tokomairiro, and Taieri rivers.  What is not known is how this mixing influences 

the longshore drift being driven by the Southland Current. 

1.1.2 Sediment Transport/Deposition 

How is the hydraulic regime influencing the sediment transport and deposition?  Upstream 

damming of the Clutha River for hydroelectric power development has been shown to have 

decreased the sediment load (J. E. Adams, 1978; D.M. Hicks et al., 2000).  Of the sediments 

reaching the ocean, between three and six sediment facies were described initially in 1979 

(Andrews, 1979; Williams, 1979).  Later, in 1985 four facies were described by Carter et al. 

(1985). 

Carter et al. (1985) also showed an example of the inner shelf transport.  Sediment sample 

description and mapping were a major focus of the study (R.M. Carter et al., 1985).  

Considering the fluctuations in the hydraulic regime, is sediment deposition still occurring in 

the same locations for the facies described in the study?  How might this transport and 

deposition be interacting with the regional bathymetric relief? 

1.1.3 Bathymetry 

What is currently unknown about the seafloor relief in the area?  Much of the bathymetric 

data off the coast of Otago is now at least 60 years old.  These data were likely collected 

using a single-beam echo sounder (SBES), which was the most advanced technology at the 

time (Coppola, 2016).  Considering the likelihood the data were collected with an SBES, the 

question arises: what bathymetric information has yet to be collected?  Could there be 

features on the seafloor that were missed by the coarse, sparse, SBES dataset, or were 

features not shown in the nautical charts due to the scale at which the data were compiled?  
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How might the hydraulic regime and sediment transport/deposition be interacting with 

bathymetric relief? 

1.1.4 Geologic Studies 

What relationship is there between the geology onshore and offshore?  What geologic 

hazards might influence Dunedin, New Zealand?  William Noel Benson can be credited for 

making the biggest contributions to understanding the onshore geology of the greater 

Dunedin area.  His geological map of the Dunedin District was the result of decades of 

mapping, and is still the basis for geologic interpretations at the present day (Marshall et al., 

1969).  More recent studies have focused on the basal geology (Caples and Rakaia terranes 

and the Otago Schist), Cretaceous-Tertiary Formations (Matakea, Onekakara, Kekenodon, 

and Otakou groups as well as the Marshall Unconformity), the Dunedin volcanic events, and 

Quaternary sediments.  These units may be correlated to offshore geology as demonstrated by 

academic sources and various well reports (D. G. Bishop & Turnbull, 1996; Hunt 

International Petroleum Co., 1978; N. Mortimer et al., 2002; Tap Oil Ltd, 2006; Wilson, 

1985).  The position of the wells referenced in this thesis are shown in Figure 1-1. 

Various active, or potentially active, faults have been identified onshore.  For example, the 

Akatore Fault is found onshore between Measly Beach and Taieri Mouth, but also transitions 

offshore at these locations (Litchfield & Norris, 2000).  This geologic hazard is clearly active 

onshore, based on the offset of younger sediments and geomorphic surfaces between 

Tokomairiro and Taieri river mouths.  The fault is presumed to be active where it strikes 

offshore to the southwest and northeast.   

 



4 

 

 
Figure 1-1 Shows the position of the four wells referenced in this thesis.  This map was 

created using coastline data from LINZ Data Service and various well reports (Hunt 

International Petroleum Co., 1978; Shell BP Todd, 1984; Tap Oil Ltd, 2006; Wilson, 

1985). 

 

Further offshore to the east, the Green Island and Takapu Faults can be found (Bruce, 2010; 

Hunt International Petroleum Co., 1978).  The western side of the Takapu Anticline is 

associated with the Takapu Fault (Multiwave Geophysical Company, 2006).  These faults are 

considered potentially active, given that little is known about their Late Quaternary behavior.  

The lack of knowledge concerning shallow marine geologic hazards is being slowly 

decreased around the world through the use of geophysical, seismic data.   

Only a handful of any such studies have been published (Dao et al., 1985; Hunsdale et al., 

1998; Kremers et al., 2015; Zhou et al., 2004).  What can the seismic data off the coast of 

Otago reveal about the activity of the regional geologic hazards, in particular faults?  How 

long are the faults?  What is the total offset between the fault blocks? 
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1.1.5 Seismic Studies 

Of the seismic data available, what picture might they paint when viewed together?  Single-

channel seismic (SCS) data were previously collected during numerous surveys by the 

University of Otago.  Many of these datasets are unpublished (Bruce, 2010; McLachlan, 

2015); however they can be accessed using the University of Otago’s high capacity data 

share.  All SCS data have limited penetrating depth compared to the capabilities of multi-

channel seismic (MCS) data.   

Numerous issues arise when processing shallow MCS data collected on a vessel which is 

quite small (21 m) compared to those vessels used in industry.  This can occur in water 

depths from 5 m to 55 m.  Industry data are often collected with streamers which are 

kilometers in length (e.g. 10 km).  This is a vast difference compared to the 75 m long 

streamer deployed by the University of Otago.  Sea swell impacts the acquisition and quality 

of the data.  The boomer, streamer, and vessel all move independently of each other during a 

survey.  Only the vessel has positioning and motion reference equipment attached, and is 

unable to directly account for the movement of the boomer and streamer. 

By comparison, the MCS data collected for industrial applications have much lower vertical 

resolution than the University of Otago data.  This is due to the use of lower frequencies in 

industrial collecting data (Multiwave Geophysical Company, 2006).  The use of lower 

frequencies and higher amplitudes results in better depth penetration beneath the seabed.  

Industry targets, generally oil and gas, are typically found at depths exceeding 1 km.  

Positioning of the acoustic source (boomer) and streamer are also much more refined.  While 

it is possible to see evidence of geologic hazards in these data, they generally are not acquired 

and studied for this sole purpose. 
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Issues with swell and positioning equipment complicate the mapping and resolution of 

geologic hazards and marine geology in shallower, smaller-scale operations.  What 

techniques might be applied during processing to improve the quality of the data? 

As noted above, it is easier to access and study various facets of geology on land, but this 

does not imply that we are immune to the effects of marine geology, geologic hazards, or 

geologic processes.  Considering the change in facies deposition over the past 30 years noted 

by Fleming (2012), could there be a new dynamic between geologic hazards and sediments?  

Spatial relativity is fundamental in building an understanding of geologic hazards. 

1.2 Research Aims 

What is the state of the geologic hazards off the coast of Dunedin?  Where are these hazards 

located?  These are poignant questions after the earthquake events which affected 

Christchurch in 2010 and 2011 and the earthquake swarm near Kaikoura in 2016.  The 

Akatore and Green Island faults are thought to be active, but this theory has yet to be 

confirmed.  To assist with answering these questions, technical questions surrounding the 

optimum seismic parameters for future surveys in this area must also be asked. 

The compilation of existing and new data sets with partial reprocessing of existing data, and 

full processing of new data is the primary objective of this thesis.  Based on these findings, 

limitations of the current data will be defined, future processing recommendations detailed, 

and follow up studies suggested.  Secondary to this objective will be the assessment of 

offshore faults near Dunedin, New Zealand.  Questions about the geologic hazards will be 

addressed through the combined investigation of SCS, MCS, SSS, bathymetry, and 

sedimentary datasets.   
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Frequencies observed in the SCS data will be used to define a bandpass filter, allowing for 

comparisons across the different datasets.  Positioning corrections will be applied to the SCS 

data through the use of a script.  Swell removal corrections will be applied using existing 

values defined in previous studies (Bruce, 2010; Choveaux, 2011; Fleming, 2012; Lepine, 

2013; McLachlan, 2015).  Upon completion of reprocessing the SCS data, the data will be 

reviewed in IHS Kingdom and ArcGIS.   

As the MCS dataset has only recently been collected, detailed methods and procedures used 

in the processing of these data will be documented.  Frequency analysis will be carried out on 

the MCS data with recommendations made concerning the sampling rate of all future seismic 

surveys conducted by the University of Otago.  The MCS data will be compared against the 

SCS data for both image resolution and penetration depth of the signal, resulting in a coherent 

seismic reflector.  Comparisons between the SCS and MCS datasets will be made using IHS 

Kingdom and ArcGIS software. 

Side scan sonar (SSS) data previously processed by staff at the University of Otago will be 

draped over the position data for the seismic lines.  Bathymetry data available from Land 

Information New Zealand (LINZ) will be displayed at a scale between 1:190,000 and 

1:1,350,000.  Bathymetry data collected by the University of Otago, and processed as part of 

this study, will be available at a 1 m resolution.  Sedimentary data from Carter et al. (1985) 

will be digitized in ArcGIS specifically for this study.  Comparison of the position data for 

the seismic lines, SSS, bathymetry, and sedimentary datasets will allow for a more 

comprehensive analysis regarding the location of the geologic hazards and the chronological 

constraints applied to these data. 

 



8 

 

1.3 Thesis Structure 

Information detailing the study area, the hydraulic regime and sediment inputs from local 

watersheds, the relatively coarse stratigraphy, and the geologic structures found in the area 

are included in Chapter 2.  Discussion of the scientific theory, principles, and laws necessary 

to understand acoustic data collection and seismicity in the area are found in Chapter 3.  The 

methods with which the various datasets were acquired are detailed in Chapter 4.  The 

processing methods applied to the raw data used to render data for interpretation are found in 

Chapter 5.  Interpretations and discussions made concerning the acoustic datasets included in 

this project are detailed in Chapter 6.  The analysis methods and processes utilized in this 

thesis are discussed in Chapter 7, along with the data and its limitations as they relate to the 

research aims identified above.  Chapter 8 summarizes the thesis, reiterates the conclusions 

drawn from the data, and identifies possible future work in relation to this study. 
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Figure 1-2 

A timeline showing various studies and work completed which are relevant to this study. 
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Chapter 2 Physiographic Setting 

The area covered by this thesis is in the shallow continental shelf near the city of Dunedin, 

Otago.  The northern limit is found between Sandymount and Maori Head on the Otago 

Peninsula, the southern limit is Taieri Beach, the eastern limit is about 30 km offshore, and 

the western limit is the coast.  The total area is approximately 1,000 km2.  Water depth ranges 

from the surf zone (around 5 m) to about 75 m.  See Figure 2-1.  This chapter provides 

relevant background on the hydrology, sediment transport, stratigraphy, and tectonic 

structures found in the study area.  These topics will be referenced in subsequent chapters in 

greater detail, showing how these various components interact with each other.   

 
Figure 2-1 Shows the area of interest for this thesis.  This map was compiled using 

coastline and place name data from LINZ Data Service, the position of the Takapu-1A 

well (Hunt International Petroleum Co., 1978), and digitizing the islands using nautical 

chart NZ66 (RNZN, 2004a). 

 



12 

 

2.1 Hydraulic Regime and Sediment Transport 

Proceeding from south to north, neritic water is sourced from the Clutha, Tokomairiro, and 

Taieri rivers, from which the water discharges into the Pacific Ocean and meets the 

Southland Current.  See Figure 2-2.  The current flows along the coast of Otago from the 

southwest to the northeast and is greatly affected by local wind patterns (Hawke, 1989).  It is 

comprised of approximately 10% Subtropical Waters (STW) on the landward side and 90% 

Subantarctic Waters (SAW) on the oceanward side (Sutton, 2003).  Seasonal changes are 

noted in the current (R.M. Carter et al., 1985).   

 
Figure 2-2 Shows the three main rivers (Clutha, Taieri, and Tokomairiro) providing neritic 

water to the Southland Current.  Note that the position of the Southland Current is 

approximate.  When compiling this map, coastline, place name, and river data were 

provided by LINZ Data Service, and islands were digitized using nautical chart NZ66 

(RNZN, 2004a). 
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The amount of water transported along the coast varies from 3.4 Sv in the south (at 

approximately 46.5° S) to 12.9 Sv in the north (at approximately 45.5° S).  See Sv under 

Units of Measure for more information.  This increase in Sv from south to north suggests that 

the current includes more sea water further offshore as it travels north (Sutton, 2003).  See 

Figure 2-3.  

   

Figure 2-3 Shows the Southland Front and Southland Current in relation to the eastern side 

of the South Island of New Zealand.  Image modified from Sander (2015). 

 

The Southland Front is defined as a narrow salinity and temperature differential between the 

STW and SAW.  Once reaching the Chatham Rise the orientation of the current and front 
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change to an easterly direction (Sutton, 2003).  Seasonal variability is found in the front when 

examining the sea surface temperatures (SST).  El Niño–Southern Oscillation (ENSO) 

fluctuations in the front have also been documented (Hopkins et al., 2010).   

Previous studies placed the current in water at 40 m deep during the summer and 100 m deep 

during the winter (R.M. Carter et al., 1985).  The Southland Front overlaps part of the 

Southland Current.  At the Bank’s Peninsula the front and current change direction and 

continue eastward away from New Zealand.  The front is found between 100 m and 200 m 

isobaths in the summer and 500 m to 1000 m isobaths in the winter (Hopkins et al., 2010).  

See Figure 2-4. 

 

 
Figure 2-4 Shows the seasonal variability in the Southland Front based on data from 

1985 to 2005.  Image modified from Hopkins et al. (2010). 

 

While the Southland Front and Southland Current are located further offshore, they influence 

the longshore drift as it makes its way along the coast in shallower waters.  See Figure 2-5 
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demonstrating the longshore drift using the inner shelf transport.  The longshore drift is 

subject to the local tide ranges from 1.5 m to 2 m (Litchfield & Norris, 2000).  Longshore 

drift, along with regional storms, greatly impacts the longshore sediment transport supplied 

from regional rivers.  Water is mixed as a result of wave action in depths of up to 100 m, 

enabling much of the sediment on the shelf to be transported throughout the year (R.M. 

Carter et al., 1985).  Continued transport is evident by the lack of bryozoan grown on 

sediment grains larger than 10 mm (McLachlan, 2015). 

 
Figure 2-5 Shows the longshore drift as the inner shelf transport in relation to the 

Southland Front, Southland Current, and sediments found on the continental shelf east of 

Otago.  Image modified from Carter et al. (1985). 

 

The sediment budget for the study area is most influenced by the Clutha River as it has the 

largest supply of suspended sediment in the region.  This supply has decreased significantly, 

first in 1956 when the river was dammed at Roxburgh and then again in 1992 when the Clyde 

Dam was constructed.  The total sediment budget for the Clutha River has been calculated to 
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have dropped from approximately 3.2 Mt/yr pre-1956 (J. E. Adams, 1978; Lionel Carter, 

1986) to 0.39 Mt/yr post-1992 (D.M. Hicks et al., 2000) resulting in a loss of 2.81 Mt/yr.  Of 

the 2.81 Mt/yr no longer being transported to the Pacific Ocean, 0.85 Mt/yr is calculated to 

come from sand and gravel greater than 0.063 mm in size (D.M. Hicks et al., 2000).  In 

comparison, the calculated values for the Taieri and Tokomairiro rivers supply are 0.32 Mt/yr 

(D. M. Hicks & Shankar, 2003) and 0.09 Mt/yr (Lionel Carter, 1986), respectively. 

2.2 Stratigraphy 

Lithologies and structures found onshore directly correspond to those found in the marine 

environment (D. G. Bishop & Turnbull, 1996; Hunt International Petroleum Co., 1978; Shell 

BP Todd, 1984; Tap Oil Ltd, 2006; Wilson, 1985).  Offshore sediments have been of 

particular interest with multiple studies being conducted on the topic (Lionel Carter, 1986; L. 

Carter & Carter, 1986; R.M. Carter et al., 1985; McLachlan, 2015; N. Mortimer et al., 2002; 

Osterberg, 2006; Williams, 1979).  Coarse descriptions of the lithologies and sediments 

relevant to the study area are outlined below in chronological order.  These descriptions are 

followed by information pertaining to the tectonic structures found within the study area, and 

are presented in alphabetical order. 

2.2.1 Basement 

Basement has been defined by the SEG Wiki (2016b) as ‘a term used in exploration that 

refers to the deepest geology that can be recorded using the seismic techniques’.   For the 

purposes of this thesis, basement is defined as the Caples and Rakaia terranes, and by 

extension the Otago Schist overprint.  These units are not always visible in the seismic data, 

however, evidence of their existence offshore is supported in (D. G. Bishop & Turnbull, 

1996; Hunt International Petroleum Co., 1978). 
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2.2.1.1 Caples Terrane 

The Caples Terrane, unit 2a in Figure 2-6, was deposited between the Permian and Triassic 

periods.  It is bordered to the southwest by the Dun Mountain – Maitai Terrane along the 

Livingstone Fault.  Non-schistose rocks comprised of volcaniclastic mudstone and sandstone 

are found along this boundary and are known as greywacke (D. G. Bishop & Turnbull, 1996).  

Large portions of the Caples Terrane underwent deformation from the Jurassic to the Early 

Cretaceous to become semischistose and schistose rocks (C. Adams et al., 1985) and were 

later named the Otago Schist, unit 2b of Figure 2-6.   

 
Figure 2-6 Shows the basement terranes, faults, and exploratory wells drilled on and 

around the South Island of New Zealand.  Image modified from Mortimer et al. (2002). 

 

To the northeast of the Caples Terrane lies the Rakaia Terrane, unit 1a of Figure 2-6.  The 

transition between these two terranes is ill-defined due to the overprinting by the Otago 
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Schist and the structural complexity of the region (D. G. Bishop & Turnbull, 1996; N. 

Mortimer, 2004).  Differentiation between the Caples and Rakaia terranes can only be 

completed using isotopic or geochemical analysis (Graham & Mortimer, 1992; N Mortimer 

& Roser, 1992).  See Figure 2-6 and Figure 2-7. 

2.2.1.2 Rakaia Terrane 

The Rakaia Terrane, also known as the Older Torlesse Terrane, is mostly composed of a 

quartzofeldspathic sandstone-mudstone which was deposited as a submarine turbidite.  It 

dates from the Permian to the Late Triassic with inclusions of basalt, chert, and limestone 

origins from the Carboniferous to Permian periods (N. Mortimer, 2004).  The Rakaia 

Terrane, unit 1a of Figure 2-6, is bordered to the southwest by the Caples Terrane along a 

schist antiform axis (N. Mortimer et al., 2002).  See Figure 2-6 and Figure 2-7.Sandstone 

found in this terrane are different from other sandstones found in New Zealand as they have 

an average rhyodacitic composition, are rich with quartz, and are plutoniclastic.  It is believed 

that the Rakaia Terrane is an eastward oriented accretionary wedge.  This structurally 

complex terrane is New Zealand’s biggest terrane by area.  It is separated from Pahau 

Terrane, also known as the Younger Torlesse Terrane, by the Esk Head Mélange (N. 

Mortimer, 2004). 

2.2.1.3 Otago Schist 

The Otago, Marlborough, and Alpine schists are subdivisions of the Haast Schist overprint 

and are separated based on geographic region (Turnbull et al., 2001).  The schist antiform 

axis found in Figure 2-6 north of Dunedin is oriented in a southeast to northwest direction 

and continues inland to the New Zealand Alps where it changes direction northward.  

Temperatures exhibited on the greenschist to pumpellyite-actinolite facies are thought to have 

ranged from 350°C to 410°C between depths of 30 km and 35 km (N. Mortimer, 2000).  The 
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deformation event(s) resulting in the formation of the Otago Schist, unit 1a and 2a of Figure 

2-6, likely took place between the Early Jurassic and mid Cretaceous (D. G. Bishop & 

Turnbull, 1996).  Offshore control of the Otago Schist comes from wells, see Figure 1-1 and 

Figure 2-6. 

Both the offshore Takapu-1A and Clipper-1 wells have shown evidence of the Otago Schist 

at depth (D. G. Bishop & Turnbull, 1996; N. Mortimer et al., 2002).  Schist was found at the 

Takapu-1A well site starting at a depth of approximately 774 m below the seafloor (Hunt 

International Petroleum Co., 1978).  Further north at the Clipper-1 well site Otago Schist was 

found at approximately 4507 m below the seafloor (Shell BP Todd, 1984).  Cutter-1 and 

Galleon-1 wells did not record any presence of the schist.  This is probably due to the wells 

being too shallow, approximately 2845 m and 2968 m, respectively, and not reaching 

basement rock (Tap Oil Ltd, 2006; Wilson, 1985). 

2.2.2 Cretaceous – Tertiary Formations 

2.2.2.1 Matakea Group: Henley Breccia 

The Henley Breccia unit, part of the Matakea Group, is found to be over 1000 m thick and 

consists of poorly-rounded, poorly-sorted conglomerate, massive, red-weathering pebble-to-

boulder sized breccia, and occasionally siltstone and sandstone.  Weak imbrication of clasts 

at outcrops suggests transport from the northwest or west.  This alludes to clasts originating 

from the Caples Terrane.  The unit predominantly dips to the northwest and west; however, a 

section of the group is part of a shallow syncline, and dips to the southeast.  The Henley 

Breccia was deposited during the Late Cretaceous.  It is bounded on both top and bottom by 

unnamed regional unconformities (D. G. Bishop & Turnbull, 1996).  See Figure 2-7. 
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2.2.2.2 Onekakara Group: Blue Spur Conglomerate 

Blue Spur Conglomerate outcrops are discontinuously exposed near the Tuapeka Fault Zone, 

located outside of the map boundary, (D. G. Bishop & Turnbull, 1996).  The unit is included 

in the geologic setting as the conglomerate has a possible Caples Terrane origin along with 

the lower portion of the Taratu Formation, see section 2.2.2.3, in the coalfield at Kaitangita, 

located outside of the map boundary, (Lindqvist, 1995).  It is also possible the formation is 

locally absent in some areas, like the Taratu Formation.  The conglomerate dates from the 

Late Cretaceous and is composed of semischist conglomerate and fine pebble-to-boulder 

sized, massive to meter-bedded, variably-weathered sandstone (D. G. Bishop & Turnbull, 

1996).  See Figure 2-7. 

2.2.2.3 Onekakara Group: Taratu Formation 

The Taratu Formation unconformably over-lies the Blue Spur Conglomerate, Henley Breccia, 

or schist (D. G. Bishop & Turnbull, 1996) depending on the amount of erosion on underlying 

units.  Six major facies comprise the Taratu non-marine transgressive sequence (Lindqvist, 

2009).  These facies include pebble conglomerate and quartz sandstone, seams of coal with 

clay and mudstone, a quartz pebble conglomerate devoid of sand, pebble conglomerate with 

silica-cemented quartz sandstone, pebble conglomerate with limonite-cemented quartz 

sandstone, and coal and shale interbedded with sandstone-quartz conglomerate.  Formation 

age ranges from the Late Cretaceous to the Early Paleocene. At the Kaitangata coalfield, the 

Taratu is up to 600 m thick, but then decreases to 50 m and 20 m in Dunedin and the 

surrounding area, respectively.  The formation is locally absent in areas, as evidenced by its 

lack of presence at the Takapu-1A well site (D. G. Bishop & Turnbull, 1996).  See Figure 

2-7. 
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2.2.2.4 Onekakara Group: Marine Sediments 

The marine sediments of the Onekakara Group are extensive, being traced offshore using 

noticeable seismic reflections.  The 1500 m to 3000 m thick unit was deposited across a 

variety of environments, from the shoreface to offshore bars.  Deposition started in the Late 

Cretaceous, with most of the deposition occurring in the Paleocene and Eocene.  The 

Marshall Unconformity is found at the upper limit of the unit (D. G. Bishop & Turnbull, 

1996).  Constituent sedimentary units, in ascending age, include the Brighton Limestone, 

Wangaloa Formation, Abbotsford Formation, Green Island Sand, and Burnside Mudstone 

(Institute of Geological & Nuclear Sciences Limited, 2016e).  See Figure 2-7. 

2.2.2.4.1 Brighton Limestone 

Brighton Limestone dates to the Late Cretaceous (Institute of Geological & Nuclear Sciences 

Limited, 2016b).  It is recognized by fossil content as well as age (McKeller, 1990).  This 

formation includes both a glauconitic and calcareous sandstone along with thin limestone 

including numerous shells.  It is approximately 30 m thick (Freeman, 1940). 

2.2.2.4.2 Wangaloa Formation 

The Wangaloa Formation is a fossiliferous sandstone.  It is either interbedded with, or 

overlies, the Taratu Formation (D. G. Bishop & Turnbull, 1996).  It has also been found to 

overlie the Brighton Formation at Brighton (Freeman, 1940).  Deposition occurred from the 

Paleocene to the Early Eocene (Institute of Geological & Nuclear Sciences Limited, 2016f) 

and can be as thick as 300 m (Freeman, 1940).   

2.2.2.4.3 Abbotsford Formation 

Alongside the Brighton Limestone and Wangaloa Formation is the Abbotsford Formation.  
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Figure 2-7 Onshore geology of the Dunedin area with particular emphasis on expected offshore geology as noted throughout Chapter 2.  When compiling this map, coastline and place name data provided by LINZ 

Data Service, geologic data from GNS, and islands were digitized using nautical chart NZ66 (RNZN, 2004a). 
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The Abbotsford Formation dates from the Late Cretaceous to Eocene (Institute of 

Geological & Nuclear Sciences Limited, 2016a).  This 300 m thick formation 

(McKeller, 1990) has been revised to include the Fairfield Greensand, Steele 

Greensand, and Saddle Hill Siltstone (D. G. Bishop & Turnbull, 1996).   

2.2.2.4.4 Green Island Sand 

Atop the Abbotsford Formation is the Green Island Sand.  It is usually a light yellow or 

brown color and comprised of fine-to-medium grain silty sand.  It is regionally absent 

in some areas, but up to 50 m thick in other areas.  The sand is noticeably devoid of 

body fossils (McKeller, 1990).  Body fossils are the remnants of bones, plant material, 

and shells (Clarkson, 1986).  The Green Island Sands were deposited during the Eocene 

(Institute of Geological & Nuclear Sciences Limited, 2016d). 

2.2.2.4.5 Burnside Mudstone 

Similar to the Green Island Sand, the Burnside Mudstone was also laid down during the 

Eocene (Institute of Geological & Nuclear Sciences Limited, 2016c).  The mudstone is 

only found east of Kaikorai Lagoon.  Thickness ranges from 50 m to 250 m.  It is a 

light grey-colored clay and silt like mudstone (McKeller, 1990). 

2.2.2.5 Marshall Unconformity 

The Marshall Paraconformity was originally named for Patrick Marshall, the professor 

of geology at the University of Otago from 1908 to 1916 (R. M. L. Carter, C.A., 1972).  

It is recognized that there is some contention within the scientific community as to 

whether the Marshall Paraconformity is a paraconformity or an unconformity (R. M. 

Carter, McCave, I.N. & Carter, L., 2004; R. M. L. Carter, C.A., 1972; Findlay, 1980; 
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Lever, 2007; Lewis & Belliss, 1984).  For the purposes of this thesis, this regionally 

extensive, erosional feature shall be referred to as an unconformity.   

A drop in sea level is associated with the Marshall Unconformity (R. M. Carter, 1985; 

Scott et al., 2013).  The unconformity is bounded on the bottom by the marine 

sediments of the Onekakara Group and on top by the Kekenodon Group, see section 

2.2.2.6 (D. G. Bishop & Turnbull, 1996).  A layer of bioturbated greensand of the 

Kekenodon Group typically marks the presence of the unconformity.  Dates from the 

Mid-to-Late Oligocene to Early Oligocene have been applied to the unconformity, 

producing a 4 Myr break in the geologic record in most places.  In other areas, the 

hiatus is believed to have lasted from the Mid-to-Late Oligocene to the Late Eocene, 

totaling 15 Myr of non-deposition or erosion (R. M. Carter, 1985). 

2.2.2.6 Kekenodon Group 

The Kekenodon Group is typically 30 m thick, but does pinch out in some areas.  The 

group was deposited between the Late Oligocene and Early Miocene.  Onshore, the 

group is identified by a glauconitic greensand facies with phosphate concretion 

inclusions (Concord Greensand), or by a yellow or white variably sandy or glauconitic 

limestone (Scroggs Hill and Milburn limestones) (D. G. Bishop & Turnbull, 1996).  See 

Figure 2-7. 

2.2.2.7 Otakou Group 

The Otakou Group is a series of sedimentary rocks deposited from the Early to Middle 

Miocene as part of a regressive sequence.  Either the Kekenodon Group, or the 

Marshall Unconformity, when the Kekenodon is not present, lies below the Otakou.  

These series of rocks are made up of the Caversham Sandstone, a glauconitic and 
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calcareous sandstone composition, the Clarendon Sandstone, consisting of a fine-to-

medium grained faintly phosphatic sandstone, and the Dowling Bay Limestone, a 

tuffaceous and sandy limestone (D. G. Bishop & Turnbull, 1996).  Along the coast 

adjacent to the study area, cliffs of Caversham Sandstone are common due to their 

strength and resistance to erosion by caused waves.  See Figure 2-7. 

2.2.3 Dunedin Volcanics 

Initial volcanic events date back to the Early Miocene, approximately 21 Ma.  These 

older events affected areas up to 100 km away from the Dunedin volcano in a 

southwest to northeast orientation.  Several volcanic eruptive phases occurred during 

the Miocene in the Dunedin region to build up the shield volcano which dominates the 

local Dunedin landscape.  This shield volcano was formed through a series of four 

phases which took place between 13 Ma and 10 Ma, during the Middle Miocene (D. G. 

Bishop & Turnbull, 1996).   

Phases one and two formed agglomerates, breccia, dykes, flows, tuffs, and plugs 

predominantly in the Port Chalmers area.  Phases three and four created lava domes and 

basaltic and phonolitic flows.  It is suggested the phases were tectonically controlled 

(D. G. Bishop & Turnbull, 1996) during a period of extensional tectonism (Coombs et 

al., 1986).  Geochemical analysis hints that the lava originated in the mantle (D. G. 

Bishop & Turnbull, 1996).  See Figure 2-6 and Figure 2-7.  Offshore outliers of the 

Dunedin Volcanics are found within the study area as isolated vents and eroded 

remnants (e.g. Green and White islands) (Marshall et al., 1969). 
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2.2.4 Quaternary Sediments 

Numerous studies have incorporated sediment samples off the Otago coast (Andrews, 

1973; R.M. Carter et al., 1985; Fleming, 2012; Loutit, 1976; McLachlan, 2015; 

Schofield, 1976; Williams, 1979).  Even though some of these studies occurred outside 

the study area, they are relevant due to the hydraulic regime and its influences on 

longshore sediment transport.   

The Quaternary marine sediments were first separated into three categories; offshore 

sands, middle shelf gravels, and inshore sands (Williams, 1979).  A study by Carter et 

al., (1985) later reclassified the sediments into four categories: biogenic gravels and 

sand found on the outer shelf, reworked and relict sands found on the middle shelf, 

relatively primitive gravels originating on land found on the middle shelf, and modern 

sediments originating on land found on the inner shelf.  This reclassification can be 

applied from Karitane, Otago to the north to Nugget Point to the south.  The local 

hydraulic regime off the coast of Otago dictates the depositional environments recorded 

by the sediments (R.M. Carter et al., 1985; McLachlan, 2015).  See Figure 2-5, Figure 

2-7, Figure 2-8, and Figure 2-9. 

Saunders Ridges are found approximately 10 km off the coast of Otago (McLachlan, 

2015).  These ridges are theorized to have originated from the drowning of a still stand 

event along a paleoshoreline (R.M. Carter et al., 1985; Williams, 1979).  The three 

ridges are 10 m in height, 25 km in length, and separated by 1 km (McLachlan, 2015).  

Relict gravels in the area are believed to have been deposited under a different 

hydraulic regime than the one found there today (R.M. Carter et al., 1985).  Some relict 

gravels are overlain by modern sand deposits.  See Figure 2-9 for a digitized copy of 

the sediments found by Carter et al. (1985) and their position in relation to the ridges. 
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Figure 2-8 Distribution of sedimentary facies as described by Carter et al. (R.M. 

Carter et al., 1985). 

 

 
Figure 2-9 Distribution of the sedimentary facies as they relate to the area of interest.  

Note that there is overlap in between the modern sand facies and the relict gravel 

facies.  Overlap is also found between the biogenic sand – gravel facies and the relict 

– palimpsest sand facies further offshore.  This map was compiled using coastline  

and place name data from LINZ Data Service, the position of the Takapu-1A well 

(Hunt International Petroleum Co., 1978), digitizing the islands using nautical chart 

NZ66 (RNZN, 2004a), and digitizing data from Carter et al. (1985). 
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2.3 Tectonic Structures 

By their very nature, onshore faults are easier to study and be understood than faults 

found offshore.  A number of onshore faults have been studied in the Canterbury, 

Fiordland, Otago, and Southland provinces of New Zealand (Beanland & Barrow-

Hurlbert, 1988; Beanland & Berryman, 1989; Beavan et al., 2012; Berryman & 

Beanland, 1991; Campbell et al., 2003; Claypool et al., 2002; Hull & Stirling, 1992; 

Litchfield et al., 2014; Little & Mortimer, 2001; Ring & Hampton, 2012).  Two 

significant studies of the fault systems in Otago looked specifically at the ‘eastern edge 

of the Otago reverse fault province’ (Jackson et al., 1996; Litchfield, 2000).  Faults 

studied in this area were the Titri Fault, a fault located entirely onshore, and the 

Akatore Fault, a fault located both onshore and offshore (Litchfield, 2001; Litchfield & 

Norris, 2000).  See Figure 2-10, and Figure 2-11. 

Of the studies listed above, only three incorporated seismic data in addition to geologic 

hazards and structure (Beanland & Berryman, 1989; Litchfield et al., 2014; Little & 

Mortimer, 2001).  Seismic data are more rarely included in similar marine studies.  The 

studies that do include marine seismic data mainly focus on oil and gas exploration and 

tend to be conducted in deeper water, similar to the studies conducted by the Multiwave 

Geophysical Company (2006).  Relatively few studies have been conducted using 

shallow marine seismic data with the focus of geologic hazards and structure.  

Published examples of studies focusing on this topic include those conducted off the 

coast of Dorset, England, the Yangtze and Yellow rivers in China, and the Yellow Sea 

(Dao et al., 1985; Hunsdale et al., 1998; Kremers et al., 2015; Zhou et al., 2004). 
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2.3.1 Akatore Fault 

The Akatore Fault displays a northeast strike.  The southwest end of the fault is 

offshore in the vicinity of the Clutha River mouth and transitions onshore near Measly 

Beach.  From there it continues northeast before transitioning offshore at Taieri Mouth 

(Litchfield & Norris, 2000).  See Figure 2-11 and Figure 2-12.   

A minimum vertical displacement of 55 m has been found along the offshore portion of 

the fault based on marine seismic data (Bruce, 2010).  Classified as a high-angle 

reverse fault, the Akatore Fault dips to the southeast (Litchfield & Norris, 2000).  The 

fault plane has been exposed in a paleoseismic trench at Big Creek (southwest of Taieri 

Mouth) where it dips at an angle between 40° and 50°.  A width of 60 m for the fault 

zone has been defined close to Big Creek.  With the fault having a relatively straight 

orientation, it is plausible that the fault plane maintains this dip angle throughout the 

length of the fault.   

Evidence for the two most recent events along the fault date from late Holocene, within 

the last 1,300 yr to 570 yr BP (M. Stirling, 2016a).  These two known events are 

responsible for the approximate 4 m of vertical offset (5 m of dip slip displacement) 

seen at Big Creek.  Although the paleoseismic investigation is not yet complete, there is 

a possibility of additional events being responsible for the 4 m offset.  Future 

earthquakes along this fault plane may be greater than M 7 (Mark Stirling et al., 2012).  

Characterization of the orientation and activity of the offshore portion of this fault 

between Taieri Mouth and the Dunedin area is a major goal of this study. 
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Figure 2-10 A) Map of New Zealand highlighting the area of interest.  B) Reverse 

faults in the area including those highlighted in C.  C) Detailed inset of the Titri 

Fault’s known location and associated geology.  Images modified from Litchfield 

(2001). 
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Figure 2-11 A) Inset map showing the perceived extent of the Akatore Fault.  B) 

Detailed map showing the position and extents of the Akatore Fault onshore and 

associated geology.  Image taken from Litchfield and Norris (2000). 
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2.3.2 Green Island Fault 

Like the Akatore Fault, the Green Island Fault is interpreted as a high angle, reverse 

fault with a calculated length between 10 km and 30 km.  It runs parallel to the Akatore 

Fault, but unlike the Akatore, the Green Island Fault has only been found offshore.  See 

Figure 2-12.  If the fault projected further to the northeast than it has been mapped, then 

it would terminate near the suburbs of St. Clair and St. Kilda in Dunedin (Bruce, 2010).   

    
Figure 2-12 Shows the presence and position of tectonic structures as they relate to 

the area of interest.  This map was compiled using coastline and place name data 

from LINZ Data Service, the position of the Takapu-1A well (Hunt International 

Petroleum Co., 1978), digitizing the islands using nautical chart NZ66 (RNZN, 

2004a), onshore fault data were downloaded from GNS, and the positions of the 

offshore faults and anticline were digitized using data from previous surveys  

(Bruce, 2010; McLachlan, 2015). 

 

The Green Island Fault may be a fault stepover of the Akatore Fault as it too appears to 

have been active during the Holocene.  Evidence for Holocene movement is based on 

localized displacement of seafloor sediments (Bruce, 2010).  A fault stepover is defined 

F



34 

 

by Fossen (2010) as the “link between two more or less parallel faults that are not 

aligned” and “must be close to each other so that their stress fields can interfere”.  

Further characterization of the Green Island Fault has been undertaken as part of this 

study.   

2.3.3 Takapu Anticline 

The Takapu Anticline is a regional feature oriented in a southwest to northeast 

direction.  It occupies an area of 100 km2 (Hunt International Petroleum Co., 1978) 

with a width of approximately 2.5 km (Multiwave Geophysical Company, 2006).  The 

anticline deforms the Late Cretaceous to Tertiary sedimentary units described 

previously (Hunt International Petroleum Co., 1978).  Based on the report compiled by 

Hunt International Petroleum Co (HIPCO) (1978), the core drilled at Takapu-1A 

‘correlates very well with the stratigraphy of the Dunedin districts’ with both the 

Caversham Sandstone and the Otago Schist recovered from the well.  Additionally, the 

report states that the anticline has approximately 150 m of vertical deformation from 

axis to outer limbs (Hunt International Petroleum Co., 1978).  Formation of the 

anticline began sometime after the Early Miocene (R. M. Carter, 1988) and deformation 

is potentially still occurring, as shown by the anticlinal nature of the interpreted 

Holocene sediments, not pictured in the image below, from seismic data (Bruce, 2010).  

See Figure 2-12 and Figure 2-13. 

2.3.4 Takapu Fault 

The Takapu Fault runs parallel to the other faults of the Otago fold and thrust belt, 

including the Akatore and Green Island Faults.  It is not clear if this high angle, reverse 

fault reaches the seafloor when looking at SCS (Bruce, 2010) and MCS data.  Based on 
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interpretations of data collected in the regionally relevant HIPCO and Dunedin 2006 

(DUN06) MCS surveys (Hunt International Petroleum Co., 1978; Multiwave 

Geophysical Company, 2006), the fault forms the western border of the Takapu 

Anticline.  See Figure 2-13.  

 
Figure 2-13 Annotated seismic line 08 from the DUN06 survey showing the Takapu 

Anticline and Takapu Fault (Multiwave Geophysical Company, 2006).  Seismic line 

generated in GLOBE Claritas.  Image modified from Andrew Gorman. 
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Chapter 3 Theory 

This chapter provides a background on scientific theory, principles, and laws related to 

acoustic data acquisition and seismicity which will support the discussion of a number 

of topics presented later in the thesis. 

3.1 Acoustic Energy 

Sound is defined by Merriam-Webster (2016) as “mechanical radiant energy that is 

transmitted by longitudinal pressure waves in a material medium (as air) and is the 

objective cause of hearing”.  In a marine environment, sound travels out in a sphere as 

acoustic energy when it originates from a single point.  It is also possible to shape the 

sound into a concentrated beam using multiple sound sources with constructive and 

destructive waves (discussed further in section 3.4). 

As acoustic energy propagates outward it begins to attenuate (SEG Wiki, 2016l).  This 

is accomplished through absorption and conversion of the energy into another form 

(usually heat) by the medium through which the energy is travelling (SEG Wiki, 

2016a).  The original amount of energy disperses as it spreads across an ever-increasing 

area (SEG Wiki, 2016c).  Transmission loss also occurs as the energy passes across an 

interface (SEG Wiki, 2016k). Acoustic energy from other sources may also interact 

with and cancel out the energy produced by the equipment.  These other sources 

include geologic events (Dietz & Sheehy, 1954), marine life (Tyack, 2001), 

precipitation, sea ice, and vessels (Dyer, 2001). 
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3.2 Law of Reflection 

The Law of Reflection states that in a homogeneous medium, the angle of reflection is 

equal to the angle of incidence (SEG Wiki, 2016d).  Reflection occurs when the raypath 

contacts a second medium.  This is demonstrated by a change in acoustic impedance 

showing up as a reflection in the seismic energy (Schlumberger, 2016g).  Acoustic 

impedance is defined as “The product of density and seismic velocity, which varies 

among different rock layers, commonly symbolized by Z” (Schlumberger, 2016a).  See 

Figure 3-1.   

 
Figure 3-1 Graphical representation of the Law of Reflection.  As the acoustic 

energy (red arrow) comes into contact with a second geologic unit, part of it is 

reflected back (blue arrow).  The green arrow shows an example of a wavelet 

recorded using seismic equipment.  Note the change in the nature of the wavelet as 

the acoustic energy comes into contact with the second geologic unit.  Some acoustic 

energy is lost in the interface between the two geologic units as it is absorbed.  Image 

modified from Schlumberger (2016g). 
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3.3 Snell’s Law 

Snell’s Law, also known as the Law of Refraction, was developed by Willebrord Snell 

as a way to describe the refraction of a wavelet as it passes from one homogeneous 

medium to another.  Originally the law was developed in relation to light waves, but the 

law has also been shown to hold true with acoustics (Schlumberger, 2016h).  The 

mathematical equation used to define the law is shown below where i is equal to the 

angle of the initial wave, V1 is equal to the velocity of the initial medium, r is equal to 

the angle of refraction, and V2 is equal to the velocity of the second medium (SEG 

Wiki, 2016j).  See Figure 3-2. 

sin 𝑖

𝑉1
=

sin 𝑟

𝑉2
 

 
Figure 3-2 Graphical representation of Snell’s Law.  As the acoustic energy (red 

arrow) comes into contact with a second geologic unit, part of it is reflected back 

(blue arrow).  Refracted energy (green arrow) continues travelling through the second 

geologic unit at the new angle until the energy is completely attenuated.  Note that 

some acoustic energy is lost in the interface between the two geologic units as it is 

absorbed.  Image modified from Schlumberger (2016g). 
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3.4 Multi-beam Echo Sounder 

Multi-beam echo sounders (MBES) are acoustic devices that use multiple transmitting 

transducers, operating in the kHz range, to create a band of sound using constructive 

and destructive waves.  The band of sound records bathymetry and backscatter data.  

Usually the band resembles a bowtie.  See Figure 3-3.  

 
Figure 3-3 Shows the main acoustic lobe as a ‘bowtie’ and three other side lobes 

generated through a combination of constructive and destructive acoustic waves.  It 

demonstrates, from a top-down view, what is being shown in Figure 3-6.  Image 

modified from Tidey (E. Tidey, 2014b). 

 

When the wave peaks from the multiple transducers combine together (all positive 

amplitudes), a lobe of acoustic energy is formed similar to that shown in Figure 3-3.  

When a combination of wave peaks and troughs come together with an even mixture of 

positive and negative amplitudes, the waves cancel each other out and no lobe is 

formed.  Any other mixture of positive and negative waves will create smaller, side 

lobes.  This is explained further in Figure 3-4 and shown in three dimensions in Figure 

3-5. 
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Figure 3-4 Demonstrates the effect of constructive and destructive waves.  Inside the 

black box, four wavelets at four different frequencies are shown.  The red line 

highlights where the positive peak amplitudes align.  When aligned, the waves are all 

constructive, so they produce a positive peak amplitude greater than any of the four 

individual peaks.  To either side of the main peak (main lobe), there are negative 

troughs.  Since the negative troughs of the four wavelets do not match up exactly, the 

resulting negative lobes are not as exaggerated.  Moving further out either side is 

another set of peaks (side lobes) and troughs.  Once again, the amplitudes of these 

features are reduced due to the cancelling nature of the positive peaks and negative 

troughs as the four wavelets match up.  Eventually, the peaks and troughs become too 

small to see or are completely cancelled out.  This image was created using 

AutoCAD 2016. 

 

The change in the width of the beam from the nadir region, the area directly below the 

transducers, to the outer beams is due to the spherical spreading of the acoustic bubble 

and the increased time required for the wave to return to the receiving transducers.  

Transmitting transducers are perpendicular to the swath, while receiving transducers are 

positioned parallel to the swath.  See Figure 3-6.  Swath width is a function of depth, 

with swath width typically being three times the water depth (International 

Hydrographic Organization, 2005) as demonstrated in section 4.2.   

(-) (+) 
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Figure 3-5 Shows a three-dimensional view when constructive and destructive 

acoustic waves are used to refine the ensonified area of the seafloor.  It is possible to 

change the orientation, configuration, and size of the lobes by changing the number 

of transmitting transducers and the distance between the transducers.  Image taken 

from Tidey (2014b). 

 

 

 
Figure 3-6 Shows the orientation of the transmitting (red) and receiving (blue) 

transducers in relation to the ensonified area of the seafloor.  The number and spacing 

of the transmitting transducers used dictates the swath size (E. Tidey, 2014b). Image 

modified from Tidey (2014b). 
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Therefore, for optimized seafloor coverage, data should be primarily collected parallel 

to bathymetric contours.  See Figure 3-7.  Tie lines are necessary to ensure proper 

model resolution.  Should data be collected primarily perpendicular to the bathymetric 

contours, the swath width will vary constantly and will not allow for effective overlap 

of data.  After collection, the bathymetric data are corrected for tide, heave, pitch, roll, 

and yaw in order to produce a bathymetric model. 

  

 

Figure 3-7 A) Shows an example of 

bathymetry near a coastline with an 

offshore fault.  B) Shows MBES lines 

parallel to the bathymetric contours and 

receiving transducers perpendicular to 

the contours.  This orientation could 

provide optimum seafloor coverage if the 

line spacing is appropriate.  C) Shows 

MBES lines perpendicular to the 

bathymetric contours and receiving 

transducers parallel to the contours.  This 

orientation would not provide optimum 

seafloor coverage.   

Note the tie lines in images B and C 

crossing all other survey lines. 
 

It is possible to steer the beams, or change the swath, to something other than its regular 

orientation, but this can only be done with a sound velocity sensor attached to the head 

A B 

C 
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of the sounder (International Hydrographic Organization, 2010).  This ability to steer 

the beams may prove advantageous when dynamic features are present.  However, if 

overlapping data are not collected in the adjoining line, a ‘shadow’ will be present in 

the processed data.  To ensure all features are defined with 100% overlap, line spacing 

must be less than half the swath width.  See Figure 3-8. 

 

Figure 3-8 A) Demonstrates the overlap of beams required to obtain 100% coverage.  

Image taken from Tidey (2014d).  B) Shows an example where 100% coverage was 

not obtained.  The red arrows highlight the ‘shadows’ present behind the surveyed 

pylons.  Image modified from teledyne-reson.com (Teledyne-Reson, 2016).   

C) Shows where 100% coverage of a shipwreck was almost obtained.  Note the red 

circles highlighting the areas where no data were recorded.  Image modified from 

bathymetricresearch.com (Fabian, 2016). 

 



45 

 

 

3.4.1 Horizontal Resolution 

Seafloor feature resolution is dictated by the area of the beam footprint and minimum 

pulse length (International Hydrographic Organization, 2010).  The area of the beam 

footprints are calculated using the following two equations to define the along track and 

across track dimensions.  Beamwidths are defined by the unit manufacturer.  An 

R2Sonic 2024 MBES is used in the following example.   

This unit has 160 beams with the assumption that they are spaced at equiangular 1° 

increments.  When operating at 300 kHz, the 2024 has an along track beamwidth of 

1.5° and an across track beamwidth of 0.75° (Peerdeman, 2016).  Equation variables 

are as follows: Z equals depth, ϕt equals transmitting beamwidth, ϕr equals receiving 

bandwidth, and β equals beam angle (Galway, 2000).  Table 3-1 shows the footprint 

size for the 40° either side of nadir as it relates to water depth. 

𝑎𝑙𝑜𝑛𝑔 𝑡𝑟𝑎𝑐𝑘 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = 2𝑍
𝜙𝑡

2
𝑐𝑜𝑠𝛽⁄   

𝑎𝑐𝑟𝑜𝑠𝑠 𝑡𝑟𝑎𝑐𝑘 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = 𝑍 (𝑡𝑎𝑛 (𝛽 +
𝜙𝑟

2
)) − 𝑍 (𝑡𝑎𝑛 (𝛽 −

𝜙𝑟

2
)) 

 

Table 3-1 MBES Footprint Size 

Footprint Size at 40° Angle Using 1.5° Along Track and 0.75° Across Track  

Depth Along Track Across Track Footprint 

10 m 0.34 m 0.22 m 0.08 m2 

20 m 0.68 m 0.45 m 0.30 m2 

30 m 1.03 m 0.67 m 0.69 m2 

40 m 1.37 m 0.89 m 1.22 m2 

50 m 1.71 m 1.12 m 1.91 m2 
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Table 3-1 demonstrates that MBES footprint size is a function of depth.  The swath area 

can be calculated by adding together the footprint from every beam angle.  Assuming a 

flat seafloor with a depth of 10 m, the swath would cover an area of approximately 

37.92 m2.  Because of the constructive and destructive waves emitted by the MBES, 

this area is significantly smaller than that of a device emitting one singe pulse of sound 

such as a single-beam echo sounder (SBES). 

3.4.2 Vertical Resolution 

The terms vertical resolution and range resolution can be used interchangeably.  

Bandwidth is a function of minimum pulse length, so it is possible to use minimum 

pulse length of an MBES to calculate the bandwidth.  This is demonstrated in the 

equation below, where t equals the minimum pulse length and Bw equals the 

bandwidth. 

𝑡 =
1

𝐵𝑤
 

By extension, the lowest possible vertical resolution of an MBES may be calculated 

using the minimum pulse length or bandwidth.  It is possible to use the following 

resolution equation, where C equals the approximate speed of sound through water 

(1500 m/s), Bw equals the bandwidth, and ΔR equals the range resolution (de Moustier, 

2011): 

𝛥𝑅 =
𝐶

2 ∗ 𝐵𝑤
 

For an MBES with a bandwidth of 60 kHz, the resulting vertical resolution detectable 

by the unit would be 0.0125 m. 
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3.5 Sidescan Sonar 

Unlike the MBES, sidescan sonar (SSS) does not record bathymetry.  SSS operates in 

the kHz range using beam forming, similar to the bowtie formation used with MBES 

(E. Tidey, 2014a), to record backscatter strength as a function of time.  The more time 

required for the backscatter to be recorded by the instrument, the further away from 

nadir the return is plotted (Baggeroer, 2009).  No data are recorded in the nadir region 

as there are no transducers recording in this direction.  See Figure 3-9. 

 

Figure 3-9 Shows the 

general placement and 

orientation of transducers 

along the sides of the 

equipment.  Note the 

nadir region is directly 

below the equipment 

where no data are 

collected.  Image 

modified from Tidey 

(2014a). 

 

Plotting a course in such a manner works best in flat seafloor environments, and is less 

effective when dynamic relief is present.  The backscatter returns from the seafloor can 

be received at the same time as backscatter returns from a feature, causing an issue.  

See Figure 3-10.  It is possible to combat the issue using interferometry.  Combatting 

the issue requires an array of more than two receiving transducers mounted on top of 

each other.  Arranging the arrays in this manner will allow the instrument to detect the 

phase differences in the returning acoustic waves and plot the data at a more accurate 

position (International Hydrographic Organization, 2005). 
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Figure 3-10 Shows an example of where it is possible to receive conflicting 

backscatter returns at the same time.  Image modified from the C3D manual 

(Teledyne Benthos, 2006). 

 

Acoustic impedance reflected in the backscatter strength can be used to help determine 

the extents of various sediment types.  Higher acoustic impedance suggests a solid 

surface such as rock.  It absorbs little of the acoustic energy and reflects most of it back 

into the water.  As the acoustic impedance drops, this signals a change in the seafloor 

sediment particle size.   

For example coarse sand will likely have a higher acoustic impedance than fine sand, 

which will again likely have a higher acoustic impedance than silt.  In these cases, more 
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and more of the energy is absorbed by the sediment (International Hydrographic 

Organization, 2005).  A drop in acoustic impedance does not signal a change in the 

resolution of the data.  See Figure 3-11.  However, parameters such as the frequency 

used, the slope of the seafloor, changes in seafloor expression and sediment, and the 

beam’s angle of incidence all factor into the backscatter returns in a non-linear or 

logarithmic manner.  This makes the backscatter values unique around the world and 

the only way to verify classification of seafloor sediments is to obtain samples to 

compare against the data (International Hydrographic Organization, 2005). 

 

 
Figure 3-11 Shows the generic values for backscatter returns when emitting a 30 

kHz signal.  Image modified from the APL-UW High-Frequency Ocean 

Environmental Acoustic Models Handbook (Applied Physics Laboratory, 1994). 
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3.6 Single-channel Seismic Data 

Marine single-channel seismic (SCS) data are collected using an acoustic source, the 

boomer, and acoustic receiver, the single-channel seismic streamer, towed behind a 

vessel.  No beam forming is used in this arrangement with the acoustic energy being 

emitted on the order of Hz.  The spherical pulse of acoustic energy radiates out, reflects 

off the seafloor and sub-surface lithologies, and returns to the receiver.  See Figure 

3-12.  Rayleigh resolution, the Fresnel Zone, sampling theorem, and multiples are 

mentioned in this section as they are applicable to both single- and multi-channel 

seismic data. 

 
Figure 3-12 Shows a side on schematic view of what occurs during an SCS survey.  

The acoustic energy radiates out from the boomer and the raypaths demonstrate the 

energy’s interaction with the various mediums.  This image was created using 

AutoCAD 2016. 
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3.6.1 Rayleigh Resolution 

Rayleigh resolution is used to define the point at which two objects can be 

distinguished from each other.  For seismic data, this is generally taken to be one 

quarter of the dominant wavelength (SEG Wiki, 2016g).  In cases where the 

wavelength is unknown, it is possible to convert from frequency to wavelength by 

rearranging the frequency equation.  For this equation, f equals frequency (dominant 

frequency recorded), c equals velocity (approximate speed of sound in sea water), and λ 

equals wavelength.   

𝜆 =
𝑐

𝑓
=

1500 𝑚 𝑠⁄

350 𝐻𝑧
≈ 4.2857 𝑚 

Data obtained with SCS at a frequency of 350 Hz would have a resolution of 

approximately 1.07 m.  This is approximately two orders of magnitude less than the 

vertical resolution capabilities of the multi-beam echo sounder mentioned in 

section 3.4.2.  

3.6.2 Fresnel Zone 

The Fresnel Zone was first described by Augustin-Jean Fresnel of France.  He found 

that “a frequency- and range-dependent area of a reflector from which most of the 

energy of a reflection is returned and arrival times differ by less than half a period of 

the first break” (Schlumberger, 2016d).  Similar to the resolution of the MBES, the 

horizontal resolution of seismic waves is frequency- and depth-dependent as 

demonstrated in Figure 3-13.  When using the following equation, where RF equals the 

Fresnel Zone radius, d equals depth, and λ equals wavelength, it is possible to calculate 

the area of the Fresnel Zone. 
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𝑅𝐹 = (
𝑑𝜆

2
)

0.5

 

Assuming a dominant frequency of 350 Hz and converting it to wavelength using the 

equation mentioned in section 3.6.1, the Fresnel Zone radius would be approximately 

4.63 m.  This would result in an area of 67.3 m2 being ensonified.  Compared to the 

area ensonified by the MBES (37.92 m2), the Fresnel Zone is almost double in size.  

However, it is much more realistic to compare the Fresnel Zone to that of a footprint of 

one of the beams from the MBES at the same depth, as the Fresnel Zone is effectively 

the footprint of the seismic equipment.  With the examples given, there are three orders 

of magnitude difference between the Fresnel Zone and the footprint of the 40° beam. 

 

 
Figure 3-13 Shows a schematic view of the parameters used in calculating the 

Fresnel Zone.  Image modified from Schlumberger (2016d). 
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3.6.3 Sampling Theorem 

Developed by Harry Nyquist, and proved by Claude Shannon, the Sampling Theorem 

states that “the highest reproducible frequency of a digital system will be less than one 

half the sampling rate” (Hass, 2013).  This theorem can be displayed mathematically in 

the following equation, where FN is the Nyquist frequency, and Δt is the change in time, 

or sampling rate (Sheriff, 2002). 

𝐹𝑁  =
1

2𝛥𝑡
 

This theorem is relevant as it describes the frequencies at which an analog signal, like 

that recorded by an acoustic receiver, may be converted into a digital signal without 

experiencing aliasing.  Aliasing occurs when a signal is sampled too infrequently to 

reflect the original waveform accurately (Hass, 2013). 

3.6.4 Multiples 

Multiples occur in marine data when energy from the initial shot reflects off of the 

geologic units, back off of the water’s surface, and back off of the same geologic units 

again before being recorded by the hydrophones.  Therefore, the deeper the water, the 

deeper the multiple is recorded in the seismic data.  These multiples are known as long-

path multiples.  It is possible for the energy to travel back and forth multiple times 

creating multiple multiples deeper and deeper into the seismic data until the energy has 

been completely absorbed or attenuated.  There are other ways in which multiples may 

be formed, but this is the most common type seen in the data included in this study 

(SEG Wiki, 2016e).  See Figure 3-14. 
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Figure 3-14 Shows line 15 of survey 11PL019 where the multiple has an over-

exaggerated expression of the seafloor.  This is due to the waveform taking twice as 

long from the initial shot to the seafloor and back before it was recorded.  The 

numbers visible along the top axis are shot point designations linking the data to a set 

of coordinates in the IHS Kingdom software.  This image was created from a 

modified screenshot taken from IHS Kingdom.  Time for the seismic data is shown in 

seconds. 

 

3.7 Multi-channel Seismic Data 

Marine multi-channel seismic (MCS) data are collected similarly to SCS data by 

towing an acoustic source, the boomer, and receiver, the multi-channel seismic 

streamer, behind a vessel.  For a 2-D survey, a single streamer with a given number of 

channels, or hydrophone groups, is deployed.  A 3-D survey would incorporate multiple 

streamers.  Both 2-D and 3-D arrangements operate in the same way, where a sound 

source generates a pulse of acoustic energy that radiates out with a portion of the 

energy returning to the streamer(s).  See Figure 3-15.  Normal moveout and signal-to-

noise ratio are mentioned in this section as they are only applicable to multi-channel 

seismic data. 
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Figure 3-15 Shows a side-on schematic view of what occurs during an MCS survey.  

The acoustic energy radiates out from the boomer.  The raypaths demonstrate the 

energy’s interaction with the various mediums as they are then recorded by a series 

of hydrophone arrays.  This image was created using AutoCAD 2016. 

 

3.7.1 Normal Moveout 

Normal moveout (NMO) is the phenomenon in MCS data where the arrival times of the 

acoustic energy increase with increasing offset between the source and receiver when 

passing over a flat medium, and it is graphically represented using a hyperbolic curve.  

See Figure 3-16.  To plot the data correctly, both spatially and temporally, the data 

must be corrected for NMO.  NMO removal is the method used to correct the data for 

the time delay recorded at the receivers, and produces a horizontal line (Schlumberger, 

2016f).  Normal moveout can be expressed mathematically using the following 

equation where t equals the total amount of time the raypath travels from the source to 

the acoustic receiver , t0 equals the travel time of the raypath at a zero offset, x is the 

offset distance to a given hydrophone channel, and v is the velocity (1500 m/s) 

(Yilmaz). 

𝑡2 = 𝑡0
2 +

𝑥2

𝑣2
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Figure 3-16 Shows that as the offset 

distance increases, so does the time 

required for the raypath to travel from 

the acoustic source to a particular 

receiver.  Each individual shot record 

generates as a new hyperbolic curve.  

This image was created using 

AutoCAD2016 and shot 10256 from 

line 15 of survey 11PL019. 

 

 

3.7.2 Signal-to-Noise Ratio 

The signal-to-noise ratio is defined as “the energy (or sometimes amplitude) of the 

signal divided by all remaining energy (noise) at the time” (SEG Wiki, 2016i).  

Separating noise from the signal is difficult.  It can be accomplished using various 

filtering methods or by stacking the data.  Stacking the data adds the traces together 

from various shot records, and is based on spatial relevance (Schlumberger, 2016i).  

See Figure 3-17.  Improving the signal-to-noise ratio through stacking is similar to 

using constructive and destructive waves.  Where the amplitudes match spatially and 

temporally, the waveform is increased.  Where amplitudes oppose each other 

temporally, the waveform is decreased. 
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Figure 3-17 Shows that as the ship continues forward, it generates new shot records.  

At the beginning and end of the lines, the number of shot records available in each 

common depth point (CDP) bin is diminished.  As seen above, some CDP’s only 

have 1 or 2 shot records.  In the middle there are bins with 3 and 4 records which, 

when stacked together, improve the signal-to-noise ratio.  The number of shot records 

available in each CDP is dependent on the number of channels in the streamer, the 

speed of the vessel, and the size of the CDP bin.  CDP bin size is determined by the 

person processing the data. 

 

3.8 Local Seismicity 

According to the GeoNet database, 97 earthquakes have been recorded in the study area 

since 1974.  Of those 97 events, 75 events were below a ML (local magnitude) of 3.0, 

18 events were between M 3.0 and M 4.0, and four events occurred above M 4.0.  Of 

the four events of M > 4.0, significant shaking was produced by two of the earthquakes.  

These earthquakes struck in 1974, M 4.9, and 1989, M 4.3 (R. Adams, Kean, R., 1974; 
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D. Bishop, 1974; Johnstone, 1990).  All recorded events were interpreted to have 

hypocenters at depths between 5 km and 33 km. 

Different regions have different detection thresholds (M. W. Stirling et al., 1996).  

These regions are based on spatial and temporal distribution of seismological 

equipment (Mignan et al., 2011; Ogata & Katsura, 1993).  A detection threshold, Mc, is 

defined by Yi-Lei et al. (2016) as ‘the lowest magnitude at which the earthquakes in a 

space-time volume are 100% detected’.  M 4.0 is the detection threshold magnitude of 

catalog completeness for New Zealand during the time period of computerized 

earthquake recording; 1964 to present (Smith & Berryman, 1986).   

This means that all earthquakes at or above M 4.0 since 1964 are recorded.  Below this 

magnitude the record of earthquakes is incomplete, so the number and distribution of M 

< 4 earthquakes around Dunedin is be misleading.  While some M < 4 have been 

recorded in the area, it is not possible to say all quakes of similar magnitude have been 

recorded.  The completeness of magnitude is often determined through assuming that 

the Gutenberg-Richter Law applies to the complete part of the catalog. 

3.8.1 Gutenberg-Richter Law 

The Gutenberg-Richter Law is mathematically represented by the following equation, 

where M is equal to the magnitude of an earthquake, N(M) is equal to the number of 

earthquakes at or above M, and a and b are empirical constants (Gutenberg & Richter, 

1944).  Parameter b is approximately 1.0 for tectonically-induced earthquakes.  

Parameter b is often slightly higher for volcanically-induced earthquakes and a few 

earthquake swarms (M. Stirling, 2016a). 

log10 𝑁(𝑀)  =  𝑎 –  𝑏𝑀  
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Seismicity plots of frequency against magnitude usually show a log-linear relationship 

for the completeness catalogue.  This relationship breaks down when the earthquake 

magnitudes are less than that of the detection threshold.  See Figure 3-18. 

 

 
Figure 3-18 Shows a generic seismicity plot.  Like New Zealand, this plot has a 

detection threshold of M 4.0 and above.  The Gutenberg-Richter Law serves as the 

upper limit for earthquakes of a certain magnitude expected in a specific area over 

time.  The red line extrapolating out the law predicts the likelihood of a given 

magnitude when earthquake records are not sufficient to plot real data.  The blue line 

extrapolating out the law shows the likelihood of a given magnitude below the 

detection threshold as the density of seismograms is too little to record all lower 

magnitude earthquakes.  This figure was created based on class notes  

(M. Stirling, 2016b). 
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Chapter 4 Acquisition 

This chapter describes the equipment used during data collection as well as the 

parameters and operating capabilities of the equipment. 

4.1 R.V. Polaris II 

The R.V. Polaris II is a former deep-sea fishing vessel converted by the University of 

Otago to be a dedicated multi-disciplinary research vessel, with a length of 20.8 m, 

beam of 6.8 m, and draught of 2.7 m.  A 475 hp 3406E Caterpillar turbo engine powers 

the vessel with fuel and water reserves of 16,000 L and 3,500 L, respectively (New 

Zealand Marine Brokers Ltd, 2014).  The RV Polaris II boasts an 18-person sleeping 

capacity and is outfitted with a Hiab XS 144CL crane with a 3-ton lift capacity.  The 

vessel also houses a Kongsberg MRU H motion reference unit (MRU), can produce 

electrical output at voltages of 12 V, 24 V, and 230 V, and includes positioning 

equipment detailed as in Table 4-1 (New Zealand Marine Brokers Ltd, 2014; Emily 

Tidey, 2014).   

During the 15PL129 survey, science crew members were assigned shifts to ensure 

multi-beam echo sounder (MBES) and multi-channel seismic (MCS) equipment were 

operating correctly and data were collected.  See Figure 4-1 and Digital Appendix 1 for 

a copy of the survey log.  No corrections were applied to the vessel’s GPS positions. 

Survey designations are assigned based on the year, the vessel used, and the number of 

the survey increasing over the course of a calendar year.  For example, survey 10PL001 

was conducted during 2010 onboard the R.V. Polaris II and was the first survey of the 

2010 calendar year.  Following this logic, 10PL002 was the second survey conducted 
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using the R.V. Polaris II in 2010 (Parsons, 2016).  Table 4-2 shows the various datasets 

collected on each survey.  See Figure 4-2 for a map of the survey locations. 

 

Table 4-1 Positioning Equipment Onboard the R.V. Polaris II (Emily Tidey, 2014) 

Positioning 

Equipment 
Make Model 

Serial 

Number 

Purchase 

Date 
Status Description 

GNSS 

OmniStar 
Trimble SPS850 4706K04161 2008-02-01 Functional 

Master rx 

(STBD) on RV 

Polaris II 

GNSS 

Heading 
Trimble SPS550H 4801K00001 2008-02-01 Functional 

Heading rx 

(PORT) on RV 

Polaris II 

GNSS 

Antenna 
Trimble Zephyr 2 30204437 2008-02-01 Functional 

Master 

Antenna RV 

Polaris II 

GNSS 

Antenna 
Trimble Zephyr 2 30204419 2008-02-01 Functional 

Heading 

Antenna RV 

Polaris II 

 

 

Table 4-2 Data Collected on University of Otago Surveys (Bruce, 2010; Fleming, 

2012; McLachlan, 2015) 

Survey 

Designation 

Single-channel 

Seismic Data 

Multi-channel 

Seismic Data 

Sidescan 

Sonar Data 

Multi-beam 

Echo Sounder 

Data 

09PL001 X  X  

10PL001 X  X  

10PL002 X    

11PL019 X  X  

12PL031 X    

13PL012 X    

13PL101   X*  X  

13PL105 X  X  

13PL127 X  X  

15PL129  X  X 

*Data were found to be unusable due to equipment issues. 
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Figure 4-1 Shows a picture of screens displaying MBES and seismic data acquisition 

on board the R.V. Polaris II from 15PL129. 
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Figure 4-2 Shows all the surveys conducted between 2009 – 2015 by the University 

of Otago included in this thesis (Bruce, 2010; McLachlan, 2015).  This map was 

compiled using coastline and place name data from LINZ Data Service, the position 

of the Takapu-1A well (Hunt International Petroleum Co., 1978), and digitizing the 

islands using nautical chart NZ66 (RNZN, 2004a). 

 

4.2 Multi-beam Echo Sounder 

Fugro Survey Pty Ltd loaned an R2Sonic2024 MBES to the University of Otago for 

data collection on surveys 15PL129 and 15PL130.  Only data from 15PL129 fall within 

the area of interest and will be included in this study.  This single-head transducer is 

capable of operating at frequencies between 170 kHz and 450 kHz, with a bandwidth of 

60 kHz.  Sounding depths of 400 m plus, under ideal conditions, can be reached with a 

range resolution down to 1.25 cm with pulse lengths from 15 µs to 1 ms (R2Sonic 

LLC).  See Digital Appendix 2 for further information.  For other parameters used in 

MBES data collection, see Table 4-3.   
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Table 4-3 Parameters Used in MBES Data Collection 

Frequency 300 kHz 

Range 100 m 

Power 121 dB 

Gain 4 dB 

Ping Rate 3.5 Hz 

Pulse Width 40 µs 

Absorption 60 dB/km 

Beams Collected 001-160 

Gates Manual 

 

The R2Sonic was deployed on the starboard side of the RV Polaris II using a retractable 

aluminum arm, see Figure 4-3.  The deployed MBES remained in the water until the 

patch test was completed at Driver Rock (RNZN, 2004b); the conclusion of the survey.  

This was done in order to mitigate error as much as possible as each deployment of the 

MBES would have potentially different values for latency, pitch, roll, and yaw.  See 

Figure 4-4 for the vessel’s track. 

Secondary data required for MBES processing included motion reference, position, 

sound velocity, and tide data.  Motion reference data were captured in all three 

dimensions by an Applanix IMU 45 model 220 mounted to the rail of the RV Polaris II.  

The positions of the IMU and MBES were surveyed by Emily Tidey of the School of 

Surveying at the University of Otago, and Craig Tidey, of Fugro BTW, with a total 

station while the vessel was docked.  These survey points were used later to apply the 

IMU corrections to the MBES data.  MBES position data were collected using the 

Trimble hardware noted in Table 4-4.  Although the RV Polaris II had its own 

compliment of Trimble GNSS and IMU equipment (the Kongsberg version of an 

MRU), this equipment was not used for MBES data collection as the equipment on loan 

from Fugro Survey Pty Ltd was configured to work together.  See Table 4-1.  While 

Marinestar positioning was enabled, it is unknown if any corrections were applied to 
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the positions of the MBES data.  See Figure 4-5 for a schematic diagram of the MBES 

setup.  See Figure 4-6 for the positions of the sensors used during the survey. 

 
Figure 4-3 Shows the MBES used during survey 15PL129 

Mounted to a retractable aluminum arm. 
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Figure 4-4 Shows the vessel’s track throughout the course of survey 15PL129 and 

the positions of the CTD casts and tide gauges.  This map was compiled using 

coastline and place name data from LINZ Data Service and digitizing the islands 

using nautical chart NZ66 (RNZN, 2004a).  Data supplied by Evan Baddock were 

used to position the Green Island tide gauge (2016). 

 

Sound velocity data allow for a determination of how the acoustic properties of the 

water change temporally and spatially.  Equipment used were a Valeport MiniSVS, 

mounted next to the MBES for the entirety of the survey.  A Castaway conductivity, 

temperature, and depth (CTD) was deployed from the back of the vessel using a fishing 

rod seven times during the survey to record sound velocity profiles (SVP’s).  See 

Figure 4-4 for CTD cast positions.  See Digital Appendix 1 for SVP results.  An 

Aqualogger 520 PT tide gauge was used to measure changes in water depth over time.  

The tide gauge was deployed off Bird Island.  See Figure 4-4 for the tide gauge’s 

position. 
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Figure 4-5 Shows a schematic for the MBES setup.  Power was generated from the 

vessel as required.  Cable types are denoted by color.  Green lines represent special 

equipment/Fugro specific cables, black lines represent serial cables, blue lines 

represent coaxial cables, and red lines represent network cables. 

 

Figure 4-6 Shows the positions of the 

GPS, IMU, and MBES in relation to 

each other.  These measurements were 

surveyed using a total station by Tidey 

of the University of Otago and Tidey of 

Fugro BTW.  All measurements are 

recorded in meters.  Red circles 

represent the vessel’s GPS receivers.  

Blue circles represent the Fugro GPS 

receivers.  The Green circle denotes the 

position of the MBES.  The orange circle 

with a cross denotes the IMU.  This 

image was created using AutoCAD 

2016. 
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Typically, full MBES coverage of the seafloor is required, and is obtained through 

100% overlap of the swaths.  Using the Law of Sines in the equation below, and 

assuming a smooth seafloor, the swath width at a depth of 30 m using an R2Sonic 2024 

MBES would be 345.53 m.  See Figure 4-7.  To ensure 100% overlap at this depth, the 

line spacing must have been less than 172 m apart and parallel to the coastline.  

Considering that the geologic hazards related to faults were the priority for the 

15PL129 survey, the optimal orientation of lines was perpendicular to the expected 

orientation of the faults.  Thus, this priority superseded 100% MBES overlap.  

 

 

𝑎

sin 𝐴
=

𝑏

sin 𝐵
=

𝑐

sin 𝐶
=

30 𝑚 𝑑𝑒𝑝𝑡ℎ

sin 10°
= 172.7631 𝑚 = 1 2⁄  𝑠𝑤𝑎𝑡ℎ 𝑤𝑖𝑑𝑡ℎ 

 

 

 

Figure 4-7 Shows a diagram of the R2Sonic 2024 MBES swath width. 

 



70 

 

Table 4-4 MBES and Secondary Equipment Required for the Operation of the MBES 

(Emily Tidey, 2014) 

Description Serial Number 
R2Sonic MultiBeam 2024 Receiver 100720 

R2Sonic MultiBeam 2024 Controller 103660 

R2Sonic MultiBeam 2024 Projector 806242 

R2Sonic MultiBeam 2024 Transducer Mount R2S1 

Aqualogger 520 PT Tide Gauge 023-414 

Aqualogger 520 PT Tide Gauge 023-415 

Aqualogger Reader 023-10046 

Computer Intel i3 2120 00180-453-066-646 

Valeport Mini SVS 41607 

Castaway CTD CC1320005 

Trimble GNSS Antenna Model AT1675 7831 

Trimble GNSS Antenna Model AT1675 7835 

POS MV Processor Wavemaster V5 5710 

Applanix IMU 45 Model 220 2330 

Switch 16 Port Gigabit GWS 1658 14013000222 

Computer 1U T10911704 

Trimble BX982 Dual GPS Rx + PSU 1144724/44170 

Switch 16 Port Gigabit GWS 1660 14013002114 

Trimble AG GPS 8200HP 225120930 

UPS Eaton 5P 850i 1U G115D30020 

PSU SMPS Innovative LS 150-24 24V 6.5A 19101 

Moxa N Port 5650 8/EU V1.3 TACFE1012423 

Monitor Asus 22” VE 228 D7LMQS108892 

Monitor Asus 22” VE 228 D7LMQS108877 

Monitor Asus 22” VE 228 D7LMQS108891 

Aerial Alison GPS AD492 1574 

Aerial Alison GPS AD492 1575 

USBL Beacon Frame F0972 

 

4.3 Single-channel Seismic System 

Excluding the 15PL129 survey, all other seismic data collected by the University of 

Otago and included in this study were obtained using a single-channel seismic 

arrangement.  For the single-channel seismic (SCS) surveys, a GeoPulse power supply, 

model 5420A, powered a GeoPulse acoustic source, model 5813A, which was mounted 

to a towed GeoPulse catamaran, model 5812A.  Dimensions for the power supply, 

acoustic source, and catamaran are presented in Table 4-5, Table 4-6, and Table 4-7, 

respectively. 
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Table 4-5 Power Supply Dimensions (Ferranti O.R.E., 1984c) 

Length 38.74 cm 

Width 59.70 cm 

Height 40.60 cm 

Weight 79.40 kg 

 

Table 4-6 Acoustic Source Dimensions (Ferranti O.R.E., 1984d) 

Length 38.0 cm 

Width 38.0 cm 

Height 8.9 cm 

Dry Weight 12.2 kg 

Wet Weight 7.3 kg 

 

Table 4-7 Catamaran Dimensions (Ferranti O.R.E., 1984a) 

Length 132.0 cm 

Width 96.5 cm 

Height 28.0 cm 

Weight (with 5813A attached) 47.0 kg 

Max Towing Speed 5 knots 

 

The GeoPulse power supply is capable of generating power at 175 J, 350 J, and 525 J.  

Power generation was achieved by a combination of 3x25 µF discharge capacitors.  

Usually the power was set to 350 J, but on occasion 525 J was used for deeper water 

surveys.  115 V AC or 230 V AC are required to operate the power supply (Ferranti 

O.R.E., 1984c).  Power was transmitted to the acoustic source via a high voltage cable 

(Ferranti O.R.E., 1985).  This acoustic source is an electrodynamic transducer capable 

of generating frequencies between 500 Hz to 14 kHz up to a submerged depth of 10 m 

(Ferranti O.R.E., 1984d).   

Upon reflecting off the seafloor and sub-seafloor units, the acoustic waves were 

registered by the GeoPulse hydrophone array, model 5110A.  Data were fed through the 

GeoPulse receiver, model 5210A, before being recorded on a computer.  Twenty 

piezoelectric elements were encased in epoxy approximately every 15 cm inside the 
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hydrophone array.  These elements were centered inside a 7.62 m long, 2.5 cm diameter 

polyurethane tube with the remainder of the tube being filled with deodorized kerosene, 

thus allowing for minor negative buoyancy.  Frequencies between 5 Hz and 10 kHz 

were registered by the array.  Maximum towing speed for the array was 15 knots 

(Ferranti O.R.E., 1984b), but generally surveys are conducted at four knots in order to 

avoid noise generation by the towing vessel or the boomer catamaran. 

Before the signal was transmitted through the tow cable to the receiver, it passed 

through a +24 dB field effect transistor (FET) preamplifier.  Upon reaching the 

receiver, the signal was amplified and put through a bandpass filter between 20 Hz and 

15 kHz.  Frequencies of the bandpass filter could be changed and may have been 

different for each survey.  Only survey 12PL031 is known to have used frequencies 

100 Hz – 2 kHz when filtering the data on acquisition (Fleming, 2012).   

Dimensions of the receiver are shown in Table 4-8 (Ferranti O.R.E., 1987).  Data were 

then passed to the computer where they were converted from an analog signal into a 

digital signal and recorded in SEG-Y format (.sgy files).  This was accomplished using 

the Triton SB logger program (McLachlan, 2015).  Limitations of recorded frequencies 

assessed for each SCS survey are shown in Table 4-9.  For a schematic diagram of the 

SCS setup, see Figure 4-8.   

Table 4-8 Single-channel Seismic Acoustic Receiver (Ferranti O.R.E., 1987) 

Length 19.05 cm 

Width 43.18 cm 

Height 48.26 cm 

Weight 13.61 kg 
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Table 4-9 SCS Equipment Based Frequency Limitations (Ferranti O.R.E., 1984b, 

1984d, 1987; Fleming, 2012) 

 Low (Hz) High (Hz) 

GeoPulse Acoustic Source 500 14,000 

GeoPulse Hydrophone Array 5 10,000 

GeoPulse Receiver 20 15,000 

Frequency Limits 500 10,000 

 

 
Figure 4-8 Shows a schematic layout of the equipment used for a Single-Channel 

Seismic survey.  A trigger cable from the computer was connected to both the 

capacitor and receiver to initiate the sound source and recording.  A separate 

connection from the receiver to the computer relayed the seismic data.  Power was 

generated by the vessel as required.  This image was created with input from  

Hamish Bowman. 

 

See Table 4-10 for the sampling rate, record length, and shot spacing for each SCS 

survey conducted as a part of previous students’ projects.  Vessel speed varied within 

and between surveys, so it is not possible to say data were collected every 5 m.  

Therefore, shot spacing is given in time rather than distance since it can provide a more 

consistent basis for comparison across the surveys.  GNSS units referenced in Table 4-1 

were used to log the vessel’s position for each shot.  Both the acoustic source and 

hydrophone array were deployed approximately 20 m aft of the vessel, with 10 m of 

space between the pieces of equipment.  The source and receiver were positioned to 

port and starboard, respectively.  See Figure 4-9.  
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Table 4-10 SCS Survey Parameters  

Survey 

Designation 

Sampling 

Rate (ms) 

Record 

Length (ms) 

Shot 

Spacing 

(s) 

Data Source 

09PL001 0.1 199.9 0.2* - 

10PL001 0.1 199.9 or 399.9** 0.4 or 0.5** (Bruce, 2010) 

10PL002 0.1 199.9 or 399.9** 0.4 or 0.5** (Bruce, 2010) 

11PL019 0.2 499.8 0.5 (Choveaux, 2011) 

12PL031 0.2 749.8 0.75 (Fleming, 2012) 

13PL012 0.2 499.8 0.5 (Lepine, 2013) 

13PL105 0.2 499.8 0.5 (McLachlan, 2015) 

13PL127 0.2 499.8 0.5 (McLachlan, 2015) 

 

*Assumed value based on sampling time. 

**Value used in survey is based on anticipated water depth.  The shallower the depth, 

the shorter sampling time and shot spacing is typically used. 

 

 

 
Figure 4-9 Shows the position of the SCS and SSS equipment in relation to each 

other.  Measurements were made using a measuring tape.  All measurements are 

recorded in meters, unless otherwise specified.  Red circles represent the vessel’s 

GPS receivers.  This image was created using AutoCAD 2016. 
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4.4 Multi-channel Seismic System 

The capacitor, catamaran, and seismic source for MCS data collection were the same 

equipment as used for the collection of SCS data.  For MCS data, a multi-channel 

streamer and Geode were used for recording the signal instead of the single-channel 

streamer and GeoPulse receiver.  A trigger box was used to fire the capacitor at a 

consistent interval. Vessel speed was approximately 5 knots.  GNSS units referenced in 

Table 4-1 were used to log the vessel’s position for each shot. Line spacing for data 

collected perpendicular to the shore was approximately 300 m with data collected 

parallel to the shore at an average spacing of approximately 1300 m.  See Figure 4-10 

for a schematic diagram of the MCS setup.  See Table 4-11 for MCS sampling rate, 

record length, and shot spacing. 

 

 
Figure 4-10 Shows a schematic layout of the equipment used for a multi-channel 

seismic survey.  Power was generated by the vessel as required, except for the use of 

the 12 V battery attached to the geode seismograph. 

 

Table 4-11 MCS Survey Parameters 

Survey Designation Sampling 

Rate (ms) 

Record 

Length (ms) 

Shot Spacing 

(s) 

15PL129 0.25 511.75 3.1 
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A 75 m long, 24 channel MicroEel solid analog streamer was used for MCS 

acquisition.  For each of the 24 channels, three hydrophones were grouped together at 

intervals of 3.125 m.  The 32 mm diameter streamer is capable of registering 

frequencies between 10 Hz and 10 kHz (Geometrics, 2016b).  Deployment of the 

streamer was aft of the vessel on the starboard side with the first hydrophone centered 

approximately 27.3 m from the stern of the vessel.  See Figure 4-11 for MCS 

equipment deployment. 

 
Figure 4-11 Shows the position of the MCS and MBES equipment in relation to each 

other.  Measurements were made using either a total station or measuring tape.  All 

measurements are recorded in meters unless otherwise specified.  Red circles 

represent the vessel’s GPS receivers.  Blue circles represent the Fugro GPS receivers.  

The Green circle denotes the position of the MBES.  The orange circle with a cross 

denotes the IMU.  This image was created using AutoCAD 2016. 

 

A Geometrics Geode has replaced the GeoPulse receiver and analog-to-digital 

converters of the recording computer used in SCS surveys.  The Geode converted the 

analog signal received by the MicroEel streamer into a 24-bit digital signal.  Analog-to-

digital conversion using the Geode was made on the fly using “crystal semiconductor 

sigma-delta converters and Geometrics proprietary oversampling” (Geometrics, 2016a).  

An anti-aliasing filter was automatically applied at “-3 dB at 83% of Nyquist 

frequency, down 90 dB” (Geometrics, 2016a).  Data were written out to a computer 

using the SEG-D format (.sgd files).  The limitations of recorded frequencies assessed 

for each MCS survey are shown in Table 4-12. 
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Table 4-12 MCS Equipment Based Frequency Limitations (Ferranti O.R.E., 1984d; 

Geometrics, 2016a) 

 Low (Hz) High (Hz) 

GeoPulse Acoustic Source 500 14,000 

MicroEel Streamer 10 10,000 

Geometric Geode 1.75 20,000 

Frequency Limits 500 10,000 

 

4.5 Other Datasets 

Other datasets included in this study were collected exclusively by other entities.  These 

consist of sidescan sonar (SSS) from various University of Otago surveys, bathymetric 

data compiled by Land Information New Zealand (LINZ), and a sedimentary dataset 

compiled by Carter et al. (1985). 

4.5.1 Sidescan Sonar 

Several of the seismic surveys also involved the collection of SSS data by way of a 

CL-163 Topside Interface Unit and a Teledyne Benthos C3D tow vehicle, model 

TTV-298.  The CL-163 provided DC power to, and two-way communication with, the 

C3D.  An ethernet 10/100BaseT switch and the CL-163 worked together to combine 

two processors and the tow vehicle to the same LAN (Teledyne Benthos, 2006).  For a 

schematic diagram of the SSS setup, see Figure 4-12.  

The C3D Towfish emitted a 200 kHz acoustic signal with two 2-element transducers 

while receiving on two 6-element hydrophones.  Rather than interferometry, the C3D 

used Computer Angle‐of‐Arrival Transient Imaging (CAATI) to distinguish up to five 

concurrent acoustic arrivals.  See Figure 4-13.  SSS range varied from 25 m to 300 m, 

with a resolution of 4.5 cm.  Dimensions of the C3D are found in Table 4-13.  The C3D 

unit was capable of operating in water up to 2000 m deep (Teledyne Benthos, 2006).  
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Pulse length varied from 25 µs to 1 s at up to 30 pings per second.  An internally 

mounted Sonardyne Radian MRU and Falmouth Scientific NXIC Depth/CTD sensor 

were used to correct the data based on the C3D’s orientation, position, and properties 

found in the water column (Geophysical, 2008). 

 
Figure 4-12 Shows a schematic layout of the equipment used for a SSS data 

collection.  Power was generated by the vessel as required.  Image based on Figure 

1-4 of the C3D manual (Teledyne Benthos, 2006). 

 

 

 
Figure 4-13 Demonstrates graphically how the six-element hydrophone array can 

resolve up to five concurrent returns.  Only five concurrent returns can be resolved 

since the two adjacent hydrophones are used to triangulate the position on the 

seafloor using the different arrival times of the acoustic energy.  Image modified 

from the C3D manual (Teledyne Benthos, 2006). 
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It was optional to mount the C3D to the vessel or tow it aft the vessel.  Originally, the 

unit was mounted on the starboard side of the RV Polaris II; however, the pole used to 

deploy the C3D did not place the equipment deep enough in the water and was picking 

up interference from the hull of the vessel.  For surveys 13PL101, 13PL105, and 

13PL127, the C3D was towed.  When towed, the unit was approximately 5 m aft of the 

RV Polaris II, and was positioned between the seismic boomer and streamer.  See 

Figure 4-9.  The “course made good” (CMG) method was used for the C3D data rather 

than the heading from the RV Polaris II (McLachlan, 2015). 

Table 4-13 C3D Dimensions (Teledyne Benthos, 2006) 

Length 209.0 cm 

Width 108.7 cm 

Height 71.9 cm 

Dry Weight ~136 kg 

Wet Weight ~91 kg 

Max Towing Speed 8 knots 

Operational Towing Speed 4 knots 

 

4.5.2 Bathymetric Data 

In 1950, the Royal New Zealand Navy (RNZN), on board the HMNZS Lachlan, 

collected bathymetric data off the Otago coast (RNZN, 2004a).  It is likely these data 

were collected using a single-beam echo sounder (SBES), which was the most 

advanced technology for collecting bathymetric data at the time (Coppola, 2016).  Data 

from this survey were positioned using an unspecified method. 

Some data used for chart NZ6612 were collected in 1986 and 1987 by HMNZS 

Tarapunga.  The HMNZS Tarapunga was dispatched to survey the area outside Otago 

Harbour, including Driver Rock (Donselaar, 2005; RNZN, 2004b).  These data were 

collected with an Atlas Deso 10 SBES and positioned using a model Trisponder 542 
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digital distance measuring unit (DDMU) with three lines of position (LOP).  Survey 

markers, designated RNZN BM1 and RNZN BM2 in the zone of confidence (ZOC) 

report, were used to resolve the bathymetric data (Coppola, 2016; Donselaar, 2005). 

4.5.3 Sedimentary Data 

Hundreds of sedimentary samples were collected on cruise number 1128 of the R.V. 

Tangaroa in 1981 (McLachlan, 2015).  Lines were run with approximately 5 km 

spacing.  Samples were collected approximately every kilometer along a line.  It is most 

likely these sample positions were recorded with either a trisponder or GPS; however, 

this cannot be confirmed with any published information.  It is also unclear from 

published studies what equipment other that the R.V. Tangaroa were used in the 

collection of these sediment samples. 

 

 



81 

 

Chapter 5 Processing 

In this chapter, the various methods and techniques used to manipulate and render the 

data to produce an interpretable end product are described.  All projects created while 

processing the data are available in Digital Appendix 3, except for any projects dealing 

with seismic processing.  These seismic processing projects can be found on the high 

capacity data share at the University of Otago. 

5.1 Multi-beam Echo Sounder Data 

Multi-beam echo sounder (MBES) data were originally collected in a Fugro proprietary 

data format.  They were converted into .gsf files using Starfix software by Emily Tidey, 

a hydrographic surveying lecturer from the School of Surveying at the University of 

Otago.  Tidey then imported the lines into a Caris project.  A separate set of sound 

velocity profile (SVP) files were merged into a single file before being imported into 

the same Caris project.  The tide data were smoothed, and all sounding with values less 

than 0 m deep were rejected in the project.  Using Caris HIPS and SIPS 8.0 software, a 

vessel configuration file was created to model the R.V. Polaris II and the various 

equipment deployed.  See Figure 5-1. 

 

Figure 5-1 Shows a screenshot of the 

vessel file in Caris v9.0.22.  The purple 

circle represents the reference offset 

point.  The yellow circle represents the 

inertial motion unit (IMU).  The 

turquoise circle represents the MBES.  

The light blue circle represents the 

starboard positioned, Fugro GPS 

receiver. 
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With the vessel configuration file created, Driver Rock (RNZN, 2004b) was used to 

identify the patch test values from the MBES data.  See Table 5-1.  The MBES data 

were then cleaned, and the errant data were removed from modeling consideration.  See 

Figure 5-2.  Beams 001 through 030 from the port side were discarded due to excessive 

interference from the hull of the vessel.  The remaining beams provided swath coverage 

at approximately eight times the water depth, e.g. a 218 m swath for a water depth of 

27 m.   

 

 
Figure 5-2 A) Shows all soundings colored and included in surface rendering.   

B) Shows errant data removed from inclusion of surface rendering.  This cleaning 

method was applied to all MBES data.  Port soundings are shown in pink.  Starboard 

soundings are shown in green.  The rear view is visible, but it is also possible to see 

the data from a side and/or plan view as well.  Images captured from Caris v9.0.22. 

 

Navigation and altitude files were smoothed and applied along with draft.  Corrections 

for pitch, roll, and yaw were applied at the same time as the SVP corrections.  Heave, 

the short period up and down wave motion recorded on the order of seconds, was also 

believed to have been applied by selecting the check box in the Caris software.  

Delayed heave, longer period wave motion recorded on the order of minutes, was not 

applied.  See Figure 5-3.   

A 

B 
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Figure 5-3 Shows the up and down motion to the left 

represents the heave experienced on a vessel.  This motion 

occurs at the same time as, and is directly affected by, the 

delayed heave demonstrated using the red sinuous line 

shown below.  This image was created using AutoCAD 

2016. 

 

 

 

 

Table 5-1 Correction Values Applied to MBES Data 

Parameter Correction Value Applied 
Pitch -0.490° 

Roll 1.120° 

Time 0.00 s 

Yaw 1.66° 

 

Initially, a zero-tide file was applied to the data.  This is done by using a pre-existing 

Caris zero-tide file.  Later, the data were resolved to the Green Island Chart Datum 

using data provided by Glen Rowe of Land Information New Zealand (LINZ) (2016) 

and Pete Stevenson of the Otago Regional Council (ORC) (Stevenson, 2016).  See 

Table 5-2.   

Table 5-2 Local Green Island Tide Gauge Sea Level Measurements (Rowe, 2016) 

MHWS MHWN MLWN MLWS Spring 

Range 

Neap 

Range 

MSL HAT LAT 

3.38 m 3.00 m 1.83 m 1.49 m 1.89 m 1.17 m 2.43 

m 

3.59 

m 

1.27 

m 

 

A new surface was then created.  The new surface included all the data inside the area 

of interest, minus the data collected for computing patch test values.  The data were 

plotted in New Zealand Transverse Mercator (NZTM).  Resolution was set to 1.0 m and 

the shoalest, or shallowest, depth value was applied for that square meter.  The vertical 

datum was left unknown.  A surface was then exported as a digital elevation model 

(DEM) GeoTIFF raster product. 
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5.2 Single-channel Seismic Data 

5.2.1 Data Filtering and Navigation Corrections 

Processing was completed using GLOBE Claritas v6.4.1.12926.  After reading in the 

data into the layback_geom_applied.job job flow, statics were applied.  Statics allowed 

the seafloor to be smoothed and the effects of swell to be mitigated.  A bandpass filter 

was applied at 50 Hz, 150 Hz, 1200 Hz, and 1500 Hz with an automatic gain control 

(AGC) of 250 ms.   

 

Originally the data were positioned exactly where the GNSS position was recorded, 

approximately 35 m ahead of the data’s true position.  A layback script created by 

Hamish Bowman was applied to the data.  See Digital Appendix 4 for a copy of the 

script.  Data were then written out in a .csgy format.  See Figure 5-4.  Module specific 

parameters and job control system (JCS) files for each SCS survey are specified in 

Digital Appendix 5 and 3, respectively. 

Figure 5-4 Shows a screenshot of all 

the modules applied in the 

layback_geom_applied_static job.  

XVIEW and TRPRINT are not in 

bold as these modules were not 

applied when writing out the new 

files. 
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5.2.2 Swell Removal 

Static shifts for data were created by loading data into a GLOBE Claritas XVIEW 

window.  A seafloor horizon is digitized by picking the maximum peak of the 

waveform, using the common depth point (CDP) header value and specifying a 

smoothing window length.  Because a common depth point (CDP) configuration is not 

necessary for single-channel seismic (SCS) data, shot point locations were used to 

position the data.  Seafloor reflection picks were digitized and written out as .dig and 

.shf files according to the way they were initially seen on screen.  The seafloor horizon 

was then smoothed.   

Then a new .shf file was saved noting the number of CDPs used to smooth the seafloor 

horizon.  Surveys 09PL001 to 13PL012 used a smoothing window of 31 CDPs, 15 

CDPs either side of the selected CDP, to smooth out the seafloor.  For survey 13PL105 

a combination of 31 and 51 CDPs were used to generate statics.  Survey 13PL127 used 

51 CDPs to generate statics.  See Digital Appendix 5. 

5.2.3 Exporting Data for Use with IHS Kingdom 

A trprint.job was used to write out SHOTID numbers along with the common mid-

point (CMP) coordinates between the acoustic source and streamer.  The CMP 

coordinates were stored under the common depth point (CDP) CDP_X and CDP_Y 

headers.  These data are required for displaying the data from the 

layback_geom_applied.job in IHS Kingdom.  See Figure 5-5.  See Digital Appendix 5 

for all other parameters defined in the job. 
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Figure 5-5 Shows a screenshot of the 

trprint job. 

 

5.3 Multi-channel Seismic Data 

Due to the increase in data volume from SCS setups to multi-channel seismic (MCS) 

setups, additional processing is required.  Details of the additional processing are found 

in the remainder of section 5.3, and continued analysis is presented in section 5.5. 

5.3.1 Initial Digital Processing 

While collecting the data, the starting and ending shot points were noted for each line.  

This information was used to create a text file consisting of three columns (LINE, 

START, and END) for a given set of seismic lines.  This file was then saved in the .sgd 

folder containing all of the .sgd files for that set of seismic lines.  Note that the data for 

each shot point in the survey were recorded in a separate .sgd file. 

With the assistance of Bowman, the file titled 15PL129.sh was written to run a series of 

commands on the files mentioned immediately above.  See Digital Appendix 4 for a 

copy of the script.  In running the 15PL129.sh script a series of supplementary files 

were created.  The first such series were a record of each .sgd file, and its 

corresponding seismic line (.sfl).  These files were then used to create another series of 
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files which included GNSS position data (.prn) for each seismic line in the survey.  See 

Figure 5-6. 

 
Figure 5-6 Shows a visual representation of the workflow for the script 15PL129.sh. 

 

These position files were then passed to another script (segd_nav_parse.py) while the 

15PL129.sh script was still running.  This second script, authored by Bowman and 

found in Digital Appendix 4, took the data and modified them into a format that could 

be used by GLOBE Claritas (.txt).  These modified position files were then passed 

through a third script (smooth_ship_track.py), again while the 15PL129.sh script was 

still running.  See Digital Appendix 4 for a copy of the script. 

In order to provide a more realistic representation of the survey lines, and to account for 

the assumptions believed to be made by the GLOBE Claritas program, a smoothing 

script was applied to smooth the navigation data.  See Figure 5-7.  GLOBE Claritas is 

thought to assume a much larger, industry sized operation.  In these cases, the vessel is 

quite large and has significantly smaller heading changes.  This produces the data off 

the back of the vessel as if it were in line with the vessel’s current heading.  Data 

collected with the R.V. Polaris II was subject to significantly sharper changes in vessel 

heading than an industry survey, thus spreading out the seismic data laterally.   

Note that the actual boomer and streamer positions were significantly less affected by 

the R.V. Polaris II heading changes than would have been suggested by GLOBE 

Claritas.  GLOBE Claritas appears to be over-exaggerating the lateral positions of the 

seismic data.  A window length of 21 navigation points was used to smooth the GNSS 

positions, ten points either side of a given point.  This window is the approximate 
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equivalent of one minute of survey time.  Resulting files were written out as a set of 

smoothed .txt files. 

 
Figure 5-7 Shows that as the vessel travels along its course (the black arrow), the 

heading (direction in which the vessel is pointed) changes.  The figure above 

provides an example of a vessel’s heading changing from straight forward, to 7.5° to 

port followed by 15° to starboard.  As GLOBE Claritas appears to center on the 

navigation point (GPS receiver position), the vessel would experience little 

difference in position.  However, as demonstrated by the red and blue arrows both 

fore and aft of the vessel, the CDP bin positions undergo much greater lateral 

variation, and thus skew the data.  This image was created using AutoCAD 2016. 

 

The final portion of the 15PL129.sh script read in the second set of smoothed .txt files 

and wrote them out as shot files (.sht).  This was accomplished using the GLOBE 

Claritas asclld tool.  Note that GLOBE Claritas must already be running in order to 

access the asclld tool.  The shot files were required for the creation of geometry 

definition files that could be merged with the seismic data as discussed in section 5.3.2. 

5.3.2 Geometry Creation 

In the main GLOBE Claritas window (V6.2.1.1948), the Geometry module tab was 

selected, followed by Set-up.  GLOBE Claritas *.sht (marine) was selected as the input 

type for the module.  The appropriate shot file for a given line generated in section 

5.3.1 was specified.  Coordinates were projected in New Zealand Transverse Mercator 

(NZTM).  See Figure 5-8. 
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From there, a new geometry database was created for a given seismic line.  A streamer 

file was used to define the geometrical configuration of the streamer.  Ensure that the 

‘streamer offset origin’ was set to Navpoint.  For this survey, the in-line offset from 

navpoint to gun-array center and perpendicular offset from navpoint to gun-array center 

were -34.860 m and 9.722 m, respectively.  All required parameters were defined as 

shown in Figure 5-9.   

Back on the main window, hitpoints were selected automatically to guide the trajectory 

of the CDPs for a given seismic line.  The number of hitpoints automatically assigned 

was left at 40 in most cases.  The JCS file, used to store user-defined parameters and 

attributes about a given line, was updated at this point with an orientation for the 

seismic line to be used later in the processing. 

Lastly, a wiggly-line CDP assignment was produced using the following parameters: 

output filename, Line ID, First CDP and increment, Nominal CDP spacing, Offset 

range, Bin size along the line, and Bin size perpendicular.  See Table 5-3 for suggested 

parameters values.  From the resulting window, the total number of CDP bins was 

recorded in the JCS file before dismissing the window. 
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Figure 5-8 A) Shows the main menu of the Geometry tab.  B) Shows the proper option 

for the input type.  C) Shows an example of a selected .sht file.  D) Shows the correct 

coordinate system selected. 

 

 

Figure 5-9 Shows the 

values applied to the 

parameters when 

creating a geometry 

definition file. 

 

D 

C 

B 
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Table 5-3 Suggested Values for Multi-channel Seismic Geometry Creation 

Output Filename Line02_smooth_GNSS.geom*+ 

Line ID Line02*+ 

First CDP and Increment 100 1 

Nominal CDP Spacing 1.562 

Offset Range 0 0 

Bin Size Along the Line 10 

Bin Size Perpendicular 75 

*Note that 02 changes in accordance with each line. 

+Note that this field is used both in geometry and wiggly-line definition 

5.3.3 Geometry Job Flows 

After an initial review of the 

geometry files and the lines available 

for processing, a JCS file was created 

to automate the running of the 

following jobs.  This file, and the 

following jobs, were created using 

GLOBE Claritas (V 6.4.1.12926).  

The first job took the .sgd files 

mentioned in section 5.3.1 and using the .sfl files, combined them into .csgy files, a 

particular format common throughout GLOBE Claritas to interrogate and display data, 

based on the line number for each seismic line.  Each .sgd file corresponds to one shot 

or pulse of acoustic energy.  See Figure 5-10 for modules included in the job.  See 

Digital Appendix 5 for all parameters defined in the job. 

The second job once again utilized the JCS file when reading in the .csgy lines created 

in the first job.  All traces that are non-live were removed.  Non-live traces are defined 

as dead (traces with no seismic data), dummy (artificial traces added post-data 

collection) (GNS Science, 2016), and uphole traces (traces produced when triggering an 

 
Figure 5-10 Shows a screenshot of the 

01_read_segd job. 
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underground acoustic source with receivers placed on the ground surface) (Igboekwe & 

Ohaegbuchu, 2011).  At this stage, the geometry files previously generated in section 

5.3.2 were applied to the .csgy files.  All 24 channels were repositioned for each shot, 

overwriting the positions defined in the line geometry to a more accurate location using 

the following equation:  

OFFSET=((9.65**2+(6.16+3.125*(CHANNEL-1))**2)**0.5)*-10 

It was necessary to apply the 

geometry file first, followed by 

overwriting the offsets, as the 

geometry file defined a number of 

parameters not set when redefining 

the offsets.  Any gaps found in the 

trace sequence were filled in with 

dummy traces.  New .csgy files were 

written out.  See Figure 5-11 for modules included in the job.  See Digital Appendix 5 

for all parameters defined in the job. 

5.3.4 Supplementary File Creation 

Files written out upon completion of the second job were used to create two sets of pick 

files.  The first set of pick files (.shf) contained static data and were later applied to the 

.csgy lines to remove swell.  Removing the swell was necessary since the position of 

the boomer and streamer, in relation to the seafloor, was continually changing 

throughout the survey as a function of swell.  The second set of pick files (.ahl) 

 
Figure 5-11 Shows a screenshot of the 

02_add_geom job. 
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contained data used to better position the hydrophones using the direct arrival of the 

acoustic energy.  These .ahl picks further improved the positioning of the traces.   

Improved positioning was necessary as the position of the boomer in relation to the 

streamer was constantly changing throughout the survey.  The assumption of a straight 

streamer made using the equation applied in the second job was insufficient.  Note that 

a second series of pick files were not produced for all survey lines due to the time 

intensive nature of the picking process.  The 10 m bathymetric contour on NZ66, a 

nautical chart off the coast of Otago, was used to determine which lines, or portions 

thereof, were too shallow for effective picking of the direct arrivals. 

5.3.4.1 Seafloor Picking 

Seafloor picks were made to remove swell from the data.  On the Statics module tab of 

the main GLOBE Claritas window the First breaks button was selected.  The required 

input line was selected and initial button groups defined.  See Figure 5-12. 

With the window displaying all 24 channels of an individual shot, the process button 

was used to filter the data using a bandpass (BP) filter.  See Figure 5-13.  Automatic 

picks were selected with parameters defined in Figure 5-14.  Note that the autopick and 

manual pick parameters have a synergistic effect; changing parameters in one method 

affects the picks made using the other method.  Once the autopick parameters returned 

relatively consistent and accurate picks, all shots were autopicked using the “autopick 

all shots” option under the Utils button.  See Figure 5-15.  First break pick files for each 

line were saved upon completion. 
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Figure 5-12 A) Shows the main menu for 

the Statics tab.  B) Shows the suggested 

parameter inputs when creating the 

seafloor picks output files. 

 
 

 

 

Figure 5-13 A) Shows the bandpass filter 

frequencies applied to the data.  B) 

Shows the shot record 10176 of line 02 

after the bandpass filter was applied. 

 

A 

B 

A 
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Figure 5-14 A) Shows that no parameters were specified when filling in the First-break 

picking general parameters.  B) Shows that parameters were specified for the Automatic 

Picking Algorithms.  C) Shows the values used for the Automatic pick parameters.  

These parameters were found to vary from line to line. 

 

A script by Bowman, first5deswell_scan.sh, was run on the first break files to ensure 

that the first five channels for each shot recorded a time value.  The resulting cropped 

files were then processed by a second script written by Bowman; first5deswell.py.  It is 

possible to specify the acceptable standard deviation of the first five channels and the 

tension of the spline fitted to the cropped data, but the defaults are set to 0.8 and 50, 

respectively.  See Digital Appendix 4 for a copy of the scripts. 

  
Figure 5-15 A) Shows an example where the automatic picking parameters were not 

precise.  B) Shows an example where the parameters were well-defined.  Note the 

difference in position of the green squares from one panel to the other.  The green 

squares visually represent the pick value which will be written out and processed by the 

necessary scripts. 

 

A 

B C 

A B 
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Warnings appeared when the standard deviation was outside acceptable limits and also 

where the values of the first five channels were not equal or continually increasing.  

The resulting window shows the spline in red compared to the averaged values from the 

first five channels of each shot in blue.  See Figure 5-16.  The difference between the 

two lines was calculated for each shot point and written out as the value for the static 

shift to be applied to data from its respective shot point.  Resulting files were written 

out as .shf files and later used to remove swell from the data. 

 
Figure 5-16 Shows the variability between the recorded data and the spline.  Spline 

tension was chosen based on the expected irregularity of the seafloor.  A value of 85 

was used for the tension in the example above.  Tension values varied between lines. 

 

5.3.4.2 Direct Arrivals 

Direct arrival picks were created to aid in the positioning of the streamer and 

hydrophones in relation to the boomer.  On the Statics module tab of the main GLOBE 

Claritas window the First breaks button was again selected.  The required input line was 

selected and initial button groups defined.  See Figure 5-17. 
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Figure 5-17 Shows the suggested parameter inputs when creating the direct arrivals 

output files. 

 

With the window displaying all 24 channels of an individual shot, the process button 

was used to filter the data using a bandpass (BP) filter.  Linear move out (LMO) was 

then applied using the parameters defined in Figure 5-18.  Autopick was selected with 

the parameters defined in Figure 5-19.  Note that refinement of picking parameters may 

be required when changing lines. 

 

 

Figure 5-18 A) Shows a linear moveout 

(LMO) velocity of 1500 m/s applied at 

50 ms.  B)  Shows the effect these 

parameters have on the shot record. 

 

 

A 

B 
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Figure 5-19 A) Shows that no parameters were specified when filling in the First-

break picking general parameters.  B) Shows parameters were specified as shown 

here for the Automatic Picking Algorithms.  XCF was used in this instance as it 

returned better results than envelope threshold.  C) Shows the values shown were 

used for the Automatic pick parameters.  These parameters varied from line to line. 

 

Automatic picks show up as yellow squares, but the color changes depending on the 

combination of autopick parameters used.  See Figure 5-20.  In cases where the 

autopick parameters failed, manual parameters were used.  A left mouse click placed a 

red square at the position of the curser.  A middle mouse click would display a green 

square and automatically snap to the nearest part of the waveform based on the manual 

picking parameters.  Regardless of what part of the waveform is picked, the picks must 

be consistent from shot to shot and line to line.  Automatic picking, similar to that used 

for the first five picks, was not available due to the use of trace-to-trace cross-

correlations (XCF) as the main pick method for the direct arrivals. 

Once all shots were picked, the resulting files were processed using the pic2offset script 

created by Andrew Gorman.  See Digital Appendix 4 for a copy of the script.  With the 

input file specified, an expected velocity of sound through seawater was also required.  

A value of 1500 m/s was used for the velocity.  Having set the two parameters, .ahl 

files were written out.  Later, these files were applied to improve the positioning of the 

streamer in relation to the boomer. 

A 

B C 
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Figure 5-20 A) Shows an image of the 

picking window with LMO based picks 

made.  B) Shows a magnified view of the 

picks.  They can be difficult to identify at 

the regular resolution. 

 

 

A 

B 



100 

 

5.3.5 Post Geometry Job Flows 

A supplementary job was created to 

verify the effectiveness of the statics 

created using the first5deswell 

scripts.  The supplementary job also 

allowed for the generation of plots 

without the requirement of further 

processing.  See Figure 5-21.  See 

Digital Appendix 5 for all parameters 

defined in the job. 

The third job in the main flow took the static values recorded in the .shf files and 

applied them to the .csgy output files from the second job.  This removed a majority of 

the swell from the data.  See Figure 5-22.  See Digital Appendix 5 for all parameters 

defined in the job. 

  
Figure 5-22 Shows a screenshot of all the 

modules applied in the 03_statics_applied 

job.  Modules not in bold were not applied 

when writing out the new files. 

Figure 5-23 Shows a screenshot of all the 

modules applied in the 04_cdp_sort job.  

Modules not in bold were not applied 

when writing out the new files. 

 
Figure 5-21 Shows a screenshot of all the 

modules applied in the 02b_channel2stack 

job.  Modules not in bold were not applied 

when writing out the new files. 
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For the fourth job, the .csgy lines output from job three were sorted into their respective 

CDPs.  Specific shots of specific lines were then repositioned using the .ahl files.  

Repositioning the traces in this part of the flow did not affect the traces’ CDP number.  

The CDP number was originally defined in the second job when the geometry was 

applied to the data.  These CDP values were no longer necessarily correct after the 

offset values for traces were overwritten by either the equation or the picks from the 

.ahl files.  Any missing CDPs were accounted for with dummy CDPs.  This was 

necessary for future use of the .csgy files in IHS Kingdom detailed in section 5.5.1.  

See Figure 5-23.  See Digital Appendix 5 for all parameters defined in the job. 

The fifth job read in the .csgy files written out by job four.  Amplitudes were balanced 

using the BALANCE module so that the resulting traces would be comparable.  A BP 

filter of 10 Hz, 500 Hz, 10,000 Hz, and 14,000 Hz was applied.  Values from the filter 

were derived from the limits of the acoustic source and streamer mentioned in Table 4-

12 of section 4.4.  An AGC window of 25 ms was applied before applying an initial 

normal move out (NMO) model similar to that mentioned in section 3.7.1.   

 Traces were stacked together and any 

missing CDPs were accounted for.  A 

deconvolution process was then used to 

remove noise from the data.  The higher 

frequencies were reinstated post stack.  

This process can assist in diminishing 

multiples (SEG Wiki, 2016f).  Upon 

completion of the job, a new set of 

.csgy files were written out.  See Figure 

5-24.  See Digital Appendix 5 for all other parameters defined in the job. 

 
Figure 5-24 Shows a screenshot of all the 

modules applied in the 05_raw_stack job.  

Modules not in bold were not applied 

when writing out the new files. 
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5.3.6 Velocity Picking 

Files from the fifth job were then brought into the Claritas velocity analysis (CVA) tool 

on the Velocities module tab.  Following this, the initial parameters were set.  Analysis 

calculation parameters were then defined.  See Figure 5-25. 

  

 
Figure 5-25 A) Shows the main menu for the Velocities tab.  B) Shows the suggested 

inputs parameter when creating the CVA output files.  C) Shows the suggested input 

parameter for the analysis calculations parameters. 

 

Velocity picking was completed using a number of windows; main stack display 

window, velocity model display window, and constant velocity gathers (CVG) window.  

By moving the highlighted bar back and forth in the CVG window, it was possible to 

A C 

B 
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see where the waveforms matched (stacked together) at a particular velocity.  With the 

particular example given, the seafloor at CDP 391 on line 02 stacked in at 1548 m/s.  

See Figure 5-26. 

 

  

Figure 5-26 A) Shows an example of the 

main stack window.  B)  Shows the traces 

in the CDP from the main stack window 

without being corrected for NMO 

(highlighted by the yellow line in image 

A). C) Shows the traces in the same CDP 

when being corrected for NMO. 

 

Velocities are not picked for every CDP as they are only picked to represent what is 

seen in the main stack display window.  Once these representative velocities have been 

selected, a new .nmo file is written out.  It is possible that further refinement of the 

velocities is necessary, and therefore, several versions of .nmo files may be required.  

The final version of the .nmo files were rerun through the fifth job while reading in the 

raw stack .csgy lines originally created from job five.  Resulting .csgy files were 

considered to be the final stack versions of the lines.  The final stack lines, however, 

were only created after the completion of section 5.3.7. 

5.3.7 Muting 

Job five was rerun using the XVIEW module and initial nmo model.  As each line was 

generated, a mute file was created manually.  A frequency/wave number (FK) spectrum 

A 

B C 
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boundary was defined.  Then a mute file was manually generated.  All data outside the 

FK boundary were muted.  These mute files were used to remove more noise from the 

data.  See Figure 5-27.   

  

 

Figure 5-27 A) Shows the FK spectrum option highlighted from 

the right-click menu.  B) Shows the extents of the data used when 

creating the mute.  Note the black box.  C) Shows the parameters 

used when creating the output file. 

 

The mute files were then utilized in job six where they were applied to the final stack 

versions of the .csgy data.  See Figure 5-28.  See Digital Appendix 5 for all other 

parameters defined in the job. 

Figure 5-28 Shows a screenshot of all 

the modules applied in the 06_fkmute 

job.  Modules not in bold were not 

applied when writing out the new 

files. 

 
 

5.3.8 Interval Velocities 

Before being used to create the interval velocity files, the final velocity model files 

were visually inspected.  A new final time, 250 ms, and velocity, 2400 m/s, were 

A B 

C 



105 

 

picked for the files based on a combination of the time of the second multiple and 

velocities previously recorded in all nmo files.  This was done to minimize any 

resulting “bullseyes” generated during the creation of interval velocity files.  See Figure 

5-29.  Interval velocity files were created using the Velocities module tab on the main 

GLOBE Claritas window.  See Figure 5-30.   

 
Figure 5-29 Shows examples of “bullseyes” highlighted by blue circles.  The 

“bullseyes” are velocity inversions within the velocity model. 

 

The resulting window for a given line was smoothed using a running mix of eleven 

CDPs.  Isovel values were repicked at 2-second intervals every 25 CDPs.  These values 

were written out as an interval velocity nmo file for each line.  See Figure 5-31 for the 

parameters used in this workflow, and the resulting velocities. 
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Figure 5-30 A) Shows the main menu for 

the Velocities tab.  B) Shows the suggested 

parameter inputs when specifying the 

NMO input files. 

 

 

 

 
 

Figure 5-31 A) Shows an example of a final .nmo file plotted against CDP’s using the 

parameters defined in B, C, and D.  B) Shows the isovel interval velocity parameters 

used.  C)  Shows the isovel re-picking parameters used.  D) Shows the grid smoothing 

parameters used. 

 

5.3.9 Migration 

Lines produced from the sixth job were read into the flow.  The data were processed 

using a migration module, FDMIG.  FDMIG refers to the finite difference method 

applied to the data using the previously created interval velocity nmo files.  Migration 

allows data to be repositioned to a more accurate temporal (GNS Science, 2016) or 

spatial position (Schlumberger, 2016e).  Data were written out as a migrated .csgy line.  

See Figure 5-32.  See Digital Appendix 5 for all other parameters defined in the job. 

B 

A 

A 

B 

C 
D 



107 

 

 

 

5.3.10 Post Migration 

Output migration .csgy lines from job seven were read into job eight.  In job eight data 

were extracted including the CDP numbers along with the CDPs coordinates.  These 

data were required for displaying the migrated .csgy lines from job seven in IHS 

Kingdom.  See Figure 5-33.  See Digital Appendix 5 for all other parameters defined in 

the job. 

  
Figure 5-33 Shows a screenshot of all the 

modules applied in the 08_trprint job. 

Figure 5-34 Shows a screenshot of all the 

modules applied in the 09_plot job. 

 

 

Figure 5-32 Shows a screenshot of 

all the modules applied in the 

07_fdmig job.  Modules not in bold 

were not applied when writing out 

the new files. 
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Lastly, job nine took the migrated .csgy lines from job seven and plots.  This flow 

generated .tiff images with labels along the axis for the seismic lines.  See Figure 5-34.  

See Digital Appendix 5 for all other parameters defined in the job. 

5.4 Other Datasets 

Processing of other datasets were required to better interrogate the main multi-beam 

echo sounder, single-channel seismic, and multi-channel seismic data.  This work was 

completed by other entities. 

5.4.1 Sidescan Sonar Data 

Sidescan sonar (SSS) data collected on surveys 13PL101, 13PL105, and 13PL127 were 

processed using Caris HIPS and SIPS.  Little detail is available regarding the 

processing completed for these surveys.  However, Tidey, of the School of Surveying at 

the University of Otago, used the ‘modify XTF files’ to match ping time with 

navigation data (McLachlan, 2015).  It is likely all other sidescan sonar (SSS) data were 

processed using Caris HIPS and SIPS (Bruce, 2010) by Scott Preskett, formerly of the 

School of Surveying at the University of Otago. 

Even with little information known about the processing, some assumptions may be 

made.  In this case, it is assumed that all processing was done in Caris HIPS and SIPS.  

Slant range correction (SRC) allows for the removal of the nadir region, as there are no 

data collected there.  SRC then zips it into a single coherent image.  See Figure 5-35.  

Software is capable of automatically detecting the altitude; however, this process is not 

perfect and requires quality control checks to be performed. 
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Figure 5-35 A) Shows the digitized altitude of the SSS, which is the nadir region, 

outlined in red.  B) Shows the same area as image A, but with the nadir region removed.  

Image modified from Tidey (2014c). 

 

Following the SRC, time varied gain (TVG) may be applied.  TVG applies a gain to the 

data dependent on when the echo of the original pulse was received.  Note that this may 

have already been applied during data collection. 

The next step is beam pattern correction (BPC).  BPC uses the average of the intensity 

curve and writes out a beam pattern file.  The software uses the file to apply a reverse 

beam pattern gain to the data.  Traditionally, BPC was only able to be calculated on a 

subset of the data, but with the advancement in computer technology, it is now possible 

to use the entire dataset. 

Angle varied gain (AVG) could then be applied.  It is unclear if such a filter was 

applied to these data.  AVG is used to mitigate, or eliminate, angular responses from 

sediments and rocky outcrops in the data.  Sediment samples would be required for data 

verification.  For the purposes of this study, the data from Carter et al. (1985) will be 

used to interpret the SSS data.  A user-defined moving average filter is employed to 

apply the AVG.  The filter is applied across both port and starboard sides of the image; 

A B 
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however, problems occur when the bathymetry is too irregular.  A final, overall gain 

may be applied to the data if required.   

Once all relevant filters have been applied, a mosaic is rendered.  Mosaicking options 

will vary depending on software.  Some options include Autoseam, Full Blend, 

Overwrite, Shine Through, and Underlay (Caris, 2009).  Either Autoseam or Shine 

Through was probably chosen to display the data; however, it is not possible to discern 

between the two methods based solely on an image.  

 Outputs of the data were in .tif format with different intensity scales.  These intensity 

differences have yet to be resolved across all SSS datasets.  All SSS data were merged 

into a single .tif file by Bowman.  The data have a 3 m resolution.  See Figure 5-36. 

 
Figure 5-36 Shows the extent of the SSS data within the area of interest.  This map 

was compiled using coastline and place name data from LINZ Data Service and 

digitizing the islands using nautical chart NZ66 (RNZN, 2004a).   
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5.4.2 Bathymetric Data 

For the HMNZS Lachlan data, a series of tide gauges would have been deployed to 

record the mean sea level (MSL) so the data could be resolved to chart datum.  Tide 

data would have been recorded over the period of at least a month (Wallen, 2016) in 

order to resolve the data to chart datum.  These data were later included in nautical 

chart NZ66 at a scale of 1:200,000 (2004a). 

A similar process with resolving the tidal differences also would have been applied to 

the HMNZS Tarapunga data.  These data were later included in nautical chart NZ6612 

at a scale of 1:16,000 (RNZN, 2004b).  While this area is outside the area of interest, 

patch test data collected over Driver Rock as part of survey 15PL129 were used to 

correct the multi-beam echo sounder (MBES) data collected further south. 

5.4.3 Sedimentary Data 

Interpretation and classification by Carter et al. (1985) was based on compositional and 

faunal, morphological, stratigraphic and textural criteria.  This was done in order to 

avoid interpretation bias based on grain size believed to have been present in previously 

conducted studies on Otago coastal sediments.  Sediments were classified into four 

categories as stated in section 2.2.4.  Note that the modern sediments, mud and sand, 

were combined into one category (R.M. Carter et al., 1985).  See Figures 2-7 and 2-8 of 

section 2.2.4 for maps of the interpreted facies. 

5.5 Secondary Processing Software 

Upon completion of the GLOBE Claritas processing, the SCS and MCS data were 

loaded into the IHS Kingdom analysis package for further interpretation.  For a detailed 
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workflow, see Section 5.5.1.  Various datasets were displayed in ArcMap for the 

creation of figures, conversion of data types and coordinate reference systems (CRS), 

and data interrogation. 

5.5.1 IHS Kingdom 

A series of log files containing position data for each line of each survey, both SCS and 

MCS surveys, were created in response to the GLOBE Claritas TRPRINT module 

being run over the data.  These log files were taken and processed by the 

trprint2latlong.sh script for SCS data and the trprint2nztm_andy_modified.sh script for 

the MCS data.  See Digital Appendix 4 for a copy of the scripts, both of which were 

originally created by Bowman.  The scripts were designed to read in the .log files and 

create .xy files; recording the position of each shot point or CDP and writing out their 

corresponding values in a format recognized by IHS Kingdom.  IHS Kingdom is a 

seismic data analysis software package that allows users to apply a variety of tools for 

interpreting seismic data.  Such tools include displaying the data, picking horizons, and 

correcting for artificial offset of geologic horizons due to tides (mistie correction). 

5.5.1.1 Project Setup 

An IHS Kingdom project was created into which all of the data from the processed 

seismic lines of the following surveys were loaded: 09PL001, 10PL001, 10PL002, 

11PL019, 12PL031, 13PL012, 13PL105, 13PL127, and 15PL129.  The NZTM 

coordinate reference system was used for the project.  A bounding box in which the 

data were visible was defined manually using the values found in Table 5-4.  Other 

parameters were defined upon the creation of the project.  See Digital Appendix 5 for 

these parameters.  
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Table 5-4 IHS Kingdom Bounding Box Values 

Direction Bounds 

North 6225000 

South 4725000 

East 2120000 

West 980000 

 

5.5.1.2 Displaying Data 

Nautical Chart NZ66 and a shapefile of the New Zealand coastline were added using 

the import culture group and culture layer, respectively.  This was accomplished using 

the Culture option on the main toolbar.  The two datasets provided spatial context for 

the marine seismic data.  All .xy files, created using the scripts mentioned above, were 

then imported with no scaling applied.   

Note that a datum shift was required for all of the SCS data.  These data were 

reprojected from WGS84 into NZTM.  The MCS data imported directly as they were 

already in NZTM coordinates.  The SEGY (.csgy) data were then associated with the 

.xy files using the Little Endian, or reverse bytes, format.  All values in the Traces/SP 

column of the import table were changed to 1.0.  If the values were not changed to 1.0, 

the data were condensed along the first half of the .xy coordinates. 

5.5.1.3 Picking Horizons 

Due to the volume of data available, only horizons near the Green Island Fault were 

picked.  Horizons were created first in the Horizon Management window by giving the 

horizon a name (seafloor) and associating it with a color (red).  A seismic line was then 

selected and the horizon digitized using a combination of 2D Hunt and Manual picking 

options.  See Digital Appendix 5 for the parameters used in viewing the seismic data 

and when picking horizons with the 2D Hunt method. 
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Horizons were defined based on their seismic facies’ continued existence across 

multiple seismic lines.  Seismic facies are defined by SEG Wiki (2016h) as ‘the 

character of a group of reflections involving amplitudes, abundance, continuity, and 

configuration of reflections’.  Once all digitizing of a horizon was completed, a new 

horizon would be defined with a different name and color. 

Horizons were picked using a ‘bottom up’ method.  For example, the seafloor horizon 

was used to identify the bottom of the water.  The first laterally extensive horizon down 

would define the base of that facie and digitized.  From that digitized horizon up to the 

seafloor is one entire facie.  The next horizon down would define the facie from that 

point upward to the previous horizon.  See Figure 5-37 for an example.  Horizons were 

picked only where they could be discerned in the seismic data; they were not 

extrapolated out until reaching the edge of the model or another horizon. 

 
Figure 5-37 Shows line 12 of survey 09PL001 and visually demonstrates the ‘bottom 

up’ method using the upward pointing arrows of the corresponding color beneath the 

arrows.  Note that there are two areas on the image above where seismic facies have 

not been classified.  This is below the green line on the left hand side of the image 

and below the brown line on the right hand side of the image.  This is inherent to the 

method and will require classification at a later date.  Sometimes the facies are 

interpreted past the multiple, but this was only done when it was possible to discern 

that the particular horizon was not a multiple from a different facie. 
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5.5.1.4 Mistie Correction 

IHS Kingdom allows for either a bulk or interactive mistie analysis under the Surveys 

menu.  Misties occur when two intersecting lines demonstrate a vertical time or depth 

offset of the same geologic facie.  These types of analyses are completed based on 

amplitudes inherent to the data; not horizons digitized by the software user.  Seismic 

data are shifted up or down in relation to the intersecting lines after completion of these 

options.  Horizon misties are specifically dealt with under the Horizons menu and do 

not shift the seismic data up or down.  

Initial attempts to use the bulk mistie analysis returned unfavorable results.  Interactive 

misties would be required for all crossing lines.  A large amount of time would be 

required to interactively address all misties.  The processing of seismic data halted at 

this point for this very reason, time.  Original goals included interpreting all possible 

horizons within the area of interest and resolving the misties across all lines before 

exporting the data in a format capable of being read by 3-D modeling software.  These 

goals will be discussed further in section 6.5. 

5.5.2 ArcMap 

ArcMap 10.3.1 was used in data manipulation, viewing, and map production.  All maps 

in this document not borrowed or modified from outside sources were generated using 

ArcMap.  ArcMap was also used to digitize data from Carter et al. (1985), Bruce 

(Bruce, 2010), McLachlan (2015), and Gorman (2016). 

It was necessary to georeference Carter et al.’s “Figure 4” before comparing it to the 

other datasets.  This was done by importing a .png image of the figure and constraining 

its extents using the World Geodetic System (WGS) 84 coordinate present on the 
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image.  A second order polynomial was found to be the most representative display of 

the data when compared to a shapefile of New Zealand’s coastline downloaded from 

LINZ.  Using the key provided in the image, the various sedimentary facies were 

digitized as polygons and saved.  The polygons were then exported from ArcMap as a 

shapefile, which was projected in WGS84 Universal Transverse Mercator 59 South 

(UTM 59S).  A map of the data were produced as Figure 2-8 found in section 2.2.4. 

Some data regarding local faults were digitized from an image found in Gorman’s 

article on the Stuff website (2016).  These data were georeferenced using a first order 

polynomial using NZTM coordinates, similar to the sediment data detailed above.  A 

map of the data was produced as Figure 2-11 found in section 2.3.3. 
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Chapter 6 Interpretation and Discussion of 

Acoustic Datasets 

The purpose of this chapter is to highlight the interpretations made from the numerous 

different data types and sets available in the study area.  Detailed discussions of these 

interpretations are also found in this chapter.  All seismic images in this chapter were 

created using screenshots from IHS Kingdom. 

6.1 Bathymetric and Multi-beam Echo Sounder Data 

6.1.1 Feature Observations 

From the 15PL129 survey, possible seafloor relief is observed throughout the area of 

interest.  Near Taieri Mouth a series of rock outcrops are interpreted in the data.  These 

outcrops match well with the sidescan sonar (SSS) data from previous surveys.  Multi-

beam echo sounder (MBES) data collected on lines 21 and 24 of survey 15PL129 do 

not match the corresponding SSS data as clearly.  This misalignment may be due to a 

positioning error with the data, a change in the sedimentary deposition and erosion in 

this immediate area, or the difference in scale between the MBES (1 m) and SSS (3 m) 

datasets.  See Figure 6-1.  

Moving northward, two ridges are visible on the seafloor.  These ridges correspond to 

two weather-resistant rock units mentioned in section 6.2.1.3.  The ridges are found to 

have relief of at least 3.5 m from apex to trough and were observed in lines 31, 33, and 

35 of survey 15PL129.  See Figure 6-2.   



118 

 

Even though these ridges are prominent and laterally extensive, they are not visible in 

nautical chart NZ66 (RNZN, 2004a).  This lack of visibility may be due to the scale at 

which the data are displayed, or because the features were not recorded when the area 

was originally surveyed using single-beam echo sounder (SBES) equipment.  Also not 

found in NZ66 (RNZN, 2004a), are other seafloor features noted in this section.   

  

  
Figure 6-1 A) Shows an outcrop in a subset of the SSS data.  Scale 1:1,150.  B) Shows 

the same outcrop in a subset of the MBES data.  C) Shows the two datasets overlapping 

each other and the slightly different positions of the same features.  D) Provides context 

of the feature’s position to the coastline.  MBES data are shown with a 25% 

transparency. 

 

A number of underwater mounds, along with other seafloor relief, are visible in the 

White Island area.  Interestingly, this relief is not observed in the SSS data.  This is 
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attributed to the seafloor being consistently covered by the same sediments in the 

immediate area.  Seismic data from lines 56 of survey 15PL129 and 27 of survey 

11PL019 verify the presence of seafloor relief suggested in the MBES data.  See Figure 

6-3.  

  
Figure 6-2 A) Shows the two ridges visible in the MBES data. Scale 1:20,000.             

B) Provides context of the ridges’ position to the coastline. 

 

   

   
Figure 6-3 A) Shows a subset of the SSS data.  Scale 1:2,500.  B) Shows the same area 

as a subset of the MBES data.  C) Shows the two datasets overlapping each other.  D) 

Shows the corresponding seismic data from line 56 of survey 15PL129.  The red box 

highlights the corresponding mound.  E) Shows the corresponding seismic data from line 

27 of survey 11PL019.  The red box highlights the corresponding mound.  F) Provides 

context of the mound’s position relative to the coastline.  MBES data are shown with a 

25% transparency.  Time for the seismic data is shown in seconds. 
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6.1.2 Heave 

Two separate passes were made to ‘clean’ the MBES data, see section 5.1.  It is 

possible that smaller-scale features, those only slightly larger than 1 m, were effectively 

edited out of the MBES-generated bathymetry.  This possibly overzealous cleaning of 

the data would not account for the striped effect visible in the data.  See Figure 6-4. 

 

Figure 6-4 Shows the undulation of the 

soundings recorded during survey 

15PL129.  Note the stripes and uneven 

sides in the data in the lower portion of the 

image.  These artifacts are interpreted to be 

heave and delayed heave.  Scale 1:1,500. 

 

The stripes visible in the data may be due to heave or delayed heave, as mentioned in 

section 5.1.  Standard protocol is for regular heave to be accounted for during the 

regular processing of the data; however, no heave correction files could be found when 

processing the data in Caris.  As the data were captured by Fugro proprietary software, 

it is possible the heave data were included, but that Caris was unable to access and 

apply the heave files.  The stripes are therefore interpreted to be a combination of heave 

and delayed heave in the data.  This interpretation is based on the irregularity of the 

sides and higher reoccurrence interval as demonstrated in the 15PL129 data and the 

example from Thales GeoSolutions Inc.  Compare Figure 6-4 and Figure 6-5. 
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Figure 6-5 A) Shows heave present in data exaggerated three fold.  B) Shows delayed 

heave present, also at three times exaggeration, using the same data as A.  Note the 

lower frequency of the delayed heave compared to the regular heave and the cleaner 

sides of the lines.  The data were collected close to Point Loma near San Diego, 

California, USA using a Reson 8101 MBES.  Image modified from Thales GeoSolutions 

Inc (Lockhart, 2003). 

 

6.2 Seismic Data 

The geology found in the study’s area of interest, as interpreted from the seismic data, 

is highly varied.  Examples of these features are detailed in this section.  Points of 

interest are found in section 6.2.1 and include various features found in the study area 

not related to faults.  Faults and their associated features are discussed in sections 6.2.2 

and 6.2.3.  See Digital Appendix 6 for un-interpreted copies of all seismic data.  Time 

for the seismic data is shown in seconds. 

6.2.1 Stratigraphic Features of Interest 

Stratigraphic features in this section are organized based on increasing complexity and 

shared similarities. 

6.2.1.1 Cross Bedding 

Several examples of cross bedding are observed in the seismic data.  It is unclear from 

the data if the cross bedding is a result of aeolian or hydraulic, or a combination of both 

processes.  Further research, and possible field study, are required to answer the 
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question concerning the origin of these cross bed features.  The example shown in 

Figure 6-6 comes from line 03 of survey 09PL001. 

 

 

Figure 6-6 A) Shows seismic line 03 of 

survey 09PL001.  Note the left-to-right 

dipping units between the seafloor and 

the first multiple.  In between the 

orange and yellow horizons, there are a 

series of blue horizons, representing 

cross beds.  These cross beds would 

have been deposited in a different 

orientation to the surrounding geology.  

B) Provides context of the cross beds’ 

positions relative to the coastline. 

 

6.2.1.2 Diffractions Related to Layer Terminations 

Diffraction occurs as the acoustic energy is bent around obstructions (The Physics 

Classroom, 2016).  Diffraction is different to the Law of Reflection and the Law of 

Refraction mentioned in section 3.2 and section 3.3, respectively.  In these instances the 

acoustic energy is either reflected or refracted, as the names of the laws indicate.  An 

example of diffraction is seen in line 05 of survey 09PL001.  See Figure 6-7.  In this 

case, the diffractions, highlighted by the yellow arrows, appear to be caused by 

weather-resistant rocks and terminate at an angle different from that of the seafloor.  In 
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other cases, a sudden change in rock type, boulders, faults, and unconformities may 

cause diffractions (Schlumberger, 2016c).  

  

 

Figure 6-7 A) Shows an example from 

line 05 of survey 09PL001 of diffractions 

and, in this case, a sudden change in rock 

type from the Quaternary sediments on 

the seafloor to the weather-resistant 

rocks.  B) Shows a subsection of the 

highlighted data with yellow lines drawn 

over the top of the diffractions to show 

their locations and the concave shapes 

they display.  C) Provides context of the 

diffractions’ positions relative to the 

coastline. 

 

Multi-channel seismic (MCS) data were migrated using the process mentioned in 

section 5.3.9; however, this same process could not be applied to the single-channel 

seismic (SCS) data as the data were collected using only one listening device. 

6.2.1.3 Weather-resistant Beds 

The weather-resistant beds mentioned in section 6.1 are also visible in the seismic data.  

In line 12 of survey 10PL002 the beds have a much smoother appearance.  See Figure 

6-8.  This is likely due to the smoothing method used to create static shifts for swell 

removal as discussed in section 5.2.2.   

B 

C 

A 



124 

 

 

  
Figure 6-8 A) Shows line 12 of survey 10PL002.  B) Shows line 31 of survey 15PL129.  

Note that diffractions still appear to be obscuring the dipping horizons in the MCS data 

as they cross directly below the seafloor ridges even after the data were migrated.  The 

vertical red lines highlight where these lines from A and B cross when plotted against 

each other.  The weather-resistant beds are identified on the seafloor surface with yellow 

arrows.  C) Provides context of the weather-resistant beds’ positions relative to the 

coastline. 

 

By comparison, line 31 of survey 15PL129 covers almost the exact same area and 

shows a much smaller ridge expressed on the seafloor.  See Figure 6-8.  The Quaternary 

sediment facies also appears much narrower compared to the SCS line.  Both of these 

differences are likely due to IHS’s presentation of SCS versus MCS datasets.  Further 

south, line 14 of survey 15PL129 shows an example of weather-resistant beds which 

have been concealed by Quaternary sediments.  See Figure 6-9. 
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Figure 6-9 A) Shows line 14 of survey 

15PL129.  The weather-resistant beds 

are highlighted by yellow arrows.  A 

layer of Quaternary sediments lie 

overtop the beds.  B) Provides context 

of the weather-resistant beds’ positions 

relative to the coastline. 

 
 

6.2.1.4 Increasingly Shallow Dipping Beds 

It is possible to discern a series of increasingly shallow dipping beds on several lines.  

Features appear to commence between water depths of 40 m to 45 m.  There appears to 

be some form of tectonic control focused here creating a hinge point.  The exact 

mechanism is not clear from the data included in this study.  See Figure 6-10. 
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Figure 6-10 A) Shows line 03 of survey 

10PL002.  B) Shows line 03 of survey 

09PL001.  Note that the picked horizons are 

not matching.  The distance between the two 

lines is too great to accurately match the 

horizons between them.  Errant data related 

to periods of source-signal loss are noted 

with yellow boxes.  C) Provides context of 

the dipping beds’ positions relative to the 

coastline.   
 

 
 

6.2.1.5 Paleochannels 

Paleochannels are prolific throughout the area of interest.  This is to be expected due to 

the numerous rivers and streams found in the onshore area.  However, there does 
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appear to be a lack of channels in the area exiting the Kaikorai Estuary.  These 

paleochannels vary widely in depth, width, and regularity of the channel bottom, and 

are bounded by unconformities.  All depth calculations are completed assuming a 

velocity of 1500 m/s.  Examples highlighted below progress from south to north in the 

area of interest.   

Line 10 of survey 15PL129 shows an example of the Taieri River paleochannel.  See 

Figure 6-11.  The exact depth of the paleochannel is unclear as at least one multiple 

appears to be visible in the data.  The bottom of the channel is interpreted as the green-

colored horizon, giving a depth of at least 13.5 m before reaching Quaternary sediment 

facies.  Surrounding bedrock is interpreted as schist and will be discussed more in 

section 6.2.1.7.   

Further basin-ward, another paleochannel is visible in line 05 of survey 10PL002.  See 

Figure 6-11.  This channel appears to be better defined with steeper sides, a more 

regular bottom, and have improved resolution and stratification of the channel 

sediments.  The deeper portion of the channel has a minimum depth of 12 m before 

reaching Quaternary sediment facies.  A couple of small faults are also visible in one of 

the seismic facies.  They show an offset of at least 2 m.   

A paleochannel found in line 09 of survey 10PL002 has a very different structure than 

that of those mentioned previously in this chapter.  See Figure 6-12.  This channel has 

an almost v- shaped bottom.  The sedimentary facies in the channel show differing 

orientations in the seismic data.  This might suggest tectonic influences changing after 

the various layers of sediments were deposited.  At its deepest point, the channel is at 

least 23.25 m deep before reaching Quaternary sediment facies.   
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Figure 6-11 A) Shows line 10 of 

survey 15PL129.  Schist is interpreted 

to completely surround the 

paleochannel. 

B) Shows line 05 of survey 10PL002.   

C) Provides context of the 

paleochannel’s position relative to the 

coastline. 
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Figure 6-12 A) Shows line 09 of 

survey 10PL002.  B) Shows line 29 of 

survey 11PL019.  C) Provides context 

of the paleochannel’s position relative 

to the coastline. 

 

 
 

Another example of a narrower paleochannel is shown in line 29 of survey 11PL019.  

See Figure 6-12.  Here, the multiple masks the bottom of the channel, but visible depth 

is at least 18 m before reaching what is interpreted to be a Quaternary sediment facies 

30 m down from the seafloor.  An interpretation has yet to be made on the surrounding 
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bedrock.  Portions of the bedrock are masked by diffractions, whereas other areas are 

more homogeneous.   

6.2.1.6 Unconformities 

6.2.1.6.1 Tertiary – Quaternary Unnamed Unconformity 

A series of unconformities is visible in the seismic data.  The youngest, most 

noticeable, and regionally extensive is the erosional contact between the Tertiary-aged 

dipping beds and the Quaternary sediments.  See Figure 6-13. 

 
Figure 6-13 A) Shows line 45 of survey 

10PL001.  The unnamed unconformity is 

shown with a dashed fuchsia line.  This is 

the same color used for the same contact 

between the Quaternary sediments just 

below to all other units, Tertiary and 

older, on all seismic lines in this thesis.  

Note how some horizons are picked past 

the multiple.  Here it is possible to see 

these horizons continuing at deeper 

depths.  B) Provides context of the 

unconformity’s position relative to the 

coastline.  
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6.2.1.6.2 Marshall Unconformity 

The Marshall Unconformity mentioned in section 2.2.2.5 is interpreted to be present at 

this location, and further basin-ward.  See Figure 6-14.  This particular horizon was 

selected based on the first notable, shallower change in orientation compared to the 

otherwise consistent dip of the units found closer towards shore.  The geologic map 

compiled by Bishop and Turnbull (1996) also roughly places the Marshall 

Unconformity in this general area.  Units below the unconformity are Early Cretaceous 

to Eocene in age.  Units above the unconformity are Early Miocene to Late Tertiary in 

age. 

 

 

Figure 6-14 A) Shows line 03 of 

survey 09PL001.  Here, the unnamed 

unconformity below the Quaternary 

sediments is present as shown by a 

dashed fuchsia line.  Also present is the 

Marshall Unconformity.  This 

unconformity is shown with a dashed 

yellow line. Errant data related to 

periods of source-signal loss are noted 

with yellow boxes.  B) Provides context 

of the unconformities’ positions relative 

to the coastline. 
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6.2.1.6.3 Jurassic – Cretaceous Unnamed Unconformity 

This unconformity is most easily visible in SCS lines near Taieri Mouth.  It is possible 

to see a series of units dipping landward before becoming masked by the schist.  These 

same units are truncated on the basin side by units dipping in the opposite direction.  

See Figure 6-15.  Based on this, and earlier interpretations, the units dipping landward 

further assist with dating the unconformity.  There is a possibility of two different 

unconformities in the region based on the Dunedin Geologic map by Bishop and 

Turnbull (1996). 

 

Figure 6-15 A) Shows line 45 of survey 10PL001.  

Here, the unnamed unconformity below the 

Quaternary sediments is present as shown by a 

dashed fuchsia line.  Also present is the unnamed 

Jurassic-Cretaceous unconformity indicated by a 

dashed green line.  B) Provides context of the 

unconformities’ positions relative to the coastline. 
 

 
 

6.2.1.7 Schist 

A schist seismic facies was identified in the SCS and MCS data.  Its identification was 

based on the known onshore geology, the lines’ proximity to the coast, and the 
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difference in composition when compared to sedimentary and volcanic facies from 

other SCS data. 

6.2.1.7.1 SCS 

As seen in line 33 of survey 10PL001, the Quaternary sediment facies is more difficult 

to distinguish from the schist facies.  See Figure 6-16.  This may be due to the schist 

having a rough surface under relatively thick sediments.  Another possibility is that 

only a small volume of Quaternary sediments covers the schist and some of the schist is 

exposed at the seafloor.  There do appear to be some reflectors visible in the schist, but 

due to the irregularity of the facies and the narrow window available between the 

Quaternary sediments and the multiple, it is difficult to discern if these are true features.  

It is possible they are true features, diffractions, or a combination of the two options.   

Further to the south is line 48 of survey 10PL001.  Here again, it is difficult to discern 

between what may be true features and diffractions.  To help with the interpretations of 

this SCS line, MCS line 24 of survey 15PL129 was used for a comparison as the lines 

follow similar tracks.  The MCS line failed to provide clarity.  See Figure 6-16. 
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Figure 6-16 A) Shows line 33 of survey 10PL001.  Schist is interpreted to be present 

from the left side of the image to the black line near the right of the image, and above the 

multiple.  Possible reflectors are highlighted with yellow arrows.  B) Shows line 24 of 

survey 15PL129.  Schist is interpreted in the same way as in image A.  C) Shows line 48 

of survey 10PL001.  Schist is interpreted in the same way as in images A and B.  The 

vertical red lines highlight where these lines from B and C cross when plotted against 

each other.  D) Provides context of the schists’ position relative to the coastline.  

Quaternary sediments for all images are shown in fuchsia. 
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6.2.1.7.2 MCS 

The data in line 24 of survey 15PL129 were migrated as part of the processing flow.  

See Figure 6-16.  Upon completion, the migration should mitigate or eliminate 

diffractions, making the image clearer.  In this MCS line, it is possible to see a few 

horizons at different angles of dip.  Once again, the window between the seafloor and 

the multiple is narrow and does not allow for meaningful interpretation below the 

multiple.   

  
Figure 6-17 A) Shows line 11 of survey 15PL129.  Schist is interpreted to be present 

from the left side of the image to the black line near the right of the image and above the 

multiple.  Some of the many possible reflectors are highlighted with yellow arrows.   

B) Provides context of the schist’s position relative to the coastline. 

 

Off the coast of the Taieri River Mouth is line 11 of survey 15PL129.  See Figure 6-17.  

Here again it is possible to see the schist facies.  The dipping features in the schist 

above the first multiple may be possible reflectors of real units, or the result of 

processing.  Improved geometry will clarify this point at a later date in a follow on 

study.   

6.2.1.8 Volcanics 

The seismic facies found underneath the Quaternary sediment facies on line 25 of 

survey 11PL019 are interpreted to be volcanic in origin.  See Figure 6-18.  This 
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interpretation is based on the volcanic nature of White Island (Marshall et al., 1969) 

and the buildup of the facies in the seismic lines as they draw closer to the island.  

Everything below the Quaternary sediment facies down to the multiple is interpreted as 

volcanic, even though there appears to be a ‘noisier’ portion of the facies sandwiched 

in-between the homogeneous area.  This ‘noisier’ portion is an effect of the AGC 

applied to the data.   

 

Figure 6-18 A) Shows line 25 of survey 

11PL019.  Volcanics are interpreted as being 

present from above the first multiple up to the 

next picked horizon.  The landward extent of the 

volcanics is undefined as it is masked by the first 

multiple.  Evidence of a sediment/rock change is 

present in the SSS, however it is uncertain if these 

data are showing exposed volcanic material on 

the seafloor.  B) Provides context of the volcanic 

facie’s position relative to the coastline. 

 
  

6.2.2 Minor Faults and Associated Features 

Numerous minor faults litter the study area, and are defined by the small offsets and/or 

a lack of lateral progression across multiple lines.  One example of a minor fault is 

found on line 31 of survey 10PL001.  See Figure 6-19.  The fault has a well-defined 

offset of at least 3.75 m.  This normal fault has one of the larger offsets for minor faults 

in the area of interest.   
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Figure 6-19 A) Shows line 31 of survey 

10PL001.  Note the offset in the blue 

horizon.  This is the minor fault 

described in the text above.  A second 

minor fault is visible in the orange 

horizon.  Also visible in the line is a 

paleochannel, the area between the 

green and fuchsia horizons.  B) 

Provides context of the minor faults’ 

positions relative to the coastline. 
 

 
 

6.2.2.1 Faults Perpendicular to the Shoreline 

There are a number of faults shown to be perpendicular to the shoreline.  It is much 

more difficult to trace the extent of these faults as the survey lines running parallel to 

the shore are few in number.  An example is demonstrated in line 09 of survey 

10PL002.  The offset of the fault identified in the yellow box is at least 6 m.   
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Figure 6-20 A) Shows line 09 of 

survey 10PL002.  It is possible to 

define a series of faults running 

perpendicular to the coastline.  These 

minor faults are highlighted with blue 

arrows.  B) Provides context of the 

minor faults’ positions relative to the 

coastline. 

 
 

A more accurate calculation of the offset of the fault at this location would require a 

velocity model from a MCS dataset, but for now a velocity of 1500 m/s was used.  No 

MCS lines were close enough to this SCS line for any comparison to be made between 

the two different data types.  A number of other faults perpendicular to the coastline are 

also visible in this line.  See Figure 6-20. 
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6.2.2.2 Unresolved Features 

 
Figure 6-21 A) Shows line 01 of 

survey 11PL019.  It is possible the 

yellow and orange horizons match the 

blue and green horizons, respectively.  

However, there are a number of 

horizons visible in the seismic data 

further offshore that are similar in 

appearance.  The potential fault is 

bounded by a dashed, black box and 

yellow arrow.  B) Provides context of 

the potential fault’s position relative to 

the coastline.   
 

Other structural features are recorded in the seismic data, but have yet to be fully 

described and interpreted.  Any such descriptions and interpretations will the subject(s) 

of follow on studies.  One such example is the anticline feature found at the basinward 

end of seismic line 01 of survey 11PL019.  See Figure 6-21.  The dip and deformation 

seen here are similar to those seen on the Green Island Fault.  It is unclear if there is a 

fault at this location, or if there are only folds in the strata.  These data were mapped 

while surveying around a corner.  Further investigation is required.   

A 

B 
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Figure 6-22 A) Shows line 10 of 

survey 11PL019.  The potential fault is 

bounded by a dashed, black box and 

yellow arrow.  B) Shows line 11 of 

survey 11PL019.  The potential fault is 

shown in the same manner as in image 

A.  C) Provides context of the potential 

fault’s position relative to the coastline. 

 
 

Portions of line 10 and 11 of survey 11PL019 show a potential fault as well.  See 

Figure 6-22.  While the diffractions visible under the paleochannel in line 10 would not 

signify anything out of the ordinary, coupling this interpretation with that of the 

diffractions inside the dashed black box and different angles of dip present in the 

yellow, purple, light blue, and dark blue horizons of line 11 would suggest the presence 

of a larger geologic feature.  The features in these two lines are also visually different 

A 

C 
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when compared to areas interpreted as having only a fold in the strata.  Should this be a 

fault, it could extend the Green Island Fault significantly closer to Dunedin than its 

currently interpreted position.  If this potential fault were to continue north, it could 

transition onshore near the Dunedin suburbs of Forbury Hill and St. Clair.   

6.2.3 Major Faults and Associated Features 

6.2.3.1 Akatore Fault 

The Akatore Fault continues offshore from Taieri Mouth for at least 6 km, possibly 

over 8.5 km, from southwest to northeast.  It is unclear in the seismic data how far the 

fault continues, as much of the fault transits through schist and shallow water for this 

portion of the fault.  Interpretation is difficult due to poor signal penetration and 

contamination by multiple reflections.  These conditions also make it unclear if the 

offshore component of this fault is currently active or dormant.  The fault zone is 

visible in line 49 of survey 10PL001.  See Figure 6-23.  While the fault itself is not 

visible, it is possible to see the marked change in orientation in the warped strata.     

A more definitive example of the Akatore Fault can be found in line 22 of survey 

15PL129.  See Figure 6-24.  Here, it is possible to see the offset beds more clearly 

under the Quaternary sediments.  Past this point, it becomes more difficult to interpret 

the presence of a fault.  Difficulty with interpretation suggests that the fault has 

terminated and the strata have been deformed into an anticline and syncline. 

Along a southwest to northeast orientation, the fold continues for another 2.5 km before 

changing its orientation.  The new orientation becomes west-southwest to east-

northeast.  The fold continues another 3 km, passing south of the Bruce Rocks (RNZN, 
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2004a), before transitioning into the Green Island Fault.  See Figure 6-25.  Again, 

further investigation is required. 

 

 

 

 

Figure 6-23 A) Shows line 49 of survey 

10PL001.  It is possible to see a number 

of warped horizons as they approach the 

fault zone.  The actual fault plane proves 

illusive, but its general location is 

bounded by a dashed, black box and 

yellow arrow.  B) Provides context of the 

potential fault’s position relative to the 

coastline. 

 
 

 

 

A 
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Figure 6-24 A) Shows line 22 of survey 

15PL129.  The actual fault plane proves 

illusive, but its general location is 

bounded by a dashed, black box and 

yellow arrow.  With the improved 

resolution of the MCS data, it is possible 

to more tightly define the fault’s general 

position.  B) Provides context of the 

potential fault’s position relative to the 

coastline. 

 

 

 

 

B 

A 
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Figure 6-25 Shows the extents of the Akatore and Green Island Faults as they are interpreted from the data compiled for this study.  Note the 

interpreted fold connecting the two faults and the fold that continues back towards shore from the northern end of the Green Island Fault.  It is 

possible that these folds are continuations of the fault(s), but the data are inconclusive.  This map was compiled using coastline and place 

name data from LINZ Data Service, the position of the Takapu-1A well (Hunt International Petroleum Co., 1978), digitizing the islands using 

nautical chart NZ66 (RNZN, 2004a), onshore fault data were downloaded from GNS, and the positions of the offshore faults and anticline 

were digitized using data from previous surveys (Bruce, 2010; McLachlan, 2015). 
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6.2.3.2 Green Island Fault 

The Green Island Fault extends a minimum distance of 9 km from west-southwest to 

east-northeast.  See Figure 6-26.  In many cases, only the fault zone is visible, but there 

are a few locations where the fault itself can be seen.  When looking at line 05 of 

survey 15PL129, the apparent dip of the fault plane is approximately 24°.  This is 

significantly shallower than what is expected.  A dip between 40° and 50° is more 

likely and is the dip range exhibited by the onshore portion of the Akatore Fault.   

 

 
Figure 6-26 Shows an enlarged view of the northern marine portion of the Akatore 

Fault and the entire length of the Green Island Fault, as they were interpreted through 

the course of this study.  This map was compiled using coastline and place name data 

from LINZ Data Service, digitizing the islands using nautical chart NZ66 (RNZN, 

2004a), onshore fault data were downloaded from GNS, and the positions of the 

offshore faults were digitized using data from previous surveys (Bruce, 2010). 
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It is also likely that this particular survey line intersected the fault at an oblique angle.  

This statement is supported by the SCS line 08 of survey 09PL001.  See Figure 6-27.  

The apparent dip, calculated based on the seismic data, was ~ 35°.  The angles were 

calculated by taking defining two arbitrary positions along what appears to be the fault 

plane and computing the slope of the line.   

In line 05 of survey 15PL129 there also appears to be a seafloor feature of some 

description.  See Figure 6-28.  This feature is interpreted to be a seafloor rupture from 

an earthquake event.  The rupture is not visible in any of the SCS lines immediately 

around the MCS line.  This is likely due to the swell removal method used for SCS 

data.  However, further south the seafloor rupture is visible in lines 03 and 05 of survey 

09PL001.  Should the rupture run the distance between the SCS and MCS lines, the 

fault scar would be over 1 km in length.     

A fault is deemed ‘active’ by the United States Geological Survey (USGS) (2016) when 

it has “moved one or more times in the last 10,000 years”.  The modern sand facies 

deposited on the seafloor are dated to be 6.5 ky or younger (R.M. Carter et al., 1985).  

Therefore, as the fault has displaced sediments younger than 10,000 years old, this 

would signify that the Green Island Fault is undergoing a period of activity.  Further, 

this period of activity lends credence to a statement found in an Otago Daily Times 

article (2010) suggesting that the Dunedin earthquake of 1974 was generated by the 

Green Island Fault instead of the Akatore Fault. 

Moving northward along the Green Island Fault, it is possible to see several antithetic 

faults (Schlumberger, 2016b) forming a graben in line 26 of survey 09PL001.  See 

Figure 6-29.  A couple of synthetic faults (Schlumberger, 2016j) are visible in line 30  
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Figure 6-27 A) Shows line 05 of survey 

15PL129.  The actual fault plane proves 

illusive, but its general location is bounded by 

a dashed, black box and yellow arrow.  A blue 

box and blue arrow highlight a possible 

seafloor rupture.  The vertical red lines 

highlight where these lines from A and B 

cross when plotted against each other.   

B) Shows line 08 of survey 09PL001.  The 

fault is shown here in the same manner as 

shown in image A.  C) Provides context of the 

potential fault’s position relative to the 

coastline. 

 

 

 

A 

C 
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Figure 6-28 A) Shows line 03 of survey 09PL001.  The seafloor rupture is 

highlighted by a yellow box and yellow arrow.  The weather-resistant beds in this 

figure are believed to continue to the other examples of weather-resistant beds shown 

in section 6.2.1.3, but the horizons shown across the lines do not exhibit the same 

widths or intensities.  Therefore, the beds have been interpreted as different horizons.  

The fault plane’s general location is bounded by a dashed, black box and yellow 

arrow.  B) Shows the seafloor rupture represented in the SSS data.  C) Provides 

context of the potential fault’s position relative to the coastline. 

  

 

of survey 09PL001.  It is possible that these antithetic and synthetic faults exist 

elsewhere in proximity to the Green Island Fault, but the current seismic data do not 

cover this area in the correct orientation to the fault and anticline. 

C 

Seafloor Rupture 

B 
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Figure 6-29 A) Shows 

line 26 of survey 

09PL001.  The graben is 

highlighted using black 

lines and a yellow arrow.  

B) Shows line 30 of 

survey 09PL001.  C) 

Provides context of the 

graben’s and faults’ 

positions relative to the 

coastline. 

 
 

C 

A 

B 

Synthetic Faults 
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The Green Island Fault appears to terminate on or around line 03 of survey 11PL019.  

See Figure 6-26.  At this point, the fault transitions back into a fold.  The fold changes 

in orientation from southwest to northeast, taking it back towards the Otago coastline.   

6.2.3.3 Takapu Anticline and Fault 

The Takapu Fault is not directly observed in the seismic data due to the narrow window 

between the seafloor and the multiple.  It is inferred based on the existence of the 

anticline.  The Takapu Anticline and fault move northward through the area of interest.  

As the anticline continues north, the axial plane, or crest, of the fold diminishes.  The 

anticline is clearly visible in line 15 of survey 13PL105, but it is difficult to observe the 

structure past line 27 of survey 13PL127.  See Figure 6-25.  Past this point, the anticline 

and fault may disappear completely as they are no longer clearly visible in the seismic 

data.  As the structural features continue north, they also change strike slightly more 

towards the northeast.  This change in direction mimics the coastline of Otago.   

6.3 Sedimentary and Sidescan Sonar Data 

6.3.1 Quaternary Sediments 

Sedimentary data cited in Carter et al. (1985) was sampled along lines spaced 

approximately 5 km apart, and sampled at intervals of approximately 1 km along the 

lines.  This large dataset covers the area between Karitane and Nugget Point in water up 

to over 100 m deep (R.M. Carter et al., 1985).  While coarse in nature, this dataset 

provides a good overview of where the four sediment types mentioned in section 2.2.4 

were found on the seafloor.  An area in the SSS data just north of Taieri Mouth shows a 

change in the intensity returns.  Based on the sedimentary data, only modern sand 
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facies up to 6.5 ky old (R.M. Carter et al., 1985) are expected to be found in this 

location. 

 

  
Figure 6-30 A) Shows line 33 of survey 10PL001.  B) Shows the corresponding SSS 

data.  It also shows the extent of the schist outcrop on the seafloor in this area.  Note the 

darker returns.  C) Provides context of the schist’s position relative to the coastline. 

 

These changes in intensity match the presence of schist found in the seismic data.  In 

turn, all these data match the seafloor relief mentioned previously in section 6.1.1, 

visible here, and directly off Taieri Mouth.  The darker returns in the SSS data are 

interpreted to be the presence of schist directly observed on the seafloor.  See Figure 

6-30. 

A 
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6.3.2 Relict Gravels 

In the shallow depths between Green Island and White Island, the sedimentary 

distribution digitized from Carter et al. (1985) roughly matches the returns found in the 

SSS data.  This suggests these still darker returns visible in the SSS relate to the 

exposure of relict gravel facies on the seafloor dating from 11 ky to 12 ky old (R.M. 

Carter et al., 1985).  The sedimentary data missed that the relict gravel facies can be 

found closer to shore and north of White Island before being found at greater depths.  

See Figure 6-31. 

 

  

 

Figure 6-31 A) Shows the extent of the 

SSS data between Green and White 

islands.  Note the change in intensity 

returns.  This is interpreted as a change 

from the modern sand facies to the relict 

gravel facies.  Scale 1:40,000.  B) Shows 

the extent of the digitized sedimentary 

data.  The yellow area signifies the 

presence of the modern sand facies.  The 

light brown area signifies the presence of 

the relict gravel facies.  The golden brown  

area signifies an overlap of the modern sand and relict gravel facies.  C) Shows an 

overlap of the two different datasets.  Note the difference in the disbursement of the 

modern sand and relict gravel facies between the islands. 

 

A B 
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6.3.3 Saunders Ridges 

When overlain with the sediment facies digitized from Carter et al. (1985), the ridges 

are covered with a combination of modern sand facies, relict gravel facies, relict 

palimpsest sand facies, and possibly biogenic sand/gravel facies.  Of these four facies, 

only the modern sand is not associated with a series of sand ribbons in the region 

(McLachlan, 2015).  The sand ribbons are visible in the seismic data, thus suggesting 

the ribbons exhibit significant seafloor relief by not being completely smoothed over 

during the de-swell process applied to the SCS data.  See Figure 6-32.  

6.3.4 Comparisons 

A relatively small area within the area of interest is covered by the higher resolution 

SSS data.  There are a number of features visible in the data that are not currently 

explained or matched in the MBES and sedimentary datasets.  It is possible that 

longshore drift patterns have changed over the 30 years between the collection of the 

three datasets, but this is not discernable from the available data.  Changes in the 

longshore drift could affect the erosional and depositional patterns, and could cause 

some of the differences between the datasets.  In locations where the features match the 

SSS data, samples would still be required to classify the specific sediment content and 

discern changes between a rocky seafloor and various sediment types.  How the 

Southland Front and Southland Current affect these areas is not made clear in the data. 

Another reason for the differences between datasets may be due to the different scales 

at which the data were sampled and later displayed.  It is unknown how much 

penetration the sediment sampling equipment on the R.V. Tangaroa had in the 1980’s.  

Is it possible the sampler did not penetrate deep enough to come into contact with the 
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underlying relict gravel facies?  The positioning techniques used during the 1980’s data 

collection would have also been much less accurate compared to those techniques used 

for the more recent MBES and SSS datasets.  How might this difference in positioning 

affect the display of the sedimentary data compared to the other datasets?  Would 

collecting a new series of sedimentary data show further differences than those 

currently highlighted between the datasets? 

 

  

  
Figure 6-32 A) Shows an example of the sand ribbons found in line 23 of survey 

13PL127.  Note the undulating seafloor highlighted in red.  B) Shows an example of the 

sand ribbons as they are found in the SSS data and corresponding seismic data.  Scale 

1:40,000.  C) Shows the same area as B, but with the digitized sediments displayed.  The 

golden brown area signifies the presence of both modern sand and relict gravel facies.  

The light brown area signifies the presence of the relict gravel facies.  The darker purple 

signifies the presence of both relict palimpsest sand and biogenic gravel/sand facies.  

The light purple area signifies the presence of relict palimpsest sand facies.  The reddish 

brown area signifies the presence of biogenic sand/gravel facies.  D)  Shows both the 

SSS data and digitized sediments.  E)  Shows the sand ribbons’ position in relation to the 

coastline. 
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6.4 Future Areas of Interest 

While there are numerous opportunities for future work inside the area of interest, three 

areas have been highlighted as they are the most relevant when focusing on the topic of 

marine geologic hazards.  There is an area near Green Island where very little seismic 

data has been collected.  The seismic data either side of this area have markedly 

different horizons.  Because of this difference in horizons, it is currently not possible to 

interpret across this expanse.  This area requires additional inquiry as the Green Island 

Fault is found here, but requires further definition.  See Figure 6-33. 

 
Figure 6-33 Shows two of the three areas suggested for further research.  The area 

lacking seismic data next to Green Island is defined by a bright green box.  The 

second area, just past the main block of seismic data, is defined by a yellow polygon.  

This map was compiled using coastline and place name data from LINZ Data 

Service, the position of the Takapu-1A well (Hunt International Petroleum Co., 

1978), and digitizing the islands using nautical chart NZ66 (RNZN, 2004a). 
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The area just past the main block of seismic data holds some interesting teasers as to 

what might be found further out to sea.  There are a number of folds and another 

potential fault suggested by the data at the ends of these seismic lines.  The transitions 

from faults to folds are poorly understood in this region, but are likely to be important 

for understanding fault mechanics.  Some of these places have been highlighted in 

section 6.2.2.2.  See Figure 6-33.  

 
Figure 6-34 Shows the two areas either side of the Green Island Fault which have 

been interpreted as folds.  These two areas, highlighted with fuchsia-colored 

polygons, are suggestions for future geophysical surveys conducted by the University 

of Otago.  This map was compiled using coastline and place name data from LINZ 

Data Service, digitizing the islands using nautical chart NZ66 (RNZN, 2004a), 

onshore fault data were downloaded from GNS, and the positions of the offshore 

faults were digitized using data from previous surveys (Bruce, 2010). 

 

With the interpretations made through this study, it is possible to say the Green Island 

Fault is at least. 9.1 km long.  How much longer might it actually be?  MCS data 

collected either side of the fault and processed with improved geometry and swell 

removal techniques should assist with answering this question.  See Figure 6-34. 
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6.5 Future 3-D Model 

One possible continuation of this project would be to combine the different datasets 

previously mentioned into a 3-D geologic model.  This would require the resolution of 

all the misties in the seismic data.  Once completed, the horizon data would be 

exported.  One more static shift may be required at this stage to place all the seismic 

data at or below the bathymetric surface.   

Take careful note that all datasets are in the same coordinate system.  Modeling 

software such as Leapfrog is incapable of handling datasets with different coordinate 

systems.  The SSS and sedimentary grab sample data could then be draped over the 

bathymetry.  This would allow for more in-depth interrogation of the relationships 

between sediments and seafloor surface expression.   

Providing an onshore reference to the marine data is critical.  This could be done by 

adding elevation data from LiDAR surveys preformed along the coast.  Only through 

interrogating nearly a dozen different datasets, was it possible to conclude that the 

Green Island Fault is likely in an active state, and has been so within the last 6.5 ky, 

producing a seafloor rupture.  By combining these, and other data into one coherent 

model, what new insights might be gained into the geologic and hydrologic processes 

occurring off the coast of Otago? 
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Chapter 7 Discussion of Analysis Methods 

and Processes 

The purpose of this chapter is to discuss and analyze the various methods and processes 

utilized when interrogating the numerous different data types and sets from the study 

area.  Sidescan sonar (SSS) and sedimentary datasets will only be reviewed in regards 

to scaling as they were visually inspected in relation to all other datasets.  All 

calculations requiring a sound velocity in this section were made assuming 1500 m/s.  

See Digital Appendix 6 for an un-interpreted copy of all seismic data.  All seismic 

images in sections 7.1.2 and 7.2 were created using screenshots from GLOBE Claritas 

and IHS Kingdom, respectively, unless otherwise noted. 

7.1 Acoustic Analysis 

7.1.1 Multi-beam Echo Sounder Analysis 

7.1.1.1 Points of Interest 

Tide gauge data from the Green Island tide gauge was used to resolve the data.  Data 

were provided by the Otago Regional Council (ORC) (Stevenson, 2016).  Data from the 

Aqualogger tide gauge was not used as it was not present in the data returned from 

Fugro.  Resolution of the Aqualogger data would have also required corrections based 

on barometric readings during the time the tide gauge was in use.   

The multi-beam echo sounder (MBES) was operating at a pulse length of 40 µs.  Using 

the equations in section 3.4.2, the pulse length was converted to bandwidth, 2.5 kHz, 
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and used to calculate the range resolution.  A value of 0.3 m was returned.  This could 

be one explanation why a fault scar was not observed in the MBES data.  The fault scar 

could be less than 0.3 m in height.  Other possible explanations for not observing a fault 

scar are that it was edited out when the data were cleaned, or the heave artifacts 

identified in section 6.1.2 may have masked the presence of any seafloor expression.  

Swell observed during the survey was around or below 1 m.  See Digital Appendix 1 

for a copy of the survey log. 

All data processed in Caris were done so with the navigation sensor, the starboard 

Fugro GNSS receiver, placed at the same location in the vessel configuration file as the 

multi-beam echo sounder (MBES).  The correct position for the navigation sensor 

would have been on the starboard side of the bridge cabin.  See Figure 5-1.  It is 

possible that this incorrect positioning has resulted in artifacts being introduced into the 

data.  Artifacts identified as heave are believed to be separate from these potential 

positioning artifacts.  Reprocessing of the data with the navigation sensor in the correct 

position is advised.   

7.1.1.2 Total Propagated Uncertainty 

Assuming that the positioning of the MBES data is correct, the total propagated 

uncertainty (TPU) for the MBES data was calculated to be +/- 1.02 m using the 

equation on the following page.  This means all sounding values of the bathymetry 

model have a modifier of +/- 1.02 m.  See Table 7-1 for the parameters included and the 

values assigned to them.  Note that this modifier is not depth-dependent as no heave, 

roll, pitch, or yaw errors were included in the calculations.  These potential errors were 
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not included because realistic values and justifications for these values could not be 

defined with the current level of understanding of hydrographic surveying. 

Smaller values of 0.05 m and 0.07 m were assigned as the equipment positions were 

surveyed by E. Tidey of the University of Otago and C. Tidey of Fugro BTW using a 

total station.  Since the MBES was mounted to an aluminum arm that moved and flexed 

while deployed, a value of 0.1 m was applied.  To allow for potential error with the 

MBES itself (potential misalignment of sensors and general wear), a value of 0.05 m 

was applied.  For these calculations, Marinestar corrections were applied.  Marinestar is 

capable of resolving positions to within 8 cm (Fugro, 2016); however, the receivers 

were not mounted, but strapped to the railing above the bridge, and no post processing 

was carried out on the positions.  As the receivers may have moved during the survey, a 

value of 0.15 m was applied. 

𝑇𝑃𝑈 =  √∑ 𝑥2 

Table 7-1 Depth TPU Calculation Parameters 

Parameters Value (m) 

Equipment Movement 0.1 

IMU Offset X 0.05 

IMU Offset Y 0.05 

IMU Offset Z 0.07 

MarineStar Positioning 0.15 

MBES Accuracy 0.05 

Tide Gauge 1.0 

Total Propagated Uncertainty +/- 1.02 

 

It is assumed that the tide gauge at Green Island is associated with the one survey 

benchmark located on the island, hence, the 1.0 m value was applied for the tide gauge 

parameter.  This figure is based on the order of accuracy applied to benchmark A4J4.  
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A4J4 is classed as an order 5V in relation to mean sea level (MSL) (Land Information 

New Zealand, 2016a).  Order 5V have a tier 95% confidence interval of 1.0 m (Land 

Information New Zealand, 2016b).  The class value of 0.3 m was not applied as the 

bathymetric data were resolved to chart datum using mean high water (MHW) and 

MSL values.  Based on the TPU and line spacing (approximately 250 m), this survey 

would not meet the IHO criteria for any survey order. 

7.1.2 Seismic Acoustic Analysis 

In order to understand the frequencies involved with the seismic equipment, the 

manuals were reviewed and compared to the frequencies recorded for each survey.  

These frequencies were then utilized to create a more realistic bandpass filter.  The 

acoustic source maintenance manual states ‘This electrodynamic transducer may be 

powered by a capacitor discharge system.  The device is able to produce, in water, 

repeatable single cycle pressure pulses at peak source levels in excess of 210 dB ref. 

1 micro Pascal at 1 meter.  The -6 dB noise spectra produced extends from 500 Hz to 

14,000 Hz.’ (Ferranti O.R.E., 1984d).  Frequency recording capabilities were 5 Hz to 

10,000 Hz (Ferranti O.R.E., 1984b) and 10 Hz to 10,000 Hz (Geometrics, 2016b) for 

the single-channel and multi-channel devices, respectively.  See Digital Appendix 5 for 

all parameters involved in the analysis. 

7.1.2.1 Single-channel Seismic Acoustic Analysis 

All single-channel seismic (SCS) surveys automatically had a filter applied when the 

analog signal was digitized and recorded.  According to Fleming (2012), the filter for 

survey 12PL031 used 200 Hz and 2,000 Hz.  It is unclear what frequencies were used 

for other SCS surveys.  For the purpose of comparison, it will be assumed that the 
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200 Hz and 2,000 Hz filter was applied to the other surveys.  Original SCS .sgy lines of 

every SCS survey, with no other filters applied, were used in the acoustic analysis.   

Using the analyzer tool on the seismic data tab within GLOBE Claritas, the data were 

viewed using the XVIEW window.  A smaller window was defined inside the XVIEW 

window.  It would include either 50 or 100 shot points ranging from just below the 

direct arrival to just below the occurrence of the first multiple.  In cases where the 

multiple was difficult to view, the window would be expanded to either 100 ms or 

150 ms depending on the position of the seafloor.  See Figure 7-1.  This window was 

selected to ensure that as much signal as possible was consistently retained and 

conversely as much noise as possible was removed from the analyses.  See Figure 7-2. 

 

Figure 7-1 Shows a red box 

which denotes the area 

included in the frequency 

analysis.  Note that the direct 

arrival immediately above the 

red box is not included in 

order to maximize signal 

when conducting the 

analysis. 

 

A frequency spectrum graph was produced at -6 dB.  The resulting graph of line 01 of 

survey 10PL002 shows a near-bimodal display, ranging from approximately 255 Hz to 

625 Hz and approximately 1050 Hz to 1260 Hz.  See Figure 7-3.  The resulting graph 

was nothing like what was expected from the parameters described for the acoustic 
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Figure 7-2 Shows a plot of the frequency spectrum for shots 1-100 of line 01 of 

survey 10PL002.  Frequencies are plotted up to the Nyquist frequency, 5 kHz, but 

significant frequencies are only recorded below 3.25 kHz.  A spike is seen in the very 

low frequencies.  This is believed to be a DC shift caused by the electrical current 

running to and from the equipment.  The red circle identifies the subjective low, 

108 Hz.  For all images such as this, the x-axis is given in decibels down from the 

maximum amplitude and the y-axis is given in hertz. 

 

source in the manual, 500 Hz to 14,000 Hz (Ferranti O.R.E., 1984d).  As the analysis 

and manual do not match, there are two possible explanations; either the equipment is 

now operating outside of its original parameters, which is highly unlikely, or there is a 

an error in the manual and the frequency spectrum generated by the equipment at -6 dB 

is not expected to be 500 Hz to 14,000 Hz.  Boomer systems tend to operate at lower 

frequencies than suggested by the manual.  For example, the boomer used at Woods 

Hole Coastal and Marine Science Center, operated by the United States Geological 

Survey (USGS), has a frequency range of 300 Hz to 3,000 Hz (USGS, 2017). 

The -6 dB filter was arbitrarily expanded to -20 dB for continued acoustic analysis.  

The peaks shown in Figure 7-2 are now shown to be part of a continuous spectrum with 

a peak at 454.3 Hz.  As the lowest frequency shown on the graph was 0 Hz, a subjective 

low was picked.  This subjective low point occurs where the slope of the frequencies, 

believed to have been generated in relation to the marine geology, begins to decrease.  

See the red circle in Figure 7-2.  Frequencies recorded below the subjective low are 
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Figure 7-3 Shows the amplitude spectrum of the same shots as those in Figure 7-2, 

but are only plotted to -6 dB.  The graph does not show the expected presence of 

frequencies up to 5 kHz, as would be expected if the acoustic source were generating 

frequencies between 500 Hz to 14 kHz. 

 

considered to be noise from other sources as well as a direct current (DC) shift from the 

electrical current running to and from the hydrophone array.  The subjective low varied 

between lines. 

The frequency characteristics can be seen contrasting between a function of time/depth 

and observed frequencies.  Though not exact, this graph correlates with the frequencies 

observed in Figure 7-2.  See Figure 7-4 for the frequency characteristics for line 02 of 

survey 10PL002.  Table 7-2 contains the various parameters measured for each 

individual SCS and multi-channel seismic (MCS) survey, along with a comparison 

across all surveys.  A copy of the excel spreadsheet is available in Digital Appendix 1. 

 
Figure 7-4 Shows the frequency characteristics for shots 1-100 of line 01 of survey 

10PL002.  Note the orange circle in the far left-center of the image.  This feature 

corresponds with the approximate 454 Hz peak found in the frequency graph.  The  

x-axis is given in hertz and the y-axis is given in milliseconds. 



166 

 

 

 

Table 7-2 Seismic Survey Frequency Analysis (Bruce, 2010; Fleming, 2012; McLachlan, 2015) 

Survey 

Designation 

Actual 

Low (Hz) 

Subjective 

Low (Hz) 

Peak 

(Hz) 

Actual 

High (Hz) 

Nyquist 

Frequency 

(Hz) 

> Nyquist 

Frequency 

Peak Median 

(Hz) 

Peak Mode 

(Hz) 

Peak 

Standard 

Deviation 

09PL001 0 113 418 2752 5000  409 409 44 

10PL001 0 89 432 2449 5000  421 409 55 

10PL002 0 67 411 2745 5000 + 401 360 66 

11PL019 0 115 454 2500 2500 + 430 430 91 

12PL031 0 47 347 2042 2500  347 NA 6 

13PL012 0 55 322 2208 2500  323 332 15 

13PL105 0 108 334 2033 2500  327 323 17 

13PL127 0 89 348 2216 2500 + 347 302 49 

15PL129 0 227 596 2000 2000 + 594 570 93 

All Surveys 

Combined 
0 121 446 2421 NA NA 419 409 108 

+ Where at least one line in the survey exceeded the Nyquist frequency. 
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7.1.2.2 Multi-channel Seismic Acoustic Analysis 

A separate .csgy file was produced for each processed MCS line.  These particular 

.csgy files had no filter applied.  The files were then analyzed in the same manner as the 

SCS lines.  A bandpass filter using trapezoidal corner frequencies of 0 Hz, 100 Hz, 

2,000 Hz, and 2,200 Hz was applied in the XVIEW window.  This filter was based on 

the filter applied to the SCS data from survey 12PL031, when the data were initially 

digitized and recorded (Fleming, 2012).  

Another graph at -6 dB was also created for MCS line 35 of survey 15PL129.  Here, the 

peak frequency was 757 Hz.  This is significantly different than the 454.3 Hz found in 

the SCS example.  The frequencies lower than 250 Hz were interpreted to be noise.  

See Figure 7-5.  In contrast to the SCS data, the MCS data were analyzed using 

common depth points (CDP’s) instead of shot points. 

 
Figure 7-5 Shows the frequency spectrum for common depth points (CDP’s)       

201-300 of line 35 of survey 15PL129.  Note the difference between this frequency 

spectrum and that of the SCS data.  The observed frequencies were not expected 

based on the manual for the acoustic source. 

 

The frequencies graphed at -20 dB for line 35 of survey 15PL129 run the entire length 

of the graph.  All graphs shown in this section demonstrate the frequencies up to the 

sampling frequency, or Nyquist frequency, which is 2,000 Hz for the MCS survey.  A 
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frequency analysis was also carried out on the water column for this particular line.  

When compared against the graph including the water column down to just past the 

first multiple, there is a clear difference in the frequencies returned from the water 

column and marine geology.  See Figure 7-6.  As the marine geology component is 

seen continuing up to, and presumably continuing past, the sampling frequency, it is 

suggested that there was valid signal, though not recorded, as the sampling rate was too 

high.  See Figure 7-7.  

Figure 7-6 Shows a red 

box which denotes the 

area included in the 

frequency analysis of the 

water.  The yellow and 

red boxes combined 

denote the area included 

in the water and marine 

geology frequency 

analysis.  Note that 

unlike the SCS data, the 

direct arrivals in the 

MCS data had already 

been removed from the 

data through stacking 

and the entire water 

column could be 

sampled. 
 

 

A comparison of the water column and the water column to just past the first multiple 

was also made for the SCS line 01 of survey 10PL002.  Here, it is possible to see the 

frequencies returned from the water column along the length of the graph, 0 Hz to 

5,000 Hz.  When measuring past the first multiple, the resulting graph shows 

frequencies up to approximately 3,215 Hz.  The higher frequencies found in the water 

column have been effectively filtered out by the marine geology.  In order to record all 

possible signal from the marine geology, future MCS surveys for this area would need 
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to be conducted with a minimum sampling rate of 0.15 ms.  A 0.15 ms sampling rate 

would provide a Nyquist frequency of 3,333 Hz.  See Figure 7-8. 

 

 

 

 
Figure 7-7 A) Shows the frequency content of the water.  B) Shows the lower 

frequency content of the water and marine geology.  Note the substantial increase in 

lower frequencies pertaining to the image B.  This figure also demonstrates that 

frequencies relative to the marine geology are being removed from processing.  The 

removal of these frequencies is due to the frequency content continuing above the 

Nyquist frequency, 2 kHz, as defined by the 0.25 ms sampling rate used for this 

survey. 

 

 

A 

B 
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Figure 7-8 A) Shows the frequency content of the water.  B) Shows the lower 

frequency content of the water and marine geology.  Note the substantial increase in 

lower frequencies pertaining to the image B.  This figure also demonstrates that all 

frequencies relative to the marine geology were processed.  This is due to having a 

small enough sampling rate for this survey, and allowing all frequencies up to 5 kHz 

to be recorded before aliasing would have occurred in the data.  Note that the 

maximum amplitudes, and therefore the relative ‘dB down’ scales, are different in   

images A and B. 

 

7.1.2.3 Combined Seismic Survey Acoustic Analysis 

The peak frequencies for the surveys varied from 322 Hz to 596 Hz over the course of 

six years.  See Table 7-2.  Earlier SCS surveys, those from 2009 to 2011, had peaks in 

the low-to-mid 400 Hz range.  2012 and 2013 SCS frequencies were lower, from low-

to-mid 300 Hz.  MCS survey 15PL129 had the highest average peak frequency of all 

the surveys; 596 Hz.  Therefore, the 2012 to 2013 surveys had the lowest Rayleigh 

resolution, averaging 1 m, the 2009 to 2011 surveys had the next best resolution at 

0.9 m, and the MCS survey had the best Rayleigh resolution at 0.6 m. 

A 

B 



171 

 

The higher resolution available in the MCS data is a trade-off for less penetration of the 

marine geology.  As the data are stacked together to improve the signal-to-noise ratio, 

this improved ratio will likely be an acceptable exchange for the increased ability to see 

below the multiple.  However, it is likely that higher frequency signal was not recorded 

in any of the lines of surveys 11PL019 and 15PL129.  Only two lines in survey 

10PL002 and one line in survey 13PL127 had this same higher frequency issue. 

Standard deviations for the individual surveys varied widely.  The lowest standard 

deviation calculated was 6 Hz, but this particular survey, 12PL031, only had two lines.  

The standard deviation would have likely been larger had more lines been collected as 

part of this particular survey.  Surveys 11PL019 and 15PL129 had the largest 

deviations at 66 Hz and 90 Hz, respectively.  When all survey values were combined 

together, they had a high standard deviation at 108 Hz. 

It is worth noting that there were abnormal spikes found in a number of the datasets.  

These spikes suggest that there was an electrical issue with the equipment.  Given that 

the calculations were completed utilizing a relatively small dataset, it would be worth 

pursuing a more in-depth analysis of the acoustics across more SCS and MCS surveys. 

For future bandpass filtering purposes of both SCS and MCS data, it is recommended 

that the following frequencies be used: 10 Hz, 100 Hz, 10 kHz, and 14 kHz.  10 Hz is 

recommended as it is the minimum frequency detectable by the MCS streamer.  10 Hz 

is also close enough to the capabilities of the SCS hydrophone that not much signal 

would be lost.  100 Hz is recommended because it allows for the inclusion of much of 

the low frequency signal found in the SCS data.  100 Hz should retain all of the MCS 

signal. 10 kHz is recommended as it is the upper limit for the frequencies that the 
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streamer can detect.  14 kHz is recommended as it is the upper limit for the frequencies 

which the boomer can emit.   

Note that it is likely local noise (e.g. fish or depth finders from other vessels) and noise 

from other survey equipment operating at higher frequencies (e.g. chirp seismic 

systems) could be recorded while surveying.  Therefore, more work is required to refine 

the upper limits used for the bandpass filters.  Each survey will need to be reviewed 

individually for higher frequency noise. 

7.2 Seismic Analysis 

7.2.1 Single-channel Seismic Analysis 

Offset in the Quaternary sediment facies is visible between some crosslines after 

applying the layback script to the seismic data.  This offset could be explained by 

increased deposition or erosion over time in that particular area.  However, this 

explanation does not hold true for the example shown in Figure 7-9.  This is an example 

of two lines from the same survey, lines 13 and 20 of survey 09PL001.  The offset seen 

in these lines is likely the result of lateral movement of the boomer, streamer, or both 

pieces of equipment due to ocean currents and/or wave action. 

It is possible to see the offset visible in the two lines using IHS Kingdom’s option to 

digitize an arbitrary line.  The Quaternary sediment facies is 0.008 s thick in line 13 and 

0.006 s in line 20, resulting in a calculated offset of 1.5 m.  With a dominant frequency 

of 418 Hz, the Rayleigh resolution of the survey would be approximately 0.9 m.  

Therefore, the 1.5 m difference between the two lines is outside the margin for error, 

and the two lines do not actually cross where their current positions are plotted. 
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Figure 7-9 A) Shows the arbitrary line 

digitized in IHS Kingdom.  Even without 

the mistie being resolved, the Quaternary 

sediments indicate different thicknesses 

between the two seismic lines.   

B) Provides context of the seismic lines’ 

position to the coastline.  Time for the 

seismic data is shown in seconds. 

 

The positioning of the data has greatly improved through the use of Bowman’s layback 

script (see section 5.2.1), but as demonstrated above, the positioning is not completely 

accurate.  Attaching GPS equipment to the boomer and streamer would assist in future 

positioning of the seismic equipment.  Even though the example given in Figure 7-9 is 

for SCS data, it is also applicable to MCS data as described below in section 7.2.1.  

MCS equipment also does not currently feature any GPS equipment. 

7.2.2 Multi-channel Seismic Analysis 

7.2.2.1 Direct Arrivals 

It is theorized that GLOBE Claritas was not positioning the traces from the shot points 

correctly.  This opinion was reached after multiple attempts with different geometry 

configurations.  GLOBE Claritas is theorized to have been taking the heading of the 

A 

B 
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R.V. Polaris II and producing it aft to position the boomer and streamer.  See Figure 5-7 

in section 5.3.1.  Producing the positions aft in this manner would be advantageous for 

industry-oriented surveys with large vessels, possibly greater than 100 m in length, and 

a streamer(s) kilometers in length.  This combination of a large vessel and long 

streamer would be less affected by swell and currents.  At present, the University of 

Otago’s largest vessel, the R.V. Polaris II, is 20.8 m long and deploys a streamer 75 m 

in length. 

The formula mentioned in section 5.3.3 was initially used to assist in positioning the 

traces.  Use of the formula did improve the resolution of the sub-seafloor, but large 

portions of the data still lacked clarity.  At this point in the processing stage, direct 

arrival picks were made as mentioned in section 5.3.4.2.  This process is similar to the 

process employed by Crutchley et al. (2011).   

Picking the values for all processed lines took a month to complete.  These new picks 

did again improve the resolution, but they are still not exact.  Portions of the MCS lines 

are quite clean, while some portions remain unclear.  This lack of clarity may be due to 

the still-incorrect position of the traces, or it could be tied to the binning process 

applied by GLOBE Claritas.  Further investigation of the GLOBE Claritas software is 

required. 

Ensuring the direct arrival picks are carried out on .csgy lines which have not had a 

static shift applied to resolve first breaks is important.  Otherwise, the direct arrivals 

(and the asymptote of the hyperbolic curve demonstrated by the data) will not pass 

through point 0, 0.  It is necessary for the direct arrivals to pass through this point 

otherwise, the data are distorted in position (x-axis) and/or time (y-axis).  When 
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distortions are present in stacked data, the data will have poor resolution due to 

constructive and destructive waves.  See Figure 7-10. 

Figure 7-10 Shows three normal 

moveouts (NMO’s) and their similarly 

colored direct arrivals/asymptotes.  Only 

the green NMO has an asymptote which 

transits through point 0, 0.  Since the 

signal cannot start before time 0, the red 

NMO has an asymptote which is 

effectively starting at the third offset tick 

mark.  Having such an offset is not 

feasible as data for the red NMO has 

already been recorded at a 0 offset.  This 

NMO and asymptote show distortion in 

both axes.  The blue NMO shows a time 

lag, and is therefore distorted in the       

y-axis. 
 

 

7.2.2.2 Seafloor Picking 

Best practice would require the seafloor picks be made using the .csgy line generated 

after having the traces repositioned using the direct arrivals of the acoustic energy at the 

hydrophones.  This was not the case during the course of this thesis.  Like the direct 

arrival picks, the seafloor picks required a month to complete.  The seafloor picks were 

completed before the use of direct arrival picks had been theorized, and were assumed 

to be accurate enough for the deswell process. 

Values for the standard deviation and spline tension parameters used when generating 

the .shf files were applied manually based on expected outcomes.  Standard deviation 

values could vary between lines.  Anomalies were identified based on the standard 

deviation values calculated by applying the first5deswell.py script.  Failure to resolve 

any pick anomalies resulted in an inaccurate static shift for that CDP bin.   
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More commonly, the first5deswell.py script was rerun with differing spline tension 

values.  These values were picked visually.  The tension was a balance between having 

a realistic looking seafloor superimposed on the spline and not losing too many of the 

smaller, undulating features trending through the original data.  It is easy to over 

tension the spline and remove seafloor features from the seismic data. 

7.2.2.3 Data Positioning 

A value of 9.65 m was used as the horizontal offset between the boomer and streamer 

in the OFFSET equation found in section 5.3.3.  This value was calculated using the 

horizontal offset of the port-side distance from the boomer to the navpoint of 9.72 m 

and the horizontal offset of the starboard-side distance from the streamer to the 

navpoint of -0.07 m.  in discussing the marine streamer file, GLOBE Claritas help 

states: ‘The OffPerp field allows the streamer to be positioned to either side of the 

navigation point listed in the *.str file (positive offsets refer to the true left, i.e. port side 

of the vessel)’ (GNS Science, 2016).  Based on this information, a value of 9.79 m 

should have been used in the OFFSET equation.  Continued revision of the geometries 

in GLOBE Claritas is required. 

After the traces were repositioned using the either OFFSET equation or the .ahl files, 

the CDP bins were not reassigned.  Repositioned traces may now fall outside of their 

assigned CDP bin.  In this situation, the trace will either not be stacked in with the other 

data, or it will be stacked in incorrectly.  Incorrectly stacked traces will degrade the 

quality of the stack as they will be deconstructively stacked with correctly binned CDP 

data.  This may account for some of the MCS data exhibiting poor penetration and 

resolution when compared to the SCS data.   
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Another way to improve the positioning of the data would be to attach positioning 

equipment to the boomer and streamer.  These positioning devices could use 

underwater acoustic transceivers, such as ultra-short base line (USBL) systems, 

attached to the hull of the vessel as well as the boomer and several positions along the 

streamer.  Since these positioning devices use acoustic energy like MBES and seismic 

systems, they could cause interference with the seismic signal.  Another option would 

be to attach GPS receivers to the boomer and either end of the streamer.  Coordinates 

from these receivers, coupled with the .ahl files generated from the direct arrivals of the 

acoustic energy, would greatly enhance the positioning of the seismic equipment, and 

in turn could improve the penetration and resolution of the MCS data. 

Improved positioning and binning of traces would also assist in generating better 

velocity models.  Figure 5-26 of section 5.3.6 shows an ideal situation where wavelets 

match exactly at a given velocity.  Wavelets did not always match the velocity picking.  

Some wavelets would have a bump, or undulation, when stacked at the most accurate 

velocity.  Velocities also varied significantly along a seafloor of a given line.  They 

could range from 1516 m/s to 1597 m/s over the space of 50 to 100 CDP’s.  A more 

appropriate velocity would have been closer to 1500 m/s and would vary little, if at all.   

Interval velocities may also benefit from improved trace positioning and binning.  

Inversions in the interval velocities as demonstrated by the ‘bullseyes’ in Figure 5-29 of 

section 5.3.8 may be the result of bad positioning or the use of inaccurate parameter.  

Some of the picked velocities used to generate the interval velocities were tightly 

spaced and increased in velocity substantially over a short distance.  These increased 

velocities are consistent with interpretations of volcanic and metamorphosed units.  
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Increased velocities have yet to be explained in areas not expected to contain volcanic 

or metamorphic rock units. 

7.2.3 Comparisons of Seismic Data 

Three pairs of SCS and MCS lines were compared against each other for this section.  

Specific focus was given to the topics: penetration of the acoustic energy, resolution of 

the seismic data, and the definition of the first multiple.  These seismic lines were 

selected because the pairs were spatially similar, allowing for a more direct comparison 

of the two different datasets.  Pair one includes lines 48 of survey 10PL001 (SCS) and 

24 of survey 15PL129 (MCS).  The second pair includes lines 12 of survey 10PL002 

(SCS) and 31 of survey 15PL129 (MCS).  Lines 24 of survey 09PL001 (SCS) and 42 of 

15PL129 (MCS) make up the third pair.  The sampling rate of future seismic surveys is 

also discussed as part of this section. 

7.2.3.1 Penetration 

Most SCS and MCS exhibit a similar acoustic penetration.  Seismic facies are generally 

only visible in marine geology above the first multiple.  However, some lines show a 

continuation of reflective seismic facies past the first multiple and on through to the 

second multiple.  An example of this continuation is demonstrated in the SCS line 12 of 

survey 10PL002 and MCS line 31 of survey 15PL129.  See Figure 7-11. 

Even with the increased signal-to-noise ratio, MCS line 31 fails to produce returns of 

depths deeper than its SCS counterpart.  This may be due to the incorrect positioning of 

the traces in the MCS stacks.  A misalignment of the traces in the MCS lines would 

lead to the signal cancelling itself out when it does not stack in properly.  See 
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section 3.4.  Note that not all MCS lines fail to penetrate deeper than their SCS 

counterparts, but there is a lack of consistency in this area with the MCS data.   

 

 
Figure 7-11 A) Shows a portion of line 12 of survey 10PL002.  Note how the 

dipping beds continue until they reach the second multiple.  B) Shows a portion of 

line 31 of survey 15PL129.  Note again how the dipping beds continue until they 

reach the second multiple.  Numbers 1 and 2 are denoting the presence of the same 

features in both lines, and highlight the difference in scale as the dataset shown in 

image A is given in shot points and the dataset shown in image B is given in CDP’s.  

The vertical red line highlights where these two lines cross when plotted against each 

other.  Time for the seismic data is shown in seconds. 

 

Penetration of the geology by the acoustic energy is a function of frequency (Crocker, 

1998).  Higher frequencies have less penetrating power than lower frequencies.  This is 

why the multi-beam echo sounder (MBES) only records bathymetry, whereas seismic 

equipment is able to penetrate the seafloor and return information on the marine 

A 
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geology.  Because the MCS survey averaged a higher frequency than the SCS surveys 

mentioned above by at least 164 Hz, the MCS survey could be expected to have less 

penetration than the SCS surveys.  However, this higher frequency content should yield 

higher resolution, and the stacking of multiple traces in the MCS data will also increase 

amplitudes of signal at depth. 

7.2.3.2 Resolution 

The resolution of SCS lines 24 of survey 09PL001 and 48 of 10PL001 is better than the 

resolution of their MCS counterparts, lines 42 and 24 of survey 15PL129, respectively.  

The SCS lines highlight ‘thinner’ seismic facies compared to these MCS lines.  Using 

the equations in section 3.6.1 and the data in Table 7-2, the average vertical resolution 

for the SCS surveys is approximately 0.9 m for 09PL001 and approximately 0.87 m for 

10PL001.  Survey 15PL129 should have an average resolution of 0.63 m. 

Anticline and syncline features are highlighted in Figure 7-12.  Note how the anticline 

and syncline are much less well defined in the MCS line when compared to the same 

features in the SCS line.  This lack of definition in line 42 of survey 15PL129 is 

attributed to the incorrect positioning of the traces.  Because of misalignment, the traces 

that should constructively define the seismic faces, are deconstructively cancelling each 

other out.   

There does appear to be a correlation between a more coherent seafloor and better sub-

seafloor resolution.  For example, in areas of line 24 from survey 15PL129 where the 

sub-seafloor appears to be undulating with diffraction taking place, the seafloor horizon 

is less well defined.  Nearby, line 48 of survey 10PL001 clearly shows the side of a  
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Figure 7-12 A) Shows line 24 of survey 09PL001.  Note the convex shape of the 

strata visible in the syncline and the concave shape of the strata visible in the 

anticline.  B) Shows line 42 of survey 15PL129.  Note the increased difficulty seeing 

the convex shape of the syncline and concave nature of the anticline.  The vertical 

red line highlights where these two lines cross when plotted against each other.  Time 

for the seismic data is shown in seconds. 

 

paleochannel and dipping strata.  See Figure 7-13.  Note that not all MCS lines have 

worse resolution than their SCS counterparts, but there is a lack of consistency in this 

area with the MCS data.  Also note that examples shown in these figures have different 
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horizontal scales.  Both examples are plotted at 18.74 traces per cm; however, the trace 

spacings (shot spacing for the SCS data, CDP spacing for the MCS data) are different. 

 

 

 

 
Figure 7-13 A) Shows line 48 of survey 10PL001.  Note the improved resolution of 

the seafloor and sub-seafloor units.  B) Shows line 24 of survey 15PL129.  The main 

improvement in this MCS line over its SCS counterpart is a less well-defined 

multiple.  The vertical red line in each image highlights where these two lines cross 

when plotted against each other.  Time for the seismic data is shown in seconds. 

  

 

A 
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7.2.3.3 Multiples 

The first multiples found on the MCS lines are all much less well-defined when 

compared to their SCS counterparts.  See Figure 7-11.  Instead of a coherent series of 

undulating lines, the multiples on the MCS lines tend to be more of a band of noisy 

data.  Inside the band, the data show a dip.  Prior to repositioning the traces for these 

lines, the seafloor resembled the multiples.   

7.2.3.4 Sampling Rate 

A study conducted by Lee et al. (2004) found that static corrections and spiking 

deconvolution greatly improved the resolution of small-scale multi-channel seismic 

systems.  Nearly a decade later, another study involving Lee (Lee et al., 2014) found 

that a sampling rate less than 0.2 ms, CDP spacing less than 2.5 m, and a fold larger 

than four rendered the best results.  The MCS survey (15PL129) allowed for a fold up 

to 24 and used a CDP spacing of 1.5625 m.  This spacing is comparable to the 2.5 m 

spacing used by Lee et al. (2014) as it is one-half the distance between the hydrophone 

groups.  Only the sampling rate differed.   

Figure 7-14 shows how Lee et al. (2014) artificially increased the sampling rate when 

plotting the data.  Therefore, it is suggested that a sampling rate of less than 0.2 ms be 

used on all future seismic surveys conducted by the University of Otago.  This would 

be applicable to both SCS and MCS surveys.  Such a sampling rate would be useful in 

water up to 80 m deep (Lee et al., 2014).  Use of the GLOBE Claritas modules 

PSDECON or SCDECON may also improve the seismic resolution as they offer a 

spiked deconvolution option. 
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Figure 7-14 Shows the same seismic data binned every 2.5 m, a fold of four, and 

sampled at different sampling rates.  A) Sampled at 0.1 ms.  B) Sampled at 0.2 ms.  

C) Sampled at 0.4 ms.  D) Sampled at 0.8 ms.  Note the significant degradation of the 

data between images B and C.  Image modified from Lee et al. (2014). 

 

7.3 Dataset Scaling 

Bathymetric data found on the NZ66 nautical chart (RNZN, 2004a) is shown at a scale 

of 1:16,000.  Bathymetric data downloaded from Land Information New Zealand 

(LINZ) is scaled between 1:190,000 and 1:1,350,000.  The bathymetric data from LINZ 

was used to generate the digital elevation model (DEM) displayed on the maps.  In 

comparison, the data collected by the University of Otago on survey 15PL129 is shown 
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at a 1 m resolution.  Despite the lack of seafloor features found in the LINZ data, there 

is little visual difference between the downloaded data and the data collected using the 

R2Sonic 2024 MBES mounted to the R.V. Polaris II.  See Figure 7-15.  

  

  
Figure 7-15 A) Shows the data which were collected during survey 15PL129 and the 

bathymetry downloaded from LINZ as they fall inside of the area of interest.  Both 

datasets are displayed using the same color scale.  Scale 1:200,000.  B) Shows the 

same datasets as shown in image A, but with scales based on the depth ranges in the 

respective dataset.  C) Shows the ridges shown in Figure 6-2 A.  Note only subtle 

differences are seen between the two datasets.  Scale 1:10,000.  D) Again shows the 

ridges, but now with different color scales like B. 

 

No attempts were made to calculate the Fresnel Zone for each seismic survey.  Neither 

were any calculations performed on the horizontal resolutions.  Both of these types of 

calculations are depth-dependent, therefore, the horizontal scale changes throughout the 

surveys.  While SSS data are depth-dependent, they were recorded at a 1 m scale and 

are displayed at a 3 m scale in order to minimize file size.  Sedimentary data collected 

in the 1980’s by the R.V. Tangaroa were collected on a kilometer-sized scale.  Vertical 
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resolution of the MBES, MCS, and SCS are shown in Table 7-3.  After combining the 

MBES TPU with the lowest resolution achieved during a seismic survey (13PL012), 

any future model including these MBES and seismic data will have a maximum vertical 

resolution of 1.2 m +/- 1.02 m.  When bringing together various datasets, it is important 

to acknowledge the scale at which the data were collected and displayed. 

Table 7-3 Vertical Resolution of MBES and Seismic Data 

Survey Designation Frequency (Hz) Vertical Resolution (m) 

09PL001 418 0.9 

10PL001 432 0.9 

10PL002 411 0.9 

11PL019 454 0.8 

12PL031 347 1.1 

13PL012 322 1.2 

13PL105 334 1.1 

13PL127 348 1.1 

15PL129 (MCS) 596 0.6 

15PL129 (MBES) 300,000 0.3 

 

7.4 Seismicity Analysis 

The Green Island Fault lies between 18.3 km and 10.3 km from the Octagon in the 

center of Dunedin.  Using the equation below (Mark Stirling et al., 2012) and assuming 

a rupture along the entire length of the fault, it has been calculated that this fault could 

generate almost a Mw 6.1 earthquake.  Assuming the width of the fault is approximately 

9 km, the fault plane has an aspect ratio of 1.  See Figure 7-16.  Mw is the moment 

magnitude, W is the fault width, and L is the fault length. 

𝑀𝑤 = 4.18 + 2 3⁄ log 𝑊 + 4 3 log 𝐿⁄  
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Figure 7-16 Visually demonstrates the fault length and width parameters of a fault 

plane as they are used in the equation above.  This image was created using 

AutoCAD 2016. 

 

An earthquake of this magnitude would be recorded as it is well above the detection 

threshold Mw 4.0 for New Zealand.  However, it is unlikely that such an event would 

break the surface.  Surface ruptures tend to occur with earthquakes greater than Mw 6.5 

(Wesnousky, 1986).  Even so, greater magnitudes do not ensure a surface rupture.  In 

1994 a Mw 6.8 earthquake occurred in Aurthur’s Pass, yet it failed to break the surface 

(M. W. Stirling et al., 2002).  Based on the evidence of a surface rupture and the study 

completed by Wesnousky (1986), it is much more likely that the Green Island Fault 

continues beyond the extents interpreted in this study.  To reach a Mw 6.5 event, both 

the length and width of the Green Island Fault must be greater than, or equal to, 15 km. 

When displaying the GeoNet data, the 1974 Mw 4.9 earthquake is over 7 km away from 

the interpreted position of the Green Island Fault.  It is likely that the current positions 

and depths of these earthquake records require repositioning as 88 of the 97 records 
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show depths as a whole number, e.g. 5.0 km deep.  Repositioning could be completed 

using cross correlation verified using a bispectrum method with both filtered and raw 

data.   

To calculate the likelihood of a Mw 6.1 in the Dunedin area would require large 

amounts of earthquake data.  All recorded earthquakes within 200 km of Dunedin 

would be compiled into one dataset.  Calculating the likelihood would also require 

deriving a unique ‘a’ value to be used in the Gutenberg-Richter equation. Calculations 

such as these, and those using the bispectrum method, fall outside the scope of this 

project. 
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Chapter 8 Conclusions and Future Work 

One of the major achievements of this thesis has been the compilation and synthesis of 

a substantial amount of geophysical data collected off the south coast of Otago over the 

last roughly 15 years.  No less than 21 different datasets have been assessed, covering 

seven different data types.  Combined, the data take up over 157 GB of disk space.  

These compiled data will provide an excellent foundation for ongoing structural and 

stratigraphic investigations of this region.   

The answers to the main questions posed in the introduction of this thesis are 

highlighted below. 

1) The offshore Green Island Fault is probably an active structure.  Evidence for this 

statement is provided by a fault rupture interpreted through seafloor sediments which 

are determined to be < 6.5 ky old.  Combined analysis of single-channel seismic, multi-

channel seismic, and sidescan sonar datasets supports this theory.  The Green Island 

Fault is interpreted to be at least 9 km long with an undetermined total offset between 

the two fault blocks.   

Several objectives for future work concerning the Green Island Fault are listed below.  

Analyzing the dip of the sedimentary units would allow for a structural map to be made 

of the surrounding area.  This would aid in the calculations of the stresses recorded by 

the exposed geology.  Coring either side of the fault is another potential project.  

Seismic facies do not necessarily correspond to changes in rock types.  They simply 

show a change in the acoustic impedance when the acoustic properties of the rocks 

change.  Coring would allow for a more solid understanding of the lithologies and ages 

of the rock units involved.  Areas along and near the Green Island Fault require more 
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data.  Currently, it is not possible to interpret the horizons along the fault from one side 

of Green Island to the other.  Additionally, since data coverage is focused near the 

shore, there is potential for more faults to be mapped further from the coast. 

More work is also required to better constrain the full length of the fault.  With the 

questions surrounding the coverage and resolution of seismic data as it approaches the 

Otago coastline, it is possible that the interpreted ends of the Green Island Fault (where 

they transition to folds in the near surface) could continue closer to shore.  Improved 

resolution in the multi-channel seismic data would aid in this endeavor.  Questions that 

remain to be assessed include the ramifications of this fault for seismic hazard in 

Dunedin.  More specifically, what is the potential magnitude of an earthquake on the 

Green Island Fault? 

2) Improved resolution of the seismic data was achieved, in part, through the 

application of direct arrival picks.  These picks were used to improve the positioning (x, 

y) of the multi-channel traces.  Seafloor picks were then able to mitigate the effect of 

swell (z) on the data.  Both sets of picks allowed for improved signal-to-noise ratio 

when stacking the data.   

The time required to create the pick files was lengthy.  Future work in this area could 

look at streamlining the process required for creating the picks in GLOBE Claritas.  

Further testing of the parameters used would also be advantageous.  The parameters 

used were not found to work on all portions of all the lines.  A more standardized set of 

parameters would be preferable.  Improved picking should also result in improved 

velocity models and velocity analysis. 

Increased seismic resolution could also aid in the study of other geologic features 

present off the coast of Otago.  These features could include stratigraphic features such 
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as cross bedding, paleochannels, shallow dipping beds, and unconformities, or 

lithological units such as schist, volcanics, and weather-resistant beds.  Using the 

projects laid out in the appendices, future projects could be identified and targeted to 

specific areas. 

3) Decreasing the sampling intervals will also allow for higher resolution in all future 

seismic data collected by the University of Otago.  Sampling rates should be decreased 

to at least 0.15 ms in water depths up to 80 m.  As shown in the -20 dB graphs, the 

frequencies returned by a combination of the water column and sub-seafloor are 

truncated once they reach the Nyquist frequency.  At higher frequencies, aliasing 

occurs in the data, so these data cannot be used for analysis. 

Future work should include further analyses of the frequencies recorded on all seismic 

data.  This work will assist in understanding the variations of the frequencies found 

between the different surveys.  It may also assist in resolving the discrepancy between 

the frequencies observed versus what should be expected based on instrument 

documentation.  Using this information about signal frequency content, more accurate 

and precise filters could be applied when processing the data.   

4) Multi-beam echo sounder and sidescan sonar data have highlighted the interaction of 

the seafloor and sediments with the underlying marine geology.  Schist outcrops on the 

seafloor are observed in the seismic and sidescan sonar data.  Scars are also visible in 

the sidescan sonar data where past earthquakes have ruptured through the seafloor.  

Future work could target these areas of sub-seafloor/sediment interaction and seafloor 

ruptures to assess the sediment types at these locations.  Multi-beam data collected for 

this project has highlighted new features that were too small to be included on previous 

nautical charts.  What else might be learned by full multi-beam echo sounder and 
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sidescan sonar coverage throughout the area?  Where else might earthquake scars be 

visible on the seafloor?  Are there tectonic influences acting on sediment transport and 

deposition? 

5) It is unclear from the datasets what affect, if any, the Southland Current and 

Southland Front have on the sediments in the study area.  Longshore drift patterns may 

have changed as well, but other variables may explain the differences between the 

seafloor features, sidescan sonar returns, and the sediments found on the seafloor. 

6) A future 3-D model should allow for a more comprehensive, visual interpretation of 

the marine geology, seafloor, and sediments while relating them spatially to onshore 

features and the Otago coastline.  Future work will include the continued interpretation 

and modeling of the seismic facies in the area, as well as the addition of new relevant 

data collected in the future.   
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