


Abstract

The Great South Basin is one of New Zealand's largest undeveloped offshore basins 

and is known to have significant oil and gas prospects. The Great South Basin lies 

offshore from the coast of Southland and South Otago, and at over 85,000 km2 is one 

of  New Zealand’s  largest  petroleum basins.  Understanding  the  "plumbing"  of  the 

Great South Basin through seismic imaging of fault and fracture systems provides 

information on oil and gas migration pathways and success of seals and traps within 

the basin. Reprocessing of high-resolution industry seismic data has improved images 

of  the  shallow  sea  floor.  Interpretations  of  these  reprocessed  lines  provide  basic 

information  on  the  morphology  of  the  Toroa  Dome  Reef  Complex.  Further 

reprocessing, including near-trace and far-trace stacks, examinations of amplitude and 

phase change, FX-space deconvolution and filtering of noise has helped to confirm 

that the reefs have variable size and structure but in all cases are much harder than the 

surrounding  seabed.  The  reflectivity  contrast  of  the  seafloor  reefs  relative  to  the 

overlying water column is so great that wipe out occurs below the reef, obscuring 

internal structures. The reefs are interpreted to be volcanic in origin. However the 

possibility that  the reefs consist  of  methane-derived carbonate  is  possible.  A mud 

volcano  origin  has  been  discounted.  Future  work  based  around  high  frequency 

seismic surveys and a dredge sampling program could solve remaining uncertainties 

about the reefs' origins.
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1 Introduction

1.1 Study Outline

This study concentrates on the northwestern and northeastern portions of the Great 

South Basin (GSB) and in particular the area delineated by Petroleum Exploration 

Permit  (PEP)  50121,  but  also  includes  PEP 50119 and  50120 granted  by  Crown 

Minerals  for  exploration  by  OMV  New  Zealand  36%  (operator),  Mitsui  E&P 

Australia Limited 28% and PTTEP New Zealand Limited 36% (Illustration 1). PEP 

50121 contains  Toroa  Dome and the  Toroa Dome Reef  Complex,  a  collection  of 

spatially and morphologically related seabed features found on the Toroa Dome that 

are the focus of this study. The Toroa Dome Reef Complex is a series of at least three 

conical  structures  previously  characterised  as  “reefs”,  but  with  variable  possible 

modes  of genesis. These reefs are harder than the surrounding sea bed and are at 

water depths of 400 to 500 m. This report is the first scientific study of these reefs and 

therefore the nomenclature of these features is non-existent. I therefore suggest the 

use of “Toroa Dome Reef Complex” as a suitable name for these features due to their 

location on the dome and the unknown precise geological nature of the reefs.
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Within the northern portions of the GSB, oil source-to-trap migration characteristics 

are  poorly understood (Cook et  al.  1999,  Killops  et  al.  1997).  Structures  that  are 

thought to provide fluid migration pathways to potential  traps are faults,  fractures, 

regional permeability and regional structures. Where the migration of hydrocarbon 

fluids  has extended to the surface,  seabed features  such as tar  or mud volcanoes, 

circular depressions, methane derived carbonate reefs and near-surface deformation of 

strata  such  as  chimney  structures  would  provide  important  information  on  the 

hydrocarbon fluids and gas migration paths through the basin.

Throughout the GSB, Cretaceous and Miocene volcanics are observed intruding into 

the  sedimentary  sequence.  These  thermal  intrusions  have  been  used  to  explain 
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Illustration 1: South Island petroleum exploration permit ownership map. Map 
information from Crown Minerals.



possible tectonic thermal doming within the Campbell Rise (Grobys et al. 2008). The 

Toroa Dome has evidence of possible  Late  Eocene or younger  intraplate  volcanic 

intrusions below the dome. This raises the possibility that tectonic thermal doming 

formed the Toroa Dome, and that the Toroa Reef Complex is a series of fault bounded 

volcanic dykes, unrelated to possible hydrocarbon flux.

The depth  of  analysis  for  this  study was determined  by the  observable  plumbing 

system of the Toroa Reef Complex. Meaningful processing depth was restricted by 

data  acquisition  limitations  (Illustration  2)  and  the  avoidance  of  unnecessary 

processing of unrelated regional geology. Industry petroleum exploration data have 

relatively poor seabed resolution due to the lower frequency characteristics  of the 

source  that  allow  far  greater  penetration  (up  to  8  km).  Reprocessing  of  these 

commercial  data  to  improve  resolution  of  the  sea  floor  enables  improved 

interpretation of the sea bed features that  can be combined with studies of deeper 

stratigraphic  features  in  order  to  interpret  the  source,  trap  and migration  pathway 

relationships.
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Illustration 2: Acquisition Parameters for Dun06 seismic survey



1.2 Overview of Regional Geology

In this section, the GSB, and particularly Toroa Dome will be introduced. Subsequent 

Sections 2.3-2.6, will provide greater detail on some of the points touched on in this 

section.

 

The GSB is the largest sedimentary basin on the Campbell  Plateau,  located to the 

southeast  of  Dunedin,  New Zealand.   It  occupies  ~85  000  km2,   extending  from 

onshore South Eastern Otago to approximately 400 km south of Dunedin (McMillan 

et al. 1997) (Illustration 3). 
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Illustration 3: Great South Basin sediment thickness,  
exploration wells, major faults and named sub-basins  
(modified from Crown Minerals)



1.2.1  Basin Formation and Basement Geology

The following section summarises the early formative history of the GSB and defines 

major basement units. 

The Rangitata Orogeny occurred during a period of terrane accretion and subduction 

along the margin of the Gondwana continental landmass (Cook et al. 1999). These 

accreted terranes make up the suite of basement rocks that underlie the New Zealand 

region  (Beggs  1990).  The  basement  of  the  Great  South  Basin  is  predominantly 

underlain by Western Province basement suite rocks, made up of Cretaceous granitic 

rocks emplaced into early Paleozoic, quartz rich metasedimentary rocks (Beggs et al. 

1990). The northern parts of the Great South Basin basement terranes contain late 

Paleozoic and Mesozoic terranes that accreted onto the Gondwana margin during the 

late  Mesozoic,  including  the  Murihiku  Supergroup  and  Tuapeka  Group  and 

presumably the Dun Mountain Ophiolite Belt. These terrane belts trend approximately 

southeast-northwest  and  can  be  traced  to  the  southeast  coast  of  the  South  Island 

(Illustration 4) and contain volcaniclastic and basic igneous rocks (Beggs 1993).
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During  the  Mid-Cretaceous,  plate  subduction  was  typically  accompanied  by  calc-

alkaline volcanism,  which occurred until  130 Ma. Following this, tectonic activity 

caused  the  genesis  of  core  complex  developments  and  anomalous  alkali-calcic 

volcanism (Gibson et al. 1995). 

Widespread rifting in New Zealand occurred during 105-80 Ma and was associated 

with the break up of Gondwana. This caused the separation of East Antarctica from 

Australia, the Campbell Plateau from Marie Byrd Land and Lord Howe Rise from 

Australia (Field et al. 1989, Gamble et al. 1986). The Tasman Sea began to form in 

the southwest first,  propagating through extension to the northwest. Initial  faulting 

during  this  rifting  was  highly  asymmetric,  giving  a  sharp  boundary  with  the 

Australian  continent.  In addition to  this,  the faulting  extension  caused widespread 

thinning of the crust and possible detachment faulting (Lister et al. 1991). Therefore, 
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Illustration 4: Lower South Island basement  
geology terrane map. Modified from an 
image from the Institute of Geological and 
Nuclear Science. Created by Nick Smith  
and Belinda Smith Lyttle.



the  GSB,  like  its  northern  analogous  basin,  the  Canterbury  Basin,  is  an  intra 

continental rift basin related to this crustal extension, that is made up of graben and 

half  graben  structures  (Anderton  et  al.  1982).  Rift  systems  of  a  similar  age  are 

observed onshore (Beggs 1993), e.g., the Taieri Valley and associated Henley Breccia 

to the south of Dunedin. The Henley Breccia, which is constrained by the northeast-

southwest trending Titri Fault (Mutch and Wilson 1952), is correlative to the fault 

breccias found in the lower portions of the Hoiho Group in the GSB (see discussion of 

stratigraphic units in section 2.1.1). 

Regional  Cretaceous  extension  in  the  GSB  caused  widespread  normal  faults 

contemporaneously with the deposition of Hoiho Group sediments. Local topography 

during Hoiho Group deposition distribution is dominated by an elevated region to the 

northwest of the basin and the Pakaha Horst in the centre of the basin (Anderton et al. 

1982).

During  the  Late  Cretaceous  and  Early  Eocene  extensive  sea  floor  spreading  and 

thinning was ongoing. Post Hoiho deposition in the GSB occurred during widespread 

subsidence  and  marine  flooding  producing  the  Kawau  Sandstone.  Poorly  imaged 

volcanic features that are observed in seismic sections were emplaced during the Late 

Cretaceous, but spatial resolution and distribution of these features is extremely poor 

(Gamble et al. 1986, Shelton 1984).

The  GSB has  been  tectonically  quiescent  since  the  Late  Cretaceous  and regional 

subsidence  combined  with  decreasing  sediment  supply  has  caused  the  basin  to 

increase in water and sediment depth (Posamentier et al. 1998). The thickest part of 

the GSB sediment is in the central graben at approximately 8.6 km deep (Field et al. 

1989).  The  GSB  has  a  number  of  distinct  sub-basins  that  formed  during  the 

Cretaceous: the Takapu, Central, East Flank, and Kawau sub-basins and the Rakiura 

Trough (Cook et al. 1999, Anderton et al. 1982).
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1.2.2  Early Basin History

The  following  section  explains  the  regional  sources  of  hydrocarbon  generation, 

structural traps and reservoir properties of the GSB. Sections 1.2.2 and 1.2.3 are an 

introduction to the geology and stratigraphy that will be presented in more detail in 

Chapter 2.

 

Cretaceous coal-rich sediments in the GSB are the main petroleum producing source 

units  (Killops  et  al.  1997,  Killops  et  al.  2001).  They  exhibit  mixed  oil  and  gas 

potential as evidenced by structurally controlled oil seeps observed on Stewart Island 

and condensate/oil shows in drilled wells (Cook 1982). These Cretaceous coal source 

sediments are similar to well known source units in the Taranaki Basin, a proven oil-

producing  province  (Cook et  al.  1999).  Some  younger  marine-derived  units  have 

petroleum potential,  in particular the Tartan Member,  which is a correlative of the 

Palaeocene  Waipawa  Black  Shale  found in  Taranaki  (Killops  et  al.  1997).  These 

marine units are often immature and major oil or gas plays generated solely from such 

sources are yet to be discovered.

Local topography, especially the elevated northwestern margin of the basin and the 

Pakaha Horst in the central  portions of the basin, was controlled by active normal 

faults during tectonic extension. Slope fan and slump units were deposited near these 

active faults, whereas alluvial processes formed broad plains within the basins. These 

Cretaceous rift fill sediments are assigned to the Hoiho Group, which is thought to 

range in age from about 105 to 83 Ma (Beggs 1993). The deepest parts of the GSB, 

located  in  the  Central  Sub-Basin,  contain  stratified  lacustrine  or  restricted  marine 

formations fringed by deltas and heavily vegetated plains and swamps (Cook et al. 

1999). During this part of the Cretaceous period, sea levels were presumably at the 

level of the deepest rift basin (due to the marginal marine conditions observed there), 

while over the rest of the GSB, terrestrial  deposition (and erosion) was occurring. 

This led to the formation of the Cretaceous coals that make up the majority of the 

source rocks in the region (Killops et al. 2001).

Regional  subsidence  caused  by  a  change  in  the  thermal  regime  within  the  GSB, 
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associated  with  the  change  from  intra-continental  rifting  to  sea  floor  spreading, 

resulted  in  an  increased  rate  of  subsidence  (Beggs  1993).  This  in  turn  caused 

widespread marine flooding of terrestrial parts of the basin about 83 Ma, resulting in 

the deposition of the Kawau Sandstone, marking the base of the Wickliffe Formation 

and Pakaha Group. Related  quartzose terrestrial  sediments,  rather  than the marine 

derived  Kawau  Formation,  make  up  the  Taratu  Formation,  present  in  the  north-

western portions of the basin. Simultaneously, the marine siltstones of the Wickliffe 

Formation were deposited in the deeper parts of the basin. Shallow marine sandstone 

and  organic  rich  coastal  plain  sediment  were  deposited  near  the  transgressing 

coastline.  Tectonically  stranded  'uplifted'  blocks  in  the  GSB  were  still  emergent 

during the late Cretaceous. During the Paleocene, the basin system was dominated by 

deposition of marine siltstones. Upper portions of the Wickliffe Formation contain 

Late Paleocene organic rich dark shales of the Tartan Formation (Cook et al. 1999). 

The Kawau Sands that overlie the terrestrial  units deposited during the Cretaceous 

have high potential permeability and flow rates (Killops et al. 1997) making them a 

suitable  reservoir  for  oil  and  gas  migrating  upwards  from  the  underlying  coal 

measures.

Some normal faulting continued during the deposition of the lower Pakaha Group. 

Widespread  drape  structures  formed  as  the  Hoiho Group units  were  differentially 

deposited  on  the  shelf.  Erosional  surfaces  formed  above  basement  highs,  with 

associated progressive on lap of overlying strata (Carter  et  al.  1997). These drape 

structures  were  the  target  of  hydrocarbon  exploration  wells  Pakaha-1,  Pukaki-1, 

Hoiho-1, Rakiura-1, and Kawau-1 (Cook et al. 1999).

1.2.3  Later Basin History

The following section summarises all formations deposited since the Eocene, outlines 

their tectonic history, and investigates how regional geological events have shaped the 

units in the GSB.

The  Eocene  emplaced  Rakiura  Group  is  defined  by  an  increasing  percentage  of 

carbonate  in  the  deposited  sediments.  This  signifies  an increasingly  open oceanic 
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environmental  influence  (Beggs  1993).  Lower  portions  of  the  Rakiura  Group are 

characterised by a thick submarine fan sequence in the central portions of the basin 

and an associated condensed section to the southeast (Posamentier  et al.  1998). A 

facies change that occurred during the middle Eocene from deltaic units and deep 

submarine fan sediments to calcareous silts and chalk deposition was caused by the 

evolving plate boundary causing deepening of the basin (Cook et al. 1999). After a 

long period of  the  basin acting  as  a  sink to  the sediment  coming off  the  passive 

margin of the micro-landmass to the northwest, total flooding of the basin (causing 

the change from shallow to typically deep water sediments) occurred during the late 

Eocene and early Oligocene and marks the ending of thermal subsidence in the Great 

South Basin (Beggs 1993).

The GSB was largely beyond the effect of Late Cenozoic tectonic movements and 

renewed clastic  sedimentation,  which  resulted  in  Mid Cenozoic  blanket  carbonate 

deposition.  During  the  Late  Oligocene  to  Miocene  a  change  to  transpressional 

tectonics (Field et al 1989) was associated with minor amounts of reverse faulting and 

associated gentle anticlines forming in the overlying strata (Toroa Dome).

From the Oligocene to the present, tectonic activity has progressively increased in 

New Zealand. The southern portion of the plate boundary underwent a change from 

transtension to strike slip and dextral transpression (Carter et al. 1976). The base of 

the  Oligocene  to  Recent  sediments  is  marked  by  a  significant  change  to  more 

carbonate-rich sediment (deep water) in the southeast portions of the basin and an 

erosional surface along the northwestern margin. This reflects the decreasing amount 

of  land  during  the  Oligocene  and  increased  oceanic  influence  (Field  et  al.  1989, 

Posamentier  et  al.  1998).  The  change  to  transpressional  tectonics  during  the  late 

Oligocene  to  Miocene  was  associated  with  regression,  increased  clastic  sediment 

inputs and rapid shelf accretion of the northwest portions of the basin (Carter et al. 

1997). Southeastern parts of the basin have been isolated from terrigenous sediment 

supply by strong ocean currents. 

Penrod Group sediments (Late Eocene-Recent) are generally less than 500 m thick 
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over  most  of  the  basin  (Cook  et  al.  1999),  and  the  Group  has  complex  internal 

structure caused by shelf effects, currents and changing tectonics (Posamentier et al 

1998). The Penrod Group is generally only weakly deformed and this is concentrated 

along the northwest  margin of the basin,  where minor  reverse faulting during the 

Paleocene-Miocene occurred forming gentle anticlines in the overlying units (Cook et 

al. 1999). This tectonic activity is expressed onshore in the major southwest-northeast 

trending fault systems such as the Titri Fault System a part of the Otago reverse fault 

province (Litchfield 2001). 

Tectonic  activity  in  the  northwest  boundary  area  of  the  basin  began  during  the 

Oligocene-Miocene and included reverse movement on steeply dipping reactivated 

normal faults. These unnamed faults can be correlated to the anticlinal structures that 

they created  in  the  overlying  sediments,  e.g.,  the Toroa Dome fault.  These faults 

created  the  prospects  which  the  Takapu-1,  Toroa-1  and  Tara-1  exploration  wells 

tested. Intraplate basaltic volcanism has occurred throughout the basin since the Late 

Eocene (Cook et al. 1999), forming dykes and sills that can be observed on seismic 

lines as well as small isolated seamounts and other seabed outcrops (Gamble et al. 

1986).  The  current  resultant  morphology/bathymetry  of  the  basin  can  be  seen  in 

Illustration 5. 
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1.3 Petroleum History

Within the northwest portions of PEP-50119, just offshore from Balclutha/Kaitangata, 

exploration well Takapu-1 (Illustration 3 for location) found no significant gas or oil 

plays (Killops et al. 1997). The southernmost drill hole Hoiho-1C (Illustration 3) is 

another dry hole. However four of the eight exploration wells drilled throughout the 

basin  have  encountered  hydrocarbons;  these  include  strong  shows  in  Kawau-1A, 

Toroa-1 and lesser amounts in Tara-1 (Illustration 6). 
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Illustration 5: Great South Basin bathymetry. Note highlighted red lines  
and the blue squares marking the location of the reefs on DUN06 
reprocessed lines. Also the contour colours are as follows from deepest to 
shallowest: blue, green, red, orange, yellow and then white.



The source rocks for these hydrocarbon shows are Cretaceous  to Paleocene coals, 

which are widespread and exhibit good Total Organic Content (TOC) and potential 

for mixed oil and gas (Killops et al. 2001). Late Cretaceous and Paleocene marine 

mudstones are also good potential source rocks with many having TOC greater than 

1%. The Late Paleocene Tartan Formation, a marine mudstone, has measured TOC as 

high as 9% and has exceptionally high potential for hydrocarbon generation (Killops 

et  al.  1997).  Cretaceous  coal  members  have  undergone  extensive  maturation  and 

expulsion  of  hydrocarbon  fluids  and  some  possible  expulsion  occurred  from 

Cretaceous - Palaeocene marine formations. Tara-1 indicates significant generation 

occurs at depths of 2500-2800 m and expulsion at 3500-3800 m (Cook et al. 1999, 

Killops et al. 2001).
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Illustration 6: Map of exploration wells closest to the 
Toroa Dome. The location of Toroa Dome is circled.  
Note bulged depth contours showing the surface 
manifestation of Toroa Dome.



The major potential sandstone reservoir rocks (Kawau Sandstone) were deposited in 

non-marine lower coastal plain and fluvial environments, as well as marginal marine 

to mid-shelf  environments;  porosities range from 10-25%. Where recognised from 

seismic  data,  deep  water  marine  channels  and  basin  floor  fans  are  also  potential 

reservoirs.  Seal  rocks  in  potential  structural  traps  are  mudstone  and  calcareous 

siltstones  found within  the  Pakaha  Formation,  the  Rakiura  Group,  and  of  limited 

extent in the upper Hoiho Group (Anderton et al. 1982). The presence of source rocks 

throughout  the  basin  and the  occurrence  of  adequate  seal  and trap  structures  and 

possible structurally-controlled hydrocarbon fluid migration (Eichhubl et al.  2000), 

coupled  with  the  under-explored  nature  of  the  basin,  mean  that  it  is  has  a  high 

potential of containing economic quantities of oil and gas (Cook et al. 1999).

1.4 Volcanism

Cenozoic  intraplate  volcanism  is  common  onshore  in  Otago.  In  north  Otago  the 

Waiareka-Deborah tholeiitic  volcanics  erupted  during  the  Late  Eocene-  Oligocene 

(40-32 Ma) and are interbedded with Totara Limestone. These volcanics have been 

interpreted as Surtseyan type volcanism  (Cas et al. 1989). Made up of pillow lavas, 

clastic  breccias,  pyroclastic  flow  deposits  and  marine  volcaniclastic  sediments. 

Similar Cenozoic volcanic activity can be assumed to have occurred within the GSB.

Miocene volcanism occurred within the GSB and surrounding area. This is expressed 

in volcanic sequences observed onshore (e.g., the Waiareka-Deborah volcanics seen 

near Oamaru), and has also been observed in seismic sections within the central Sub-

Basin (Illustration 7). This volcanism has both subsurface and seabed components 

(Cas et al. 1989).
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Based  around  a  dominant  centre  of  basaltic  volcanism,  the  Dunedin  Volcano, 

intraplate volcanism continued in the southeastern and central Otago regions during 

the Miocene.  Numerous volcanic  intrusive and extrusive bodies are located in the 

offshore GSB (Anderton et al. 1982). These volcanic systems are expressed both on 

and below the sea floor. Surface volcanic features that are then buried, suggests that 

multiple phases of volcanism have occurred over a period of geologic time, as well as 

having variable success at emerging to the sea floor (Godfrey et al. 2001).

Some volcanic edifices near Dunedin could be associated with peripheral venting of 

the  Dunedin  Volcanic  system.  These  submerged  features  are  structurally  and 

stratigraphically complex having been presumably folded and faulted along with their 

associated marine sequences.  Dating of Dunedin Volcano rocks shows that it  was 

active during the Middle Miocene,  but due to observed stratigraphic  relationships, 

volcanic activity also possibly occurred earlier (Godfrey et al. 2001).
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Illustration 7: DUN06 line 22 shot points 5000-1000 southeast of Toroa Dome 
showing submerged volcanics. Volcanic intrusion peaks at shot point 2500 within 
the red circle. Horizontal axis shows CDP numbers. Vertical axis shows time 
(ms). Line trends from southwest to northeast.



Near Toroa-1 in  the  Central  Sub-Basin volcanic  edifices  are  observed on seismic 

sections. These features vary in size but have seabed relief up to 250 m and width of 

over 500 m. These seabed features are thought to be more recent than the Miocene 

because they are not covered by subsequent sedimentation. They are thought to be 

contemporaneous  with the  Rakiura Volcanics.  However  the  Rakiura volcanics  are 

covered by the prograding shelf wedge while the diversion of clastic material around 

the uplifted  Toroa Dome has left  them exposed (pers comms Tim Allen).  As the 

Rakiura and Toroa volcanics are related the volcanics must be regionally extensive 

throughout the study area.

1.5 Fluid flow

Fluid migration in  the crust  is  a  wide spread process and creates  many structures 

observed in 2D seismic profiles, as well as in outcrop and drill hole analysis. Gas 

escaping on the earth's surface from buried source units, is one of the most obvious 

surface  expressions  of  fluid  migration.  Fluid  escape  is  driven  by  the  physical 

properties of the fluid and causes the upward migration of lighter fluids, i.e., oil, gas 

and  salt.  These  ejected  fluids  can  take  various  paths  to  the  surface,  such  as 

disseminated  pore-to-pore  transfer  through  permeable  units  en-masse  and  by 

following pathways created by the physical force of the migrating fluids, i.e., ejection 

chimneys or faults and jointing (Dimitrov 2001, Yusifov et al. 2004). Fluid and gas 

seepage  is  expressed  on  the  seabed  in  the  presence  of  pockmarks,  diapirs,  mud 

volcanoes and deep-water corals and other organic formations (Mazzani et al. 2003, 

Foucher et al. 1996).

Obscured zones in conventional 2D or 3D seismic sections are often observed in areas 

that are thought to have an extensive history of fluid flow. These obscured zones can 

take the form of chimneys, plumes and mound like surface features (Xie et al. 2003). 

The  obscured  zones  are  characterised  by intermittent  chaotic  and blank reflecting 

seismic  facies,  low  interval  velocities  and  chimney-like  structures  that  are  often 

associated with steep fault systems (Bruce et al. 2002, Xie et al. 2003).
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These ‘plumbing’ structures commonly lead to a surface expression of fluid and gas 

expulsion  that  produces  circular  and  elliptical  pockmarks  within  the  seabed 

sediments, formed by the explosive expulsion of large amounts of hydrocarbon fluids. 

The surface mounds have been observed in a variety of scales from tens of square 

metres to 500 m2 with typical relief of up to 7 m (maximum diameter of 100 m and 

height of 12 m) (Xie et al. 2003, Mazzani et al. 2003). These fluid eruption structures 

can also create mud volcanoes with very low angles of repose over extensive areas 

(10 000 km2) and greater than 200 m high (Yusifov et al. 2004).

Within  the  GSB,  there  are  numerous  associated  sets  of  faults  that  intersect  with 

several  potentially  over-pressured  fluid  rich  layers.  These  faults  provide  a  fluid 

conduit  for hydrocarbons to migrate.  Occasionally these faults  are ‘blind’ and not 

expressed  on  the  seabed,  and  in  these  locations  commercial  quantities  of 

hydrocarbons  may collect  (e.g.,  Toroa-1,  Tara-1,  Kawau-1A ;  Anderton 1982).  In 

other places, the faults acting as fluid pathways may continue to the seabed. In these 

places, there is potential to have seabed features, such as mud volcanoes, and shallow 

vertical seismic anomalies, chimneys, that show evidence of this structurally driven 

fluid expulsion venting into the ocean.
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2 Background Lithology and Sea Floor Reef Studies

2.1 Lithology and Unit History

The Great South Basin (GSB) is a little studied frontier basin, containing only eight 

wells. Its known units and their sedimentological and tectonic relationships are best 

explained in relation to their better known onshore equivalents. Nomenclature in this 

section is based on work summarised by Cook et al. (1999) and explanations of Beggs 

(1993).

2.1.1 Hoiho Group (Mid to Late Cretaceous)

Hoiho Group sediments unconformably overlie basement. Clear definition of this unit 

in outcrop and seismic data is difficult because of the wide stratigraphic age of the 

group. The broad extent of the unit means that it may vary between non-marine and 

marine  within  the  GSB.  As  a  result,  a  specific  facies  description  for  this  unit  is 

complicated;  however  its  lower  surface  always  directly  overlies  basement 

metasediments and granites in all parts of the GSB (Beggs et al. 1990). The upper 

limit  of the Hoiho Group is overlain by the Kawau Sandstone,  although in places 

where the unit was terrestrial throughout its deposition, to the northwest of the basin 

and basement high, the upper limit is defined by tracing a relevant seismic reflection 

to the terrestrially deposited parts of the sequence, or estimating the location of the 

youngest horizon that is not affected by Cretaceous normal faulting during deposition 

(Cook et al. 1999).

Due to  the variable  nature of the environments  in  which deposition occurred,  the 

Hoiho  Group  formations  are  laterally  discontinuous  and  contain  numerous 

unconformities, as shown in Illustration 8 (Beggs 1993).
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2.1.2 Pakaha Group (Late Cretaceous and Paleocene)

The Pakaha Group is made up of the basal sequence of the Kawau Sandstone, the 

Taratu Formation (in the northwest), the marine Wickliffe Formation and the Tartan 

Formation at the top of the group. The upper portion of the group is characterised by 

an increasing carbonate content, and a significant unconformity or condensed section 

above  the  Tartan  Formation.  The  lower  boundary  is  a  transgressive  surface  that 

separates the Wickliffe Formation from the underlying Hoiho Group.
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Illustration 8: Geological cross section through the GSB as interpreted from well  
data (sourced from Crown  Minerals)
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Illustration 9: New Zealand geological time-scale restricted to GSB ages.  
Modified from Cooper 2004.



2.1.2.1 Kawau Sandstone (Mid Cretaceous)
This unit is made up of a white to grey coloured, medium to coarse grained friable 

sandstone.  It  commonly  contains  glauconite  and  pyrite  (Jillett  1993).  This  unit 

extends over much of the eastern and southern portions of the GSB. It has a spatial 

extent similar to the underlying Late Cretaceous (Piripauan 84.0 ±0.6 to 86.5 ± 0.7 

Ma,  Cooper  2004) marine  sediments  (Hoiho  Group  sediments  in  the  southwest) 

(Illustration 8 and 9). The onshore equivalent of the Kawau Sandstone is the Herbert 

Sandstone  of  North  Otago.  The  Kawau  Sandstone  was  named  after  the  primary 

potential reservoir target of drill hole Kawau 1A (Cook et al. 1999, Jillett 1993).

2.1.2.2 Taratu Formation (Late Cretaceous and Paleocene)

The Taratu Formation is well known from onshore Otago (e.g., Harrington 1958) and 

is defined, in the GSB, at its top by the change from terrestrial to marine deposition 

marking  the  contact  with  the  Wickliffe  Formation  (Cook  et  al.  1999).  It  is  the 

equivalent of the Kawau Sandstone in the northwest GSB. Within the GSB, the Taratu 

Formation  consists  of  5  to  10  m  thick  inter-beds  of  quartzose  grits,  pebble 

conglomerates, coarse sandstone, shales and coal beds up to 3 m thick (making up 

3-10% of  the  formation).  Clasts  range  from coarse  to  fine  grained (Beggs 1993). 

Although  the  matrix  is  predominantly  made  up  of  kaolinite,  this  clay  coats  and 

obscures lesser amounts of mica and pyrite (Jillett 1993). The shales are brown, firm, 

blocky, micaceous and very carbonaceous (Cook et al. 1999). Coals beds within the 

Taratu Formation range from lignite to sub-bituminous grade with vitreous to brown 

colouring and are generally brittle (Killops et al. 2001).

The Taratu Formation is restricted to the shallower western side of the basin, but has a 

thickness as great as 1500 m. The inferred depositional environment for the Taratu 

Formation in the GSB is a lower coastal plain with variable brackishness as indicated 

by dinoflagelate assemblages in some coal measures (Raine et al. 1993). Inferred low 

rates of sedimentation from a reduced Oligocene micro-landmass (Beggs 1993) have 

led  to  the  prolonged  reworking  of  sediment  producing  units  dominated  by  more 

erosion resistant quartz in the Taratu Formation (Harrington, 1958).
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2.1.2.3 Wickliffe Formation (Late Cretaceous and Paleocene)

The  Wickliffe  Formation  is  restricted  on  both  its  upper  and  lower  extent  by 

unconformities. It is made up of fissile, soft to firm light grey shales and clays with 

lesser amounts of brown shale. In places it contains significant amounts of glaucony. 

In the western portions of the basin, sandstone and muddy sandstone units up to 10 m 

thick are common. These sandstone and sandy mudstones are made up of white to 

light grey quartz and glauconite pyrite and mica (Cook et al. 1999).

Onshore  correlatives  of  the  Wickliffe  Formation  are  the  lower  portions  of  the 

Abbortsford Formation and the Garden Cove Formation on Campbell Island (Cook et 

al. 1999). The Wangaloa Formation is equivalent to the coastal facies of the Wickliffe 

Formation. In North Otago, the Moeraki and Katiki Formations are age equivalent to 

the Wickliffe Formation and similar in facies composition; they provide an effective 

lithological comparison (McMillan and Wilson 1997).

2.1.2.4 Tartan Formation (late Paleocene)

The Tartan Formation is a dark brown, firm, carbonaceous to slightly calcareous, very 

micaceous and slightly glauconitic shale. The unit is only 20 m thick in Takapu 1A 

but has an estimated thickness of 44 to 63 m over other areas of the basin. In the 

eastern  portions  of  the  basin,  the  unit  is  thought  to  be  locally  absent  due  to  the 

increasing  open  ocean  influence  on  shale  rich  sediment  in  that  area  during  the 

Palaeocene (Cook et al. 1999).

The depositional environment is thought to have been near shore shallow marine as 

determined by paleontology and palynology (Raine et al.  1993). It was thought to 

have  subnormal  salinity  and  restricted  oxygen  content  associated  with  decreased 

coastal circulation (Raine et al. 1993). The Tartan Formation is correlative with the 

Waipawa Formation black shale on the East Coast of the North Island (Moore 1989) 

and the Canterbury Basin (Field et al. 1989).
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2.1.3 Overview of Rakiura Group (Eocene)

In the southeastern portions of the basin, the base of the Rakiura Group is defined 

either  by  an  unconformity  or  the  base  of  a  condensed  section  and  an  increased 

carbonate content. The upper boundary of the unit is a strong region wide reflector 

associated with a significant increase in carbonate content and a marked increase in 

the level of the unit’s coherency and strength related to the degree of lithification 

(Cook et al. 1999). This regionally strong reflector is interpreted to be a region-wide 

unconformity near the present shelf break with overlying Penrod Group sediments. 

Penrod Group sediments  increasingly onlap the Rakiura Group to the west  of the 

GSB. Within the Central Sub-Basin, the boundary is characterised by a lithological 

change from siltstone and clays  of the uppermost Rakiura Group to soft chalks or 

forminiferal oozes of the Penrod Group (Cook et al. 1999). The Rakiura Group is up 

to 2000 m thick and formed during a transition phase of sea level from restricted 

marine  circulation  expressed  in  organic  rich  shales  to  open  ocean  conditions 

(McMillan et al. 1997). Apart from the northwest of the basin (the shallowest region), 

sedimentation was continuous during the Paleocene (Beggs 1993).

Lower  sequences  of  the  unit  are  shales,  marls  and  minor  dolomites  of  the  Laing 

Formation (see 2.1.3.2). Laing Formation sediments are then overlain by Tucker Cove 

Formation (see 2.1.3.3) marls (Beggs 1993). Most of the clastic sediments in the outer 

part of the GSB are very fine grained and provide little information on provenance. In 

western  portions  of  the  GSB,  feldspar  within  the  sandstone  members  indicates  a 

granitic  provenance  (Field  et  al.  1989).   The  maturity  of  quartzose  units  is  more 

related  to  the degree of  attrition  that  the parent  material  has undergone,  than any 

potential  provenance.  In  northern  portions  of  the  GSB, the  presence  of  quartzose 

sediments with mica and lithic fragments indicates an Otago Schist source (Cook et 

al. 1999).

2.1.3.2 Laing Formation (Mid Eocene)

The base of the Laing Formation is marked by a regional unconformity at the base of 

the Rakiura Group. In the central and eastern portions of the GSB the upper boundary 
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is defined by the transition from the Laing Formation to the Tucker Cove Formation, 

as marked by a change from clastic  to carbonate dominated sedimentation (Beggs 

1993, Cook et al. 1999).

The Laing Formation extends over most of the GSB, in some places with a thickness 

of approximately 2 km. By the end of the Eocene, clastic sedimentation was restricted 

to the western portions of the basin while simultaneously pelagic units were being 

deposited to the east (Beggs 1993). In the west of the GSB, this formation is made up 

of 30-50 m interbeds of siltstone and sandstone. The siltstones are light grey to buff in 

colour, calcareous and contain glaucony and traces of pyrite. Sandstone members are 

fine  to  medium grained  moderately  sorted,  sub-angular  and  quartzose  with  minor 

amounts of glaucony, pyrite and mica (Cook et al. 1999).

The  Laing  Formation  was  deposited  in  a  shelf  to  upper  bathyal  environment. 

Palaeontological evidence from the western wells (Rakiura-1, Kawau-1A) indicates 

the depositional setting deepened from inner to mid shelf during the Early Eocene. A 

thick prograding clastic wedge in the northwest of the basin developed, and during 

the  Early  Eocene,  upper  bathyal  depth  deposition  occurred  to  the  east.  This  fan 

sequence decreases in thickness to the southeast terminating in a condensed section or 

unconformity. This thick early Eocene fan sequence contrasts thin or absent Eocene 

sequences in other basins around New Zealand.  This unusually large fan thickness 

may indicate a major input source such as a large river system draining into the GSB 

around  this  time  (Field  et  al.  1989,  Cook  et  al.  1999).  By the  Late  Eocene,  the 

shallower landward, northwestern portion of the GSB were at upper bathyal depths 

while to the east the basin was mid bathyal (Cook et al. 1999).

Lower portions of the Laing Formation are correlatives of the onshore Abbotsford 

Mudstone. The middle part of the formation equates to the Green Island Sandstone 

and upper parts to the Burnside Mudstone (Cook et al. 1999).
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2.1.3.3 Tucker Cove Formation (Oligocene)

The base of the Tucker Cove Formation is defined as the base of carbonate-rich marls 

and  foraminiferal  limestones,  lying  above  an  unconformity  and  overlying  the 

Paleocene strata of the Laing Formation.  The upper boundary of the Tucker Cove 

Formation is the unconformity separating the Rakiura Group from the Late Eocene-

Recent Penrod Group (Beggs et al. 1990).

To  the  southeast,  the  unit  is  a  light-grey,  fine-grained  limestone  containing  chert 

nodules and minor amounts of pyrite and glaucony. The unit was deposited during 

most or all of the Eocene. It varies in thickness to a maximum of 560 m (Cook et al. 

1999). The unit increases in lateral extent as it reaches the top of the Rakiura Group 

culminating in the Late Eocene sections being deposited over the eastern two-thirds of 

the GSB at outer to mid-bathyal open ocean depths (McMillan et al. 1999).

There  are  no known age  or  structural  correlatives  of  the  Tucker  Cove Formation 

onshore. However, the Amuri Limestone in North Canterbury is a correlative facies 

although  it  is  not  age  related,  whereas  the  Oligocene  limestone  of  the  Auckland 

Islands is an age equivalent but lithologically different (Cook et al. 1999).

2.1.4 Penrod Group (Late Eocene-Recent)

The upper boundary of the Penrod Group is the sea floor, the lower boundary is a 

regional unconformity formed during the late Eocene that is characterised by a strong 

seismic  reflection  and an  increasing  component  of  carbonate.  Limited  lithological 

information is available due to the shallow depth of the unit and the fact that there 

was little or no recovery from exploration wells due to casing being extended over 

most  of  the  unit.  However,  limited  recovery  from the  drill  head  shows  that  the 

sequence  contains  white  foraminiferal  ooze  and  chalk  containing  chert  and  small 

quantities of pyrite.  Isolated quartz pebbles and pebbly siltstone indicate that there 

was  a  clastic  input  to  the  Penrod  Group  (i.e.,  a  prograding  clastic  wedge  to  the 

northwest of the basin) (Cook et al. 1999).
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Seismic  analysis  of  the  Penrod  Group  shows  that  it  has  a  complicated  internal 

stratigraphy  as  well  as  it  being  further  complicated  by  the  presence  of  periodic 

igneous intrusives (Anderton et al. 1982). To the northwest, the unit displays a more 

shelf dominated style of deposition, whereas to the southeast it is thought to be made 

up of unconsolidated forminiferal oozes. This deep marine ooze does appear to have 

internal structures such as channels and current-induced bedforms (Cook et al. 1999).

The age of the unit ranges from Late Eocene to Recent. It is approximately 800 m 

thick near the shelf break and increases to 1400 m in the Central Sub-Basin. Due to 

the  limited  nature  of  shallow  sediment  sampling  associated  with  commercial 

petroleum exploration wells, little is know about the provenance of the Penrod Group. 

Despite  intense  sediment  generation  in  the  Southern  Alps  since  the  mid-Miocene 

(Carter and Norris 1976), strong currents across the Campbell Plateau have limited 

clastic deposition by isolating the southeastern portions of the GSB (Beggs 1993).

To the south, Penrod Group sediments  were deposited in water depths of 1200 m 

shallowing to 700 m for the younger  parts  of the sequence.  To the north,  Penrod 

Group sediments were deposited in water depths of 1000 m decreasing to 400 m. 

Along the northwestern parts of the basin increased clastic sedimentation caused the 

development  and  progradation  of  a  clastic  sediment  wedge  southwestward 

(basinward) (Brown and Naish 2003).  In the southeast,  the GSB collected pelagic 

foraminiferal limestone (Cook et al. 1999).
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2.2 Review of Three Possible Modes of Reef Genesis

Three possible means of reef genesis will be introduced in the following section. 

These are: 1) mud volcanoes, 2) deep water carbonate reefs, and 3) seabed volcanics. 

Each section will outline how the particular process could form the reefs observed. As 

will be seen, no totally definitive decision can be made on which of the three potential 

processes formed the Toroa Dome Reefs. However of the three explanations, I will 

show that the strongest possibility is  that the reefs are volcanically derived. This is 

because the process best explains the presence of the reefs on Toroa Dome, and the 

reefs' hardness, reflectivity, resistance to erosion and morphology. Although other 

processes explain some of the reefs' characteristics, none provide as well-rounded an 

explanation as volcanic action. Cold water carbonates are the next best possibility for 

the reef formation.

2.2.1 Mud Volcanoes
Mud volcanoes, fluid seeps and geothermal vents are observed in many places, both 

onshore and offshore in New Zealand. Not all are currently active; however, structural 

relicts  remain  (Lewis  and  Marshall  1996).  Studies  of  both  style  and  duration  of 

eruptive activity are possible by investigating these features.  Common methods of 

locating these structures are by direct observation using remote observation vessels 

(ROV), or dredging (e.g. either scientific or commercial fishing ventures bringing up 

distinctive vent fauna and carbonate chimneys). Also, active plumes of low-density 

fluids  are  observed on high  frequency sonar  (i.e.  fish-finders).  In  an international 

context, many of these vents contain gas and oil shows (Dimitrov 2001) and therefore 

can provide direct information on:

(1)  deeper accumulations of oil and gas that have migrated to the seafloor and 

(2)  instances of pressurised expulsion of oil or gas. 

Both of these are important for petroleum exploration and production.

In offshore  sedimentary  basins,  fluid vent  structures  are  frequently  observed.  The 

actual occurrences are likely much greater than the known number of vents, due to the 
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lack of high-resolution mapping of the sea floor. By evaluating what little we know 

about offshore morphology and distribution of these features, it is possible to relate 

them  to  eruption  activity  onshore,  and  thereby  improve  understanding  of  these 

offshore features.

Most  mud  volcanoes  in  New Zealand  occur  within  the  accretionary  prism of  the 

Hikurangi Margin (Pettinga 2003). Three distinctive types occur, resulting from: 

(1)  tectonically driven overpressure from the thrusted Hikurangi Margin, 

(2)  possible stratigraphic diagenetic overpressure (likely in the GSB), and 

(3)  volcanic geothermally-induced mud eruption behaviour as observed in the 

      Taupo Volcanic Zone (Fehn et al. 2003). 

The distinction between these mechanisms is important, as New Zealand exhibits all 

three types within a relatively restricted area.

2.2.1.1 Fauna

In  New Zealand,  distinct  localised  fauna  assemblages  are  closely  associated  with 

venting structures. These species obtain their nutrients by chemosynthesis and have 

characteristic  reduced  gastric  tracts  (Lewis  and  Marshall  1996).  Distinctive  vent 

assemblages are made up of a variety of species. Commonly found are white bivalves 

such as Calyptogena sp. and Maorithyas sp., vestimentiferan tubeworms of the genus 

Lamellibrachia and Bathymodiolus sp. (Lewis and Marshall 1996).

2.2.1.2 Morphology

Although many mud volcanoes can have a characteristic conical shape, they can also 

form  caldera  style  depressions,  cratered  mounds,  and  complicated  multi-cone 

structures with associated satellite craters making an almost elongate mounded form. 

The size of these features varies depending on a variety of factors. For example, the 

magnitude  and  frequency  of  eruptive  events,  rates  of  erosion  and  rates  of 

sedimentation all affect the preservation of the edifice and therefore the size that we 

observe  (Dimitrov  2001).  The  shape  and  slope  of  the  vent  is  determined  by  the 

viscosity  (viscous  ejecta  equates  to  steeper  slopes)  and  pore  fluid  pressure  (the 
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primary  determinant  of  eruptive  magnitude  and  therefore  morphology)  (Dimitrov 

2001).

Heights and sizes of mud volcanoes vary from caldera type depressions to cones up to 

500 m high with craters up to 500 m in diameter extending to a base diameter of 

3-4 km.  Due  to  the  structural  relationship  between  mud  volcanoes  and  feeder 

structures (Williams et al. 1984), groups of both circular and linear arrangements of 

edifices can join up to create larger structures. Flows of mud-based breccia can cover 

areas of 100 km2 or more (Williams et al. 1984). It is important to note that age and 

maturity of the ‘eruptive life cycle’ of the mud volcano, when it is viewed, is a major 

determinant  of the morphology of the volcano.  Temporary cones can develop and 

form large structures that  subsequently collapse and erode after  an eruptive event; 

therefore age and eruptive style are important considerations.

The  spatial  structure  of  the  feeder  plumbing  affects  the  morphology  of  mud 

volcanoes,  with  linear  features  forming  over  fault  structures  or  the  hinge  line  of 

structures  such as anticlines  (Yusifov and Rabinowitz  2004).  Larger  features  may 

have  larger  and wider  conduits  and  more  efficient  pressure  fluid  supply systems, 

whereas smaller features tend to have less efficient triggers and smaller conduits.

2.2.1.3 Styles of Genesis

There are thought to be three different stages of eruption in the 'life cycle' of a mud 

volcano.  First when fluid overpressure occurs and a suitable conduit is available, the 

potential for a mud volcano forming is initialised. Then a supply of fluidised viscous 

mud is required for mud to be propelled to the surface. Often a trigger, such as an 

earthquake,  can cause the failure to propagate sufficiently to initialise the eruption 

(Yusifov et al. 2004). The three stages of eruption are defined as follows:

(1) Eruption.  Hydraulic  failure  of  the  overlying  strata,  initial  development  of 

edifice.

(2) Depletion. Migration of gas, oil and water to the surface through fractures and 
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other porous/ permeable media.

(3) Quiescence and build up. Re-accumulation of pressure and fluid.

Depending  on  the  position  of  the  eruption,  one  of  four  morphologies  can  be 

generated. These morphologies depend on the physical characteristics of the volcano, 

e.g.  seal  and  trigger,  viscosity,  available  overpressures  and  fluid  supply  systems. 

These four common morphologies  are:  mud cones,  mud pools,  domes and craters 

(Yusifov et al. 2004, Dimitrov 2001).

In  addition  to  these four  common morphologies,  in  locations  where  mud volcano 

activity can be readily observed onshore, a  classification system based on the style of 

activity is possible.

Type 1 has short strongly explosive periods followed by long periods of quiescence. 

This type of activity generally produces low viscosity mud breccias.  The periodic 

explosive activity is determined by the ability of ‘blockages’ to cap the feeder systems 

to prevent intermittent activity and instead produces strong but intermittent activity.

Type 2 is characterised by continuous relatively weak activity. Uniform amounts of 

gas and fluid are continuously ejected, which often produces numerous small vents 

that eject small amounts of gas and fluid.

Type 3 demonstrates a type of activity intermediate to types 1 and 2. Eruptive periods 

occur  intermittently  and  are  promptly  followed  by  weaker  continuous  periods  of 

activity. This is the most common style of activity (Yusifov et al. 2004).
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2.2.1.4 Seismic characteristics of mud volcanoes

Mud volcanoes are easily recognisable in 2D seismic plots, particularly when they 

occur  in  areas  where  there  is  little  topography  and  they  are  underlain  by  simple 

undeformed stratigraphic sequences. Flat-lying stratigraphic sequences are common 

in  an extended rift  basin that  has  relatively high rates  of  sedimentation  and little 

erosion.  In tectonically-active  settings,  such as compressional  accretionary wedges 

and over-thrust complexes where complex topography is more pronounced, there is 

more potential for erosion and greater stratigraphic complexity. Therefore in areas of 

steep bathymetry, it is more difficult to observe and define mud volcano complexes 

and their  structural  feeder  plumbing  relationships.  For  example,  in  the  Black  Sea 

Abyssal Plains, mud volcanoes can easily be identified on the flat level terrain as they 

protrude  from  the  seabed  (Dimitrov  2001),  whereas  identification  is  much  more 

difficult on the rugged seafloor of the Hikurangi Margin (Pettinga 2003).

In  addition  to the seabed surface expression,  the seismic  characteristics  of  a mud 

volcano extend below the feature, generally in the form of a near vertical,  narrow 

band of anomalously low velocity material. This narrow zone can exhibit ‘pull down’, 

due to the velocity contrast between mud feeder pipe and surrounding higher velocity 

country rock.  Other  seismic  artefacts  associated  with the  underlying  zone include 

hyperbolic  diffraction  patterns  and  ‘wipe  out’,  where  otherwise  continuous  strata 

become unreflective or are chaotically disrupted. These anomalies are a response to 

the low velocity mud and mud breccia that are 'temporarily stored' in the fluid conduit 

awaiting later eruptions. In addition to the velocity contrast between migrating fluids 

and  country  rock,  the  possible  seismic  complexity  of  the  region  beneath  a  mud 

volcano can be attributed to interference from bright spot gas reflections caused by 

temporarily trapped upwardly migrating gas (Dimitrov 2002).

Fluid overpressures have been extensively studied by geophysical researchers due to 

their  critical  importance  in  petroleum exploration  and  production  (e.g.  Bruce  and 

Bowers 2002). During well operations, drill hole pressure is maintained by altering 

the density of drilling muds and polymers. This pressure balance is closely monitored 
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to avoid induced fracturing that could reduce production. This can be due to using 

denser drilling mud than is necessary to contain pore pressures, causing high drilling 

pressures and subsequent  rock failure.  On the other hand, if  insufficiently viscous 

mud is used and high pore pressures are met, the hole's integrity may fail or it may 

undergo a catastrophic kick back; the subsequent blow out may threaten both life and 

equipment (Bruce and Bowers 2002). It is important to note that fluid overpressures 

have been extensively studied, and the methods of identifying the pressures are very 

specific. Of the down hole measurements available, gamma-ray, electrical resistivity 

and sonic travel time (velocity) logs are most effective geophysical exploration tools 

as they are used to help define porosity,  permeability and fluid content,  and these 

physical properties help to constrain fluid pressures. Ability to calculate and identify 

fluid  overpressure  is  much  reduced  when  investigations  are  limited  to  traditional 

surface 2D seismic surveys.

As migrating fluids and overpressure are the dominant causes behind mud volcano 

activity, seismic recognition of elastic rebound allows for the interpretation of fluid 

overpressure. When fluid overpressure occurs, it will cause unloading and therefore 

elastic rebound (Bowers 2002). One indicator of elastic rebound is a velocity reversal, 

but not all reversals are caused by elastic rebound. Sonic velocity and resistivity, in 

highly over pressured systems, should undergo larger reversals than corresponding 

bulk density measurements  (Bowers 2002).  Due to  the lack of well  logs over the 

Toroa Dome it would be conjecture to define specific zones of overpressure; however, 

no elastic rebound features are observed in the DUN06 seismic sections.

In situations where density, resistivity and sonic velocity all go through reversals, the 

method  used  to  identify  'under  compaction'  can  also  be  used  to  detect  high 

overpressure. This can be done by picking a point at the same depth in each reversal 

and projecting that point vertically until it crosses its log above the reversal. If the 

density log is crossed at a greater depth than the sonic and resistivity logs, it is an 

indication of high overpressure (Bowers 2002).
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2.2.1.5 Mechanisms and triggers of mud volcano formation

There are thought to be two main driving processes behind mud volcano activity. The 

first process is associated with the buoyancy effects of low-density mud and gaseous 

fluids that actively migrate upwards, ‘pushing’ through overlying strata (Hovland and 

Judd 1988). Kinematically, mud diapirism is thought to behave in a manner similar to 

ductile low-density salt domes. Mud diapirism by itself is thought to be insufficient to 

cause mud volcano eruptions; however, it is a contributing process (Dimitrov 2002).

The main driving force behind mud volcano formation is thought to be abnormally 

high  pore  fluid  pressures.  These  high  pore  fluid  pressures  are  formed  in  active 

tectonic settings where folding, accretion and over-thrusting of sediment occurs. In 

these settings, sedimentation rates are generally high. Due to these high rates, there is 

little  dehydration  of  interbedded  coarse  terrigenous  sediments  and  shales  during 

compaction. The units are not slowly buried and allowed to gently expel their fluid; 

rather they tend to trap their fluids. These trapped fluids explain the extremely high 

water  contents  observed  in  brecciated  ejecta,  with  up  to  20-40%  water  content 

measured (Foucher and Henry 1996, Bowers 2002). Compaction of these sediments 

leads  to  a  build  up  in  fluid  overpressure.  This  can  create  contrasting  physical 

properties in adjacent strata, enabling the formation of discrete mud volcanoes.

Terrigenous material that has been buried in a rapid depositional setting will often 

have high amounts of organic material.  This material,  in addition to having a high 

water content,  will  often produce gases during biogenic  transformation,  tending to 

accentuate and concentrate  overpressures within discrete strata-form traps (Bowers 

2002). High water and gas content dramatically decreases the bulk density and shear 

modulus, whereas viscosity decreases as the liquid content of the sediments increases. 

If  this  overpressured liquid,  in association with buoyancy effects,  is  overlaid with 

more  competent  material,  mechanical  instability  may  occur  and  result  in  the 

formation of faults  or other through-going structures.  This in turn can lead to the 

surface expression of mud diapirs and mud volcanoes.
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Compressional  forces will  tend to increase the probability of producing high pore 

pressures.  This  is  because  hydrofractures,  that  form  in  compression,  will  extend 

horizontally  rather  than  vertically  causing  fluid  to  transfer  horizontally,  and 

compounding fluid pressures rather than releasing them. The horizontal  transfer of 

fluids  generates  anomalous  overpressures.  When  an  isolated  overpressured  layer 

develops enough pressure, it will ‘bleed off’ laterally into another sealed interval and 

cause pressure in that area to increase. This pressure increase can cause a hydraulic 

jump that may be sufficient for the injected unit to become naturally hydrofractured 

(Bowers 2002).

Triggers  for  the  formation  of  mud  volcanoes  can  occur  as  self-induced  failures. 

Where  fluid  pressure  overcomes  lithospheric  pressure  this  causes  vertical 

hydrofractures. In an extensional tectonic regime, this enables fluid to migrate to the 

surface. Faults and other weakened zones may provide a path for the fluids to migrate 

(Yusifov et  al.  2004). Earthquakes  are a common trigger that  can induce eruptive 

behaviour by either causing a ‘jump’ in fluid overpressure or weakening the confining 

strength of the overlying units.

In conclusion, although the reefs observed at Toroa Dome show some similar seismic 

characteristics with mud volcanoes like hyperbolic diffraction patterns and ‘wipe out’, 

and the tectonic regime of the GSB could provide the settings for mud volcanoes to 

form, the strong reflectivity and high velocity properties of the material suggests that 

the reefs are much harder than can be explained by mud volcano behaviour. Therefore 

mud volcanoes have likely not formed the Toroa Dome Reefs.
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2.2.2 Deep Cold Water Carbonate Reefs
Deep water carbonate reefs, also known as bioherms (Hovland et al. 1998) are in situ 

framework accumulations of carbonate material and mud. They are unrelated to the 

photic ecosystem processes associated with shallower marine coral formations as they 

are below the photic zone. Such systems are primarily based around cosmopolitan 

colonial ahermatypic scleractinian species such as Lophelia Pertusa (Hovland et al. 

1998) and codiacean algae such as halimeda sp. (Wendt et al. 1997), which are locally 

fertilised by micro seepage of light hydrocarbons. These chemosythesis based 

communities oxidise dissolved H2S and CH4 to provide energy to the local food web 

(Campbell et al. 2008). These coral banks are dependent on a continuous supply of 

leaking hydrocarbons to sustain the ecosystem and larger banks are interpreted to be 

based around longer-lasting vent structures.

In New Zealand, seep associated bioherms have been observed both currently forming 

offshore (Pecher et al. 2004) and preserved in extinct onshore tectonically uplifted 

and eroded sections on the Hikurangi subduction margin (Campbell et al. 2008). As 

the chemicals being emitted from the underlying strata migrate, and are concentrated 

by structural controls. It is of little surprise that currently active bioherms are 

observed on monoclines, anticlines, large displacement normal faults and synclines 

within the Hikurangi subduction wedge (Campbell et al. 2008).

Bioherms provide an archive of information about patterns of hydrocarbon fluid 

expulsion and the spatial distribution of seeps within a regional basin setting. From a 

seismic analysis perspective, the hard carbonate structure provides a marked velocity 

contrast with surrounding pelagic mud substrates and therefore is identifiable in 

conventional oil industry 2D seismic sections.

Potential hydrocarbon source rocks are widespread throughout the GSB and potential 

migration pathways abound. This means that if the observed reefs in the Toroa Dome 

region are chemosynthetic bioherms, then it is more than likely that further studies in 

the GSB will identify more regions of seep derived carbonates as well as fluid 

ejection structures and formations.
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It has been noted by other researchers (Hovland et al. 1998, Campbell et al. 2008, 

Judd et al. 2007) that a specific set of physical attributes of an area are suited to reef 

formation. These are: 

(1)  depth, 

(2)  low rates of deposition, 

(3)  fluid ejection rates (as influencing growth rates), and 

(4)  currents. 

If any one of the above properties is unfavourable, bioherms will not be observed on 

the seabed. As the GSB is such a large and poorly studied area, I suggest that future 

researchers looking for seep related bioherms limit their study areas to concentrate on 

favourable zones. These areas will be below the photic zone, have low rates of 

sediment supply and deposition as well as being on topographic highs, which limits 

sedimentation and accentuates any background erosion thereby helping to reveal the 

features. Additionally their hardness, due to the authogenic carbonate cement, will 

help resist erosion.

In conclusion, the reefs observed at Toroa Dome show similar physical characteristics 

with carbonate  reefs like high reflectivity,  ‘wipe out’,  underlying  fault  systems  to 

provide material  to form the reefs and a favourable physical  setting.  However the 

extremely large size of the reefs and lack of distinctive internal reflections (James et 

al. 2000) and discrete boundaries between the flanks of the reef with the surrounding 

pelagic sediment means that the Toroa Dome Reefs are unlikely to have formed as 

methane derived carbonate reefs.

2.2.3 Seabed Volcanics
As mentioned in Section 1.4, the GSB has undergone widespread volcanic activity 

from the Cretaceous through to the Miocene (Cook et al. 1999, Gamble et al. 1986, 

Godfry et al. 2001). Large Cretaceous plutonic bodies have been identified near 

crystalline basement (Cook et al. 1999) and Miocene activity penetrates younger units 

(Illustration 10) to emerge on the sea bed in many places (e.g. Pukaki East Rise; 

Gamble et al. 1986). There has been some suggestion that the Toroa Reefs are in fact 

volcanically derived (pers comms Tim Allan 2009). If so, the volcanism is confined to 
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a defined area around Toroa Dome. In fact, Toroa Dome itself could possibly have 

resulted from thermal uplift associated with the deeper emplacement of magma. The 

relationship between the underlying reverse fault and the surface distribution of the 

Toroa Dome Reefs shows that faulting, due to thermal or regional tectonics, provides 

pathways for fluids to travel to the surface. Interpreted steep vertical feeder pipes, 

extending to depths great enough to connect with possible magma chambers, provide 

the means for material of potential surface reefs to reach the surface. These fluids 

must travel a great distance [>6 s two way time = 7500 m at average velocites of 2500 

m/s] through overlying sediments and only disturb a 100 m wide zone. 

The sorts of reefs that result from volcanic eruptions depend on the style of eruption. 

Pillow lavas and flows can extrude onto the sea floor in a relatively sedate manner 

forming a solid dyke like reef. Conversely, a explosive eruption would brecciate the 

lavas, forming a broad unconsolidated shield of material, more susceptible to erosion. 

Observations of the Toroa Dome Reefs confirm the hypothesis that the reefs are solid 

volcanic material. Imaging shows that they are steep sided, rounded, reflective and 

hard enough to resist erosion. They vary in size and tend to orientate along underlying 

fractures and faults. However, no other volcanic features within the GSB appear to 

have structures as spatially discrete in extent as those seen in the Toroa Dome Reef 

Complex casting some doubt on their volcanic origin.
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Illustration 10: Dun06 Line 22 Shot Point (SP) 0-5000 m. Miocene volcanic  
intrusion observed around SP 2500. Surface canyons are interpreted to be 
related to thermal emplacement of a magma chamber below the surface 
causing faulting and allowing preferential erosion of the fractured areas.  
Horizontal axis shows shot point numbers. Vertical axis shows time (ms). The 
line trends from the southwest to the northeast. 



If the Toroa Dome uplift is derived from volcanic processes as seen elsewhere in the 

GSB (Grobys et al. 2008), it does not necessarily mean that magma will have 

extruded on the sea floor. Mineral saturated hydrothermal fluids migrating up a series 

of vertical faults on the dome could allow the formation of a 'black smoker', massive 

sulphide deposition at the fluid vent site, as vertical chimneys and mineral sulphide 

mounds (Von Damm 1990). This could potentially create a reef complex that is 

produced by deep seated volcanism with its distribution being related to fluid conduits 

created by reverse faulting. 

The explanation that the reefs are formed by hydrothermal mineral laden fluids could 

explain the lack of shallow intrusive bodies on the dome as well as the minimally 

disturbed conduit pathway below the reefs. Conversely, reasons against the reefs 

being hydrothermally produced include the observation that the size of the reefs 

would mean that the hydrothermal mounds would be some of the largest ever seen 

and no tell tale traces have ever been observed above Toroa Dome. These might 

include discoloured water, thermal anomalies in the water column and steaming water 

surface.

Volcanically derived reef formation is the favoured explanation for reefs formation at 

Toroa Dome.  However, a complex set of geophysical problems arise from situations 

where shallow basaltic lenses are intruded into marine sediments. These 

complications help to obscure sub-reef features and plumbing of the feature. This is 

because imaging sub-basalt structures is notoriously complicated and partially 

because of this, few successful case histories exist. The reasons for this are:

(1) As basalt is not homogeneously deposited; scattering and attenuation effects 

are usually considerable;

(2) Topography at the top and bottom of the intrusion may cause further 

complications;

(3) A basalt layer often exhibits high-velocities. This causes the point of critical 

refraction to be reached quickly, and thereby prevents energy from penetrating 
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the basalt layer; and

(4) Short-offset data are contaminated with multiples due to the high impedance 

contrast of the basalt with the overlying sediments (Kerrane et al. 2002). 

The above points outline some of the problems of trying to image sub-basalt features 

or even the spatial distribution of the basalt itself. This helps explain the remaining 

uncertainty about the underlying plumbing of the Toroa Dome Reefs, which adds an 

element of uncertainty in later processing and interpretation of data.
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3 Data and Processing

Chapter 3 is broadly based on the processing work flow as it occurred during data 

analysis. Each major step is given a sub-chapter and these set out a series of points 

that outline the major developments and processes to which the data were subjected. 

The sub-chapters also provide justification for the use of different tools used to create 

the final products. When processing the data, reliance was placed on pre-developed 

filtering algorithms and default settings which are part of the Globe Claritas 

processing package. References are not included in the following text as it is 

acknowledged that the following work is broadly based on the Claritas dictionary and 

manual (Ravens 2001).

The term SEGY refers to the industry standard format developed by the Society of 

Exploration Geophysicists (SEG) for storing and transferring seismic data. It is a 

format developed by the SEG Technical Standards Committee (Barry et al. 1975). 

SEGD is similar to SEGY but has less positional and acquisition detail information 

stored in headers. It is used as a standard field tape collection format. Globe Claritas, 

used to process seismic data, has a proprietary format converted from SEGY/SEGD, 

which is generally referred to as Claritas SEGY (CSGY). Each SEGY files contains: 

(1) a text header, which contains labelling information or operator comments, (2) a 

binary header which contains information like the number of samples and sampling 

rate, and (3) information for each seismic trace in the file including: (a) a binary trace 

header which holds information like trace numbering, location, etc., and (b) the 

corresponding trace data.

3.1 Survey Design
Data were collected by Multiwave Geophysical on the RV Pacific Titan for Crown 

Minerals (part of the Ministry of Economic Development) on behalf of the New 

Zealand government. The survey was intended to encourage petroleum industry 

exploration and interest in the Great South Basin exploration block offer in 2007. The 

survey took place in the summer of 2006, with the vessel based out of Dunedin, hence 

44



the naming of the survey DUN06. The data were made publically available by the 

Ministry of Economic Development for research purposes (Table 1).

The three lines analysed (Illustration 5), which intersect the Toroa Dome, were 

contained in three archived tapes. 

Tape number Line No. Shot Point Range Volume of data 

dun06-01p-23 Line 1 0-5500 SP 18322 Mb (17.9 GB)

dun06-22b-006 Line 22 9500-14500 SP 9986 Mb (9.8 GB)
dun06-23p-013 Line 23 8500-13500 SP 53256 Mb (52 GB)

Table 1: Archived data used in this work.

These tapes were acquired by Multiwave Geophysical using the relevant acquisition 

parameters outlined in Illustration 11. All three lines were collected using the same 

source and streamer parameters for consistency in data quality and appearance.

In the early stages of processing, it was established that although the field tapes 
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Illustration 11: Observers' log summary sheet



appeared to be in a standard format, the naming of files was not intuitive. It was 

determined that the tapes were labelled in the following way:

Illustration 12: Example of field segment labelling and line labelling for DUN06-01.

Explanation of segment labelling e.g. DUN06-01P-23

DUN06 =survey name (i.e. Dunedin 2006)
01  =Line name from survey layout plan
P    =Line segment (P is first followed by A and then B)
23  =Sequence in which the line segment was shot (number increases incrementally
         through the survey showing the order in which segments were recorded).
Due to limited disc space, and to simplify the processing, a single field segment (i.e., 

the P, A or B segment) was selected for each line that crossed the Toroa Dome Reef 

Complex. So, when a line is mentioned in this thesis, it is to be understood that this 

means just the relevant portion of the line with respect to the Toroa Dome Reef 

Complex.

The DUN06 survey used standardised streamer and gun arrays for all the lines 

collected. Illustrations 13 and 14 describe the gun array, including the sizes, and gun 

types used.
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Illustration 13: Dun06 survey gun array and sizes

Illustration 14: DUN06 survey air gun array and statistics



3.2 Geometry

When the field tapes were first obtained, they lacked any accompanying navigation 

data. Upon application to Crown Minerals, the initial unprocessed UKOOA p1/90 

format navigation data were obtained. This format contains all of the information 

required to navigate and orientate the seismic lines and is based on Differential Global 

Positioning System (DGPS) correction techniques which are accurate to between 2 m 

and 30 cm. The navigation files relate to prestacked data and contain all relevant 

source and receiver group locations. Format conversion is carried out by inputting the 

relevant NAV file into the the p190txy geometry converter as found in Globe Claritas 

(Illustration 16).
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Illustration 15: Diagram showing birds eye view of the port side streamer 
array of the RV Pacific Titan during the DUN06 survey (unpublished 
Petroleum Report 3294, Ministry of Economic Development).



The p190txy geometry converter extracts the coordinate locations of the source and 

receiver array  and outputs them into suitable Globe Claritas formated .sht and .txy 

files, respectively. It also keys in a relational record that ties the receiver group or shot 

location to a specific shot number. 

These two formats are then combined by the Globe Claritas GEOMETRY 

application, which outputs a standard .geom file and produces a graphical output 

interface (Illustration 17) that allows for some simple control of the data quality. As 

seen in Illustration 17, it is possible to observe a plot showing the streamer splay 

along the length of the line as plotted against spatial distance.  For this example, 

DUN06 Line 1, Illustration 17 shows that the largest amount of receiver drift 

(referred to as streamer feathering) occurs in the middle and towards the beginning of 

the line, possibly the result of surface currents travelling across the path of the ship. 

This graphical display assists in assessing an appropriate bin size, especially in the 

direction perpendicular to travel. The term 'bin' refers to sorting seismic data into 

small areas along the line in which the midpoint (or reflection points) between sources 

and the receivers lie. Traces recorded within a bin are stacked (summed) together to 

generate an output trace for each bin. The greater the receiver splay, the wider the 

bins will need to be ensure that  traces are not excluded from the stacking process.
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Illustration 16: Screen shot of Claritas UKOOA 
conversion terminal window.



50

Illustration 17: Screenshot of Claritas Geometry application showing 
DUN06 line 1 receiver geometry. The axis labels are NZTM. 



Following the spatially accurate plotting of the streamers, and therefore the 

corresponding receivers and shots, a Common Depth Point (CDP) overlay will show 

the position of CDP bins. These CDP bins, as mentioned previously, are the regions 

on the surface halfway between the source and receiver that are shared by numerous 

source-receiver pairs. Such redundancy between source-receiver pairs enhances the 

quality of the seismic data when stacked. A smoothed line is established by selecting 

a series of hit points that link the centres of bins for the particular line. 

In DUN06 Line 22 (Illustration 18), a large amount of drift is seen in the receiver 

array geometry. This is important to note, as later, during prestack processing, error-

ridden CDPs were edited and replaced with dummy traces. These bad traces are 

thought to have been affected by stormy weather that is noted in the observers' log. 

The large lateral offset of the receivers relative to the boat line caused by feathering of 

the streamer, adversely impacted the CDP gathers, especially when compared to 

DUN06 Line 1 which was less affected by swell and has notably less noisy CDP 

gathers.
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Illustration 18: DUN06 Line 22 showing receiver  
geometry and feathering. Screen shot of Claritas  
geometry application. The axis labels are NZTM. 



When the CDP geometry had been checked and output .geom files had been created, 

raw field tape data in the form of SEGD files were read and merged with their 

corresponding position information as shown in Illustration 19.

The important steps to note in the above work flow are as follows. 

READSEGD - This input process reads SEGD-formatted traces (header and data) 

from a disc or tape file, and passes traces to downstream modules using the Claritas-

specific format of SEGY (CSGY). READSEGD was the first live module in a job 

stream.

TREMOVE - This was used for deleting dummy or auxiliary traces, but was not 

used to mute/zero traces. TREMOVE simply deletes traces from the data stream.  In 

this case all non-live traces (traces that are included in raw data to provide extra 

metadata, i.e., not seismic data) were removed to prevent contamination of CDPs.
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Illustration 19: Screen shot of processing work flow from Claritas 
READSEGD to CDP sort and SEGY output



ADDGEOM - Position information inserted from the *.geom file (generated earlier 

by the Claritas geometry application) into the SEGY trace headers of pre-stack 

seismic data.  If a trace is missing from the geometry file, it is muted and the header 

changed accordingly. 

DISCSORT - This trace input process reads trace data and headers in a specified 

sorting order, from a disc file with an arbitrary trace ordering. This is a convenient 

way to read in shot ordered data and convert them to CDP ordered data. The output 

ordering is sorted using specified primary (CDP) and secondary (CDP trace) keys, as 

long as those keys are already set in the input file's trace headers.  The primary keys 

are binned, with the bin size defined by the user.  In this way, a list of output offset 

panels was specified at a spacing of 6.25 m, and all traces safely gathered into their 

nearest offset bins.

FDFILT – As no field filters had been applied to the data during acquisition, the data 

was contaminated with low-frequency noise. A zero-phase bandpass filter with a 

quasi-trapezoidal (5-10-150-220 Hz) amplitude spectrum was applied. Each input 

trace is transformed into the frequency domain using a Fast Fourier Transform (FFT). 

Parts of the amplitude spectrum, outside the trapezoid, are zeroed and other parts are 

left unchanged. Cosine tapers are used to effect a smooth transition between the stop 

(5-220 Hz) and pass (10-150 Hz) bands. The phase spectrum remains unchanged. An 

inverse FFT is then performed to transform the trace back to the time domain. Note 

this filter was applied for viewing only and is not part of the main processing flow; 

see section 3.5.1

The final output of the above processes is a relatively clean, noise free and even CDP 

gather as is seen in the example in Illustration 20.
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3.3 Processing Outline

Once survey design and geometry were integrated to allow for CDP binning of traces, 

processing of the DUN06 lines was undertaken (Illustration 21). The first group of 

steps generate a stack of the CDPs. Stacking processes include velocity modelling, the 

correction for normal move-out (NMO) and stacking. Once a stack was created and 

improved through an iterative velocity analysis process, post-stack processing was 

carried out. These processes, in no particular order, included automatic gain control, 

band-pass filtering, stack truncation, finite difference migration, attribute analysis and 

FX deconvolution. These processes are explained in detail later in this section 
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Illustration 20: Representative screen shot of two CDP gathers from DUN06 line 
22 showing a smooth Normal Move Out (NMO). Dead traces have been removed 
and muted. A zero-phase bandpass filter has been used to reduce low frequency 
noise. Horizontal axis shows trace numbering. Vertical axis shows time (ms).
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Illustration 21: Flow chart of processes used, each process relates 
to a part of Section 3 as indicated.



3.4 Prestack Processes

What is stacking?
Stacking is a processing method used to improve the quality of seismic data by 

improving the signal-to-noise ratio. Stacking sums traces together to improve the 

signal-to-noise ratio, reduce noise and improve seismic data quality. Traces from 

different shot records with a common reflection point (or Common Depth Point, 

CDP) are stacked to form a single stacked trace. So a processed, stacked seismic 

record will contain traces that have been added together from different records to 

improve the overall quality of the data

Velocity models are used to generate stacked seismic sections by correcting for the 

velocity dependant Normal Move-out (NMO) of reflected waves. The NMO is caused 

by the delayed time of arrival from source to receiver of reflected wave energy caused 

by increasing the separation of a source and a receiver for a given horizontal reflector.

Why is stacking important?
Stacking and velocity modelling are important for accurate imaging of shallow 

seafloor features because velocity analysis determines the amount of NMO correction 

that needs to be applied to maximise stacking of primary event horizons and improve 

the signal-to-noise ratio. In turn, this will improve interpretations of the seismic 

section. For example, reflections are often weak, especially from deeper reflectors, 

due to attenuation effects. This makes it difficult to identify reflections over the 

inevitable noise. By stacking or adding together traces, the signal-to-noise ratio can be 

improved by reinforcing the signal. Due to the nature of marine seismic surveying, it 

is not practical or even possible to repeat shots in exactly the same position, as can be 

done on land based seismic. Instead it is possible to select different receivers as they 

pass over the same spot to allow for stacking of traces. 
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3.4.1 Normal Move Out Velocity Model
NMO files created within Claritas applications, such as the Claritas Velocity Analysis 

utility (CVA), use the CDP number as the spatial key. Usually the CDP numbering is 

regular with a constant increment for the duration of a processing sequence; however 

there are times when it can change (for example if the line is re-binned). In 

Illustration 22, a simple velocity interpolation file is shown. Although it is possible to 

edit an NMO file with a common text editor like nedit, it was preferable to use the 

Seismic Data Editor (XSDE) display (Illustration 22) below to create or modify an 

NMO file, as it retains the correct header information and layout essential for the file 

to be read correctly in Claritas.

The determination of a suitable NMO Velocity Model is the most important step in 

the prestack flow. See Section 3.5 for more details on how this is done.

3.4.2 NMO Application
NMO performs a normal move-out correction on the input traces based on the offset 

(distance between source and receiver) defined by the geometry and set in the SEG-Y 

headers. Normal move-out is the amount by which seismic reflection time deviates 
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Illustration 22: Screen shot of the NMO xsde command edit  
window from Claritas. Numbers in the process relate to assigned 
velocities at a given time slice, i.e. T1 and V1 are the start time 
and initial velocity. Only two different velocities are given 
causing a linear homogeneous velocity model.



from what it would be if the signal were reflected normally, i.e., zero source-receiver 

offset. This correction lifts up and flattens a reflection to appear horizontal in a shot 

gather or CDP gather, removing the effect of source to receiver delay with distance 

along the streamer. NMO assumes a simple Pythagorean geometry linking the 

recorded time with the corrected (normal) time and the offset distance divided by the 

average velocity. The Globe Claritas NMO function also allows a range of other 

settings to be defined. The settings used in this project are shown in Illustration 23.

The parameters shown in Illustration 23 are as follows:

SDEFILE  Name of the file containing the NMO velocity functions and key  

information (*.nmo) in the Claritas standard format. 

The *.nmo interpolation file may be edited from within a job 

by using the xsde editor (or any other text editor) in which

case care must be taken to preserve the required format. The 

primary key will usually be CDP or REPEAT, although any header 
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Illustration 23: Screen shot of the Claritas NMO window 
showing settings used in a NMO correction.



variable may be used. If a line is left blank after the primary key, no 

NMO is performed at that key value. The interpolation is performed as 

follows. On the first call to NMO, the file is read into memory. A 

vertical interpolation is then performed to fill out the time velocity   

(T-V) pairs that have been entered (and which will generally be on 

an irregular time spacing) to convert these values to a regular grid. The 

interpolation continues at run time, with horizontal linear interpolation 

between velocities at times specified on the grid. 

MUTE    Percentage stretch above which to mute the trace (NB larger values 

mute less severely). For example, with 1 ms sampled data, a 30% mute 

will zero samples where the stretched sample rate lies between 0.7 and 

1.3 ms. NMO only end-mutes down to the first occurrence of this 

criterion. Further instances of overstretched traces in the middle of the 

trace (e.g., caused by velocity inversions) were not muted surgically.

TAPER  If MUTE > 0, this is the length of the linear taper (in ms) over which 

the muting takes effect.

MUTEMODE     If MUTE > 0 then this dictates how the stretch mute is applied. The 

options are "Top-mute" or "Sample-mute". Top-mute was specified, 

therefore the stretch mute is applied from the top of the trace (T=0) to 

the first sample which passes the stretch mute test. Only one mute and 

taper are used.

INVERSE      As the NMO was added, “forwards” was entered into this parameter.

APPLY         “Yes” was selected to apply the NMO corrections. 

VSCALAR    Optional scalar to apply to all velocities. This can be useful for 

multiple removal techniques. For example, 0.9 is entered to 

apply NMO based on 90% of the velocities stored in the NMO file. 

However for the purposes of this project, 100% (entered as 1 in 

Illustration 23) of velocities stored in the NMO file were scaled.
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3.4.3 Stacking
Stacking is the process that sums seismic traces in a CDP ensemble and outputs a 

single trace. This improves the signal-to-noise ratio by constructively summing 

coherent signals and also restricts incoherent noise by destructive interference. 

Illustration 24 shows a raw stack job work flow. In this thesis, all of the images that 

show a portion of a seismic line are stacked. Specific explanations of the inputs and 

process undertaken to achieve stacking follow in Sections 3.4.3 to 3.5.3.
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Illustration 24: Screen shot of the rawstack job 
work flow, showing all of the processes applied 
to the data during  the stacking process.



STACK sums seismic traces from CDP (or any trace header key) ensembles and 

outputs a single trace for each ensemble. Various stacking methods (Conventional, 

Median, Diversity, Coherency) using a range of trace weighting schemes may be 

used. For the conventional stacking undertaken here, a set of standard normalisation 

options are provided with the Claritas package.

By default, STACK zeroes many pre-stack trace header words. The input to stack 

should be sorted using the same primary key as that used for stacking. The LASTTR 

flag is used to delimit gathers.

The main stack parameters shown in Illustration 25 are :

MAXFOLD    The maximum number of traces to sum into each output trace. STACK 

sums traces in an ensemble until MAXFOLD traces are summed or the 

last trace header flag (LASTTR) is encountered.
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Illustration 25: Screen shot of the stack application, showing 
the main stacking parameters used.



STACKMODE  Specifies what kind of stack is to be output. The default conventional 

stack mode “stack” was used in this work. These stacks were unity 

normalised, which is a simple 1/N(t) normalisation. The other options 

for the stack mode (which scale the consecutive traces prior to 

summing) are: Median, Diversity, Alpha Trim, Nstack, Unnormxc, 

Normxc, Energynormxc, Semblance. These coherency attribute stacks 

are similar to those described by Yilmaz et al. 2001.

WINDOW_LEN  This is the length of autocorrelation window (in ms) for the cross-

constellation or semblance coherency stack outputs. This was not 

needed for a straight stack

This stack process is arguably the most important part of the reflection seismic 

method. It is the tool that 'folds' and sums together traces to form a cross section-like-

image from which geological features can be interpreted.

3.4.4  Gain

Gain is the change in amplitude of a signal from the original to an amplified output. A 

system that controls gain is useful in seismology as it is possible to increase the 

amplitude of a signal reflection and improve the visibility of late arriving events in 

which attenuation or wavefront divergence has caused amplitude decay and reduced 

visibility of reflections on a seismic trace.

Automatic Gain Control
The main use of Automatic Gain Control (AGC) is as a pre-plot visual aid, so that all 

events are visible on the section. It was also used for field gain correction. Work 

flows that extract amplitude and frequency information were NOT altered with any 

kind of amplitude balancing or gain control.  AGC is a non-linear operator and 

therefore destroys all relative amplitude information and alters the frequency content. 

As AGC destroys or alters relative amplitude, it makes further end process amplitude 

analysis impossible.
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AGC is a scaling process which is used to produce a regularised view of sets of live 

traces. Each sample of a trace is multiplied by a scaling factor calculated so that the 

average amplitude over the given window length is constant down the trace. As this 

constant is the same for each trace (1.0), traces are effectively balanced both 

horizontally (spatially) and vertically (in time). The scalar is calculated for every 

sample by evaluating the average amplitude in the time window centred on the 

sample. This average amplitude is then divided out into the sample amplitude value. 

In the interpretation section, AGC was used to generate images that have a high 

reflectivity contrast, helping to make interpretation easier (e.g., Illustration 63 and 

64). High gain was also useful in helping to outline areas of faulting as  displacements 

are more apparent when the reflections stand out.

3.5 Velocity Analysis
Determination of the most appropriate NMO corrections for each CDP gather is 

critical. The Constant Velocity Analysis (CVA) Globe Claritas application provides 

this NMO correction (Illustration 26).  Notice in Illustration 26 that the assigned 

velocities in red have caused the NMO as seen in Illustration 20 to flatten out. By 

assigning different velocities to flatten each major horizon and remove the effect of 

NMO, a stacking velocity (or NMO velocity) function is determined for a particular 

CDP.
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Velocity analysis played a key role in improving the seismic resolution of the Toroa 

Dome Reefs. This is because other groups that have previously processed the DUN06 

data set have focused on deeper stratigraphic sequences that are important to 

petroleum exploration. This focus on deeper units meant that the geology of the 

shallow seafloor was poorly imaged as velocity modelling is a time consuming 

process and imaging the shallow seafloor was of less benefit to commercial petroleum 

exploration. By creating new velocity models, improved analysis of the shallowest 

section is possible, helping to improve the structural interpretation of the Toroa Dome 

Reefs.

3.5.1 Prestack Bandpass Filtering
Unfiltered CDP gathers stacked with an initial (preliminary) NMO velocity model 

during the velocity analysis procedure often need to be filtered to improve the signal. 

Often when an initial raw stack is created, it becomes clear that the signal-to-noise 
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Illustration 26: Constant Velocity Gather NMO correction window showing CDP's 
2849 and 2850 of line DUN06 Line 1 with a constant velocity correction of 1450 m/s.  
Note the flattening of the seafloor at ~780 ms and the 'over correction' of all deeper 
reflections. A stretch mute has been applied. Horizontal axis shows channel number. 
Vertical axis shows time (ms). Picked velocities are shown in column between the two 
CDP's.



ratio is poor (Illustration 27) and the data can be much improved by applying a filter 

during the stacking process. This procedure will improve the resolution of the raw 

stack (stack produced using the initial NMO velocity model) in order to facilitate 

improved velocity analysis. Illustration 27 shows low frequency noise affecting the 

entire length of the raw stack as a result of the lack of a low-cut filter during 

acquisition. This 'background' noise must be removed in order to assess higher-

frequency reflections adequately.

Note that prestack bandpass filtering does not occur in the main processing flow at 

this point. It is used to assist with velocity analysis only if bandpass filtering is still 

required after the determination of a good velocity model. It can be applied as a 

poststack process.

Broad-ranging noise obscures subsurface structures and reflection geometry. 

Frequency filters are necessary to remove portions of the collected data that are not 

related to the signal and thereby improve the quality (i.e., signal-to-noise ratio) of the 

data. By using the seismic analysis tools available in the XVIEW module in Claritas, 

it was possible to extract a frequency spectrum graph that shows the frequency range 
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Illustration 27: DUN06 line 1 raw stack of CDP 1010 to CDP 1190 with no 
filter applied. Note extensive low frequency noise resulting from the lack of  
a low-cut filter during acquisition that obscures any signal. Horizontal axis  
shows CDP numbers. Vertical axis shows time (ms).



that occurs in the data. Illustration 28 shows the distribution of frequencies recorded 

in the traces. High and low parts of the spectrum are unlikely to be related to the 

signal, which had frequencies centred around 50 Hz. These high and low frequencies 

were selected for removal. 

High and low 'noise' frequencies were selected from Illustration 28. They were then 

excluded using the FDFILT (frequency domain bandpass filter) module with 

frequencies  as shown in Illustration 29. This procedure excludes the majority of the 

noisy parts of recorded frequency data while not significantly affecting the signal.

67

Illustration 28: DUN06 line 1 frequency spectrum graph showing averaged 
spectra in unfiltered raw stack of CDPs as seen in illustration 27 (CDP 1010 to 
CDP 1190 ). High  frequency noise is outlined by the box on the right side of the 
image (~90 to 250 Hz) while low frequency noise is seen in the box on the left  
side of the graph (0-10 Hz). Horizontal axis is frequency (Hz). Vertical axis is in 
amplitude (showing decibels down from the peak amplitude).



3.5.2 Initial Velocity Model
The CVA application is an iterative process that requires an initial velocity model. 

This initial model is then improved upon to generate a final velocity model. The 

initial model was generated by using the xsde editor to create a .nmo file containing 

some simple, roughly estimated velocity functions, in this case a simple linear 

1500-4000 m/s velocity gradient from the sea surface to 8 s two way time (TWT) 

(Illustration 30). This resulted in a model that could be plotted in a graphical window 

within a Claritas utility called ISOVELS such as that seen in Illustration 31. The 

CVA application makes use of Constant-Velocity Gathers (CVG), Constant-Velocity 

Stacks (CVS) and semblance windows to expand and improve upon the initial model.
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Illustration 29: FDFILT window showing selected frequency 
filters. F1-F2 is the low frequency bandpass filter while F3-F4 
filters higher frequency noise. Filter values are in Hz.
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Illustration 31: Isovels view of initial .nmo model for DUN06 Line 1. Note 
the constant velocity increase as determined by the initial .nmo file as  
explained in Illustration 30. Scale bar at the bottom shows increasing 
velocity from lower in blue to faster in red. Horizontal axis shows CDP 
numbers. Vertical axis shows time (ms).

Illustration 30: Initial .nmo file used for DUN06 Line 1. Key 
values (KEYVAL) are CDPs. Starting velocity (V1) is 1500 m/s,  
a water column approximation that begins at 0 seconds (T1).  
Final velocity (V2) is 4000 m/s at a end time (T2) of 8 seconds.  
NB primary key is set to SHOTID but is related to CDP.



3.5.3 Raw stack
Having applied a frequency filter, the stack was then regenerated. Illustration 32  is a 

stack with the same NMO file applied as Illustration 29 but also with the bandpass 

FDFILT module applied to mute the high and low parts of the frequency spectrum. In 

particular, it shows an obvious decrease in 'low frequency' noise occurring throughout 

the section and improved signal response.
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Illustration 32: Short section of DUN06 Line 1 showing a raw stack of CDP 1010 
to CDP 1190 of Dun06 Line 1, with FDFILT bandwidth filter applied. Note  
reduction in low frequency noise (as seen in Illustration 33) which was obscuring 
signal.  Horizontal axis shows CDP numbers. Vertical axis shows time (ms).



When a new frequency spectrum graph is plotted based on the stacked data after 

having used FDFILT to filter certain frequencies shown in Illustration 31. The 

differences at the lowest and highest frequencies are obvious. Low and high 

frequency noise is reduced, outlined in red squares, showing that the filter has 

achieved the desired result of reduced noise and improved signal (Illustration 33).

3.5.4 Claritas Velocity Analysis (CVA)
The Claritas Velocity Analysis (CVA) application displays a stacked seismic section 

on which the user selects portions of the section on which to perform real-time 

stacking and velocity analysis by Constant Velocity Stack (CVS; Illustration 36), 

Constant Velocity Gather (CVG; Illustration 26) or semblance analyses (Illustration 

37). These techniques iteratively improve the  velocity model by confirming velocity 

picks in a number of ways. The CVS, CVG and Semblance plots are displayed using a 

multi-panel XVIEW window (Illustration 34), which allows for easy velocity picking 
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Illustration 33: Frequency spectrum graph of a filtstack of DUN06 
Line 1, CDP 1010 to CDP 1190 with FDFILT applied. High 
frequency noise outlined by the box on the right side of the image 
(~90 Hz to 250 Hz) has been mostly removed and low frequency 
noise is seen in the box on the left side of the graph (0-10 Hz)has 
also been reduced. Horizontal axis is in Frequency (Hz). Vertical  
axis is in amplitude.



on the basis of reflection strength, continuity sense, normal move-out and semblance 

peaks. The resulting velocity map (a colour-shaded iso-velocity contour plot) is 

displayed in an isovels window (Illustration 35), which may also be used to 

iteratively modify the velocity map as a function of CDP and time.  A stack 

comparison window allows the user to view in overlay both the original stack and the 

variable-NMO stack resulting from the current velocity map.
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Illustration 34: Primary XVIEW CVA analysis window showing a brute stack of 
part of DUN06 Line 1. Picking of velocities was determined by reflection strength,  
continuity sense, normal move-out and semblance peaks. Horizontal axis shows 
CDP numbers. Vertical axis shows time (ms). Locations of the picks are annotated.  
The line trends from south to north.
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Illustration 35: Colour-shaded isovelocity contour plot for part of DUN06 Line 1 
This velocity map shows the higher velocities of the reef seen in the raised velocity  
mound ~ CDP 3000. Picked velocities are annotated and corresponding coloured 
velocity plot is shown. Colour velocity scale is shown at the bottom of the image.  
Horizontal axis shows CDP numbers. Vertical axis shows time (ms). The line 
trends from south to north.



3.5.5 Semblance
Semblance is a quantitative measure of the coherence of seismic data from multiple 

channels that is equal to the energy of a stacked trace divided by the energy of all the 

traces that make up the stack. This relates to seismic events that show continuity from 

trace to trace. Semblance functions will enhance coherent events and discontinuities 

such as faults. The semblance window displays velocity semblance functions either at 

a single CDP location, or over a range of CDPs as overlaid display panels (seen in 

Illustration 37). Each analysis was computed on a super-gathered input of several 

adjacent CDPs, one semblance spectra plot calculated over the interleaved traces of 

multiple neighbouring CDPs. The ability to view and sweep across a range of 

adjacent semblance spectra was particularly useful for (1) locations where 

heterogeneous geology caused individual semblance spectra to be contaminated by 

noise, and (2) locations where some idea of the trends in a series of semblance 

functions helped to identify which semblance peaks were genuine. When displaying 

multiple adjacent velocity spectra, it was possible to plot, and pick on, the sum of the 
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Illustration 36: Constant Velocity Stack (CVS) window and base XVIEW inset  
window of DUN06 Line 1. Velocities are annotated. Note the CVS window 
showing strong horizontal reflections at each assigned velocity.  Horizontal axis  
shows CDP numbers. Vertical axis shows time (ms).



individual spectra. The input gathers and output stack can also be viewed from the 

semblance window as seen in Illustration 37.

3.5.6 Modelling strategy
As part of the modelling strategy, the first CVA process applied was CVS. The CVS 

terminal window allows for rapid assessment and picking of multiple vertical adjacent 

velocities allowing the velocity model to rapidly develop. In the final stages of 

modelling, semblance plotting was used to modify picks and fine tune the model.

The strategy for selecting the location of velocity model picks was at first for the 

CVA processing applications to be used in an ad-hoc fashion, performing velocity 

analyses at widely spaced locations of interest, by selecting specific regions for 

analysis with the mouse. Later, a more detailed analysis was performed by increasing 
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Illustration 37: Semblance window showing stack window with velocity functions 
and semblance plot for a single CDP from DUN06 line 1. Note inset semblance 
window is from the annotated list of velocities on the base map that are highlighted 
by a blue box and the picked velocities relate to high spectral anomalies. Note the 
scale bar at the bottom of the inset semblance window showing high spectral values 
are shown in red while weaker ones are in light blue. Horizontal axis shows CDP 
numbers. Vertical axis shows time (ms).  The line trends from north to south.



the density of velocity picks in the model to reduce uncertainty across the length of 

the section. By increasing the density of analysis locations coherent reflections were 

able to be traced from adjacent CDP traces. This is especially true when using the 

semblance function (Illustration 37) as it displays adjacent trace velocity picks during 

picking allowing cross trace interpretations to help calculate potential velocities in 

noisy traces.

3.5.7 Seafloor picking
As this study focuses on shallow faults and fluid related structures, the most important 

part of the velocity modelling was to ensure a very accurate picking of the sea bed 

reflection. This was crucial for maximising the resolution of the seafloor and 

underlying units. Due to the increased attenuation observed below the reef, I assumed 

that it is more reflective and therefore made of harder material, with a 
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Illustration 38: DUN06 Line 1 velocity model improved by the use of semblance,  
CVS and CVG to help determine accurate velocities. Velocities are annotated and 
the scale bar at the bottom shows increasing velocity from lower in blue to faster in 
red. Horizontal axis shows CDP numbers. Vertical axis shows time (ms).



correspondingly higher velocity. The lack of coherent reflections within and below 

the reef means that it is very difficult, if not impossible to use any of the available 

methods (Semblance, CVS and CVG) to determine the velocities in these locations. a 

priori geological information on velocities must therefore be used to introduce 

increased velocities beneath the reef. Therefore, although it is assumed that the reef is 

harder than the surrounding country rock, it was not possible to accurately portray 

this. This problem is seen clearly in Illustration 37 where the velocity model of the 

reef has a smooth, gradational contact with the surrounding seabed but reflectivity 

data suggests a large velocity contrast.

3.5.8 Viewing Stacks Interactively (XVIEW)
XVIEW is the Claritas program's viewing tool. It displays the stacked line after other 

processing methods have been applied. It can be used for quality control e.g., to help 

correct the velocity models by regularly being run to update and evaluate the effect of 

changes made to the velocity model. This can be done by re-running the same 

processing routine on a line, but changing the NMO model used. 

The generated stacked line in Illustration 40 is the XVIEW output of a stack based on 

the simple 1500 m/s model seen in Illustration 39. Points to note are the defined sea 

bed (A), large diffractions (B) and relatively poorly defined shallow subsurface (C).
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Illustration 39: Initial 1500 ms water column .nmo file. NBPrimary 
key value SHOTID refers to CDP.



78

Illustration 40a: Screen shot of DUN06 Line 1 stacked using a constant 1500 m/s 
velocity function. The well defined sea bed is marked with an A, the poorly defined 
subsurface is marked by a C, and B marks the location of large defractions.  
Horizontal axis shows CDP numbers. Vertical axis shows time (ms). 

Illustration 40b: Screen shot of DUN06 Line 1 stacked using a improved .nmo file  
(Illustration 41). The features to note are the well defined sea bed, the defined 
subsurface and the lack of large defractions. Horizontal axis shows CDP numbers. 
Vertical axis shows time (ms). 



Following improvement of the velocity model (see velocity modelling Section 3.5.2) 

STACK was rerun using the improved .nmo file as shown in Illustration 40b).

Comparing and contrasting the improved stacked XVIEW image in Illustration 40a 

with the earlier, simpler stack in Illustration 40b, shows that in the section labelled A, 

the sea floor reflector has thickened. However, reflections show improved resolution, 

reduction of noise, summing of coherent energy and intensity; the large defractions 

seen in the area B are almost completely removed. Data in Illustration 40a and 40b 

were processed and filtered with exactly the same settings apart from the improved 

.nmo file used. A constant water column velocity of 1500 m/s was found to negatively 

affect the quality of the stack by blurring the seabed reflection. Note that the final 

model used a velocity of 1500 m/s at the sea surface decreasing to 1448 m/s above the 

seafloor. This gave the highest quality stack and the best defined shallow sea floor. 
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Illustration 41: Improved .nmo model for DUN06 Line 1



However, the effect on the stack between a velocity of 1448 m/s (lower than expected 

for sea water) and a more physically reasonable 1500 m/s is slight; a constant water 

velocity of 1474 m/s (halfway between 1500 m/s and 1448 m/s) would produce a very 

similar result, and would be more reasonable from the perspective of velocities that 

might be expected in sea water.

3.5.9 Final model and stack
The improved final NMO stacking velocity model takes into account the increased 

velocity calculated below the reef and more accurately delineates the seafloor-water 

column interface. When this NMO correction is applied to the filtered data the quality 

of the data is improved (Illustration 40b).

3.6 PostStack Processing 

3.6.1 Frequency Domain Filtering (FDFILT)
The frequency domain filter routine (FDFILT) shown in Illustration 42, applies a 

zero-phase filter with a quasi-trapezoidal amplitude spectrum (all lines were filtered 

using 3-8 and 60-100 Hz). This is essentially the same process as the prestack 

bandpass filter applied during velocity analysis except this is being applied to the final 

stack as a poststack process. Each input trace is transformed into the frequency 

domain using a Fast Fourier Transform (FFT). Parts of the amplitude spectrum 

outside the trapezoid are zeroed while the pass band is left unchanged. Cosine tapers 

are used to effect a smooth transition between the stop and pass bands.  The phase 

spectrum is unchanged. An inverse FFT is then performed to transform the trace back 

to the time domain. FDFILT was used to filter background noise at high and low 

frequencies to help remove whole trace noise that permeated the sections. This helped 

to improve the signal-to-noise ratio of the stacked sections. 
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3.6.2 Finite Difference Migration (FDMIG)
Migration is a step in seismic processing in which reflections in seismic data are 

moved to their correct locations in space relative to shotpoints, in areas where there 

are significant and rapid lateral or vertical changes in velocity that may distort the 

image in time. This requires a detailed knowledge of vertical and horizontal velocity 

variations.
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Illustration 42: Screen shot of FDFILT application and 
bandpass filter settings. F1 to F2 filters the lower 
frequencies and F3 to F4 is the filter for high frequency 
noise.



FDMIG is a finite difference time migration routine, based on a X-T domain implicit 

45-degree migration.  Despite the 45-degree algorithm, FDMIG gives  reasonable 

results up to about a 60 degree dip in strata.

The velocity field for FDMIG can vary in time and space, and is defined in a text file 

(unfortunately described as .nmo format), which contains interval velocities. The 

isovels (graphical velocity model editor) utility was used to smooth the velocity 

model prior to migration and to convert RMS (NMO) velocities to interval velocities 

(see description which follows). For smoothing, the FILTER option (in X only, not 

time) was favoured which is a low-pass spatial frequency filter.

The FDMIG parameters shown in Illustration 43 are as follows :

VELFILE        File containing the information from which the interval velocity 

field is to be read.

FILETYPE      N, indicating that a .nmo formatted file was used.
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Illustration 43: Screen shot of Finite Difference Migration 
(FDMIG) settings as they appear in input window.



WINDSIZ    Specifies the size of the time slices in ms. 25 ms was selected as a 

relatively thin slice within the resolution of the seismic data.

NTRACES   The number of traces to be migrated. Any traces after the NTRACES 

number is reached will be discarded. This module is a multi-channel 

process, and must therefore have traces presented to it in the correct 

ordering so reorder was used in the preparation of the input file.

DX         The distance between the traces in metres. For stacked CDP data, this 

is half the group spacing, i.e., the CDP spacing.

THETA     Factor between 0.5 and 1.0 corresponding to the cosine of the cutoff 

angle. Being a 45-degree algorithm, a safe value for theta is 0.707      

(cos 450), this was suitable to use as most of the units were sub-

horizontal. If steeper dips are present, smaller values (down to 0.5 for a 

60-degree migration) could be trialled.  A high value of THETA 

causes strong dip-filtering and few artefacts, whereas a lower value will 

migrate steeper dips but give a noisier impulse response.

T0         Time of first sample – i.e., the time to subtract from the times in 

VELFILE  (.nmo). The T0 parameter is then used to specify the time 

of the first sample, and FDMIG subtracts this T0 from the NMO times 

before migration.  T0, if used, will usually be negative, and the 

negative times in the input .nmo file will therefore become positive. 

This parameter was not used,

SCALAR        Factor (default 1.0 used) by which to multiply velocities in file. 

FDMIG Created a migrated stack that displays well the relatively flat-lying 

units seen in the Toroa Reef Complex, as is seen in Illustration 44.
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3.6.2.1 Determination of Interval Velocity Model
An interval velocity model is required to migrate a section. NMO stacking velocities 

are not sufficient to allow this calculation. This is because NMO stacking velocities 

can be determined independently of the velocity points above or below a certain 

point, but an interval velocity determination reflects adjacent and smoothed velocities. 

NMO stacking velocities are usually not smooth and require interpolation into a 

regular velocity-time grid (interval velocity model).

Interval velocity model
Once a suitably accurate velocity model is generated, as seen in Illustration 38 for 

DUN06 Line 1, the model must be smoothed and outputted into a grid in order to use 

it for migration. The smoothing method used was RUNMIX which performs a 
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Illustration 44: DUN06 Line 1 FDMIG output. Features to note in this  
section are the undisturbed sub-horizontal layers on either side of the  
reefs, the lenticular formation on the south side of the reef (A) and the 
lack of any reflection from directly below the reef (B).  Horizontal axis  
shows CDP numbers. Vertical axis shows time (ms). The line trends from 
south to north.



running mix of the velocity functions for an odd number of adjacent traces. Each 

function is multiplied by weights specified in the vector weight parameters on both 

sides of the current trace, and is then summed to produce the output function. 

Smoothing also included a series of simple filters: median filter, low pass filter, clip 

high and low velocities and a de-spike mute as part of the process. The settings used 

during processing are shown in Illustration 45.

After interval grid smoothing had been run, the  colour-shaded isovelocity contour 

plot (Illustration 46) was studied to ensure there were no major velocity inversions 

occurring as the result of the stacking velocity analysis. Where inversions were 

observed, it was possible to slightly alter the adjacent stacking velocities to bring 
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Illustration 45: Screen shot of isovels grid smoothing command 
window, showing the values used to filter trace data and 
smoothing method applied to generate a smoothed interval  
velocity model (Illustration 46).



them closer to a common velocity and thereby removing the inversion in the interval 

velocity model. Grid smoothing was then rerun to ensure the inversion was removed. 

Some velocity inversions, i.e. low velocity underlying high velocities, are 

geologically possible but most inversions are an artificial function of the modelling 

and subsequent smoothing/filtering processes and therefore should be avoided if 

possible. The final migrated sections created using the improved smoothed interval 

velocity models are in Section 3.6.3 (Illustration 46).

3.6.3 Truncation of Stacks (TRUNCSTACK)
When a detailed NMO velocity model was created and good results were achieved 

during migrations, a new migration routine was run that specified only near and far 

trace selections to try to improve the resolution of the sea floor and the shallow sea 

bed. The processing flow was as follows. 

  

DISCREAD   Read in the stacked CDPs after bandpass filtering.

SETLASTTR  LASTTR flag set for CDP ensembles.
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Illustration 46: DUN06 Line 1 smoothed interval velocity model.  
Note no major velocity inversions are present, an inversion is a 
lower velocity below a higher velocity i.e. blue below red on the 
interval velocity model. Scale bar at the bottom shows increasing 
velocity from lower in blue to faster in red. Horizontal axis shows 
CDP numbers. Vertical axis shows time (ms).



REORDER    Gathers internally re-ordered by CDPTRACE where the nearest offset 

is the first trace. This flagged only the first and second trace in each 

CDP.

RENUMBER   Renumbered the first and second traces in each CDP.

TREMOVE    All dead traces were removed to prevent contamination. Also all of the 

other traces in every CDP were removed, leaving only the the first and 

second trace.

SETLASTTR  LASTTR flag set for CDP ensembles.

DISCWRITE  Output to produce a near trace CDP file.

This same work flow was then repeated, but instead of traces 1 and 2, traces 20 and 

21 were selected. This was then the written out as a far trace CDP file. Finally the 

near trace and far trace CDP files were read into the process below (far trace example 

is shown).

DISCREAD   Traces read from /home/paul/data/line_01/cdp_trunc_20-21_traces.csgy

NMO              Velocity file name : CVA/mark4.nmo, the highest quality NMO 

velocity model.

STACK      Stack with unity normalisation

FDFILT     1 filter per trace : Band Pass filter (3-8-60-100 Hz)

FDMIG      Theta=0.71, using 100% of velocities in interval velocity model: 

CVA/mark4_intervals.nmo

DISCWRITE  /home/paul/data/line_01/Line1_20-21_mig_stack.csgy created in 

seismic file truncated_stack.job. 

This process was repeated for the near traces and resulted in two output migrations for 

the near and far traces.
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This process applied band-pass filters as seen in Illustration 42, and then restacked 

the traces using the same NMO velocity file. By keeping the other attributes the same, 

it was possible to study the differences between the migrations made using the near 

and far offsets (Illustrations 65 and 66), and compare then to the migration of the 

entire stacked line, when all of the traces were included.

3.6.4 Attribute Analysis

Seismic traces contain amplitude and frequency information. Although commonly 

displayed as a series of wiggle traces with positive amplitudes darkened for ease of 

interpretation, data can be viewed in many other ways. For example, plots that 

examine changes in frequency or amplitude are important interpretation tools. In this 

study, particular emphasis is placed on instantaneous amplitude due to its value in 

examining reflectivity. Instantaneous amplitudes relate to amount of amplitude 

change caused by varying densities in the media through which the seismic energy 

passes (Illustration 47).

Processing to view instantaneous amplitudes is relatively simple. See the work flow 

below:

DISCREAD    Reads in stacked data file

ATTRIBUTE  Selects instantaneous amplitude from within the stacked data. This 

process outputs one of the complex trace attributes of a seismic trace 

using a Hilbert transform. The output of ATTRIBUTE overwrites the 

input seismic trace. Output used was INSTAMPL (the instantaneous 

amplitude) defined by

g  i =g  i 
2
+H  i 

2

where g(i) is the seismic trace and H(i) is the Hilbert Transform

XVIEW          Views output 
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The result of the attribute process outlined above is a unique XVIEW output window 

seen in Illustration 47, that highlights very different features than a variable density or 

wiggle plot does.

3.6.4.1 Extracting Amplitudes
Reflectivity of the seabed can be obtained by examining the amplitudes of reflections 

in the seismic data. Extracting amplitude information from seismic data is achieved 

by a combination of selecting the appropriate slices on each ensemble that relate to 

particular geological features, and then extracting all of the amplitude information 

from those specific zones. This amplitude information is used and discussed further in 

section 4.6. To do this, the work flow below was used.

DISCREAD   Reads in the near trace (or far trace) migrated lines.
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Illustration 47: DUN06 Line 1 instantaneous amplitude attribute plot. Note the 
strong amplitude change at the top of the reef and the lens shaped body on the 
south side of the dome. This denotes an area of higher reflectivity. Horizontal axis  
shows CDP numbers. Vertical axis shows time (ms). The line trends from south to 
north. 



ADDDIG       Adds a .dig file that is made of a digitized horizon. This digitised 

           horizon is the way in which each time slice in each stacked CDP is 

           taken in the right location (see below).

AREAL          Extracts amplitude information as determined by the .dig file for a 

           given horizon and time slice. The AREAL application then allows the 

outputting of a .txt file. This .txt file is a list that contains header 

information (e.g., CDP number) and extracted horizon amplitude 

information. 

The ADDDIG module reads a digitised horizon file, extracts the horizon times for a 

specified horizon in that file, and adds those times into a specified trace header 

location.  Important functions required by the the ADDDIG processor are as follows:

DIGFILE   An input file (usually a .dig formulated file of an interesting horizon, 

in this case the seabed and multiple) containing the digitised equivalent 

of CDP/time pairs from the XVIEW digitising software. In this case 

the near and far offset migrated lines were used. 

HORIZON   The name of the horizon in DIGFILE that you wish added into the 

trace headers. In this case, the seafloor and multiple, which were used 

to evaluate the reflectivity coefficient.

KEYNAME   CDP was used as the trace header variable to receive the output horizon 

times. 

TORS            Time was used to specify how the horizon position is stored in the 

headers.

MUTE   Mutes traces for which no matching time can be found and  EXACT 

which performs an interpolation between CDPs with missing values. 

These processes were not used as REORDER was used earlier in the 

work flow to ensure that no CDPs were missing.
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3.6.4.2 Areal Displaying

The name “areal” refers to the display of seismic parameters or attributes in an areal 

(as opposed to linear) sense. In this case, it was used to display measured horizon 

seismic amplitudes as a function of X and Y. The data are displayed as a rectangular 

region of small coloured cells. The AREAL processor model, as shown in Illustration  

48, was then used to extract amplitude information from the seismic traces and write 

it to a text file on disc to subsequently transfer it into a spreadsheet for further 

numerical analysis. This areal display is used in illustrations in section 4.5.

Important functions required by the the AREAL processor are as follows: 

MODE What to measure and output. RMS amplitude within a time-range was 

used.

OUTPUT        Text was used which produces an ASCII  SDE-format file.

FILENAME   Name of output sde file.
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Illustration 48: Screen shot of the areal command window 
displaying the settings used to extract amplitude 
information.



OUTSCALAR  This is the scalar to multiply the values by before converting to 

   integers and will depend on the RMS amplitudes of the input data.

ADDTIME    This field is used to specify a trace header key, the value of which gives 

a time shift to be added to the times in the window length parameter. It 

is possible to use this to make the times track relative to the sea-floor, 

for example, if the sea floor is digitised into the trace headers.  By 

default the number in the headers is used as a time in ms, but if the 

keyword SAMPLE is specified, for example, “DELAY SAMPLES” 

was entered then it will be treated as a number of samples.

 TITLE Name of what is being saved to the file.  This string is saved in the 

output file, and the first word of the string is then used by the areal 

application for display purposes.

 PKEYNAME  Primary key index (for vertical plot axis) for the output file. CDP was 

  entered.

 SKEYNAME   Secondary key index used for horizontal plot axis was not used.

3.6.5 FX Deconvolution (FXDECON)
FX Deconvolution (FXDECON) is a powerful processing tool that was used as a post-

stack filter to attenuate random noise. Each trace is transformed to the frequency 

domain, so that the section is in FX space.  Then, a complex Wiener deconvolution is 

performed in the X direction for each frequency. This results in a reduction in noise. 

The noise component discarded and the filtered section is finally transformed back 

into TX space.

The advantage of FXDECON over other post-stack coherency filters is that the output 

appears much less “wormy”. The main disadvantage is that FXDECON will only 

work on one dip at a time and events with secondary dips will tend to be attenuated. 

For this reason it was used primarily for interpretation of the sea floor rather than 

deeper reflections.
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The predictive nature of the FXDECON process tends to result in a section that 

appears to be shifted to the right, by about half a trace-width.  Nevertheless, different 

sections will demonstrate that the filter is still removing random noise as shown in 

Illustrations 49 and 50. FXDECON was only used on DUN06 Line 22 at the very end 

of processing. It was used to improve the quality of the stacked DUN06 Line 22 

which suffered from poor trace binning due to acquisition problems and similarly 

poor CDPs. The worst traces where dummied with blank traces. These are the white 

vertical lines seen in Illustration 49, making it difficult to accurately observe the line. 

FXDECON acted as an interpolation routinely removing the white lines of the 

dummy traces and summing an intermediate value from the adjacent traces making a 

much improved section (Illustration 50). The contrast between Illustration 49 and 50 

shows the power of FXDECON to improve the quality of poor quality data (up to 

10% of traces were removed). It was used with caution, however, due to its tendency 

to alter original true amplitudes.
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Illustration 49: DUN06 Line 22 instantaneous amplitude with poor traces edited  
and then zeroed. Zeroed traces are white. Horizontal axis shows CDP numbers.  
Vertical axis shows time (ms). Line trends from southwest to northeast.



Final results summarising what processing was applied to DUN06-1, 22 and 23, to 
improve resolution, compared to stock processing, is covered in Chapter 4.
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Illustration 50: DUN06 Line 22 instantaneous amplitude with FXDECON 
applied smoothing out zeroed traces (seen in Illustration 49). Horizontal axis  
shows CDP numbers. Vertical axis shows time (ms). Line trends from southwest  
to northeast.



4 Interpretation
Toroa Dome is a well defined structural feature situated on the modern continental 

slope ~200 km south of the South Island (Illustration 52). The associated Toroa Dome 

Reef Complex lies on the flanks of Toroa Dome, on the edge of the shelf break 

causing a bowing out of the bathymetric contours. The Toroa Dome Reef Complex 

partially encircles the dome and is most apparent on the seaward side of the dome, 

perhaps due to the greater overburden of the shelf's sediments that make it difficult for 

fluids to eject onto the shelf. The reefs are only observed near the apex of the dome, 

making them likely to be structurally controlled features due to their focussed rather 

than random distribution.

The DUN06 survey was processed by the GNS Science hydrocarbon science team 

(Sutherland et al. 2007) and the processing method is attached in Appendix 7.1. These 

processed sections are freely available from Crown Minerals and were used as a 

starting point for regional interpretations. However, note that these lines were 

processed for the purpose of encouraging petroleum exploration, and therefore they 

often have relatively poor resolution in the shallow seafloor as these depths are 

comparatively less important for petroleum exploration. Better resolution of the 

deeper parts of the sections lends itself to the interpretation of regional structural 

geology and deep feeder structures below the reef complex; therefore I have used this 

work only for broad scale regional interpretation.

In Illustration 52, the seismic occurrence of the Toroa Dome Reef Complex are 

outlined in blue squares. The squares delineate the locations of the reefs in respect to 

DUN06 Line 1, DUN06 Line 22 and DUN06 Line 23 (Illustration 52). 

The first part of this chapter is based on the interpretation of DUN06 seismic data in 

the vicinity of Toroa Dome with processing done by GNS Science. This was done 

because full reprocessing of the DUN06 survey was beyond the scope of this project. 

Interpretations presented in Sections 4.2 and onwards are based on reprocessing 

completed by me.
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The regional data discussed in Section 4.1 provide a structural overview of the Toroa 

Dome and underlying structures below the Toroa Dome Reef Complex. Using 

processing completed by me, including migrated sections, instantaneous amplitudes, 

automatic gain control, near trace and far trace offset stacks, reflectivity data and 

finite difference time migration, I will also interpret in detail the internal structures 

and morphology of the reefs and their plumbing structures. The combination of 

regional and small scale analysis and interpretation of the Toroa Dome Reef Complex 

will provide the basis of the final conclusion on the origins of the reefs.
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Illustration 52: Map showing bathymetry, survey lines and SE 
South Island coast line. Toroa Dome reefs are marked by blue 
squares.



4.1 Seafloor Reef Features at Toroa Dome

The following Illustrations 53, 54 and 55 are examples of lines processed by GNS 

Science for  Crown Minerals (see details of the DUN06 processing applied in 

Appendix 7.1). The illustrations display the parts of the lines showing Toroa Dome 

and a close up of the corresponding reefs.

The reef as seen in DUN06 Line 1 is the largest of the three reefs observed.  As 

shown at the location marked B in Illustration 53, the north side of the section crosses 

the hinge line of the Toroa Dome (vertical dashed red line) and the reef can be seen 

on the limb of the fold of the dome. The region marked A in Illustration 53 shows 

that sediment packages  thicken to the south (left side of illustration) of the shelf 

break (right side of illustration).
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Illustration 53: DUN06 Line 1 view of Toroa Dome. Horizontal axis shows CDP 
(upper) and SP (lower) numbers.Plot range is from CDP 3500 to 1000 (SPs 5243 
to 243). Sedimentary section thickens to the south (A) and the hinge line of the 
Toroa Dome (B) Vertical axis shows time (ms). Line trends from south to north. 



As can be seen on the close up of DUN06 Line 1 in Illustration 54, the reef is >2300 

wide and ~170 m high distinct feature. Illustration 54 shows the presence of a strong 

sea floor multiple which is shown in the red circle labelled A.  The multiple is seen 

best beneath the reef itself. This is presumably due to the velocity model used for 

migration not adequately taking into account the anomalous values of the reef 

material. The strong multiple below the reef might also be caused by the seafloor 

material at the reef being “harder” thereby resulting in a stronger reflection co-

efficient for both the seafloor primary reflection and multiples. Shallow normal faults 

can be seen in the red square labelled B. This shallow normal faulting is discrete and 

seems to only affect strata below 1.5 s TWT; the faults appears to be normal in 

orientation.
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Illustration 54: Close up of DUN06 Line 1 Toroa Dome Reef. Sea floor multiple is  
clearly visible (A) and an area of shallow faulting on the side of the reef (B).  
Horizontal axis shows CDP (upper) and SP (lower)numbers. Plot range is from 
CDP 1790 to 1435 (SPs 1823 to 1113). Vertical axis shows time (ms). Line trends 
from south to north.



DUN06 Line 22 (Illustration 55) shows the Toroa Dome in a NE-SW orientation. The 

shelf is to the northeast and the roll of the Toroa Dome can be clearly seen, as can the 

reef close to the apex of Toroa Dome. DUN06 Line 22 also shows what looks like a 

near vertical feature directly below the reef at around 3 s TWT, labelled A.  This 

could possibly be a structurally related fluid feeder pathway. This pathway is seen, 

only on one part of the section, in an area that is just to the side of the main seismic 

anomaly caused by the overlying reef. This means that the reflectivity characteristics 

of this potential plumbing structure would not be affected by attenuation effects 

related to the high reflectivity reef. It is possible that other plumbing structures exist 

that are masked beneath the reflective footprint of the reefs.
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Illustration 55: DUN06 Line 22 view of Toroa Dome. Horizontal axis shows 
CDP (upper) and SP (lower) numbers. Plot range is from CDP 7900 to 6800 
(SPs 14243 to 1184). Plumbing structure visible at ~3 seconds (A). Vertical axis  
shows time (ms). Line trends from northeast to southwest.



Looking more closely at DUN06 Line 22, shown in Illustration 56, the red region 

marked with an A is interpreted as a sea floor multiple of the overlying reef. Like 

DUN06 Line 1, extensive normal faults can be observed around 1s TWT; these faults 

are indicated by the region marked with a B. The location marked with a C outlines 

the reef; the morphology of this reef appears to be some kind of complex composite 

cone. It is not symmetrical and possibly has a complex genesis. This makes it unlike 

the other reefs with respect to its shape as both reefs seen in DUN06 Line 1 and 

DUN06 Line 23 (Illustration 57) are symmetrical cone shapes. This suggests that the 

Toroa Dome Reef Complex is not a homogeneous reef or series of reefs but may have 

a range of forms present.
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Illustration 56: Close up of line 22 Toroa Dome Reef. Features to note are the 
seafloor multiple (A), normal faulting around the reef (B) and composite reef  
(C). Horizontal axis shows CDP (upper) and SP (lower) numbers. Plot range is  
from CDP 7650 to 7235 (SPs 13543 to 12723). Vertical axis shows time (ms).  
Line trends from southwest to northeast.



In DUN06 Line 23 (Illustration 57), the relationship between the dome (apex is near 

the centre of the line) and the shelf break (to the northwest end of the line) is clearly 

observed. The reef outcrop in this area is marked with an A and is the smallest of all 

the studied reefs in the Toroa Reef Complex. Unique to DUN06 line 23 is the 

presence of two erosional 'channels', marked with a B, cut into the side of the dome. 

These features are thought to be formed by strong currents running parallel to the 

coast, and hence appear in section in this line. 
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Illustration 57: DUN06 Line 23 view of Toroa Dome. Horizontal axis shows CDP 
(upper) and SP (lower) numbers. Plot range is from CDP 7700 to 5250 (SPs  
14243 to 8743). The reef out crop is marked (A) and the two channels cut into the 
flank of the dome (B). Vertical axis shows time (ms). Line trends from northwest to 
southeast.



In a close up of Line 23 (Illustration 58), a reef multiple similar to that seen in 

DUN06 Line 22 can be observed in the region marked with an A, as well as normal 

faults in the shallow sequences that are marked with a B.  The shallower of the 

channels identified in Illustration 57 is also seen in Illustration 58. The yellow lines 

signify continuous strata and the C marks the erosional channel that cut into these 

units.

All three lines shot across the Toroa Dome for the DUN06 survey show a reef on the 

basinward limb of the dome. As these reefs are variable in size and morphology, they 

may have variable styles of genesis, but all must have formed in relation to the 

underlying geological structures, like the wide-spread shallow normal faults observed 

around 1 s TWT all over the Toroa Dome. Deeper vertical structures  can be seen in 

places that may be fluid migration pathways. Importantly, all three high quality 

seismic lines collected across the Toroa Dome intersect reef outcrops, making it 

102

Illustration 58: DUN06 Line 23 close up of Toroa Dome Reef. Features to note 
are the seafloor multiple (A), shallow faulting (B) and the channel cutting into 
deposits. Horizontal axis shows CDP (upper) and SP (lower) numbers. Plot range 
is from CDP 6575 to 6135 (SPs 11393 to 10503). Vertical axis shows time (ms).  
Line trends from northwest to southeast.



extremely likely that either (1) they are all linked or (2) the dome has additional, 

unseen reefs on its surface.

Line Reef 

Width

Reef height (above 

surrounding sea floor)

DUN06 line 1 2327 m 174 m

DUN06 line 22 726 m 52 m
DUN06 line 23 433 m 35 m

Table 2: Dimensions of the Toroa Dome Reefs as measured in seismic sections.

4.2 Mud Volcanoes and Polarity Reversals

Recent  developments  in  the  study  of  mud  volcanoes  provide  possible  ways  to 

determine if a reef complex is currently erupting gassy muddy material. In work by 

Evans  et  al.  (2007),  the acoustic  response of  a  water-sediment  contact  provides a 

method of determining if the reefs observed at Toroa Dome exhibit behaviour similar 

to diapiric mud volcanoes observed in the Mediterranean. Long-lived mud volcanic 

features tend to generate composite cones similar in morphology to those observed on 

the Toroa Dome. These long lived mud cones often have a central vent with a crater 

like depression at the top that can be filled with gassy highly liquid mud that has been 

extruded and is dense enough not to be swept away by currents but less dense than the 

surrounding mud cone. This low-density crater material generates a unique seismic 

response as the high water content  and the addition of gas bubbles can lower the 

acoustic velocity by 15%-50% (Fu et al.  1996). Also, newly erupted gas-saturated 

material that forms flows on the the flanks of cones has a lower than usual acoustic 

impedance.  Normally  when  acoustic  waves  travelling  through  the  water  column 

encounter  sediment,  an  increase  in  acoustic  impedance  causes  a  positive  polarity 

reflection  (Evans  et  al.  2007).  However,  when  the  water  sediment  contact  has  a 

negative velocity contrast due to the lower velocity of the gassy liquid material, then a 

negative polarity reflection occurs (Evans et al. 2007). In simple terms, the phase of 

the first reflector of the reef (as determined by peak shading) will switch to be the 

opposite of the seabed.  However, in the case of the reefs at Toroa Dome, a phase 
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reversal is not seen (Illustration 53 to 58).

4.3 Migration Considerations

As explained in chapter 3, a well-constrained velocity model, makes it possible to 

stack CDPs and migrate the data to:

(1) improve the resolution  and signal to noise ratio of the sea floor; 

(2) reduce the effect of multiples; and 

(3) more accurately position reflections. 

However, the quality of the migration is dependant on the quality of the velocity 

model, and different models result in different points of interest that may be  worthy 

of interpretation.

By applying a velocity model designed to remove the effect of the water column, a 

standard stacking velocity model consisting of an upper layer of 1500 m/s for water 

combined with a linear increase to 4000 m/s at 8 s, an image that allowed 

interpretation of the sea floor was generated. 
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Illustration 59: DUN06 Line 1 with 1500 ms nmo applied. Note the reflective area 
on the south side of the reef (black square), diffractions extending down the side of  
the reef (upper red dashed lines) and seafloor multiple (lower red dashed lines).  
Horizontal axis shows CDP numbers. Vertical axis shows time (ms). Line trends 
from south to north.



On DUN06 Line 1 (Illustration 59), the reef is seen to be a flat-topped almost 

rectangular feature with steep sides. Also, on the left side, a lens of material breaks up 

the otherwise symmetrical shape of the reef (as highlighted by the black square in 

Illustration 59). This lobed lens on the flank of the reef appears to have internally 

variable velocity shown by bright internal reflections, suggesting multiple stacked 

units with variable density and/or velocity. The unreflective, wiped-out region 

internal to the main reef structure is suggestive of wipe-out caused by the strong 

velocity contrast of hard reef material with the water column. Steeply dipping events 

(diffractions) and an obvious multiple are marked with red dotted lines. These 

features do not geometrically correspond to real geological events in the seismic 

section.

By using a detailed, geologically based velocity model (see processing Section 

3.6.2.1) to  migrate the data, some resolution of the sea floor was lost. Rather than 

distinct single reflections the sea bed tends to blur and stretch. However, the benefits 

of the more detailed models are that large dipping refractions/defractions are removed 

along with much of the multiple energy. Despite the removal of these artefacts, the 

high reflectivity nature of the reef prevents detailed imaging beneath the reef, with 

almost all energy reflected at the reef's surface (Illustration 60).
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It is possible to see (Illustration 60), that despite shallow normal faults in the vicinity 

of the Toroa Dome Reef Complex, the surrounding country rock hosting the reefs is 

not disturbed. Any plumbing structure providing material to create the reef is either 

not imaged or extremely restricted in horizontal extent. It appears either to be 

contained within the 'footprint' of the reef or, for some other unlikely reason, is not 

imaged. A possible reason why a fluid pathways would not be imaged is that it may 

have no reflectivity contrast. When the plumbing system to the reefs has the same 

velocity and consistency as the surrounding country rock, it will not generate 

reflections to allow us to observe it. The orientation of a potential plumbing system 

may also prevent it from being imaged, for example a vertically orientated structure is 

unlikely to reflect energy back to the receivers, preventing it from being imaged. An 

out-of-plane plumbing system also cannot be ruled out. However if the migration 

route involves either a fault or stratigraphy, then it is difficult to imagine a scenario 

where the plumbing is not imaged in a 2D seismic line.
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Illustration 60: DUN06 Line 1 final stack was migrated using a high quality  
velocity model. This section displays several improvements, defractions are 
removed and the seafloor multiple is reduced. Note the lack of reflections below the 
reef (wipe out). Horizontal axis shows CDP numbers. Vertical axis shows time 
(ms). Line trends from south to north.



DUN06 Line 22 is more contaminated with noise due to adverse weather conditions 

resulting in noisy traces during collection of the data. Also, the size of the reef is 

smaller than on DUN06 Line 1 (Table 2), resulting in lower amplitude seismic 

anomalies and reflections (Illustration 61). DUN06 Line 22 contains a seafloor 

multiple (as labelled) as well as anomalous defractions (marked with red dashed lines) 

from within the reef. This is similar to DUN06 Line 1. This reef is also similar to the 

one imaged in DUN06 Line 1 in that it causes wide-spread 'wipe out' of the area 

below the reef. The 'wipe out' again suggests that its surface consists of hard material 

that reflects most of the incoming energy. Other similarities between the reefs are that 

they both have undisturbed surrounding strata as well as a plumbing system that is 

either restricted to the footprint of the reef or impossible to image using  conventional 

seismic methods.

There are also differences between the reefs seen in DUN06 Line 1 and DUN06 Line 

22. The reef seen in DUN06 Line 22 (Illustration 61)  is much smaller  in height and 

width than the reef imaged in DUN06 Line 1 (Table 2). Also the DUN06 Line 22 reef 

is not as uniform in shape as DUN06 Line 1. Rather, it has two rounded 'peaks'. 

Finally, the reef in DUN06 Line 22 has none of the internal reflections imaged in 

DUN06 Line 1. This is perhaps because it is smaller and therefore has less internal 

velocity variation that can be imaged by traditional industry 2D seismic methods. It is 

also possible that it has a more geologically homogeneous interior. 
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The migration shown in Illustration 62 has few internal reflections, aside from some 

weak reflections seen on the shallow portions of the right side of the reef. These 

shallow reflections were more successfully imaged using instantaneous amplitude 

frequency changes, e.g., the area on the northeast side of the reef seen in Illustration  

62. Illustration 62 shows a thickened area near the sea floor in which amplitude 

change occurs. This suggests that, analogous to DUN06 Line 1, the reef in DUN06 

Line 22 does not have an even internal composition and has potentially complex 

internal stratigraphy.
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Illustration 61: DUN06 Line 22 migrated section. Using the improved velocity  
model to run a migration has reduced the multiple and minimised diffractions.  
Horizontal axis shows CDP numbers. Vertical axis shows time (ms). Line trends 
from southwest to northeast.



4.4 Imaging Structure with Automatic Gain Control

Automatic Gain Control (AGC) was used on several occasions to improve the 

resolution of shallow fracture and fault systems surrounding and underlying the Toroa 

Dome Reef Complex. This was because AGC compensates for attenuation and wave 

front divergence that causes amplitude and signal decay. The best visualisation of data 

was made by increasing AGC and then plotting the windows in either extremely dark 

or light colour schemes, as shown in Illustrations 63 and 64 respectively for DUN06 

Line 1. AGC was only used at the final stages of processing to prevent phase 

destruction from contaminating frequency analysis. 

Interpretation of the AGC plots (Illustration 63 and 64) shows improved imaging of 

several structures. Near vertical fault systems are seen to the left of the images. On the 

left side of the reef, an area of complexity with numerous strong reflections forms a 

lensoid shape. Imaging of the reef's morphology is also improved. The reef can be 
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Illustration 62: DUN06 Line 22 migrated section with instantaneous amplitude 
with FXDECON applied. Horizontal axis shows CDP numbers. Vertical axis  
shows time (ms). Line trends from southwest to northeast.



seen to be a flat topped structure with ramp like sides.
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Illustration 63: DUN06 Line 1 migrated section. Dark colour scheme with high 
gain applied, instantaneous amplitudes with FXDECON. Gain =1.195. The dark 
colour scheme highlights the areas of shallow faulting and more reflective areas 
around the reef. Specific details of sedimentary sequences are lost. Horizontal axis  
shows CDP numbers. Vertical axis shows time (ms). Line trends from south to 
north. Note that Illustration 63 and 64 are processed identically apart from 
different colour schemes applied. The numbers assigned to the colour scheme 
relates to instantaneous amplitudes values in the plot and are skewed by AGC 
being applied.



4.5 Improving Interpretations Using Near Trace and Far Trace 

Stacks

In each CDP gather, receivers record energy from a range of angles of incidence for 

each reflector. The Near Traces (NT) are the traces collected when the receiver is 

almost directly above the target reflector, whereas Far Traces (FT) are the traces 

collected where the angle of the energy's wave path is more oblique in orientation. 

The cut-off between NT and FT is set arbitrarily. For the examples shown here, I 

represented NT with traces 1 and 2 and FT with traces 20-21. This excluded the final 

20 traces, which were generally of a poorer quality, but provided enough of a oblique 

angle between the NT and FT to allow for different results from stacking. These 

differences are important, as energy that travels on an almost vertical path (NT) from 

111

Illustration 64: DUN06 Line 1 migrated section with a light colour scheme, high 
gain instantaneous amplitude with FXDECON. Gain =5.00. Light colour scheme 
highlights the seafloor multiple directly below the reef and shallow faulting while 
maintaining image quality of sedimentary sequences. Horizontal axis shows CDP 
numbers. Vertical axis shows time (ms). Line trends from south to north. Note that  
Illustration 63 and 64 are processed identically apart from different colour 
schemes applied. The numbers assigned to the colour scheme relates to 
instantaneous amplitudes values in the plot and are skewed by AGC being applied.



source to receiver will tend to image the sea floor and other sub horizontal features 

well. However, energy that is reflected at more oblique angles from steeply dipping 

reflectors will not be collected by the NT. Paradoxically, energy collected at farther 

offsets (FT) appears to actually image dipping reflectors better. In this study, FT 

offsets were used to better image the steep flanks of the reefs while the NT offsets 

were used to image the top of the reef and the surrounding sea bed.

The effect of selecting only the near traces when generating a plot is shown in 

Illustration 65. The morphology of the top of the reef and the surrounding sea bed is 

well imaged, showing a distinctly flat-topped reef feature discrete from the 

surrounding sea bed. NT also tends to image the surrounding fault structures well. 

Imaging the faults directly was not possible. Instead, by clearly showing adjacent 

horizontal beds and their offset (CDP 2540-2700 in Illustration 65), it was possible to 

interpret fault locations.
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Illustration 65: DUN06 line 1 migrated section with instantaneous amplitude, with 
only near traces selected, FXDECON applied and a dark colour scheme. This 
highlights the greater reflectivity at the surface of the reef and lens on the south 
flank of the reef.  Horizontal axis shows CDP numbers. Vertical axis shows time 
(ms). Line trends from south to north.



In comparison to the NT stack (Illustration 65), the FT stack (Illustration 66) more 

poorly imaged the seabed and top of the reef, both of which have an apparently 

discontinuous nature and small internal variations. Also in Illustration 66, the fault 

structures shown in the red square labelled A, are indistinct in contrast to the near 

trace offset image in Illustration 65. However, the limbs of the reef appear to be better 

seen in the FT stack (Illustration 66). Rather than the steep almost vertical sides seen 

in the NT image, the sides are curved and rounded in appearance. From this it can be 

assumed that the reef is a flat topped feature, with uneven flanks which are rounded 

and steep, and that the reef is independent and distinct from the surrounding seabed.
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Illustration 66: DUN06 Line 1 migrated section with FXDECON applied 
showing instantaneous amplitude with only far traces selected. Points to note are 
improved imaging of the reef flanks and decreased image quality of the faults  
adjacent to the reef (A). Horizontal axis shows CDP numbers. Vertical axis  
shows time (ms). Line trends from south to north.

A



4.6 Improving Interpretations with Instantaneous Amplitude 

Attributes 

Instantaneous amplitude can be used to measure an abrupt increase in seismic 

amplitude which indicates a sudden change in acoustic impedance. This is useful in 

determining the physical properties of the reefs.  

By using the Claritas instantaneous amplitude attribute function during processing, an 

XVIEW graphical output was created that was able to map the locations where the 

greatest amplitude change occurred at any given time. By using this function it was 

possible to reinforce previous conclusions about the hardness of the reef relative to 

the average sea floor (Section 4.7). As can be seen in Illustration 67, the greatest 

amplitudes are seen on the surface of the reef. Far lower values are observed on the 

rest of the seabed, where yellow is highest amplitude and black is lowest (see scale 

bar in Illustration 67). Further discussion of amplitudes follows in section 4.7.
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Illustration 67: DUN06 Line 1 migrated section with instantaneous amplitude 
attributes. FXDECON was applied to the section. The reef in this section exhibits  
complicated internal structures. Horizontal axis shows CDP numbers. Vertical  
axis shows time (ms). Line trends from south to north.



In Illustration 68, instantaneous amplitude shows a complicated internal structure 

within the DUN06 Line 22 reef. The south limb of the reef clearly has a different 

structure than the north limb, with a much thicker and wider zone of high amplitude 

material tapering off to the northeast (right). The area intermediately below the apex 

of the cone appears to have internal variations in amplitude as it is not simply one 

colour and shows internal variation in the variety of amplitudes present. This suggests 

a complicated internal structure. High amplitude regions are related to changes in 

reflectivity and hardness. This is shown in Illustration 68 by the constant amplitudes 

present in the water column, high amplitudes in the reflective reef, and medium 

amplitudes in the surrounding country rock. The differences between DUN06 Line 1 

and 22 are partially the results of the colour scale (see the colour bars at the bottom of 

both images); different colour schemes were used to highlight different structures. 
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4.7 Hardness and Reflectivity of the Seabed

The reflectivity of the seabed is closely tied to its hardness. Other factors such as 

density, compaction, near surface layering, and contrasts with underlying units, also 

affect reflectivity. However, at the seafloor, reflectivity can be used as a proxy to map 

areas of both soft and hard rocks. This makes it ideal to study the nature of the seabed 

reefs.

The reflection coefficient can be calculated by using measured amplitude and 

frequency information for specific time picks (see areal processing function in Section 

3.6.4.2). The reflection coefficient provides an accurate representation of reflectivity 

intensity, where the higher the reflection coefficient the greater the strength of the 
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Illustration 68: DUN06 Line 22 migrated with FXDECON applied  
showing instantaneous amplitude over Toroa Dome Reef Complex.  
DUN06 Line 22, like DUN06 Line 1 (Illustration 67), has  
complicated internal structures especially to the northeast of the 
reef. Horizontal axis shows CDP numbers. Vertical axis shows time 
(ms). Line trends from southwest to northeast.



reflection and its respective multiples. Amplitudes were determined by picking 

reflections in seismic data and extracting amplitude information. The equation used to 

calculate this coefficient is:

2x multiple / seafloor  = raw reflection coefficient

(Yilmaz and Doherty 2001)

Reflection coefficients for DUN06 Line 1 (Illustration 69) were generated using the 

above equation. Note that the largest values indicate the location of the reef. Some 

variability in the reflection coefficient of DUN06 Line 1 can be attributed to the 

inherent fluctuations associated with noise and bad traces. To help remove these 

fluctuations, an average amplitude was taken from a homogeneous portion of the sea 

floor (300 CDP's), then a similar averaging was taken over the reef. By using these 

values, an averaged reflection coefficient was created using the following equation:

 

Illustration 71 displays the averaged reflection coefficients for both the reef and 

representative sample sea floor of DUN06 Line 1. Background fluctuations are 

reduced and clearer anomalies can be seen within the central area of the graph, 

representing the location of the reef.
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averaged representative seafloor
averaged representative multiple

= averaged reflection coefficient
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Reflectivity of the seafloor reef (note that the reef is from shot point 2861 to 3172) 

and the multiple can help with the interpretation of the Toroa Dome Reef Complex. 

As can clearly be seen in Illustration 71, the highest reflectivity values of the line are 

in the vicinity of the reef. This high reflectivity is also expressed in the strength of the 

water column multiple, shown by the multiple being far stronger beneath the reef 

area. This means that the reef is able to reflect a greater proportion of energy than 

ordinary sea floor can. The fluctuations of the graph show that, within the reef zone, 

variable reflectivity exists, even after averaging. Although some of this variability is 

due to the steep and changeable dipping flanks of the reef, there is also undoubtedly a 

complex internal stratigraphy affecting reflectivity. It is also interesting that the 

hardness seems greater at the edges of the reef. This may be possibly due to effects 

from a central crater at the top of the reef.

The rapid increase in reflectivity observed in the reef relative to the ordinary sea floor, 

reduces the possibility that the reef is a gassy mud volcano. This is because the 

surface of a mud volcano would not be expected to have such significant hardnesses. 

It is therefore more likely that the reef is either a carbonated methane-derived reef or a 

volcanic edifice. 
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4.8 Finite Difference Time Migration

Finite Difference Time Migration (FDMIG), as explained in Section 3.6 is a 

migration routine that effectively repositions dipping reflections into correct 

geometric positions, as shown in Illustration 72. In this line, there appears to be a 

large area of 'wipe out' below the reef, perhaps caused by the high reflectivity of the 

reef material. Also, the reef appears to have lenticular formations on the north limb of 

the mound. From this it can be inferred that the reef is hard and reflects most energy 

that impacts it rather than letting the energy through, causing the 'wipe out'. I also 

infer that the reef is not internally homogeneous, but rather seems to be stratified and 

have variable internal hardness as shown by the layered reef material on the north 

limb. This variable hardness is also seen well in the internal amplitude variations seen 

in Illustration 68 of DUN06 Line 22.

FDMIG aids in the interpretation of structures that are not steeply dipping.  This is 

because FDMIG is based on an X-T domain implicit 45-degree migration which 

produces reasonable results up to 60 degrees.  At the Toroa Dome, FDMIG migration 

is useful as it allows for lateral variations in velocity, like those located at the low 

angle sides and top of the Toroa Dome Reefs. This improved lateral velocity helps 

interpretations by changing the migration effects around the reefs. In particular, it has 

decreased the number of diffractions below the flanks of the reef and decreased the 

strength of the seafloor multiple (Illustration 72) .
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4.9 Gravity

To complement the detailed seismic interpretation, it is worthwhile to examine the 

regional gravity data. GNS Science archives satellite gravity data of New Zealand, 

including the area of the Toroa Dome Reef Complex. This GNS Science dataset was 

combined with the coastlines of the lower South Island to generate Illustration 73. In 

particular, Illustration 73 shows:

 gravity highs seen in the middle of the left side of the image marking the 

mountains of the Southern Alps and Fiordland;

  The Solander Basin between the gravity highs of the mountains and the 

medium gravity anomaly of Stewart Island; and

  The bathymetric high that is the Toroa Dome Reef Complex is not 

represented but the relative gravity low of the GSB is clear and it has a 

decreasing gravity gradient towards the middle of the Central Sub-Basin. 

Illustration 72 helps emphasise the distribution of gravity anomalies in the 
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Illustration 72: FDMIG DUN06 Line 1 Toroa Dome reef. FDMIG has reduced the 
seafloor multiple and defractions while retaining reflection coherency. Horizontal  
axis shows CDP numbers. Vertical axis shows time (ms). Line trends from south to 
north.



lower South Island as marked by geological features. Gravity highs are land 

and mountains while lower areas are either deeper areas in the ocean or larger 

sedimentary basins.

Based on these observations it is not possible to accurately identify small scale 

anomalies around the Toroa dome that might be volcanic, due to the low resolution of 

the gravity survey. However, moderate gravity highs can be observed to the east and 

southeast of Toroa Dome. This is potentially related to the presence of volcanic 

bodies in the otherwise low gravity Central Sub-Basin of the GSB.
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Illustration 73: Lower South Island regional gravity map. High gravity is white,  
yellow and red grading through to low gravity areas that are green and blue. This  
figure is modified from existing GNS Science satellite data and has a low resolution 
not sufficient to image the Toroa Dome Volcanics but gravity highs can be seen on 
the Dunedin and Christchurch volcanic systems and the gravity high of the Chatham 
Rise to the east.



5 Discussion and Conclusions

The Toroa Dome Reef Complex, as described in this thesis, is a set of previously 

unidentified bathymetric highs arranged in an arc around the northeast to southwest 

sides of the apex of Toroa Dome, a submarine volcanically-cored uplift on the 

southeast continental shelf of the South Island. These features have previously been 

unidentified due to the scarcity of high-quality data available prior to the recent 

resurgence in petroleum exploration in the region, and a general disinterest in the 

shallow sea floor due to its perceived irrelevance in petroleum exploration. Cross-

sections of three reefs have been identified on the three high quality lines crossing the 

dome: DUN06 Line 1, DUN06 Line 22 and DUN06 Line 23. From these publically 

available seismic lines, the reefs are assumed to be closely related to Toroa Dome's 

underlying structure due to the absence of similar features in the surrounding region.

5.1 What is the nature of the reefs?
Toroa Dome is thought to be an anticlinal linearly dipping dome structure, formed by 

regional reverse faulting during the Oligocene-Quaternary, when local tectonic 

activity increased causing (1) uplift and (2) the reactivation of extensional normal 

faults that originated during the formation of the Great South Basin (GSB) (Cook et 

al. 1999). Based on this current work, it is likely  the Toroa Dome's formation is due 

to thermal uplift related to deep plutonic magma emplacement during the Miocene, 

which buckled overlying units located near the shelf break to the southwest of 

Dunedin in the GSB. Volcanic activity has occurred extensively through out the GSB 

during its formation. For example, Miocene intra-plate volcanism created the Dunedin 

Volcano to the northwest of the Toroa Dome. This episode of volcanism also caused 

the intrusion of many volcanic bodies though the geological sequence in the GSB 

(Gamble et al. 1986). In addition to the 'young' volcanism, deeper in the sedimentary 

section, Eocene-Oligocene volcanics are observed. These volcanics and related 

magmatic uplift are the likeliest explanation for the formation of the Toroa Dome 

Reefs as a series of reverse faults could not fully create a dome structure like Toroa 

Dome.
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5.1.1 Results from reflectivity studies/seismic observations
As stated in Chapter 4, the reflectivity of the seafloor is closely tied to its hardness. 

The seafloor of the Toroa Dome Reef Complex exhibits a strong reflection coefficient 

when compared to the surrounding seafloor. Fluctuations in reflectivity across the 

reefs are due to the irregular surface and steeply dipping flanks of the reefs. The 

greatest averaged reflection coefficient recorded over the reefs show that they are up 

to six times more reflective that the surrounding seafloor. This means that the Toroa 

Dome Reef Complex is much harder than the surrounding seabed.

Observations of the seismic lines show that the Toroa Dome Reef Complex is 

surrounded by an area of substantial steep normal faulting. Every reef observed was 

found to have faults nearby. Other areas on the dome without the same level of 

faulting appear to have no reef development. Therefore the Toroa Dome Reef 

Complex is thought to be related to the faulting. 

No large-scale plumbing or distinct root system features are visibly associated with 

the reefs. Despite the lack of such observed structures, the presence of the reefs alone 

indicates that there must be some kind of underlying fluid pathway. As this pathway 

is not observed, it may be located below the anomalous foot print of the reef, 

rendering them invisible. It is also possible that the type of fluid structures present is 

imperceptible to conventional 2D seismic data.

As it is not known what fluids are migrating through the Toroa Dome, it is difficult to 

determine the material which forms the reef. It is clear that the fluids controlled by 

faulting are probably related to volcanic activity, and also form a large and hard reef. 

Based on these observations, the reef material is either volcanic material or hard 

precipitates deposited from hydrothermal fluids.  Of these two two options the former 

is favoured as it better explains the size of the reef. While it is most likely that the 

reefs are volcanic, without sampling the migrating fluids or directly sampling the reef 

it is impossible to rule out that the reefs are not methane derived biogenic carbonate 

reefs. 
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5.1.2 Reef Geometry
The morphology of the reefs shows that they are variable in size, ranging from ~50 m 

to ~300 m high and up to 500 m across. They form simple ridge or cone structures as 

well as complex features with multiple craters and more reflective lenticular deposits 

on their flanks. From a regional perspective the reefs are arranged in a ring around the 

apex of the dome. This 'ring' does not continue on all sides of the dome.  Rather, it is 

concentrated on the basinward side of the dome (northeast  to southwest) with no reef 

features observed on the shelf break side of the dome (west to northwest). The reefs 

are probably a combination of independent 'blobs' and linear ridge shaped structures. 

Unfortunately, the lack of high quality data over the Toroa Dome means that it is 

impossible to definitively conclude whether the reefs form a ridge or a line of 

independent conical structures.

5.1.3 Pros and Cons - Mud Volcanoes
Mud volcanoes, fluid seeps and geothermal vents have several characteristics that 

relate to the Toroa Dome Reef Complex. Fluid formed structures will often form 

conical mounds of a similar scale to the reefs seen on the Toroa Dome. They are also 

observed in other thick sedimentary basins within New Zealand (Pettinga 2003). The 

Toroa Dome reefs also have a variable shape and it is possible to explain this by 

multiple fluid eruption events developing complex and composite cones which would 

appear similar to the reefs observed on the Toroa Dome.

However, mud volcano activity has several distinctive characteristic that are not 

observed at the Toroa Dome Reef Complex. Mud volcanoes and fluid seeps often 

have a large gas component in the material being ejected. In the seismic data, none of 

the reefs observed appear to have any gas anomalies caused by reservoirs of very low 

velocity material or gas below the reefs. Based on reflectivity data, the reefs are 

harder, not softer, than the surrounding seabed sediments, if the reefs were mud 

volcanoes, they would be softer than the surrounding seafloor due to high water and 

gas content of the material being erupted.

Although mud volcanoes can explain the morphology of the reefs and are observed in 
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other sedimentary basin around New Zealand, it is improbable that the Toroa Dome 

reefs were formed by mud volcano activity. 

5.1.4 Pros and Cons – Deep Cold Water Carbonate Features
Deep water carbonate reefs are in situ accumulations of carbonate and mud that 

resemble in many ways the physical characteristics of the Toroa Dome Reef 

Complex. First, they generally have strong reflection coefficients similar to those reef 

seen on the Toroa Dome (Judd et al. 2007). In New Zealand, cold water carbonate 

reefs have been linked by observations to underlying structural controls, concentrating 

them in regions of anticlines, large normal faults and monoclines (Campbell et al. 

2008). Such structures are also observed around the Toroa Dome Reefs. The Toroa 

Dome has a favourable physical setting (e.g., depth, low rates of deposition, high 

potential for fluid injection rates and currents) to create deep cold water carbonate 

reefs.

However, the Toroa Dome reefs are extremely large features. If they are carbonate 

reefs, they would be some of the largest in the world, which is hard to justify as they 

would be much younger than smaller ones observed elsewhere (Hovland et al. 1998). 

Also, carbonate reefs usually form relatively homogeneous, even sided reefs (Judd et 

al. 2007). The Toroa Dome Reef complex has a wide variety of shapes and 

complexity making it improbable that they formed by a slow, steady fluid 

accumulation process.

The suggestion that the Toroa Dome reefs are carbonate in origin is a valid suggestion 

and in many ways fits with the observations of reefs above the Toroa Dome. Despite 

this, it is improbable that the largest carbonate reefs ever observed would occur in the 

relatively young Great South Basin and that the complex morphology of the reefs 

observed means it is unlikely that the reefs are cold water carbonates.
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5.1.5 Pros and cons – Links to Volcanism
The Great South Basin has undergone widespread volcanic activity, as can be 

observed at the Dunedin Volcanic complex, numerous islands on the Campbell 

Plateau, and Pukaki East Rise (Gamble et al. 1986). Toroa Dome could possibly be an 

artefact of thermal uplift associated with deeper emplacement of magma. This leads to 

the proposition that the Toroa Dome reefs are in fact volcanic in origin, similar to 

seabed volcanic reefs observed on the Pukaki East Rise (Cook et al. 1999). A volcanic 

origin for the Toroa Dome reefs fits in well with the observations that they are 

extremely hard and reflective compared to the surrounding seabed. Their complex 

range of shapes and internal structures are explained by the greater range of complex 

volcanic deposits that occur with underwater eruptions compared to other kinds of 

reef formations. Also, the Toroa Dome reefs are large features; their sizes are 

compatible with a volcanic source.

However, volcanic reefs generally have pronounced underlying feeder structures such 

as magma chambers that provide material for the surface edifices. The Toroa Dome 

reefs have very few such structures. This is the main unexplained facet to the reefs' 

volcanic origin. 

That the reefs are volcanic is the most probable explanation of the reefs' formation. 

This origin is compatible in relation to the size, location, and morphology of the reefs. 

A volcanic origin also links these observations in the Great South Basin with other 

seafloor reefs identified on the East Pukaki Rise. Although there is a lack of imaged 

volcanic structures below the surface on the Toroa Dome, further exploration of the 

Toroa Dome likely will reveal underlying structures; the high success rate with recent 

high-quality data at finding reefs means that this is a strong possibility.
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5.1.6 Links to Petroleum Systems
The Toroa Dome is a proven oil and gas reservoir (Sutherland et al. 2007) and is an 

extremely prospective part of the Great South Basin. It is a large domed structure that 

is located above a thick section of sediment in an area with proven maturation of 

hydrocarbons. As the reefs have not been observed directly or sampled, it is 

impossible to accurately determine their nature. Although the reefs are most likely to 

have formed by volcanic processes, it remains possible that the reefs are methane-

derived carbonate structures. If the reefs are not volcanic in origin, that means it will 

be a extremely valuable area of research as it will provide extensive knowledge on the 

flux of the underlying hydrocarbon system. Links between the Toroa Dome petroleum 

system and the seafloor reefs are tentative and therefore only further research will 

truly define the links between the reefs and hydrocarbon systems. 

Where a volcanic system interacts with a hydrocarbon 'kitchen' a complex series of 

processes takes place. The increased heat can destroy petroleum reservoirs but can 

also increase maturation of hydrocarbons by increasing the  temperature gradient 

(Galushkin 1997). If the Toroa Dome Reefs Complex is a volcanic system, then a 

previously unexplained factor has been forced upon the development of the Toroa 

Dome exploration play. Volcanic intrusions will not only alter rates of hydrocarbon 

generation but will also effect fluid transfer in the underlying units and greatly affect 

the size and shape of potential commercial deposits.

5.2 Future Work
For future work on the reefs, a few suggestions about possible directions are listed 

below.

1. If the reefs are able to be directly sampled, this would eliminate any remaining 

doubts about the features' provenance. Although the water depths of the reefs 

are prohibitively deep at 400-500 m, they are within dredge reach of most 

deep water sampling research vessels. Strong currents and waves in the area 
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make it difficult to make a direct grab sample of the reefs. The best method 

may be as the reefs stand proud (150 m) of the sea floor, lowering the dredge 

to near the sea floor then dragging the dredge into the path of the reef 

'clipping' the top of the reef and excluding potential confusion about sampling 

the surrounding sea floor rather than the reef itself.

2. Presumably the area surrounding the dome will show more reef structures. 

Greater control on the extent will allow further analysis into their underlying 

structural controls. For example, seismic lines running between the currently 

observed reefs will outline if they are in a ridge structure or independent 

cones. This will also help to define the relationship between underlying faults 

and the reef. For example, do the reefs form along parallel lines or are they 

curved around the apex of the dome?

3. Due to the great depths of the sedimentary sequence, the inferred potential 

magmatic intrusion below the Toroa Dome was not imaged. If it is there, it 

will add credence to the possibility that the reefs are volcanic in origin. So, 

further work imaging Toroa Dome deeper than 7 s TWT would be extremely 

worthwhile because the DUN06 survey depth is limited by the length of the 

streamer array used. This limits the usefulness of existing public data sets and 

future deep sequence analysis should concentrate on new seismic data.

4. In the initial plans for this project, I had planned to collect new high frequency 

single-channel seismic data overlying the existing DUN06 lines in the known 

locations of the reefs. Inclement weather that plagues the GSB prevented this 

survey from taking place, but future workers may wish to use a similar survey 

plan to better delineate the reefs. For future reference the survey plan is set out 

in Illustration 74.
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5.2.1 Survey Plan

This survey intended to shoot three lines that mimic DUN06-01, DUN06-22, 

DUN06-23 and focus on the locations where these lines intersect observed sea bed 

reefs. Note that in Illustration 74 the red marks are the locations of the reefs and the 

black marks either side of the red are the potential start and end points of each survey 

line. These proposed lines mimic the path of the original DUN-06 survey lines that 

cross the Toroa Dome (see Table 3), and this will allow compare-and-contrast studies 

between different survey designs and parameters.
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Illustration 74: Regional map showing potential survey plan of Toroa Dome Reef  
Complex



Line Name Start of Line End of Line Feature Location

PV09-01 47° 28' 00.01”S

169° 28' 49.46”E

to 47° 33' 19.24”S

169° 27' 29.17”E

47° 30' 53.11”S

169° 28' 05.65”E

PV09-22 47° 22' 27.83”S

169° 35' 12.97”E

to 47° 25' 50.94”S

169° 30' 22.33”E

47° 24' 25.93”S

169° 32' 24.90”E

PV09-23 47° 29' 56.02”S

169° 37' 18.08”E

to 47° 27' 11.97”S

169° 30' 26.41”E

47° 28' 29.86”S

169° 33' 41.94”E

Table 3: Coordinates of the three suggested lines

Any combination of these lines would be suitable for further research and, if possible, 

intersecting lines could be shot during travel between these survey lines to improve 

our understanding of the distribution of the Toroa Dome Reefs. Note that these 

locations are from original UKOOA p1/90 field navigation files. Although accurate to 

the best of my ability, I cannot guarantee their veracity. Future workers would be well 

advised to recheck them.
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5.3 Summary of Conclusions

Despite the lack of clarity about the true nature of the reefs there are several main 

conclusions that can be made.

 Three different methods of genesis have been suggested for the reefs' 

formation: mud volcano, carbonate precipitation and volcanics.

 The Toroa Dome Reef Complex is most likely formed by volcanic activity.

 If the reefs are volcanic this would have many implications for the 

prospectivity of the Toroa Dome as volcanic activity can destroy or speed up 

the accumulation of hydrocarbons as well as interfering with fluid migration 

by forming impenetrable layers.

 The reefs are made of hard, extremely reflective material relative to the 

surrounding sea floor.

 The frequency of the reefs around the dome, with three reefs observed from 

three high quality lines shot in the area, suggests that the Toroa Dome Reef 

Complex is much larger and further studies will reveal many more reefs 

and/or more extensive ridges. The reefs are structurally controlled so further 

studies may reveal a series of linear ridges or ring structures around Toroa 

Dome.

 The locations of the reefs seems to be related to widespread shallow normal 

faulting, suggesting that the distributions of the features may be related to 

faulting. The depth of sediment on the shelf break has prevented any reefs 

from forming to the northwest of the dome.

 Widespread episodes of volcanic activity have caused the eruption of volcanic 

material on the sea floor as well as emplacing material throughout the GSB. 

The prevalence of these volcanic features increases the likelihood of a 

volcanic origin for the Toroa Dome Reef Complex. It also means that further 

research in the Great South Basin will reveal more seafloor volcanic deposits.
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 The Toroa Dome is a proven oil and gas prospect and as such it has proven 

migration of hydrocarbon fluids within the vicinity. The possibility that the 

reefs are related to the expulsion of these fluids cannot be discounted. This 

may also explain the distribution of the Toroa Dome Reef Complex, as the 

migrating fluids could travel along fault bounded fluid pathways, causing the 

fault related distribution of the features.

 The reefs have many commonalities when studied such as: internal 

heterogeneities, hardness, morphology, lack of visible plumbing systems, 

discrete extent, spatial location and causing wide spread wipe out below them. 

This suggested that all the reefs were formed by a similar process.

 The reefs also show differences: in magnitude, levels of internal complexity, 

and in hardness and/or thickness, suggesting a complex process formed them.

The Toroa Dome Reef Complex is a structurally controlled series of large sea floor 

reefs that were most likely formed by volcanic fluids migrating through the 

sedimentary sequence to be extruded on the surface. This volcanism is most likely to 

have occurred along side other volcanic intrusions throughout the GSB during the 

Miocene. This volcanism has many potential links to hydrocarbon prospectivity of the 

Toroa Dome. However, it was impossible to completely discount the possibility that 

the reefs were formed by extremely concentrated and long lasting expulsions of 

methane or other hydrocarbon fluids which would require extensive migration of 

hydrocarbons from the underlying sedimentary section. If this is true, it would 

increase the prosepctivity of the Toroa Dome prospect. The reefs are believed to form 

linear or curving ridges relating to faulting of the units below. Further research will 

define if they form a continuous ridge like reef or a series of independent conical reefs 

along a fault.
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7 Appendix 

7.1 DUN06 Processing Details

Number Description

00 Initial read and QC of Data 
• Select and QC every 100th shot
• Near trace plot

01 Filters and Artefact Mitigation
(4) Testing of filters of various lengths
(5) Tapered start and end of data with a 200 sample ramp
(6) Designed combined swell noise and anti-alias filters; minimum 

phase equivalent of a Butterworth filter 
(7) 2-5-80-100Hz
(8) 1-3-80-100Hz 
(9) 2-4-80-100Hz
(10)2-5-90-100Hz
(11)Selected : Tapered 200 sample taper with 2-5-90-110Hz anti-alias 

filter (minimum phase equivalent of a Butterworth filter)

02 Cable Static Correction 
• Use P1/90 water-depths in decimetres
• Correct to 7m tow-depth using a 1480m/s water velocity
• QC on shots and near trace plot

• FK plots show resolution enhancement

03 Water-Depth Based Shots
• Digitise near trace plots after cable shift
• Pick shots corresponding to 100ms steps in water-depth from 136ms 

to 1900ms
• Use these shots as a test set for shifts etc

04 Amplitude Recovery Test
Shift data so water bottom is flat at 200ms TWTT. WD shots QC’d on 
screen using amplitude decay functions
• Tested time base function only
• T** 0, 1.5, 1.75, 1.8, 1.9, 2.0, 2.25 
• Selected : Spherical divergence with a T1.9

05 Spike QC via AREAL
• Pick and QC a loose refraction mute on OFFSET and shot water-depth
• Onscreen selection of spiked traces
• RMS amplitudes employed
• Data reviewed onscreen alongside edits

06 Brute Velocities
• Picked and QC’d on water-depth shots
• Semblance based picking
• Initial picking used to define FK demultiple
• Second pass picking improves NMO correction

07 Water-Depth Base FK Domain Mute
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Number Description

• Targeting direct/refracted waves and spatially aliased energy
• Applied 100ms below the water-depth
• 2Hz minimum cut-off frequency

08 FK Mute Application
• Swell noise can be defined in part by K component
• Limited K-band width at low frequencies removes most swell noise 
• Picked loose refraction mute after FK
• Sequence applied as Mute-FK-Mute 

09 Brute Stack
• 6.25m native binning
• Supergathered to 12.5m 
• WD based processing (inc FK Mute) applied
• Stacked with water-depth based velocities picked
• 90% stretch mute employed
• Digitise water bottom on stack

10 Gap Deconvolution
• 20, 24, 32, 48ms gaps
• 120, 240, 360ms operator
• Design from 200ms-3500ms below refraction mute
• 24ms gap, 480ms operator also run
• Autocorrelation function

11 Offset Regularisation
• Regularise to standard inline 2D offsets
• 5 traces, 4th order interpolation used
• Regularise to 12.5m channel spacing, K-filter and trace drop to 25m
• Regularise to 25m channel spacing
• QC on stacks and shots

12 Brute Stack with Deconvolution
• Apply sequence to date including edits
• Create 120-fold 12.5m cdps 
• Create 240-fold 25m supergathers
• QC stacks and gathers on screen

13 Revised Velocities 
• Manually pick velocities at 2km (160 CDP) increment and review data 
• Stack with picked velocities
• Select velocity control points that correspond to 100ms TWTT changes 

in water-depth
• Update velocities to create a water-depth tied velocity field
• Shift velocities by the water-depth to create a water-depth based 

multiple velocity field
• QC stacks for primary fields, and NMO corrected gathers for multiple 

fields

14 VELSECT High Density Velocity Analysis
• Review semblance spectra created from supergathers
• Define low-pass frequency content filter (5Hz-10Hz-20Hz-30Hz)
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Number Description

• Test 120% multiple field and 100% multiple field
• Define low-fidelity radon demulitple from shallow to deep water
• Moveout range -1000ms to +1600ms TWTT

Number Description

15 Demultiple Tests : Supergathers
• Onscreen comparison of data using 100% and 90% stacking velocities
• Radon start time at 1.8 x water-bottom time in deep water, to a 

minimum of 800ms TWTT
• Radon applied; 320 p-values;  tested low and high-cut clause for 

transform range
• Test run to stack on CDP gathers with cut range from +50ms to 

+1900ms far offset moveout
• Some spatial alaising issues remained
• Re-ran test with improved K-filter prior to trace drop

16 Demultiple Tests : CDPs
• Onscreen comparison of data with 100% and 90% stacking velocities
• Even-channel CDP’s adjusted to match Odd-channel offsets after 

NMO
• Enhanced K-filter used prior to trace drop (0.25 Nyquist, so CDP’s 

have no spatial alaising)
• Cut range from +300ms to +1900ms run through to stack

17 Dejitter : CDPs
• CDP domain static employed to try and remove residual “jitter” on 

multiple
• Jitter evaluated as a result of high sea state
• Dejitter applied using multiple velocity model
• NMO correction and static shift tested
• CDP static parameters tested include NMO stretch mute and limiting of 

data into pilot
• Technique moderately successful but hard to control. Not used in 

production sequence
18 Demultiple Including Targeted FK Domain Mute

• Offset correction post demultiple, pre NMO
• Radon demultiple tested on supergathers
• CDP regularisation prior to demultiple

19 Demultiple using 90% Primary Velocity 
• Jitter addressed using multiple NMO correction and K filter
• Residual multiple diffractions still present 

20 Residual Demultiple in Shallow Water
• Review of multiple issues in shallow area and shelf break
• FK based modelling and removal of multiple
• Digitise on seabed and multiple
• Tested on Offsets and CDPS

21 Finalisation
• Coherency filtering using FK runmix
• Dip 15, 21, 31, 47, 61ms/trace tested
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Number Description

• 5, 11, 21, 27, 31 trace mix tested
• Post-stack coherency filtering 

0.5, 0.05, 0.005, 0.0005ms/m slowness tested
• TV band-pass filters tested based on frequency spectrum analysis
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