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Abstract 

Fluid migration from deep sedimentary basins towards Earth’s surface has various 

implications for hydrocarbon accumulations and influences slope stability, climate 

and ecological systems. Fluids seeping from the seafloor can give insight into deep 

crustal and tectonic processes and can significantly change the seafloor morphology 

as well as the chemical composition of the overlying ocean.  

The timing of fluid migration in many sedimentary basins is often poorly 

constrained and the composition of fluids involved in the formation of migration 

pathways and seafloor venting structures is difficult to determine. Likewise, the 

effect of upward migrating fluids on the surrounding host sediments and their 

diagenetic processes is an under-investigated field. Although gas bubbles venting 

from the seafloor are well constrained and easily identified in hydroacoustic data, 

the detection of submarine groundwater discharge sites often relies on oral 

traditions and visual reports from fishermen who recognize anomalies 

(schlieren/streaks) on the sea-surface. In many regions (e.g. organic muds, 

hydrothermal fields), submarine groundwater discharge is accompanied by gas 

venting. However, the processes involved in simultaneous gas and water discharge, 

as well as their relative contributions to geomorphological structures, are generally 

not well understood.  

Decreasing acoustic resolution with depth requires a multi-scale approach to gain 

a better understanding of the various fluids and migration processes involved at 

different depths. Using different hydroacoustic systems and frequencies, I examine 

fluid migration pathways in the subsurface and various morphological expressions 

that seeping fluids create on the surface during discharge. I integrate well logs, 

surface sediment grab samples, as well as sediment cores and geochemical 

porewater analysis to validate and ground truth the hydroacoustic and seismic 

observations. I apply these methods to datasets from two study areas: the 

Canterbury Basin, east of New Zealand’s South Island, and Eckernförde Bay in the 

Baltic Sea of Northern Germany. 

In the Canterbury Basin, my analyses reveal a wide variety of subsurface migration 

pathways as well as surface structures related to fluid migration. I show how 

diagenetic processes of fine-grained sediments are dramatically changed in a 2 km 
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radial distance around a conduit feeding a sediment volcano. This change manifests 

itself in the suppression of polygonal faulting, and is a result of either 1) a significant 

change in differential stress induced by buoyant upward migrating fluids that 

accumulate at depth, or 2) permeable stringers intruding into the surroundings of 

the feeding pipe and therefore facilitating the dewatering of the enclosing 

sediments. On the surface of the Oligocene Marshall Paraconformity, I find 

pockmarks as well as discharged sediments emplaced by sediment volcanism. 

While the pockmarks appear to be related to dewatering mechanisms of the 

underlying strata, the sediments emplaced on the same surface seem to be sourced 

from Cretaceous strata. Several sediment intrusions into Paleocene sediments are 

similarly sourced from Cretaceous lithologies and affect the overlying fault 

orientation. 

Also, I find that recent fluid migration pathways are likely to be responsible for 

shallow gas accumulations on the continental slope of the Canterbury Basin. On the 

present-day seafloor, there are numerous pockmarks on the shelf and slope that 

have been modified by currents. The pockmarks form as a result of gas and/or 

groundwater seepage, but the contribution of gas versus offshore groundwater 

could not be unequivocally determined for the Canterbury Basin. 

In Eckernförde Bay, in contrast to the Canterbury Basin, I was able to 

hydroacoustically distinguish areas of submarine groundwater discharge and areas 

additionally affected by gas seepage. Using very high-resolution multibeam data 

and sub-bottom profiling, I observed and characterised a new type of pockmark that 

is associated with submarine groundwater and gas discharge. I determined that, in 

gaseous muddy sediments, submarine groundwater discharge results in unusually 

consistent and exceptionally shallow free gas that can even be detected with high-

frequency 400 kHz multibeam systems. 
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Chapter 1 

 

Introduction 

1.1 Motivation 

Fluid venting/seeping from the seafloor is a widespread and common 

phenomenon in a wide variety of oceanographic settings, e.g. coastal environments, 

the continental shelf and slope and in the deep ocean. Fluid migration has important 

consequences for the seabed and sub-seabed geomorphology as well as for marine 

ecological systems, the ocean geochemistry and even the world’s climate and is a 

critical factor in determining the movement of hydrocarbons within a sedimentary 

basin. 

Fluids naturally migrating towards the Earth’s surface have been known for 

thousands of years in various parts of the world. Onshore hydrocarbon seeps have 

been described and used for various purposes by different indigenous communities 

(Judd and Hovland, 2009). Since the nineteenth century, such seepage has attracted 

a lot of attention due to its indications of deeper hydrocarbon reservoirs. For 

example, Link (1952) reported that most petroleum reservoirs proven by 1952 

were discovered by drilling near or on seeps. Consequently, the discovery of 

offshore submarine hydrothermal vents in the 1960s and seafloor morphological 

structures associated with fluid venting attracted much attention. In addition to 

commercial interests (the hydrocarbon industry), natural seepage has been 

investigated widely to gain insight into various science disciplines, including the 

influence of fluid seepage on slope stability, climate and seafloor ecology, and also 
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the insight seeping fluids provide into deeper crustal and tectonic processes (Elger 

et al., 2018; Kastner et al., 2014; Langmuir et al., 1997; Solomon et al., 2009; Werne 

et al., 2004). To understand present-day fluid accumulation and seepage, we must 

also consider past fluid distributions and migration pathways. By examining paleo-

surfaces we can identify buried morphologies as well as structural indications for 

past fluid migration.  

The impacts on our oceans of both hydrocarbon seepage and submarine 

groundwater discharge (SGD) are significant but often poorly understood. 

Kvenvolden and Cooper (2003) reported that between 0.2 and 2.0 x 106 (best 

estimate 0.6 x 106) tonnes of crude oil seep naturally into the marine environment 

every year. This accounted for 47% of all the crude oil entering the marine 

environment in 2009; humans are responsible for the rest (Judd and Hovland, 

2009). SGD has been valued as a resource for agriculture, fishing, bathing, tourism 

as well as for fresh drinking water, for thousands of years (Moosdorf and Oehler, 

2017). Although SGD potentially supplies as many nutrients into the oceans as 

rivers do (Cho et al., 2018), and therefore can contribute to algal blooms (Lapointe 

et al., 1990), SGD is still often overlooked as an important geological process. 

Escalating water demand in coastal areas and the effects on coastal environments 

have significantly increased scientific interest in SGD over the last decade. With 

increased groundwater extraction in coastal areas, sea-level rise and an increased 

frequency of storm surges (IPCC, 2014; Seager et al., 2007), coastal aquifers are 

becoming increasingly vulnerable to pollution and seawater intrusions (Ferguson 

and Gleeson, 2012; Pellikka et al., 2018; Wong et al., 2014). The advent of 

anthropogenic climate change and an expected increased frequency of global 

droughts (IPCC, 2014; Seager et al., 2007), has led to increased traction of research 

into offshore groundwater reserves as a possible source of drinking water and for 

agriculture. The global estimates of potential offshore groundwater reserves, 

between 3 x 105 (Cohen et al., 2010) and 4.5 x 106 km3 (Adkins et al., 2002), highlight 

the potential for offshore aquifers to become a future water resource (globally, only 

4500 km3 of water has been extracted from onshore reservoirs since 1900 

(Konikow, 2011)). It is also important to understand the influence of offshore 

groundwater flow on seafloor morphology and ecology. 
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Identifying locations of seeping groundwater and other fluids, including 

hydrocarbons, is therefore a crucial part of future resource management. The 

recognition and understanding of different seafloor morphologies created by the 

seepage of different fluids are crucial for mapping out different fluid seepage types 

with confidence and over large areas.  

1.2 Structure of the thesis 

My thesis includes the contents of two peer-reviewed publications and 

another one in preparation, that I bring together by providing a general 

introduction into the research field and a final discussion of how the three chapters 

relate to each other with integrated concluding remarks. Although this thesis is 

written in the first person various other people contributed to the different 

chapters as indicated below each chapter.  

Chapter 1 – Introduction 

In this chapter, I provide a broad overview of the studies undertaken. I 

specify the aims of this thesis and introduce a number of geological structures and 

processes that will be built upon within the thesis.  

Chapter 2 – Study Areas  

I introduce two geologically different study areas and consider their 

respective geological contexts with regard to fluid migration processes. I also briefly 

describe the different scientific methods used in each study area which are in detail 

described at the beginning of each chapter.  

Chapter 3 – The shallow plumbing system and fluid migration on the 

Canterbury Shelf and Slope, New Zealand 

In this chapter, I present results of an investigation of shallow plumbing 

systems in the Canterbury Basin and discuss their implications for present-day 

seafloor pockmarks. The pockmarks are further analysed in terms of their 

distribution, their formation processes and their morphological modification by 

seafloor currents.  

Contributors: Aaron Micallef, Tanita Averes, Joshu Mountjoy, Susi Woelz, Gareth 

Crutchley, Andrew Gorman, Rachel Worthington and Tayla Hill 
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Chapter 4 – Seismic evidence for repeated vertical fluid flow through 

polygonally faulted strata in the Canterbury Basin, New Zealand 

I describe and examine deeper fluid migration pathways in the Canterbury 

Basin, interpreted from two 3D seismic datasets. Buried pockmarks, sediment 

volcanoes and polygonal fault systems are evaluated and discussed. Contents of this 

chapter are published in Hoffmann et al. (2019). 

Contributors: Andrew Gorman, Gareth Crutchley and Bernice Herd  

Chapter 5 – Complex eyed pockmarks and submarine groundwater 

discharge revealed by acoustic data and sediment cores in Eckernförde 

Bay, SW Baltic Sea 

In this chapter, I discuss the different fluids involved in pockmark formation 

in Eckernförde Bay. I use a porewater geochemical approach to groundtruth 

hydroacoustic data for an integrated interpretation of the geological processes 

involved. Contents of this chapter are published in Hoffmann et al. (2020). 

Contributors: Jens Schneider von Deimling, Jan Schröder, Mark Schmidt, Phillip 

Held, Gareth Crutchley, Jan Scholten and Andrew Gorman 

Chapter 6 – Conclusions and outlook  

The interpretations of the three individual studies are combined and the 

implications of the findings from Eckernförde Bay for the Canterbury Basin are 

discussed. I give an integrated conclusion of the different studies and discuss 

potential areas of future research. 

1.3 Thesis Aims 

Pockmark formation and modification processes are often poorly 

constrained and are strongly influenced by the subsurface geology and 

oceanographic conditions (Berndt, 2005; Hillman et al., 2018). I aim to improve the 

understanding of subsurface fluid flow and pockmark formation by characterising 

and comparing seismic and hydroacoustic manifestations of the processes across 

different geological settings, fluid migration systems, and fluid types. 
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The specific objectives of the thesis are to: 

• constrain the timing of focused fluid migration as well as basin-wide 

fluid expulsion through polygonal faults, and determine their role in the 

formation of buried and present-day seafloor depressions in the 

Canterbury Basin 

• constrain the fluids involved in pockmark formation in the Canterbury 

Basin 

• evaluate how focused fluid migration affects diagenetic processes of the 

surrounding strata 

• determine if there are relationships between sediment grain size 

distribution on the Canterbury Shelf and pockmark occurrence, and 

thereby investigate possible grain size range limits required for 

pockmark formation 

• develop a conceptual integrated model for fluid migration in the 

Canterbury Basin 

• define and characterise acoustic indications for submarine groundwater 

discharge (SGD) 

• evaluate the effects of shallow gas on high-frequency multibeam 

backscatter data, to improve the understanding of how multibeam 

systems can be used to investigate seepage processes 

• constrain the influence of SGD on pockmark formation and shallow gas 

distribution in the muddy sediments of Eckernförde Bay 

• acoustically constrain the contribution of different fluid types in the 

formation of pockmarks 
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1.4 Structures associated with fluid migration 

A wide variety of geological structures within the sub-seafloor and on the 

seafloor can be indicative of active and past fluid migration. These structures 

include pockmarks, pipes and chimneys, faults, sills, dikes or sediment volcanoes. 

The advances of hydroacoustic methods like side-scan sonar and multibeam 

echosounder systems have resulted in the detection of a large number of these 

structures on the seafloor associated with fluid venting (Bohrmann et al., 2003; 

Dimitrov and Woodside, 2003; Hovland, 1982; Nelson and Healy, 1984; Nikolovska 

et al., 2008). Lower frequency seismic imaging methods are frequently used to 

detect fluids and their associated migration pathways in the sub-seafloor (Berndt, 

2005; Karstens and Berndt, 2015; Løseth et al., 2011). 

Geomorphological structures associated with seepage from the seabed are 

affected by various factors, including the physical properties of the extruded 

material, the fluid flux, the seafloor material (e.g. composition, grainsize, cohesion, 

sedimentation rate) and oceanographic conditions (Talukder, 2012).  

1.4.1 Pockmarks 

Pockmarks are circular to elongated seafloor depressions caused by venting 

fluids through the seafloor and are probably the most common seabed 

geomorphological expression of fluid escape (Judd and Hovland (2009), Figure 1.1). 

They are erosive in nature, with the eroding agent coming from beneath the seabed 

(Judd and Hovland, 2009). Although the exact mechanism of their formation is, in 

many places, poorly constrained, they are found in various geologic settings e.g. 

coastal environments, fjords, continental shelves and slopes, the deep sea, and even 

lakes all over the world (e.g. Bussmann et al., 2013; Dimitrov and Woodside, 2003; 

Kelley et al., 1994; Reusch et al., 2015; Webb et al., 2009; Whiticar and Werner, 

1981). Fluid discharge can occur in a singular event, periodically or constantly, and 

pockmarks can form during both rapid discharges or slowly over time (Hovland et 

al., 2002; Hovland and Sommerville, 1985; Krämer et al., 2017). Although 

pockmarks are thought to initially form a circular morphology, many elongated and 

complex shapes have been reported (Brothers et al., 2011b, 2011a; Hillman et al., 

2018; Pilcher and Argent, 2007; Schattner et al., 2016; Waghorn et al., 2017). While 
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some of these irregularly shaped pockmarks are thought to form as a coalescence 

of individual pockmarks, many such modifications from the original circular form 

are attributed to bottom currents reshaping the pockmark. Scouring of pockmarks 

due to currents after their initial formation has been postulated, as well as 

elongation or preservation due to seafloor current-pockmark interaction inducing 

rotational flows, upwelling within the pockmarks or eddy currents (Brothers et al., 

2011b; Hammer et al., 2009; Hillman et al., 2018; Manley et al., 2004).  

The most commonly described formation process in the literature is the 

suspension and removal of seabed material by fluids venting from the seafloor. In 

some cases though, pockmarks have been interpreted to result from the collapse of 

sub-seabed material as a result of gas hydrate dissociation (Imbert and Ho, 2012; 

Riboulot et al., 2016; Sultan et al., 2010; Taleb et al., 2020). 

 

Figure 1.1: Example of complex pockmarks forming on the Chatham Rise (data 
sourced from Hoffmann (2013)). 

Seafloor depressions also occur as a result of other processes, e.g. glacial 

processes like iceberg scouring and kettle holes (Hill et al., 2008; Solheim and 

Elverhøi, 1993; Stewart, 1999), calderas and volcanic intrusions (Branney, 1995; 

Wright and Gamble, 1999), impact craters (Ormö and Lindström, 2000; Roddy, 
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1977), current scours (Fildani et al., 2006; Heiniö and Davies, 2009), biological 

activity (Mueller, 2015), or dissolution of carbonates, limestones or evaporites by 

groundwater and subsequent collapse (Hardage et al., 1996; Jennings, 1971; 

Stewart, 1999). I do not consider these forms of seafloor depressions to be 

pockmarks though, due to their non-erosive nature or the lack of an eroding agent 

from the subsurface (following the definition from Judd and Hovland (2009)).  

Pockmarks occur in various shapes and sizes. Hovland et al. (2002) classified 

pockmarks into six classes according to their morphological expression and 

acoustic reflectivity.  

‘Normal pockmarks’ are circular in shape, between 10 and 700 m wide, and 

1-45 m deep (King and MacLean, 1970; Loncke et al., 2004; Mazzini, 2009; Paull et 

al., 2008; Stott et al., 2019) 

’Unit pockmarks’ are smaller (1-10 m wide and up to 0.5 m deep) and often 

associated with one-time expulsion events (Hovland et al., 2010; Nelson et al., 1979; 

Szpak et al., 2015) 

‘Elongated pockmarks’ show one longer axis and are often modified by strong 

bottom currents (Andresen et al., 2008; Hillman et al., 2018; Schattner et al., 2016) 

‘Strings of pockmarks’ are aligned along one line due to faults or salt 

diapirism (Ho et al., 2018b; Maia et al., 2016; Michel et al., 2017) 

‘Complex pockmarks’ occur as a combination, or cluster, of normal 

pockmarks or were otherwise modified (Hovland et al., 2005; Klaucke et al., 2018; 

Mazzini et al., 2016) 

‘Eyed pockmarks’ show a characteristic acoustically highly reflective object 

(e.g. shells or skeleton remains, authigenic carbonates which precipitated due to 

fluid expulsion, or coarse-grained seafloor material left behind after erosion by 

escaping fluids) at their bases (Böttner et al., 2019; Dandapath et al., 2010; García-

García et al., 2004; Hovland and Judd, 1988; Hovland and Thomsen, 1989)   

Others have classified pockmarks according to their seismic infill facies or 

the fluid origin (Albert et al., 1998; Andresen et al., 2008)  
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1.4.2 Chimneys and pipes 

Fluid transportation through focused flow systems is a widespread 

phenomenon in sedimentary basins. Fluid migration pathways are frequently 

correlated to vertical or subvertical clustered amplitude anomalies in seismic data 

- so called chimneys or pipes (Figure 1.2) - which often form pockmarks at their 

upper termination (Berndt, 2005). According to Cartwright and Santamarina 

(2015), these fluid conduits form due to overpressured sequences and subsequent:  

• hydraulic fracturing of the overburden rock (Andresen and Huuse, 2011; 

Cartwright et al., 2007; Hustoft et al., 2010; Karstens and Berndt, 2015; 

Løseth et al., 2011) 

• capillary invasion when gas is forced into the pores of the capillary seal 

(Cathles et al., 2010; Cevatoglu et al., 2015; Clayton and Hay, 1994) 

• erosive fluidization of granular material by seepage (Brown, 1990; 

Nermoen et al., 2010) 

• syn-sedimentary sustained flows (Cartwright and Santamarina, 2015) 

• dissolution and localized subsurface volume loss (Sun et al., 2013). 

The terms chimney and pipe are often used interchangeably in the literature 

for the seismic expression of subsurface fluid conduits. I follow the convention of 

Andresen (2012) who defines a chimney as a wide or narrow vertical zone of 

distorted seismic reflections while defining a pipe as a narrow vertical zone of 

stacked high-amplitude anomalies.  
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Figure 1.2: Example of the seismic manifestation of gas migration above a sill 
complex in the Norwegian North Sea (data sourced from Planke et al. (2017)). 

Chimneys and pipes manifest themselves in seismic data by a variety of 

different amplitude anomalies. Distorted and strong chaotic reflections in chimneys 

are often attributed to the strong impedance contrasts between gas-bearing and 

water-saturated sediments. This effect may occur when there is as little as 1% of 

gas present (Judd and Hovland, 1992). It is common for reflections in gas-affected 

profiles to exhibit “push-down” effects, where reflections are deflected downwards 

by the decrease in acoustic velocity in gas-bearing zones (Ho et al., 2016; Hustoft et 

al., 2007; Plaza-Faverola et al., 2010). Ascending fluids that disturb or destroy 

otherwise parallel geological layers can result in locally “pulled-up” or “bent-up” 

seismic reflections. Alternatively, pulled-up reflections can be velocity artefacts due 

to anomalously high seismic velocities associated with, for example, gas hydrates or 

authigenic carbonate cement within the fluid-escape conduit (Ecker et al., 1998; Ho 

et al., 2012; Hustoft et al., 2010, 2007). Additionally, gas hydrate in pore spaces may 

reduce impedance contrasts between geologic layers causing acoustic blanking 

(Fraser et al., 2016; Lee et al., 1996; Lee and Collett, 2001; Westbrook et al., 2008). 
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Acoustic turbidity zones in seismic data are often caused by the reflection of a high 

proportion of the acoustic energy by gas-charged sediments or by some other 

overlying highly-reflective material (Judd and Hovland, 1992).  

1.4.3 Sediment volcanoes 

Sediment volcanoes represent a specific surface expression of natural oil and 

gas migration. Sediment volcanoes are often categorised in terms of the grain size 

of the material they eject on the surface (e.g. sand or mud volcanoes). Due to the 

same driving process behind both sand and mud volcanoes, I herein refer to them 

as sediment volcanoes.  

In hydrocarbon-bearing sedimentary basins, sediment volcanoes form as the 

result of overpressure build-up and subsequent hydrofracturing (Mazzini, 2009). In 

contrast to most fluid escape structures, sediment volcanoes represent the surface 

expression of a discharge of at least a three-phase system (gas, water, sediment and 

occasionally oil) (Mazzini and Etiope, 2017). The high pore-fluid pressure required 

predominantly results from disequilibrium compaction (often referred to as 

undercompaction), kerogen maturation and gas formation, mineral dehydration 

and tectonic compressional forces (Kopf, 2002). The high gas and water content 

make the sediment semi-liquid, allowing it to flow upwards through long openings 

and fissures in the Earth’s crust (Dimitrov, 2002). In most cases the gas is methane 

although in some cases (e.g. close to subducting slabs, in areas of high thermal 

gradients or in the final stages of gas generation) gas can be mainly CO2 or N2 (Baciu 

et al., 2007; Etiope et al., 2011; Motyka et al., 1989). In active sediment volcanoes, 

episodic, often catastrophic, eruptions alternate with dormant phases – the time 

where overpressure is generated at depth before it overcomes the seal strength in 

the conduit (Planke et al., 2003). The fluids, sediments and the overpressure 

necessary to form sediment volcanoes can be sourced from different stratigraphic 

levels along the feeder pipe.  

Although many sediment volcanoes exhibit the characteristic volcanic cone 

shape, the extruded sediments on the surface can build up a wide variety of different 

shapes of various sizes (Figure 1.3). The edifices range from widths of a couple 

metres to up to 12 km. Sediment volcanoes occur on land (e.g. Mazzini and Etiope, 
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2017; Odonne et al., 2020; Planke et al., 2003) as well as on the seafloor(e.g. 

Bohrmann et al., 2003, 2002; Dupuis et al., 2019; López-Rodríguez et al., 2019; 

Medialdea et al., 2009), although the majority of studies focus on the comparatively 

well accessible onshore examples. They mainly form in areas of recent tectonic 

activity (especially compressional), strong sedimentary or tectonic loading and 

active or continuous hydrocarbon generating basins (Dimitrov, 2002). In New 

Zeeland sediment volcanism mainly occurs in the northeast of New Zealand’s North 

Island along the Hikurangi margin (Pettinga, 2003; Ridd, 1970). 

 

Figure 1.3: Various different surface morphologies of mud volcanoes (A) conical, (B) 
elongated, (C) pie-shaped, (D) multicrater, (E) growing diapir-like, (F) stiff-neck, (G) 
swamp-like, (H) plateau-like, (I) impact crater-like, (J) subsiding structure, (K) 
subsiding flanks, (L) sink-hole type (adopted from Mazzini and Etiope (2017)). 

1.4.4 Polygonal faults 

Polygonal faults are a layer bound, non-tectonic class of faults which don’t 

exhibit any preferred large-scale strike direction (Figure 1.4). Polygonal faults, in 

general, form during the early burial history of their host sediments (Berndt et al., 

2012; Cartwright et al., 2007, 2003; Cartwright and Lonergan, 1996; Gay et al., 

2004). Pockmark formation above and within polygonal fault systems due to 

porewater expulsion and sediment compaction would therefore be expected to be 
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contemporaneous with the faulting (Andresen and Huuse, 2011; Gay et al., 2004; 

Maia et al., 2016). In some cases, pipes or chimneys form above polygonal fault 

systems, channelling the fluids and episodically releasing the fluids to form 

pockmarks above (Berndt et al., 2003; Gay and Berndt, 2007).  

Polygonal faults only form in fine-grained sediments and display a polygonal 

pattern in plan view. After the landmark paper of Cartwright (1994), who was the 

first to describe the polygonal pattern of these faults in the North Sea basins, this 

type of faulting has been recognised in basins worldwide (Laurent et al., 2012). The 

polygonal planform can be modified by a local or regional horizontal stress 

anisotropy (Ho et al., 2013; Li et al., 2020; Morgan et al., 2015). 

Cartwright & Dewhurst (1998) attributed the development of these 

regionally extensive faulted tiers to sediment compaction and dewatering 

processes during early burial history. Since polygonal faults have only been 

reported in packages composed of fine to very fine-grained sediments, Cartwright 

& Dewhurst (1998) and Dewhurst et al. (1999) introduced the process of syneresis 

as the formation mechanism. This poorly understood but widely appreciated 

process (especially in other disciplines, e.g. chemical engineering) describes a 

spontaneous contraction of a gel without evaporation (Cartwright et al., 2003). Well 

analysis conducted by Dewhurst et al. 

(1999) showed that the amount of 

shrinkage in colloidal sediments 

increases as the grain size decreases. Due 

to contraction, the syneresis cannot 

proceed without pore fluids being 

expelled from the sediments. The 

polygonal faults are therefore thought to 

form because they are required to act as 

fluid migration pathways for fluids 

expelled in localized regions of syneresis. 

Other formation mechanisms like density 

inversion and associated hydrofracturing 

(Henriet et al., 1991; Watterson et al., 

Figure 1.4: Time slice through a 3D 
seismic attribute volume highlighting 
discontinuities/polygonal faults in 
white. Data from the Canterbury Basin. 
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2000), gravitational downslope movement (Clausen et al., 1999), smectite-rich 

clays causing residual friction at low burial depth (Goulty, 2008, 2001a) and particle 

scale volume contraction by mineral dissolution leading to internally-driven shear 

failure (Cartwright, 2011; Shin et al., 2008) have since been suggested.  

All of these mechanisms involve dewatering processes during burial. A 3D 

modelling approach by (Verschuren, 1992) suggests that the volume of expelled 

fluids might be as much as 60%, making polygonal fault systems a major source of 

fluids in sedimentary basins. Since fault throw accumulates mainly due to 

dewatering of the sediment, displacement rates of polygonal faults are as much as 

three magnitudes lower than tectonic faults (King and Cartwright, 2020). Pipe 

structures in the overburden of polygonal fault systems show that polygonal fault 

systems can act as a long term source for fluid flow (Berndt et al., 2003) as well as 

pathways for upward fluid migration from deeper strata (Gay et al., 2004) (Figure 

1.5).  

 

 

Figure 1.5: Schematic diagram illustrating the relationship of pockmarks to 
polygonal faults and fluid migration (adopted from Gay et al. (2004)).  
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Chapter 2 

 

Study areas 
Two geologically distinct study areas are considered in this thesis. By using 

similar techniques in the Baltic Sea and on the Canterbury Shelf, I aim to be able to 

compare freshwater and/or gas reservoirs and recharge characteristics. By 

comparing the pockmark formation mechanisms of the Baltic Sea to formation 

mechanisms on continental shelves, I aim to improve the understanding of the 

underlying controls.  

2.1 Canterbury Basin 

The Canterbury Basin is located on the eastern passive continental margin 

of New Zealand’s South Island and covers an area of ~360,000 km2. It is bounded to 

the north by the Chatham Rise and in the south by the Great South Basin (Figure 

2.1). Most of the basin (that I will focus on) is presently submerged, but an eroded 

succession is exposed onshore. The present-day passive continental margin off the 

Canterbury/Otago coast is characterised by a variable shelf width of 10-90 km. The 

shelf exhibits low slope gradients of 0.0016˚ and extends out into water depths 

~140 m. The margin slope in this region is incised by numerous canyons and gullies, 

which are larger and more significant features to the southeast than they are to the 

northwest of the Waitaki Canyon. Northwest of the Waitaki Canyon the slope is 

gradually less incised by gullies, which, in this area, show a straighter and narrower 

shape. The gradient of   
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Figure 2.1: Bathymetric overview map of New Zealand (bathymetric data sourced 
from Mitchell et al. (2012). The study area is outlined by the black rectangle. 
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the slope decreases from >5˚ in the south to <2˚ in the north of the basin towards 

the Mernoo Gap.  

The margin began to rift from Antarctica at about 105 Ma during 

Gondwanaland breakup (Strogen et al., 2017) and is now located ~200 km to the 

east of the Alpine Fault (the plate boundary between the Australian and Pacific 

plates). It has experienced one large-scale tectonically controlled transgressive-

regressive cycle during the Cretaceous to Recent, with a peak transgression during 

the Oligocene (Fulthorpe and Carter, 1989). The tectonically forced sea-level cycle 

has been overprinted by shorter-term eustatic sea-level changes. The region has 

been relatively stable tectonically since rifting, with faulting only occurring close to 

shore, mainly associated with local igneous intrusions of late Eocene-Oligocene and 

Miocene ages (Coombs et al., 1986; Milne, 1975). Generally, volcanism in the basin 

is of variable age (Cretaceous – Pliocene). 

The dextral strike-slip motion of the Alpine Fault shear zone has led to a 

displacement of 440-470 km since earliest Miocene (23 Ma) (Kamp, 1987; King, 

2000; Sutherland, 1999). The last ~10 Ma correspond to a phase of oblique 

compression leading to the uplift of the Southern Alps by about 11 km (Browne and 

Field, 1988; Browne and Naish, 2003; Carter and Norris, 1976). This uplift has been 

matched by average erosion rates of ~2 m/ky, supplying a significant amount of 

sediment into the subsiding (0.2-0.5 m/ky) Canterbury Basin (Browne and Naish, 

2003; Kamp and Tippett, 1993).  

2.1.1 Stratigraphy 

The large-scale transgressive-regressive cycle in the Canterbury Basin has 

resulted in the deposition of three main stratigraphic units: the transgressive 

sequences of the Onekakara Group, a sea-level highstand unit (Kekenodon Group) 

and a regressive unit (Otakou Group) (Carter, 1988) (Figure 2.2). Post-rift thermal 

subsidence after the breakup of eastern Gondwana resulted in the initiation of the 

transgressional phase in the Late Cretaceous that continued until the mid-late 

Oligocene when flooding of the land mass was at a maximum (Carter, 1985). This 

mainly terrigenoclastic, transgressive Onekakara Group (late Cretaceous-

Oligocene) (Carter, 1985; Fulthorpe et al., 2010) is characterised in seismic 
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reflection data by mainly continuous horizontal reflections of moderate amplitude. 

Overlying Paleocene and Eocene sediments are well stratified and show at least 

three intense tiers of polygonal faults that developed in clay-rich mudstone (Sahoo 

et al., 2014). At the end of this transgressive phase, reduced terrigenous influx 

resulted in the deposition of the Amuri Limestone (Fulthorpe et al., 2010).  

The regional Marshall Paraconformity separates the Onekakara Group from 

the blanket-like glauconitic and bioclastic sediments of the Concord Formation, a 

basal facies of the pelagic to hemipelagic bioclastic Weka Pass Limestone Formation 

which together build the Kekenodon Group (Late Oligocene-Miocene) (Fulthorpe 

and Carter, 1989). The Kekenodon Group is characterised by strong and 

discontinuous reflections in regions proximal to the emerging landmass to the west, 

whereas distal reflections are characterised by sub-parallel, horizontal and more 

consistent amplitudes. Increased sediment supply due to initiation of movement on 

the plate-bounding Alpine Fault and corresponding uplift of the Southern Alps 

induced a phase of regression in the region from late Oligocene to early Miocene 

(Carter and Norris, 1976; Fulthorpe and Carter, 1989). During this phase of 

regression, the prograding clinoforms of the Otakou Group (Miocene-Recent) were 

deposited. The Otakou Group mainly consists of fine quartzose sand and 

terrigenous siltstone that built the modern continental shelf (Carter et al., 1990). 

The clinoforms consist of onlapping and toplapping events indicating erosional and 

prograding stages (Lu et al., 2003; Marsaglia and Nolasco, 2016).  

Clinoforms are intersected by various sediment drift bodies which together 

build up the Otakou Group (Carter et al., 2004a). These drifts have formed by a 

northward flowing current analogous to the present-day Southland Current (Lu et 

al., 2003).   
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Figure 2.2: Stratigraphic cross-section of the main groups and formations in the 
Canterbury Basin. A) Schematic profile from the Southern Alps to the continental 
rise showing the three main geologic groups of the basin (modified from Fulthorpe 
and Carter (1989)). B) Schematic cross-section of the shallow fluvial gravels and 
sandy and silty units (modified from Browne and Naish (2003). C) Onshore 
formations corresponding to the offshore groups after Fulthorpe et al. (1996). 
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The present-day seafloor and shelf are strongly influenced by eustatic sea-

level changes. Large coarse-grained braided rivers have shed significant amounts of 

sediment from the Southern Alps into the Canterbury Basin. During sea-level low 

stands, these braided rivers extended out onto the present-day shelf and lead to 

widespread aggradation of braided plains during glacial maxima. These are 

accompanied here by enhanced sediment supply due to glacial erosional processes 

and subsequently lead to a stratigraphy of alternating low stand fluvial gravels and 

sands and high stand sands, silts, and clays (Figure 2.2 and Figure 2.3). The present-

day seafloor consists of the Pegasus Bay and Canterbury Bight formations 

(discussed in detail by Herzer (1981)), which show gravelly deposits in the north of 

the basin close to shore whereas sands and muds dominate the greater part of the 

outer shelf (Bostock et al., 2019a).  

 

Figure 2.3: Overview of the ice cover and coastline variance during A) interglacial 
and B) glacial periods (adopted from Browne and Naish (2003)) 
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2.1.2 Marshall Paraconformity 

Oligocene strata in the Canterbury Basin contain several discontinuities that 

have been referred to collectively as the Marshall Paraconformity (Carter and 

Landis, 1982, 1972; Findlay, 1980; Lever, 2007; Piekarski, 2020). The Marshall 

Paraconformity is a regional unconformity in the Canterbury Basin separating the 

transgressive Onekakara Group from the glauconitic Kekenodon Group. The 

unconformity is considered to be coeval with the initiation of thermohaline 

circulation following the separation of Australia and Antarctica ~33.7 Ma (Carter, 

1985; Fulthorpe et al., 2010). It caps the widespread Amuri Limestone and is 

overlain by greensand and calcarenite limestone (Field et al., 1989). 

Lewis and Belliss (1984) noted that the term paraconformity is misleading; 

the surface of the unconformity is observed in seismic data to be not only 

conspicuous and complex, but also angular, and therefore does not fit the definition 

of a paraconformity as introduced by Dunbar and Rodgers (1957) for a 

biostratigraphic discontinuity (a discontinuity based and evaluated solely on 

paleontological evidence). There is some disagreement concerning the definition of 

the Marshall Paraconformity and uncertainties have been discussed in previous 

papers (e.g. Carter and Landis, 1982, 1972; Findlay, 1980; Fulthorpe et al., 1996; 

Lever, 2007; Lewis, 1992). However, I still refer to this surface as the Marshall 

Paraconformity to conform with historical usage. 

Though broadly of middle Oligocene age, the paraconformity in the 

Canterbury Basin is developed at the base of a sequence of terrigenoclastic 

greensands (Concord Greensand) and calcarenite (Weka Pass Limestone) that are 

difficult to date precisely (Carter and Landis, 1972). Strontium isotopes suggest a 

minimum hiatus extending from 32.4–29 Ma (Fulthorpe et al., 1996). The 

greensands and limestones are often highly bioturbated. With the breakup of 

Australia and Antarctica, strong bottom currents originated that reworked the 

greensands on top of the Marshall Paraconformity (Lewis and Belliss, 1984). This 

resulted in extensively cross-bedded Weka Pass Limestone and Concord Greensand 

facies and in the mixing of benthic and planktic bioclastic detritus (Carter and 

Landis, 1982). 
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2.1.3 Oceanography 

The South Island of New Zealand lies between two major water masses, the 

warm and saline Subtropical Waters (STW) to the north and the cold Subantarctic 

Waters (SAW) to the south. The Subtropical Front (STF) (where STW and SAW 

meet) is deflected south around New Zealand’s South Island. This allows warmer 

STW from the Tasman Sea to be channelled around the South Island, ending up on 

the eastern side of New Zealand’s South Island, off Otago and Canterbury (Figure 

2.4).  

The northwestward flowing Southland Current (SC), which is thought to 

consist mainly of SAW, runs parallel to the STF (which in this region is also referred 

to as the Southland Front (SF)) (Sutton, 2003). The shelf-parallel current has mean 

flow rates of around 28 cm/s and bursts to 80 cm/s are known (Carter and Carter, 

1985; Chiswell, 1996; Heath, 1972). The core of the present-day Southland Current 

lies above the 200-300 m isobaths (Carter et al., 2004b). Seaward of the STF, SAW 

move northward and circulate clockwise above the Bounty Trough. The present-

day bathymetrical locking of the SC and associated STF on the Canterbury Slope and 

the Chatham Rise seems to have remained relatively stable in its position during the 

last glacial-interglacial periods, although a seaward migration during early glacial 

periods was observed (Carter et al., 2004b). The SC is presumed to affect the margin 

to a depth of ~800 m, with the strongest thermal gradients occurring in ~500 m 

(Chiswell, 1996; Sutton, 2003). The presence of large sediment drifts in the Otakou 

Group suggests that deeper currents parallel to the northward-flowing Southland 

Current existed and probably strengthened during glacial periods (Carter et al., 

2004a). 
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Figure 2.4: Satellite sea-surface temperature data around New Zealand averaged 
between 1993 and 2012, with the main oceanographic fronts and surface currents 
according to Carter et al. (2004b). Strong temperature gradients are apparent over 
the Southland Current (SC) and the Subtropical Front (STF) (sea-surface 
temperature data from NIWA (2015)). 
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2.1.4 Volcanic activity  

Although the Canterbury Margin is considered to be a magma poor or 

magma starved rifted margin, distributed volcanoes of various shapes and size are 

apparent (Barrier, 2019; Bischoff et al., 2019a). The two most prominent volcanic 

centres in the region are the shield volcanoes of Banks and Otago peninsulas in the 

north and south of the Canterbury Basin (Figure 3.1). These two Miocene volcanic 

centres are about 12- 5.8 Ma and 16-11 Ma old, respectively (Adams, 1981; Coombs 

et al., 2008, 1986; Hoernle et al., 2006; Scott et al., 2020; Sewell, 1988). The much 

younger basalts of Timaru are of Pliocene to Pleistocene age and offshore sills were 

reported to be emplaced between Oligocene to early Pliocene (Bischoff et al., 2019b; 

Mathews and Curtis, 1966; Reeves et al., 2018). Intraplate intermittent volcanic 

activity in the region ranges from Cretaceous to Pleistocene (Adams, 1981; Barley, 

1987). 

2.1.5 Fluid flow in the Canterbury Basin 

Overpressured fluids migrating through sedimentary strata and seeping out 

at the seafloor, significantly impacting seabed ecological systems, morphology, and 

shelf stability, are a common phenomenon in New Zealand’s sedimentary basins. 

Onshore and offshore oil and gas seeps have been reported from most frontier and 

developed basins off New Zealand’s North and South islands (Barnes et al., 2010; 

McLernon, 1978; Uruski, 2010). Between the Chatham Rise and the Great South 

Basin, east of New Zealand’s South Island, a variety of fluid migration structures 

have been described. In the Canterbury and Great South basins, seismic data 

indicate focused and distributed thermogenic gas migration through fine-grained, 

low permeability strata (Bertoni et al., 2018). Honeycomb structures and giant 

pockmarks in this region suggest focused fluid migration induced by density 

inversion and polygonal faulting (Klaucke et al., 2018; Morley et al., 2017; Waghorn 

et al., 2017). Dolomite chimneys on the Canterbury Slope indicate groundwater and 

biogenic gas migration through shallow sediments (Orpin, 1997). A large offshore 

freshwater aquifer system in the basin was studied by Micallef et al. (2020). Fluid 

sources in the Canterbury Basin, therefore, include biogenic and thermogenic gases 
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as well as compaction-driven groundwater from polygonal fault systems and 

freshwater. 

The Canterbury Basin and adjacent Great South Basin off the southeast coast 

of New Zealand are both targets of ongoing petroleum exploration (NZOG, 2018). 

Six offshore exploration wells, almost exclusively on the shelf, have been drilled in 

the Canterbury Basin. At least three shows of gas/condensates in non-commercial 

quantities were discovered (Daly and Hattersley, 2007; Shell BP Todd, 1984; 

Wilson, 1985) and Sutherland and Browne (2003) highlight it’s future potential due 

to the comparable development of nearby hydrocarbon producing basins (e.g. 

Taranaki).  

Pockmarks are abundant on the slope of the Canterbury Basin where they 

range in diameter from 20 to 700 m (Hillman et al., 2018). The pockmarks occur in 

patches that are constrained to the crests between submarine canyons and gullies, 

similar to pockmarks reported in other regions (e.g. Galparsoro et al., (2020), 

Michel et al. (2017)). Their positions on the seafloor at depths between 500 and 

1100 m roughly coincide with shallow areas of the expected gas hydrate stability 

zone (GHSZ) in this region. This approximate concurrence also led to an 

interpretation that gas hydrate dissociation and resulting venting during glacial-

stage sea-level lowstands were responsible for the pockmark formation (Davy et al., 

2010). Multibeam and parasound water column investigations in 2012 and 2013 

revealed no evidence of active seepage on the seafloor (Bialas et al., 2013; Schneider 

von Deimling and Hoffmann, 2012). Water and seafloor samples collected in and 

around the pockmarks show no geochemical evidence of enhanced methane 

concentrations on the Otago Margin (Hillman et al., 2015). Since no indications for 

shallow hydrocarbons were present, Hillman et al. (2015) concluded that ocean 

current interaction with the Otago submarine canyon complex was likely to be the 

dominant formation process for pockmarks on the Canterbury Basin slope (Figure 

2.5). No active fluid seepage has been reported within the Canterbury Basin. 
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Figure 2.5: Formation mechanism for the Canterbury Slope pockmarks as proposed 
by Hillman et al. (2015) 

2.1.6 Data used 

In the Canterbury Basin, I used a variety of geophysical and geological data. 

I had access to two industrial 3D seismic datasets (Waka 3D and Endurance 3D) 

located on the Canterbury Slope. I extracted CDP traces along several in- and 

crosslines from one of the 3D surveys to inspect the amplitude and the velocity 

structure of the basin. I analysed over 12,000 km of 2D seismic reflection data that 

were acquired between 1966 and 2014 by various petroleum companies. Different 

academic seismic datasets from the basin were also made available for this study. I 

collected high-resolution boomer seismic data as well as multibeam bathymetry 

and backscatter data on the shelf and had access to different multibeam bathymetry 

and backscatter data from various other scientific cruises in the region. I used a 

large sedimentological dataset with nearly 300 sediment samples to groundtruth 

and verify the acoustic measurements. Additionally, well logs and reports from 

available petroleum wells (Cutter-1, Clipper-1, Endeavor-1, Galleon-1) and the 

IODP expedition 317 were used to stratigraphically validate seismic data. 
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2.2 Eckernförde Bay 

2.2.1 Evolution of the Baltic Sea 

The Baltic Sea is a relatively shallow intracontinental sea covering an area of 

~418,500 km2. Its average depth is ~50 m and it is connected to the North Sea via 

the narrow Danish straits, the Kattegat and Skagerrak. Since the catchment area of 

the Baltic Sea is approximately four times its own area the surface salinity is 

comparatively low. This results in a constant halocline with denser highly saline 

bottom waters, which episodically inflow from the North Sea through the Danish 

straights, and low saline surface waters discharging back into the North Sea (Mälkki 

and Perttilä, 2012). The surface water salinity therefore gradually decreases from 

the Danish Straits (S=10-25) to the Bothnian Bay (S=2-6) (Uścinowicz, 2014).  

The present-day Baltic Sea resulted from a series of Quaternary glaciations, 

which spread down from Scandinavia and episodically covered the area of the 

present Baltic Sea. There is evidence that seas, similar to the present Baltic Sea, 

existed during the interglacial periods (e.g. Holsteinian Sea or Eemian Sea, which 

existed about 420-360 and 130-115 ka ago, respectively (Head et al., 2005; 

Winterhalter et al., 1981)). The last glacial period, the Weichselian Glaciation, lasted 

from 115 to 11.5 ka and is associated with the glaciation of the northern parts of 

Europe (Figure 2.6). Following the Weichselian Glaciation, the present-day Baltic 

Sea evolved from a series of lake and sea stages (e.g. Baltic Ice Lake (12.6–10.3 ka), 

Yoldia Sea (10.3–9.5 ka), Ancylus Lake (9.5–8 ka), Littorina Sea (8–4 ka) (Björck, 

1995)). Post-glacial rebound of up to 1.2 cm/yr affects the northern Baltic Sea in 

particular, while the southwest around Eckernförde is only minimally affected by 

isostatic uplift and slightly subsides (<1 mm/yr) (Ekman, 1996; Johansson et al., 

2002; Uścinowicz, 2014).  
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Figure 2.6: Overview of the Baltic Sea area with the glacial extent during the last 
glacial maximum (DEM was supplied by GEBCO compilation group (2019), Glacial 
extent after Ehlers et al. (2011)). 
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2.2.2 Sedimentary setting of Eckernförde Bay 

The 17 km long and 3 km wide Eckernförde Bay is located in the western 

Baltic Sea and was mainly shaped during the end of the Weichselian Glaciation and 

glacial retreat about 13,000 yr BP. The mouth of Eckernförde Bay is divided into a 

deeper northern entrance and a shallower southern channel by a morainal sill 

called Mittelgrund (Figure 2.7). Sediment grainsize distribution in Eckernförde Bay 

gradually decreases with increasing water depth (Seibold et al., 1971; Werner et al., 

1987). The sediments are mainly derived from the retreating till cliffs surrounding 

the bay with a minor amount contributed by the abrasion of Mittelgrund (Healy and 

Wefer, 1980; Healy and Werner, 1987). 

Mean sedimentation rates in the central basin of 4.2 and 3.9 mm/yr were 

reported by Balzer et al. (1987) and Nittrouer et al. (1998), respectively; however, 

Milkert and Werner (1997) and Balzer et al. (1987) show that strong temporal 

fluctuations occur with sedimentation rates of up to 10 mm/yr. In the inner part of 

Eckernförde Bay, high organic carbon accumulation rates originate mainly from 

marine plankton and macroalgal sources (Balzer, 1984; Koegler, 1967). The high 

organic matter content (between 4 and 5%) of surface sediments, together with 

seasonally hypoxic bottom water, leads to strong anoxic conditions, a rapid 

decrease of sulfate and the onset of methanogenesis in the sediment within a few 

decimetres below the seafloor (Maltby et al., 2018; Steinle et al., 2017; Treude et al., 

2005; Whiticar, 2002). Sediments below 20-22 m water depths consist mainly of 

Holocene mud deposited after the Littorina transgression (< 8000 yr BP (Rößler, 

2006)) with gaseous (i.e., methane) sediments of microbial origin below ~0.5-3 m 

(Martens et al., 1999; Schüler, 1952; Wever et al., 2006, 1998; Whiticar and Werner, 

1981). This interstitial gas results in the characteristic acoustic turbidity zone (first 

described as the “Becken-Effect” by Hinz et al. (1971)) commonly found in many 

shallow seas and lakes.  

Although the bay is only minimally affected by tides, strong surface currents 

and sea-level changes can occur due to wind forcing, storm surges and the effect of 

seiches (Dietrich, 1951; Khandriche et al., 1987; Orsi et al., 1996). Bottom currents 

of up to 55 cm/s, 4 m above the seafloor, have been reported to follow storm surges 

(Geyer, 1964). The water column in Eckernförde Bay is generally well stratified 
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with pycnoclines forming due to strong variations of salinity and temperature, 

caused by the inflow of salty North Sea waters underneath the fresher and warmer 

surface water (Bange et al., 2011). This stratification becomes less pronounced over 

winter when cold surface waters and storms mix the entire water column 

(Smetacek, 1985; Smetacek et al., 1987). 

 

Figure 2.7: Overview of Eckernförde Bay showing the extent of the acoustic 
turbidity zone and the distribution of pockmarks (modified from (Whiticar, 2002)) 

2.2.3 Hydrogeology of the Eckernförde region 

Two main aquifers in the region of Eckernförde supply potable water 

through four water producing utilities. Three of these utilities produce from the 

main ~80 m deep and 100-160 m thick Miocene lignite sand aquifer. One utility 

produces from a second much shallower sand aquifer which is separated from the 

Miocene lignite sands in most places by a glacial till unit and a thin unit of mica clay. 

This much shallower Pleistocene sand unit has thicknesses of 10 to 80 m and is 
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overlain by 10-50 m thick glacial tills which thin out within the Baltic Sea 

(Marczinek and Piotrowski, 2002).  

2.2.4 Fluid flow in Eckernförde Bay 

The two aquifers are known to supply groundwater into Eckernförde Bay 

where artesian springs feed freshwater into the Baltic Sea. Bussmann and Suess 

(1998) and Wever et al. (1998) attributed the origin of this groundwater to the 

major Miocene lignite sand aquifer which reaches a thickness of 100-130 m on the 

southern side of the bay, in ~100 m depth, and is hydraulically connected to the 

shallower sand aquifer (Marczinek and Piotrowski, 2002). The shallower 

Pleistocene sand aquifer occurs between two till units and reaches thicknesses of 

10-15 m in the bay (Jensen et al., 2002). Jensen et al. (2002) and Whiticar (2002) 

concluded, that SGD into Eckernförde Bay is related to marginal areas where the 

late-glacial seal is thinned, and the Holocene mud coverage is weak enough to be 

penetrated by artesian groundwater. 

In Eckernförde Bay, sulfate reduction is the dominant process for organic 

carbon degradation in the upper ~30 cm below the seafloor before the sulfate is 

depleted (Maltby et al., 2018). Below the sulfate-methane transition zone, 

methanogenesis leads to methane oversaturation and gas formation in the organic-

rich mud, resulting in widespread acoustic turbidity zones. The depth of acoustic 

turbidity changes over time. This variability is mainly the result of temperature and 

pressure changes affecting the methane solubility (Wever and Fiedler, 1995). On a 

seasonal scale, atmospheric temperatures control the depth of free gas occurrences 

within the sediment. Due to the slow heat transfer through the water column, the 

atmospheric temperature cycle is delayed within the sediment (Figure 2.8). The 

seasonal variation in depth of the acoustic turbidity is overprinted by smaller-scale 

variations in e.g. pressure, salinity, or gas concentration in the sediment (Wever et 

al., 2006).  
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Figure 2.8: Seasonal temperature cycle in 1 m water depth (WD), 25 m water depth 
and 1 m sediment depth in Eckernförde Bay (adopted from (Wever and Fiedler, 
1995)  
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Several pockmarks form along the coastlines as well as in the central part of 

Eckernförde around Mittelgrund. Due to the proximity of the pockmarks to the 

Schwedeneck oilfield they were previously thought to form as a result of leakage 

from the reservoir. Whiticar and Werner (1981) later showed that the isotopic 

composition of hydrocarbons extracted from recent sediments is different from 

those of the deeper Schwedeneck field. It is now widely accepted that pockmarks 

form as a result of microbial gas and submarine groundwater seepage (Bussmann 

and Suess, 1998; Jensen et al., 2002; Kaleris et al., 2002; Müller et al., 2011; Patiris 

et al., 2018; Schlüter et al., 2004; Whiticar, 2002).  

2.2.5 Data used 

In Eckernförde Bay I acquired multibeam bathymetry and backscatter data 

during three research cruises. I additionally collected a total of 19 sediment cores 

in the bay, 13 of which I positioned in the pockmark area and six located close to 

shore in the northwest of the bay. The geochemical analysis of extracted porewaters 

helps me to differentiate areas of groundwater and gas seepage and verify 

subbottom profiler data, which were collected during different cruises and made 

available for this study. The subbottom profiler data were used to map the extent 

and depth of the shallow gas in the bay. Seismic reflection data in the region were 

not considered due to the strong attenuation from the shallow gas and 

corresponding acoustic turbidity in the region.  
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Chapter 3 

 

Fluid migration on the Canterbury Shelf and Slope 

3.1 Introduction 

On the passive continental margin east of New Zealand’s South Island, 

numerous northeast oriented, crescent-shaped pockmarks are present on the 

Canterbury Basin slope at depths between 500 and 1000 mbsl. Hillman et al. (2015) 

suggested that all pockmarks on the slope formed at a similar time and constrained 

their timing of formation to the last ~18 ka. Their elongated forms correlate to the 

predominant northeastward flowing Southland Current, which seems to modify the 

pockmarks after their formation. Since no indications for shallow hydrocarbons are 

present on the Canterbury Slope, Hillman et al. (2015) concluded that ocean current 

interaction with the Otago submarine canyon complex was likely to be the dominant 

formation process for pockmarks on the Canterbury Basin slope (Figure 2.5). This 

interpretation was mainly based on the observation that pockmarks form 

predominantly on the northeastward facing side of the individual canyons. 

An extended bathymetric dataset on the Canterbury Slope shows that 

pockmarks do not only occur around the canyon system, but are much more widely 

distributed along the Canterbury Slope (Figure 3.1). New bathymetry data also 

reveal that pockmark occurrence is not limited to the slope, but that much smaller, 

previously unidentified pockmarks also occur on the shelf. This widespread 

pockmark formation on the shallow otherwise relatively flat Canterbury Shelf 
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indicates additional past or recent fluid seepage in the area. Pockmarks have 

previously been reported to be modified by bottom currents (Gafeira et al., 2012; 

Gontz et al., 2002; Michel et al., 2017) and can therefore offer insight into present 

or paleo current systems on continental slopes.  

 

 

Figure 3.1: Overview of the Canterbury Basin pockmarks and available bathymetry 
data. Orientation of the long axis of the slope pockmarks north of 45˚S and south of 
45˚S are displayed in the red stereonet plots. The orientation of all shelfal 
pockmarks with length over width ratios >1.3 are shown in the blue stereonet plot. 
Approximate location of the Southland Current (SC) is indicated by the blank arrow. 
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Submarine groundwater is abundant in continental shelves worldwide (Post 

et al., 2013) and has been attributed previously to the formation of pockmarks on 

continental shelves (Christodoulou et al., 2003; Goff, 2019; Nardelli et al., 2017). 

Two main mechanisms contribute to the emplacement of large offshore fresh 

groundwater reserves: 1) offshore aquifer systems (e.g. Gustafson et al. (2019), 

Johnston (1983)) and 2) meteorically emplaced groundwater during the Last 

Glacial Maximum (LGM), including glacial processes that were driving water into 

the exposed continental shelves (e.g. Cohen et al. (2010), Person et al. (2003, 

2007)). Both processes contribute to the present-day fluid flow processes in the 

Canterbury Basin (Micallef et al., 2020).  

I use high-resolution bathymetry and backscatter data, as well as boomer 

seismic data, complemented by generator injector (GI) gun seismic data and 

seafloor samples to investigate subsurface geological processes behind pockmark 

formation and modification. I analyse the pockmark occurrence in relation to the 

grainsize distribution on the Canterbury Shelf. By characterising the pockmarks 

shape, their distribution and their interaction with local bottom currents I aim to 

determine their relative timing of formation. Another goal of this study is to identify 

possible fluid sources on the shelf and slope. Since the two pockmark regimes 

appear in two distinct depth intervals, which are separated by a region without any 

pockmark occurrence, they must be treated individually, and different formation 

mechanisms need to be considered for each region. 

3.2 Methods 

This study is based on a range of different datasets that have been used to 

identify fluid sources within the Canterbury Shelf and Slope. The data used are 

displayed in Figure 3.1 Figure 3.2 and Figure 3.3. 
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Figure 3.2: Overview of the Canterbury Shelf seismic data showing the different data 
resolutions used in this study in the vicinity of the IODP sites. Figure 3.3 shows the 
locations of these profiles. A) Overview industrial seismic line across the shelf 
showing shallow amplitude anomalies, sediment drift bodies, the regional Marshall 
Paraconformity and an underlying polygonal fault system. B) Single generator-
injector (GI) gun seismic data (TAN1703) showing upward-bent reflections beneath 
a high-amplitude anomaly. C) Comparison of GI-gun to Boomer seismic data 
(extracted panels are labelled in B). The higher resolution Boomer data reveal much 
more detail and the complex sedimentary structure above the upward-bent 
reflections.   
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3.2.1 Seismic data 

Boomer Seismic (Polaris II) 

During two research cruises in 2018 and 2019, I acquired high-resolution 

boomer seismic data using the University of Otago’s research vessel Polaris II 

(Figure 3.2). I used a Ferranti Ocean Research Equipment (ORE) Geopulse sub-

bottom profiling system in combination with a 100 m long Geometrics MicroEel 24-

channel streamer. The record length on the shelf was set to 0.5 s, while on the slope 

I recorded for 2 s. The shot interval was modified according to seafloor depth, 

ranging between 1.5 s and 3 s. I processed the data using GLOBE Claritas seismic 

processing software, incorporating stacking velocities from velocity picks made 

from seismic data collected during the TAN1703 cruise (Mountjoy et al., 2017). 

Single generator injector (GI) gun (TAN1703) 

2D high-resolution airgun seismic data were acquired during R/V Tangaroa 

cruise TAN1703 in April 2017 (Mountjoy et al., 2017) (Figure 3.2 and Figure 3.3). A 

single mini GI gun (13/35 cubic inch) towed at 1.5 m depth was used at pressures 

between 1800 and 2000 psi in combination with a 300 m GeoEel Digital solid-state 

streamer (Geometrics) consisting of 24 channels and a group interval of 12.5 m. The 

shot interval was set to 3 s and the record length to 1.5 s with a sample rate of 0.125 

ms. Three birds were used to keep the streamer at a constant depth of 2.5 m. The 

data were processed by NIWA using GLOBE Claritas seismic data processing 

software. 

Two GI-guns (EW0001) 

In January 2000, the R/V Maurice Ewing (Fulthorpe et al., 2000b) collected 

a series of seismic lines prior to IODP expedition 317 (Figure 3.9 and Figure 3.10). 

They maintained a line spacing of ~2 km for most of the survey with a total of ~2120 

km of seismic data acquired. During this survey, two GI guns (45/45 cubic inch) 

were fired simultaneously at 2000 psi every 5 s. Reflections were recorded for 3 s 

with a 1.5 km streamer which was towed between 2.5 and 3.5 m beneath the water 

surface and consisted of 120 channels with a group spacing of 12.5 m (Fulthorpe et 

al., 2000b).  
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Regional seismic reflection data (NZP&M) 

I have also used ~10,000 km of 2D seismic reflection data provided by New 

Zealand Petroleum and Minerals (NZP&M, for details see 

https://data.nzpam.govt.nz) in the Canterbury Basin. These data were acquired 

during a number of cruises between 1966 and 2014 by various petroleum 

companies. Due to their focus on the deeper petroleum systems in the Canterbury 

Basin, the data quality in the shallow parts of the shelf is often poor. In particular, 

the data acquired prior to 2000 have very low resolution in the upper second of 

two-way travel time.  

 

Figure 3.3: Overview of the seismic data availability with the different datasets at 
various resolutions indicated by different colours. The four IODP Expedition 317 
sites are indicated in yellow. 
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3.2.2 Multibeam data 

I have incorporated three separate multibeam bathymetry datasets. On the 

shelf, multibeam data were acquired during R/V Polaris II cruises 19PL410 and 

18PL377 and R/V Tangaroa cruise TAN1703, whereas bathymetry data on the slope 

were acquired during cruise TAN1608 and provided by the National Institute of 

Water & Atmospheric Research (NIWA) (Figure 3.1). 

On the slope, during cruise TAN1608, a hull-mounted 30 kHz Kongsberg 

EM302 multibeam system was used. The dataset extends from the shelf edge down 

to >1000 m water depth and covers the slope and canyon systems of the Canterbury 

Margin. The dataset was processed using CARIS HIPS&SIPS bathymetry processing 

software, resulting in a final grid resolution of 20 m (Mitchell et al., 2016). 

On the shelf, a high-frequency 200-300 kHz Kongsberg EM2040 system was 

used during cruise TAN1703. For the highest possible resolution, the EM2040 was 

operated at 200 kHz over the deeper parts of the shelf (> ~100 m) and at 300 kHz 

in shallower areas. A 90-450 kHz R2Sonic 2026 system was used during the RV 

Polaris II cruises, where I acquired multispectral data of 100, 200 and 300 kHz data 

across the shelf. These high-resolution datasets extend from close to shore (30 m 

water depth) over the shelf edge to ~300 m. I used QPS Qimera as well as 

Fledermaus software for data processing and visualisation with final cell sizes of 

2.5 m. I acquired sound velocity profiles at regular intervals and assigned them to 

the data during postprocessing with respect to their time of acquisition. On the 

shelf, I extracted and analysed the snipped backscatter data of the multibeam using 

QPS Fledermaus software packages. Attenuation coefficients were derived 

according to Ainslie & McColm (1998): 50 dB/km and 70 dB/km for 200 and 300 

kHz, respectively. During all cruises on the shelf, I assessed multibeam water 

column data for the identification of acoustic flares.  

I characterised the shape, location and depth of seafloor depressions using a 

semi-automatic tool for ESRI ArcMap developed by Gafeira et al. (2012). 

Depressions of up to 25 m depth were detected. A minimum and maximum area of 

5000 m2 and 50 000 m2 was applied on the slope, whereas on the shelf, depression 

areas between 50 m2 and 2000 m2 were included in the analysis. I automatically 

picked over 2847 seafloor depressions on the shelf and over 4454 on the slope. I 
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visually inspected the automated picks and manually removed wrongly identified 

features. The seafloor depressions were additionally picked by hand and I 

estimated that the semi-automated method only correctly identified ~30% of all 

pockmarks that can be visually identified on the shelf. On the slope, on the other 

hand, nearly 90% of all pockmarks were correctly identified. The statistical analysis 

of the manual and automatically picked pockmarks is given in Table 3.1. 

3.2.3 Sediment grab 

I incorporated grain size distribution data from 287 sediment samples from 

the Canterbury Shelf, data that were analysed and combined by Bostock et al. 

(2019). They characterised the samples in % Mud, % Sand and % Gravel and used 

the ordinary Kriging method to interpolate between the data-points on a 1×1 km 

grid. The samples used in the study were collected during various cruises over a 

number of years. Many of them were originally acquired and published by Herzer 

(1981). All of these samples will further constrain the surface sediment distribution 

and is used to ground truth the backscatter pattern over the shelf.  

3.3 Results 

3.3.1 Bathymetry 

The newly acquired bathymetry data reveal numerous pockmarks on the 

Canterbury Shelf (Figure 3.1 and Figure 3.4). The discovery of these features was 

entirely serendipitous and unexpected since previous mapping of the shelf (during 

R/V Maurice Ewing cruise EW0001, 2000) did not reveal any pockmarks in the 

same location. This is likely to be the result of the low-frequency (14-16 kHz Atlas 

Hydrosweep DS) deep-sea multibeam system operated during the EW0001 cruise 

on the shallow shelf, which does not provide sufficient resolution to identify the 

metre-scale pockmarks. These newly discovered shelf pockmarks show various 

sizes, ranging from ~7 to ~80 m with a vertical relief averaging ~1 m.  

Previously reported pockmarks in the region have been limited to the 

margin slope in water depths of 500-1000 m (Figure 3.4). Those “slope pockmarks” 



3.3 Results 
 

43 
 

show highly elongated and crescent-shaped forms facing in the northeastern 

direction. They range in size from 50 to 700 m with a seafloor relief of 10 to 20 m. 

The long axis is aligned perpendicular to the slope, following the Southland Current 

which flows northeastward. All slope pockmarks show steeper slopes on their 

southwestern sides, whereas the northeastern sides appear to be washed out with 

much more gentle slopes.  

 

Figure 3.4: Pockmarks on the shelf and slope. A) Circular and elongated pockmarks 
on the shelf. B) Elongated pockmarks on the northern slope. C) Elongated 
pockmarks on the northern side of the Waitaki Canyon. Locations in Figure 3.1. 
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The pockmarks on the shelf mainly occur on the outer shelf, before the shelf 

edge, in water depths of 80-140 m (Figure 3.5). To the northeast and southwest, the 

multibeam data coverage limits my knowledge of the extent of the pockmarks on 

the shelf. The shape of the pockmarks varies from perfectly circular to highly 

elongated and crescent-shaped forms. Circular and elongated pockmarks are evenly 

distributed over the shelf with slightly stronger elongations towards the shelf edge. 

No preferred location for elongated or circular pockmarks is evident, with 

elongated and circular pockmarks occurring in close proximity to one another. I 

calculated the length over width ratio for each pockmark as an indication of their 

elongation. The automatically picked pockmarks on the shelf show a much higher 

ratio than the manually picked pockmarks (Table 3.1). This could be either an effect 

of the manual picking process, which tends to not perfectly represent the pockmark 

shape, or the automatic picking process, which tends to create angular shapes with 

higher length over width ratios. Although the pockmarks are not perfectly 

represented by either the manual or the automatic picking, the overall trend is 

obvious throughout both picking methods.  

 

Figure 3.5: Pockmark distribution on the shelf (blue) and on the slope (red). The 
vertical axis is % of pockmarks per bin, which was calculated for bin sizes of 2 m 
and 10 m for the shelf and the slope, respectively.  

 

The crescent-shaped elongated pockmarks on the shelf show a preferred 

orientation of their long axes in the SW-NE (~75˚) direction, similar to the 

previously reported pockmarks on the slope (Hillman et al., 2015). The steeper 

slope of the elongated pockmarks on the shelf is mostly on the northeastern side, in 
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contrast to the pockmarks on the slope that show steeper gradients on the 

southwestern side. Many of the elongated pockmarks on the shelf appear to be 

washed out with an apparent fan on the southwestern side. Although the crescent 

form of the shelf and slope pockmarks is somewhat similar, their orientations are 

opposite (Figure 3.4 and Figure 3.12).  

Table 3.1: Statistics of the identified pockmarks on the slope as well as on the shelf 
of the Canterbury Basin.  

 
Automatic-Slope Manual-Shelf Automatic-Shelf 

Number identified 4452 11676 2847 

Min water depth [m] -430 -23 -71 

Max water depth [m] -1136 -183 -181 

Average water depth 

[m] 

-761 -107 -108 

Average Size [m2] 14469 538 302 

Average Long/short 

axis 

2.17 1.3 1.8 

Average Orientation [˚] 76 81 72 

3.3.2 Backscatter 

The overall seafloor backscatter on the Canterbury Shelf is highly variable. 

Although the multibeam system was not calibrated for backscatter strength, and 

different frequencies were used on the shallow shelf compared to the outer shelf, 

the overall backscatter strength correlates well with the sediment samples from the 

shelf (Figure 3.6). The strongest backscatter (~ -10 dB) is found in the north of the 

basin close to shore. Similarly, strong backscatter of ~ -10 to -15 dB is also visible 

in the southeast over the shelf edge, on the slope, in water depths > 180 m. The 

lowest backscatter (~ -30 to -40 dB) is observed in the central and southwestern 

parts of the basin. Even in close proximity to shore (as close as 5 km in the west) 

backscatter strengths of not more than -30 dB are observed. The northeastern part 

of the basin, south of Banks Peninsula, is characterised by variable alternating high 

and very high backscatter (~ -15 to -25 dB).  

The broad-scale backscatter strength correlates well with the grain size 

analysis of the sediment samples distributed over the shelf (Bostock et al., 2019a). 

In the north of the basin, close to shore, the high backscatter correlates with large 

amounts of gravel while the central and western shelf is characterised by low 
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backscatter correlating to sands and mud. Where pockmarks occur on the shelf, the 

broad-scale backscatter ranges between -35 dB in the west and -15 dB in the east. 

 

Figure 3.6: Multibeam backscatter data on top of the regional lithology map from 
Bostock et al. (2019). Black dots show sediment samples and the red lines indicate 
where the frequency changed from 300 kHz on the shallow shelf in the northwest 
to 200 kHz in the southeast.  
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Grab samples indicate a sandy seafloor composition in the east with minor 

amounts of gravel and/or mud, while the western pockmark region is dominated 

by a muddy lithology with small amounts of sand. The pockmark density on the 

shelf appears to be mainly driven by the depth range where they occur (80-140 m) 

but also corresponds with the backscatter strength of the hosting sediments. While 

pockmark densities of up to 90 pockmarks/km2 are observed in the muddy, low 

backscattering areas, densities decrease down to fewer than 10 pockmarks/km² in 

the same depth range in the sandy and gravelly eastern parts of the shelf.  

The pockmarks themselves show variable backscatter strength. While most 

of the pockmarks have no distinct backscatter difference compared to their 

surroundings, some show highly elevated backscatter strength (~15 dB difference 

compared to their surrounding). These distinct high backscatter pockmarks make 

up only ~5% of the pockmarks on the shelf. The elevated backscatter anomalies are 

predominantly associated with circular pockmarks, whereas most elongated and 

crescent-shaped pockmarks tend to have similar backscatter strength to their 

surrounding (Figure 3.7). This is highlighted by a low average length over width 

ratio of ~1.2 for all the pockmarks with elevated backscatter signals.  

 

Figure 3.7: Bathymetric slope and multibeam backscatter data of different 
pockmark areas on the shelf. Strong backscatter is mainly associated with circular 
pockmarks.   
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3.3.3 Seismic data 

The abundant seismic datasets on the Canterbury Shelf have previously been 

used to investigate margin evolution (Lu et al., 2005), sediment drifts (Fulthorpe et 

al., 2010; Lu et al., 2003), volcanics (Barrier, 2019) and potential hydrocarbon 

reservoirs. I use the seismic data to investigate near-surface fluid migration which 

could result in pockmark formation on the seafloor. Potential deep fluid sources 

such as volcanic intrusions and thermogenic hydrocarbons were also considered. 

Although abundant volcanic edifices and intrusions were mapped out in the 

Canterbury Basin by Barrier (2019) and Bischoff et al. (2019), it appears that many 

of these mapped intrusions are migration artefacts and other amplitude anomalies 

in the seismic data. Some volcanic intrusions in the north of the basin are apparent 

in the seismic data though (Figure 3.8). These intrusions are interpreted to be of 

Miocene age and appear about 0.9 s TWT beneath the seafloor. No structural 

conduits like faults or pipes connect any of the identified volcanics to the present-

day seafloor. This also applies for deeper thermogenic hydrocarbon sources. I did 

not identify structural pathways such as chimneys or pipes in the seismic data on 

the shelf.  

Upward bent reflections in the high-resolution Boomer data, as well as in the 

GI-gun seismic data, were among the only potential structural indications for 

upward migrating fluids (Figure 3.2). These two vertical anomalies with strongly 

upward bent reflections (~0.01 s) extend from a layer with very strong reflectivity 

down to the end of the record (0.5 s). The upper termination of the upward bent 

reflections is a complex surface with very strong amplitudes. Between the seafloor 

and this highly reflective surface, a unit of continuous and parallel horizons shows 

thicknesses of up to 0.02 s in the northwest and thins out further seaward on the 

shelf. At the same location where upward bent reflections occur in the high-

resolution Boomer and GI-gun seismic data, anomalously high amplitudes exist in 

the low-frequency, commercially acquired seismic line (Figure 3.2A). These strong 

amplitude anomalies extend down to about 0.6 s, where they gradually decrease 

until no enhanced amplitudes are observed and reflections become undisrupted 

again.  
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Figure 3.8: Seismic section imaging Miocene volcanic cones in the Canterbury Basin. 
Location in Figure 3.3. 

 

Large sediment drift bodies (Figure 3.2) form above the Marshall 

Paraconformity in the Otakou Group and build up the modern-day shelf, as 

previously reported by Lu et al. (2003). High-amplitude reversed polarity 

reflections (compared to the seafloor reflection) are abundant on the outer shelf 

and upper slope (Figure 3.9 and Figure 3.10). Over the shelf, these amplitude 

anomalies increase in abundance and size from shore to slope (Figure 3.9). While 

there is nearly no disturbance of the shallow reflections beneath the seafloor in the 

northwest, strong, negative polarity reflections are abundant close to and beneath 

the shelf edge. These amplitude anomalies occur exclusively beneath seafloor 

depths shallower than ~400 m, and gradually decrease in strength and frequency 

towards the shore.  
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3.3.4 Water column imaging 

Despite intensive multibeam water column imaging (WCI) investigations 

during R/V Polaris II cruises 19PL410 and 18PL377 and R/V Tangaroa cruise 

TAN1703, no distinct indications for escaping fluids have been observed, neither on 

the shelf, nor above the slope pockmarks.  

3.4 Discussion 

3.4.1 Formation of Canterbury Shelf pockmarks 

Formation mechanisms for the abundant pockmarks on the Chatham Rise 

and the Canterbury Slope are still debated, with gas hydrates (Davy et al., 2010), 

bottom current and canyon interaction (Hillman et al., 2015), polygonal faults and 

paleo pockmarks (Waghorn et al., 2017) and mineral dewatering mechanisms 

(Klaucke et al., 2018) having all been discussed previously. The most recent study 

by (Stott et al., 2019) suggests CO2 venting as a possible cause.  

Based on the results of this study I evaluate three different pockmark 

formation mechanisms and their likelihood of occurring on the Canterbury Shelf 

and slope. These include: 

• Groundwater expulsion 

• Sediment compaction 

• Gas venting 

3.4.1.1 Groundwater expulsion 

Submarine groundwater discharge (SGD) has been reported from numerous 

places globally and has previously been suggested to form seafloor depressions (see 

Chapter 5, Bussmann & Suess, 1998; Christodoulou et al., 2003; Goff, 2019; 

Hübscher & Borowski, 2006). Various mechanisms have been introduced to result 

in SGD, including artesian seepage of meteoric groundwater through karstic (Evans 

and Lizarralde, 2003; Moore and Shaw, 1998; Reusch et al., 2015) and dispersive 

systems (Hübscher and Borowski, 2006; Whiticar and Werner, 1981), overburden 

and sediment compaction processes (Chenrai and Huuse, 2017; Dugan and 
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Flemings, 2000), salinity driven convection cells (Goff, 2019; Siegel et al., 2014), 

glacial processes (Person et al., 2007), tidal pumping (Santos et al., 2009) and many 

others. In many of these studies groundwater is not considered to be emplaced 

solely by meteorically driven aquifers or subaerial exposure during sea-level low 

stands, but also includes recirculated seawater and brackish porewater and 

therefore does not have to be low in salinity. The term SGD has been used in many 

different studies and has led to serious misunderstandings (e.g. Taniguchi et al. 

(2002) defines “the term SGD to represent all direct discharge of subsurface fluids 

across the land–ocean interface”, technically including oil and gas seepage). I adopt 

the definition form Kim & Swarzenski (2010) that SGD can consist of fresh 

groundwater, recirculated seawater and a combination thereof.  

Onshore, in the Canterbury Plains, New Zealand’s largest aquifer system is 

well documented and supplies potable water for the city of Christchurch and for 

agricultural purposes (Stewart et al., 2002). The aquifers extend down to depths of 

at least 500 m and consist of fluvioglacial gravel deposits (Brown et al., 1995; Taylor 

and Fox, 1996). Cliffs along the Canterbury shoreline have been eroded by 

numerous U-shaped gullies with theatre heads and steep walls. These gullies are 

the result of groundwater seepage from the cliffs, eroding the finer-grained material 

and creating alveoli that result in slope failure (Marchis et al., 2018). It therefore 

seems likely that meteorically driven deeper aquifers could pass the present-day 

shoreline. Post et al. (2013) suggested that, in general, near-coast aquifers may 

result in SGD as far as 100 km offshore. 

At IODP Site U1353 (Figure 3.3), which is located about 40 km offshore in a 

water depth of 84 m, reduced chlorinity of down to 400 mmol/L (compared to 550 

mmol/L in the upper metres) occurred at 50 mbsf (Fulthorpe et al., 2010). No 

reduced salinities were observed in the IODP holes further offshore on the shelf in 

water depths of 110 and 125 m. Since the global sea-level was about 122 m below 

present-day sea-level during the last glacial maximum (about 20,000 years ago) and 

little post-glacial or tectonic adjustment have been observed in this region since 

then, well Sites U1353 and U1354 (Figure 3.3) were probably subaerially exposed. 

This could have allowed the development of freshwater lenses that may be 

preserved within the present-day shelf. Because this low salinity anomaly only 
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occurs at well Site U1353 and not in the two seaward sites on the shelf 

(U1354/U1351), Fulthorpe et al. (2010) suggested that the low salinities probably 

resulted from modern intrusions of meteoric water from land, rather than from 

historic remains of freshwater emplaced prior to shelf submergence. Gas hydrate 

dissociation is another mechanism that can lead to significant salinity reduction 

(porewater freshening) (Hesse and Harrison, 1981), but this is not feasible on the 

shelf because water depths are too shallow for gas hydrates to be stable. 

Extensive controlled-source electromagnetic (CSEM) data on the Canterbury 

Shelf provide evidence that the aquifer system in the shelf is active and connected 

to terrestrial aquifer systems (Weymer et al., 2019). This offshore groundwater 

system is described in detail by Micallef et al. (2020), who suggest that the offshore 

groundwater system is predominantly confined at the top by a fine-grained low-

permeability unit deposited during interglacials. The 3D characterisation of the 

offshore groundwater system suggests that it extends as far as 60 km offshore, 

perpendicular to the coastline and out onto the shelf into water depths of up to 100 

m (Micallef et al., 2020). Modelling results indicate that flow rates into the shelf are 

not sufficient to emplace the estimated 213 km3 in the present-day shelf. Micallef et 

al. (2020) therefore suggested that much of the low salinity groundwater in the 

shelf was emplaced during sea-level low stands, with present-day residence times 

in the outer shelf of >300,000 yr.  

The high-resolution multibeam data show that pockmarks on the shelf are 

confined to water depths of 70-180 m, which is beyond the suggested freshwater 

occurrence in the shelf. Micallef et al. (2020) also calculated the groundwater flux 

within the shelf and indicated that in the pockmark area the groundwater flux 

would not exceed ~0.001 m yr-1, which is insufficient for pockmark formation even 

in muddy sediments. Reduced salinities in the bottom waters down to S < 31 could 

suggest active discharge in water depths of up to ~70 m (Micallef et al., 2020). No 

reduced salinities were measured in deeper areas of the shelf though. Low salinities 

in bottom waters therefore occur in regions where no seafloor anomalies are 

observed. The spatial distribution of pockmarks does not correlate with the 

present-day freshwater system. 
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Similar to the aquifer system extending into the Canterbury Shelf, Gustafson 

et al. (2019) report on confined aquifers extending 90 km into the US Atlantic 

margin and spanning at least 350 km of the coastline. Pockmarks on this shelf were 

later reported by Goff (2019) and interpreted to form as a result of SGD, either 

induced by the confined freshwater aquifer or salinity driven convection cells as 

introduced by Siegel et al. (2014). These 10s of kilometres wide and 100s of metres 

deep convection cells could occur on periodically glaciated margins where 

freshwater emplacement takes place during glaciation. Since the Canterbury Shelf 

was not covered by ice during the Quaternary (Barrell, 2011), I rule out these 

suggested convention cells as possible formation mechanisms. 

3.4.1.2 Sediment compaction 

Overpressured fluids at depth can originate due to rapid sedimentation and 

disequilibrium compaction (Osborne and Swarbrick, 1997), which in turn can result 

in SGD. Hillman et al. (2015) investigated a potential connection between an Eocene 

polygonal fault system and the slope pockmarks. Since polygonal faults are thought 

to originate due to porewater expulsion from fine-grained material, they are able to 

create pockmarks (Berndt et al., 2003; Ho et al., 2016; Klaucke et al., 2018; Maia et 

al., 2016). However, a kilometre-thick sedimentary unit without any structural 

indications for fluid migration pathways between the slope pockmarks and the 

Eocene polygonal faulted tier make such a connection unlikely.  

Compaction and overload driven groundwater flow, as introduced by Dugan 

& Flemings (2000) or Chenrai & Huuse (2017), would likely channel fluids towards 

the seafloor. Their modelling results suggest porewaters to be expelled in the lower 

region of the slope where the escaping porewaters would create pockmarks (e.g. 

Chenrai & Huuse, 2017). This process therefore could contribute to the formation 

of the slope pockmarks but is unlikely to supply fluids for the formation of the shelf 

pockmarks. 

3.4.1.3 Gas venting 

Gas venting is probably the most common pockmark formation mechanism 

described in the literature. On the Canterbury Shelf, reversed polarity reflections 

compared to the seafloor are frequently observed in the seismic data (Figure 3.9 
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and Figure 3.10). Such reflections are commonly associated with free gas 

accumulations (Judd and Hovland, 1992). These amplitude anomalies on the 

Canterbury Shelf increase in frequency with distance from shore and are most 

prominent around the shelf edge. The distribution of free gas apparent in seismic 

data is shown in Figure 3.11. Despite extensive water column imaging efforts in this 

region, no indications for active gas venting have been observed (R/V Polaris II 

cruises 19PL410 and 18PL377 and R/V Tangaroa cruise TAN1703). Increased 

methane concentrations of over 20,000 ppmv (~8 mmol/L) in the two IODP well 

Sites located farthest from shore (U1351 and 1352; Figure 3.3) occur below the 

sulfate methane transition zone (SMTZ) at a depth of about 16 mbsf (Fulthorpe et 

al., 2010). The two Sites situated closer to shore (1353 and 1354; Figure 3.3) are 

characterised by the absence, or low levels, of methane in the upper 150 m. This 

correlates with my seismic observations (Figure 3.9 and Figure 3.11), which suggest 

potential free gas occurrence further out on the shelf but not in the region of the 

IODP well sites. Although it seems likely that the seismic amplitude anomalies are 

caused by methane gas accumulations, a recent study by Stott et al. (2019) 

suggested that carbonates from the Hikurangi Plateau, which was subducted 

beneath the Chatham Rise during the late Cretaceous, dissociated into buoyant CO2, 

which migrates up towards the seafloor. CO2 derived from mantle melt or 

decarbonation reactions of crustal rocks has previously been reported to cause 

seafloor pockmarks elsewhere, but only in volcanically active regions (Passaro et 

al., 2016). In the deep water well Caravel-1 on the Canterbury Slope, dawsonite 

minerals (NaAL(CO3)(OH)2) indicate that large quantities of CO2 were present 

during the Eocene (Blanke, 2015). CO2 hydrates could have formed beneath the 

seafloor on the slope, where they store, accumulate and episodically release CO2 

during glacial maxima when the hydrate dissociates due to depressurisation (Stott 

et al., 2019). This seems to be a potential mechanism for pockmarks on the margin 

slope, or the Chatham Rise, in water depths where CO2 hydrates are theoretically 

stable but is unlikely in shallow areas on the shelf. Although I cannot rule out the 

possibility of CO2 induced pockmark formation on the shelf, I suggest it is more 

likely that microbial gas formed below the SMTZ and that expulsion of this gas led 

to pockmark formation.  
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3.4.2 Modification and distribution of Canterbury Shelf 

pockmarks 

3.4.2.1 Sedimentary environment 

The sediment grab samples used in this study are well distributed over the 

Canterbury Shelf. Although no detailed grain size analysis exists of the sediment 

grab samples, the overall grain size distribution of the shelf is apparent (Bostock et 

al., 2019a). Although the sediment grab samples do not show a distinct change in 

seafloor material between shelf and slope, a noticeable change in backscatter occurs 

(Figure 3.6). While the shelf shows moderate backscatter responses, the slope is 

characterised by very strong backscatter signals. I assume the strong backscatter 

on the slope results mainly from diagenetic processes such as compaction and 

consolidation, creating a harder surface compared to similar sediment 

compositions on the shelf. Reduced coarse sediment supply to the slope, combined 

with stronger eroding bottom currents (i.e. Southland Current), could result in the 

exposure of more compacted sediments with a similar grain size distribution to the 

shelfal sediments. Present-day erosion rates on the upper slope are suggested to be 

relatively high due to high current velocities of up to ~13 cm/s (Hillman et al., 2018; 

Lu et al., 2003). 

Pockmarks on the shelf occur predominantly in the mud patch in the 

southwest of the shelf but are also widespread in coarser-grained areas of mainly 

sandy sediments and stronger backscattering strength. Some grab samples even 

indicate sandy to gravelly seafloor materials in regions where pockmarks occur. 

Although the bathymetric coverage on the shelf is limited, it is notable that the 

pockmark density declines in regions with coarser-grained seafloor material 

(Figure 3.6). The sediment grab samples (Figure 3.11) show that the pockmarks are 

not confined to a specific lithology on the shelf. Goff (2019) investigated pockmarks 

on the New Jersey shelf and noted that they are confined to the so called “New 

England mud patch”, a fine-grained lithology deposited on the shelf. He suggested 

that fluid escape occurs in wider regions of the shelf, but pockmarks only form in 

the mud patch. However, it seems that in the Canterbury Basin fluid venting is 

confined to the outer shelf, and pockmarks occur in different lithologies where 

fluids are venting.  
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Figure 3.11: Distribution of mud on the shelf with overlain pockmark occurrences. 
Distribution of shallow gas is outlined in black. 

3.4.2.2 Bottom currents 

Pockmarks in the Canterbury Basin show a pronounced alignment 

perpendicular to the shoreline, on the shelf as well as on the slope. The shore 

parallel Sub-tropical Front (STF) or Southland Front (SF) separates Subantarctic 

Waters from Subtropical Waters (Sutton, 2003). The two water masses converge on 

the upper continental slope (~ 400 mbsl). The associated northward flowing 

Southland Current is well established in the region (Chiswell, 1996; Fulthorpe et al., 

2010; Lu et al., 2003; Sutton, 2003). The narrower continental shelf between 

Dunedin and Oamaru (Figure 3.1) constricts the Southland Front, resulting in 

increased geostrophic current speed in the South, before opening up again around 

the Waitaki Canyon (Chiswell, 1996).  

Andresen et al. (2008) showed how originally circular pockmarks can be 

modified by contour parallel bottom currents in the North Sea. The parallel 
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alignment of the northeastward facing crescent-shaped form of the slope 

pockmarks with the northeastward flowing Southland Current has previously been 

noted by Hillman et al. (2015). The Southland Current is known to have formed 

large scale sediment drifts on the Canterbury margin over the last 15 Ma (Figure 3.2 

and Figure 3.8) (Fulthorpe et al., 2010). I find that many pockmarks on the shelf 

show a similar alignment parallel to shore, but in the opposite direction to the slope 

pockmarks. The geometry of seafloor depressions can be affected by various 

mechanisms, including tidal flow, storm waves, gravity sliding, bottom currents or 

the seafloor topography (Andresen et al., 2008; Schattner et al., 2016). In this case, 

the pockmarks are too deep to be affected by storms and waves and the only 

plausible mechanism for their alignment seems to be the subsequent modification 

by bottom currents.  

The southwest-facing crescent-shaped form of the pockmarks suggests a 

current flowing in the southwest direction across the shelf (Figure 3.12). To my 

knowledge, there have been no reports of any southwestward flowing currents on 

the shelf (i.e. opposing the Southland Current) on the Canterbury Slope. However, 

anomalous surface water temperature differences have been measured around the 

Waitaki Canyon by Fenaughty & Bagley (1981) and Beentjes & Stevenson (2001). 

The Waitaki Canyon is the most significant bathymetric feature in the Canterbury 

Basin and Beentjes et al. (2002) interpreted the sea-surface temperature 

differences to result from disturbances in the Southland Current as it flows over the 

Waitaki Canyon. They also report a temperature increase of +0.6°C in the southern 

compared to the northern Canterbury Basin in water depths of 100-200 m. They 

interpret this temperature difference to result from inshore eddy currents from the 

Southland Current induced by the Waitaki Canyon. Although these potential 

southwestward flowing bottom currents could not be confirmed during the recent 

research cruises of this study, they could have important implications for longshore 

sediment drift and distribution. The elliptical nature of the pockmarks also suggests 

that bottom currents might be more important in the evolution of the form of these 

pockmarks than the initial formation mechanism of gas seepage.   
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Figure 3.12: Comparison of pockmarks on the shelf and slope, showing the opposite 
facing crescent-shaped form.  

3.4.3 Activity and age of Canterbury Shelf pockmarks 

Holocene sediments cover the present-day Canterbury Shelf, with a 

thickness of 9.9 m at the innermost IODP shelf Site U1352, decreasing towards the 

slope (Fulthorpe et al., 2010). This constrains the timing of the formation of the 

shelfal pockmarks to the last ~10 ka. I did not observe any active gas seepage out of 

the pockmarks during several research cruises, suggesting either a quiescent phase 

of gas venting or an inactive pockmark system.  

Enhanced backscatter from the bottom of pockmarks is a common 

phenomenon and is often attributed to authigenic carbonate precipitation due to 

the microbially driven oxidation of methane (Boetius et al., 2000; Hovland et al., 

1987; Ritger et al., 1987). The oxidation occurs either in oxic environments through 

aerobic methane-oxidising bacteria or in anoxic environments where methane is 

utilized by sulfate-reducing bacteria (Reeburgh, 1983; Rudd and Taylor, 1980). 

Both processes result in methane oxidation and carbonate cementation of the 

shallow sediments and can act as a self-sealing mechanisms for hydrocarbon seeps 
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(Hovland, 2002; Hovland et al., 1985). The cemented sediments at the bottom of the 

pockmark are generally associated with high-amplitude reflections in seismic data 

and enhanced backscatter signals in multibeam data (Böttner et al., 2019; 

Dandapath et al., 2010; Hovland et al., 1987). The suspension of fine-grained 

material due to fluid escape, leaving only the coarser-grained material behind, 

similarly can result in a strongly reflective area with a rough surface resulting in a 

strong backscatter response. This strong scattering area at the bottom of 

pockmarks can be enhanced by increased biological activity around seep sites that 

leave behind skeleton remains, dead and living shells and other biological remains 

(Hovland et al., 2002; Hovland and Thomsen, 1989; Reusch et al., 2015). Hovland et 

al. (2002) have described these pockmarks with high reflectivity and strong 

scattering objects in their centre as “eyed” pockmarks.  

In the Canterbury Basin, pockmarks with a strong backscatter response 

occur in close proximity to pockmarks that don’t show a distinct elevated 

backscatter signal. The backscatter behaviour also seems to correlate with those 

pockmarks that are more circular (i.e. low length over width ratios). Since the 

pockmark density is quite high, I assume that all shelfal pockmarks were formed by 

the same mechanism. If this was the case, the low backscatter in the more elongated 

pockmarks could indicate that the time of pockmark formation varies over the shelf. 

This would be supported by the differences in elongation of the pockmarks. Circular 

and current modified pockmarks can occur very close to each other, at distances 

<10 m. I assume that the circular pockmarks with a strong backscatter signal 

formed more recently than the elongated, current modified pockmarks without 

elevated backscatter intensity. It could also be possible that southwestward flowing 

currents that modify the pockmarks only occur episodically. In this case, the 

younger pockmarks would not have been subjected to modification by the bottom 

currents. The reduced backscatter of the elongated pockmarks, compared to the 

younger, circular pockmarks, could indicate recent sedimentation and infill of the 

pockmarks that covers up the strong backscattering objects at their centre (e.g. 

coarser material, carbonates or biological remains). This would be in accordance 

with the possibility that the bottom currents are not actively modifying and 

scouring the pockmarks, therefore enabling sediments to settle and deposit on the 

shelf.  



3.5 Conclusions 
 

62 
 

3.5 Conclusions 

Pockmarks are abundant on the eastern side of New Zealand’s South Island. 

In the Canterbury Basin, two distinct pockmark areas are confined to water depths 

of 80-140 m and 500 to 1000 m. Although shallow gas is abundant on the outer 

shelf, the gas seems to be confined to sediments below a seafloor depth range of 100 

to 400 m. No free gas is apparent below the pockmarks on the slope. On the shelf, 

free gas occurs below the present-day pockmarks located furthest offshore, while 

no free gas is apparent beneath the shallowest pockmarks (water depths <100 m). 

Counterintuitively, much of the free gas seems to occur beneath the shelf edge, 

where no pockmarks occur. To explain this observation, I assume that sub-seafloor 

gas in regions where pockmarks are present on the seafloor has already migrated 

to the surface and contributed to pockmark formation.  

Overload and sediment compaction dewatering mechanisms, as suggested 

by Chenrai & Huuse (2017) or Dugan & Flemings (2000), are likely to contribute to 

fluid expulsion on the slope. Modelling approaches from Micallef et al. (2020) 

suggest that freshwater from offshore aquifers or historically emplaced 

meteorically derived water is unlikely to be strong enough to form pockmarks. 

Although all pockmarks examined on the Canterbury Slope have similar 

appearances and degrees of modification and are therefore interpreted to have 

formed at the same time, I suggest that shelfal pockmarks form episodically. The 

oldest shelfal pockmarks have probably been partially infilled by recent 

sedimentation and experienced modification from past southwestward-flowing 

bottom currents. More recently formed pockmarks on the shelf show strong 

backscatter signals in their centre and no modification from bottom currents. The 

bottom currents seem to be episodic disturbances in the southland current, most 

likely induced by bathymetrical features such as the Waitaki Canyon (Beentjes et 

al., 2002). 

 

 



 

63 
 

Chapter 4 

 

Seismic evidence for repeated vertical fluid flow 

through polygonally faulted strata in the 

Canterbury Basin, New Zealand 

4.1 Introduction 

Fluid transport through focused flow systems is a widespread phenomenon 

in sedimentary basins. Fluid migration and accumulation processes play important 

roles in hydrocarbon exploration, hazard assessment, and environmental 

conservation (Anka et al., 2012). On the seafloor, pockmarks can be indicative of 

underlying fluid migration pathways such as faults, pipes or chimney structures 

(Berndt et al., 2003; Hovland et al., 2005; Løseth et al., 2011). Pockmarks can form 

due to episodic dewatering and sediment compaction in sedimentary basins, often 

in combination with a non-tectonic class of faults, known as polygonal faults. These 

faults only form in very fine to fine-grained tiers of sedimentary strata where they 

alter the bulk permeability of the otherwise low matrix permeability and expel as 

much as 60 percent water by volume, which is why they are considered a major 

fluid source (Berndt et al., 2003; Cartwright et al., 2007; Cartwright and Lonergan, 

1996; Verschuren, 1992). Pipe structures in the overburden of polygonal fault 

systems show that polygonal fault systems can act as a long term source for fluid 

flow (Berndt et al., 2003) as well as pathways for upward fluid migration from 

deeper strata (Gay et al., 2004). Ho et al., (2016) suggest the lower parts of 

polygonal faults may behave as fluid conduits while the upper parts of the fault 
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planes appear to be sealed. The polygonal planform may be modified by the 

underlying morphology as well as by anisotropic stress fields (Ho et al., 2018a). 

Sedimentary volcanoes (often classified as mud volcanoes, but also 

sometimes consisting of coarser-grained, non-cohesive material) are a specific 

category of natural gas/oil seepage and in general confirm the existence of 

overpressured hydrocarbon reservoirs in the region (Mazzini and Etiope, 2017; van 

Loon, 2010). They are an important pathway for degassing deeply buried sediments 

and represent a significant source of methane in the atmosphere (Dimitrov, 2002). 

However, in most cases, methane escaping from the seafloor is dissolved and 

consumed as it rises through the water column (McGinnis et al., 2006) where it has 

implications for marine biogeochemistry (Leifer and Judd, 2002).  

The Canterbury Basin off the southeast coast of New Zealand is the target of 

on-going commercial petroleum exploration (NZOG, 2018). Six offshore exploration 

wells (Figure 4.1) have been drilled with at least three shows of gas condensates in 

uncommercial quantities (Daly and Hattersley, 2007; Shell BP Todd, 1984; Wilson, 

1985). However, fundamental questions persist regarding sub-surface fluid flow in 

the basin.  

In this chapter, I focus on three-dimensional (3D) seismic expressions of fluid 

migration pathways through sedimentary sequences that include several extensive 

tiers of polygonal faults. Seismic data analysis, particularly in 3D, is ideally suited to 

this research because seismic reflectivity and coherency are highly sensitive to both 

structural deformation and fluid flow processes (Marfurt et al., 1998; Simm and 

Bacon, 2014). In particular, I examine formation mechanisms of cylindrical faults 

around a fluid conduit. The aims of this chapter are: (1) to investigate the nature, 

and provide a seismic characterisation, of recent and buried fluid migration 

pathways, (2) to constrain the timing of fluid migration in the Canterbury Basin and 

(3) to present a conceptual integrated model for the formation of the fluid migration 

pathways.   
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Figure 4.1: Bathymetric overview map of the Otago margin working area (Data 
source: Mitchell et al. (2016), NIWA et al. (2012)). The inset map in the lower right 
shows the location (black box) of the main map. The footprints of two 3D seismic 
surveys (Waka 3D and Endurance 3D) on the Otago submarine canyon complex are 
outlined in red (Data source: Anadarko and Origin Energy (2009), NZOG and Beach 
Energy, (2013)). Buried pockmarks are observed within the region outlined with a 
dotted black line within the Waka 3D box. 
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4.2 Data 

Recent exploration efforts by the petroleum industry in this region have 

involved the collection of two extensive 3D seismic datasets covering the Otago 

Canyon system (Figure 4.1). The 3D datasets cover total areas of 1151 and 680 km2 

at full fold. One dataset (Waka 3D) is publicly available while the second proprietary 

seismic dataset (Endurance 3D) was made available for this study. An inline and 

crossline spacing of 25 x 12.5 m in both datasets allows me to accurately map faults 

and horizons. Additionally, several CDP-sorted pre-stack 2D lines extracted from 

the Endurance 3D volume were made available for this study and are used for high-

density velocity analysis and investigations of the amplitude variations with angle 

(AVA). 

The seismic data are complemented by high-resolution multichannel seismic 

boomer data in shallow regions. Due to differences in seismic resolution and 

location, the two 3D seismic datasets show distinct differences in amplitude 

characteristics and the stratigraphic successions that they image are somewhat 

different. The three main stratigraphic units in the Canterbury Basin (Onekakara, 

Kekenodon and Otakou groups) are readily distinguished in the Endurance 3D 

seismic dataset which partly covers the shelf and the prograding clinoforms. In 

contrast, the Waka 3D volume, which is more basinward and further south, does not 

image the prograding clinoforms but instead covers the channel-levee system on 

the slope of the margin and the Eocene to basement strata.  

The stratigraphic analysis is based on nearby petroleum wells. An overview 

of the Canterbury Basin with the three main stratigraphic groups, the extent of the 

polygonal fault systems and the different stratigraphic ages is shown in Figure 4.2.  
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4.2.1 Waka 3D seismic data 

In 2009, Petroleum Geo-Services (PGS) acquired the Waka 3D seismic data 

volume (licence block: PEP38262) using the M/V Nordic Explorer with six parallel 

5.1 km-long hydrophone streamers and a streamer separation of 100 m. Two 

Dodera G gun 3090 cu. in. arrays at 2000 psi were operated in flip-flop mode. A line 

spacing of 25 m was achieved. The traces, with a record length of 6 s and a sampling 

interval of 2 ms, were processed to zero phase, binned using a 12.5 x 25 m grid, and 

had a pre-stack Kirchhoff time migration applied. In all seismic data shown the 

phase was rotated by 180° to conform with the Society of Exploration Geophysicists 

convention where a positive reflection coefficient is represented by a positive 

amplitude.  

4.2.2 Endurance 3D seismic data 

The Endurance 3D seismic survey (licence block: PEP52717) was acquired 

by the licence operator, New Zealand Oil and Gas, contracting the vessel M/V 

Polarcus Alima in 2013. The data were acquired with twelve 8.1 km-long streamers 

with a separation of 100 m. Two Bolt LLX-LLXT 3480 cu. in. arrays were operated 

in flip-flop mode at 2000 psi. The data were recorded with an 8 s record length and 

a sample interval of 2 ms and processed on board by ION Geophysical. Amplitudes 

were preserved during a pre-stack Kirchhoff depth migration. The final bin size is 

12.5 x 25 m. For this study, the post-stack dataset is available along with seven pre-

stack lines for AVA and velocity analysis. 

4.2.3 Boomer 2D seismic data 

As part of the funded work for this thesis, I led a University of Otago group 

that acquired high-resolution boomer seismic data in targeted areas within block 

PEP52717 using the University of Otago’s R/V Polaris II. We operated a Ferranti 

Ocean Research Equipment (ORE) Geopulse sub-bottom profiler source together 

with a 75 m-long Geometrics MicroEel 24-channel streamer acquisition system. I 

used GLOBE Claritas® seismic processing software to apply a frequency filter 

between 100 and 1000 Hz as well as an FK-filter and a Kirchhoff time migration.  
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4.3 Methods 

A subset of about 200 km of pre-stack CDP sorted 2D seismic data were 

extracted from the pre-stack time-migrated Endurance 3D volume for additional 

analyses. I carried out a high-density velocity analyses on these lines to refine the 

shallow velocity model and used the HampsonRussell software to evaluate AVA 

anomalies. 

The original 3D seismic dataset was processed by ION (Lewis et al., 2014). 

They used a despike routine followed by ION’s “SWDnoise” noise attenuation 

process which decomposes the data into frequency bands and identifies and 

attenuates anomalous amplitudes. Guided waves were modelled in Tau-P space and 

subtracted from the shot gathers. Using the far field signature, an operator was 

derived to convert to zero phase. The wavelet distortion with time was corrected 

for using an inverse Q phase filter. Multiples were removed using a surface-related 

multiple elimination (SRME) method. A shot Tau-P mute was applied for additional 

noise attenuation. A parabolic radon demultiple routine was used to remove the last 

persistent effects of multiple reflections before application of a 3D Kirchhoff pre-

stack depth migration and the conversion back to the time domain.  

4.3.1 Velocity analysis 

Velocity analyses based on semblance calculations are a standard procedure 

undertaken during long-offset seismic processing to determine accurate normal 

moveout (NMO) corrections and to better constrain migration. This procedure 

usually involves interactively picking optimal stacking velocities in CDP gathers 

spaced at regular intervals along a profile and interpolating laterally between the 

picked locations. For the highest spatial resolution, the semblance of every CDP can 

be picked. I adopted an automated high-density semblance-based velocity analysis 

scheme – details described by Crutchley et al. (2016) – implemented in the GLOBE 

Claritas seismic processing software to explore acoustic velocity behaviour in the 

vicinity of shallow bright spots. I automatically picked the semblance along a 2D 

seismic line extracted from the 3D dataset in 20 ms windows. The automatic 

semblance picks determine the maximum semblance function for each CDP. 

Spurious picks are an inevitable consequence of the automatic picking routine due 
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to random or coherent seismic noise. However, the statistical approach succeeds 

because of the high-density of velocity picks, that will mainly contain picks from real 

reflections representing the underlying geology. To obtain 2D velocity models from 

the picks, it is essential to filter out interval velocity values that are geologically 

implausible and then smooth the model laterally and in time. 

4.3.2 AVA analysis 

The 8 km-long streamer provides more than sufficient offsets to study 

amplitude variation with angle (AVA) in these data. The Zoeppritz equations 

describe the general isotropic and elastic behaviour of a P-wave incident on an 

impedance boundary (Zoeppritz, 1919). They define the P-wave reflection 

coefficients at various angles as well as the partitioning of P- and S-wave and 

transmitted components. In practice, these equations are often unpractical and too 

complex to estimate how amplitudes change with changing rock properties. 

Therefore, several authors derived simplified approximations. One of the most 

popular approximations was derived by Aki & Richards (1980) which has been 

reworked for different purposes (e.g. Wiggins et al. (1983)): 
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This equation (often referred to as the Aki and Richards approximation) is 

the basis for most AVA analysis today. The first term of the equation (A) represents 

the zero offset/angle reflection coefficient also known as “Intercept”. The second 

term (B) describes the angle dependent effect on the reflection coefficient (often 

called “Gradient”) while (C) determines the curvature of the reflectivity response 

close to the critical angle.  
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According to Shuey (1985), the third term can be dropped for angles of less 

than 30˚-40˚, leaving a simple linear regression two-term equation known as 

Shuey’s equation: 

���� = � + �	
��� 

 

This simplified version is generally not used to predict seismic amplitudes at 

various angles but is rather a tool to easily derive regression coefficients A and B 

for a range of AVA attributes. Rutherford & Williams (1989) and later Castagna & 

Swan (1997) classified AVA responses of gas-charged sand with an overlying shale 

layer into four categories or classes (Figure 4.3). 

Class 1: Gas-charged sands have a higher relative impedance than the 

overlying shale, resulting in a strong positive intercept amplitude that decreases 

with angle, with a potential phase reversal. 

Class 2: Gas-charged sands have a similar impedance to the overlying shale 

resulting in a small intercept amplitude and negative gradient. 

Class 3: Gas-charged sands have a lower relative impedance than the 

overlying shale resulting in a strong negative intercept amplitude and negative 

gradient. 

Class 4: Gas-charged sands have a lower relative impedance than the 

overlying shale resulting in a strong negative intercept amplitude and positive 

gradient. 
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Figure 4.3: Possible AVA responses of a gas-charged sand with overlying shale, as 
proposed by Castagna & Swan (1997). 

 

Gas-charged sands, due to their low impedance and abnormally low 

Poisson's ratios, embedded into sediments with a higher impedance and ‘normal’ 

Poisson's ratio should generally result in a negative reflection coefficient width an 

increase of reflected P-wave energy with increasing angle of incidence (Class 3 AVA 

anomalies) (Castagna and Backus, 1993). 

I used several AVA techniques including AVA gradient analysis, AVA 

classification by cross-plotting and AVA attribute analysis. In Figure 4.10 I show an 

AVA attribute that displays the product of Intercept (A) and Gradient (B) and 

therefore positively highlights Class 3 AVA anomalies as well as positive intercept 

amplitudes with a positive gradient i.e.:  

�−%� ∗ �−'� = +%' = �+%� ∗ �+'� 
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4.3.3 Interpretation 

I loaded the data into the IHS Markit Kingdom software for visualisation and 

interpretation. This software also provides algorithms for seismic attribute 

analysis. The semblance-based coherency attribute highlights lateral changes 

between adjacent traces and hence was used to detect and map structural 

discontinuities. In general, 3D seismic coherency calculations are efficient for 

delineating fault systems (Marfurt et al., 1998). The attribute uses a 3D semblance 

based coherency algorithm to detect lateral variations in stratigraphy, lithology or 

porosity. The semblance is a measure of coherent power between a certain number 

of traces versus the total power of all traces. The semblance at a certain time or 

depth is calculated by:  

 

(�)*�+� =
∑ -∑ ./0/1$ �+ + 2�3� − ∑ ∑ ./�0/1$ �+ + 2�	415�

4165�
415�
4165�

∑ ∑ ./�0/1$ �+ + 2�	415�
4165�

 

�ℎ���	./�+�	is	the	m=th	trace	of	the	gather 

D	is	the	length	of	the	computational	window	in	time	and	depth	 
and	+	specifies	either	time	or	depth 

Lateral similarity variations depend on the number of trace inputs which are 

specified depending on the signal-to-noise ratio, the bed curvature and the 

resolution of the seismic data. Poor signal-to-noise ratios and low-quality data 

require more traces, whereas higher curvature and higher resolution datasets 

require fewer traces. The time window over which the similarity attribute is 

calculated depends on the data resolution but also on the aim of the study. Detection 

of small stratigraphic features and discontinuities requires a small time window 

corresponding to the highest frequency apparent in the data. On the contrary, near-

vertical features such as faults can be better enhanced using longer time windows.  

Changes in seismic reflection patterns can be visualised by the energy 

envelope, which is useful for revealing pronounced acoustic impedance contrasts 

associated with gas accumulation, changes in depositional environments or 

sequence boundaries. 
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I picked key horizons in the datasets and stratigraphically validated them 

using Galleon-1, Cutter-1, Endeavour-1 and Clipper-1 exploration wells (Figure 

4.1). Horizons without calibration were named “intra“ (e.g. intra-Eocene) to reflect 

the age estimation. Horizons were picked after Strogen and King (2014)(Figure 4.2) 

but are mainly labelled using the international chronostratigraphic chart. I picked 

reflections based on their seismic character (e.g., reflectivity, continuity, dip and 

stratigraphic framework) and used seismic attributes to identify discontinuities 

and lithological changes. 

4.4 Results 

4.4.1 Polygonal faults 

Three individual polygonally faulted tiers in Paleocene to Oligocene strata 

are identifiable in the Canterbury Basin seismic data. The uppermost Eocene 

polygonal faulted tier, “tier-1” extends up to the Marshall Paraconformity with a 

total thickness of ~400 ms TWT. In the lower Eocene strata, “tier-2” has a thickness 

of ~100 ms TWT and partly intersects with an upper Paleocene to lowermost 

Eocene polygonal faulted “tier-3” (Figure 4.4). These three faulted tiers are 

separated by layers of mostly continuously bedded strata that contain only rare 

faults. The faults of tier-1 show the typical decrease in throw towards the upper and 

lower boundaries of the tier (Figure 4.5). Observed dips range between 20° and 40° 

measured orthogonal to strike direction and the spacing between faults ranges from 

200 to 300 m. The maximum throw is up to 30 m whereas the minimum observable 

throw is determined by the vertical resolution of the seismic data (~10 m in the 

Waka 3D and ~20 m in the Endurance 3D seismic datasets). Most faults have a 

gently listric behaviour, as described elsewhere (Cartwright, 2011, 1994a).  
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Figure 4.4: Overview of the three tiers of polygonal faults within Eocene and 
Paleocene strata. Key seismic reflectors are annotated and labelled according to the 
same colour scheme and nomenclature as in Figure 4.2. The broken green line 
marks the Basement. 

 

The upper extent of polygonal faults is generally coincident with the 

Marshall Paraconformity although some faults are observed to cross the 

unconformity terminating in a layer of turbidite channel-levee deposits. The data 

show no evidence of faults continuing up to the seafloor or any direct connection of 

faults to present-day seafloor pockmarks. On the surface of the Marshall 

Paraconformity, depressions are observed which often seem to nucleate on the 

uppermost extent of polygonal fault planes (Figure 4.5). The depressions are 

between 100 and 300 m in diameter and exhibit the same northeast-facing oval to 

crescent-shape as modern-day seafloor pockmarks (Hillman et al., 2018). The dip 

of the maximum similarity seismic attribute highlights strong dips along the 

Marshall Paraconformity (Figure 4.5B). The dips in most pockmarks are steeper 

along their southwestern sides. Seismic reflectivity is higher within the pockmarks 

compared to surrounding strata. The pockmarks mainly occur in the southern part 

of the basin.  
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Figure 4.5: A) Horizon slice of the similarity seismic attribute extracted along the 
broken blue horizon in C. Light colours indicate low similarity values and are 
therefore indicative of discontinuities. B) Horizon slice of the “dip of maximum 
similarity” seismic attribute along the black horizon (MP: Marshall Paraconformity) 
marked in C. Darker colours indicate steeper dips along the horizon. C) Seismic 
section through a polygonal fault system and buried pockmark field (see Figure 
4.1for line location).  

4.4.2 Surface of the Marshall Paraconformity 

While numerous buried seafloor depressions are apparent on the surface of 

the Marshall Paraconformity in the Waka3D seismic dataset (Figure 4.5), the same 

surface shows widespread buried channel systems in the Endurance 3D as well as 

in the Waka3D data (Figure 4.6). The channels run roughly parallel to the present-

day coastline in the Waka 3D and bend basinward in the Endurance 3D. Basinward 

and further north, additional possible channels and canyons were interpreted from 

2D seismic lines by Barrier (2019) and the Canterbury paleogeography was 

interpreted. In Figure 4.6, the location of the buried channels and their expression 

on the surface of the Marshall Paraconformity are shown with a seismic crossection 

from the Endurance 3D dataset. Dashed red lines in Figure 4.6A are interpolated 
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where no data are available. The channels are clearly visible in a 2D seismic line 

between the two 3D seismic datasets (Figure 4.6).  

In the north of the canyon, a circular, crater-like morphology is apparent 

(Figure 4.8C). It is composed of a central mound with a height of ~100 m and a rim 

surrounding the mound with a radius of ~2 km. This crater-like structure is further 

described in Section 4.4.4. 

 

Figure 4.6: Comparison of A) present-day submarine canyon system – exemplified 
by the Waitaki Canyon and channel, with the locations of buried channels on the 
Marshall Paraconformity outlined in red. B) buried channel system apparent on the 
surface of the Marshall Paraconformity (MP). C) Seismic cross-section through the 
buried channels, above the Eocene polygonal fault. 

4.4.3 Mounded structures associated with radial faults 

The polygonal fault systems observed in the seismic data are variably 

affected by a range of sub-circular mounded structures originating from Cretaceous 

strata (Figure 4.7). The descriptive term “mounded structure” is used here prior to 

evaluating the formation mechanisms of the features in the discussion. The mounds 

at the Top Cretaceous reflector show diameters between 1 and 3.5 km and heights 

ranging from 90 to 350 m. The topographic aspect ratios (height divided by width) 

are close to 0.1 at the Top Cretaceous horizon and drop down to a mean of 0.056 on 

the Intra Paleocene horizon.  
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The internal structure of the mounds appears chaotic and Cretaceous 

sediment layers beneath the mounds are disrupted or deflected upwards (Figure 

4.7). The mounds mainly affect Cretaceous and Lower Paleocene strata while Upper 

Paleocene and Eocene sediments seem widely unaffected and mainly onlap onto the 

flanks of the mounds (Figure 4.7A). In two cases though, amplitude anomalies above 

Mound 7 and Mound 9 are recognised and extend up to the Oligocene Marshall 

Paraconformity or even the present-day seafloor (Figure 4.8 andFigure 4.10). 

In the Paleocene polygonal faulted tier-3, in the proximity of the mounded 

structures, faults predominantly developed in a radial sense, with fault segments 

radiating outward from the centre of the mounds over a radius of up to 3 km 

(highlighted by arrows in Figure 4.7C and D). These radial faults are confined to 

tier-3 and often appear in parallel pairs with a separation of 100-200 m at the intra-

Paleocene level, narrowing towards the base of the tier. This phenomenon of 

parallel polygonal faults has previously been described and interpreted by 

Cartwright (2011) as an indication for the high maturity of the polygonal fault 

system.  

  



4.4 Results 
 

79 
 

 

 

 

Figure 4.7: A) Seismic cross-section through mounded structures originating from 
Cretaceous strata. Upper Paleocene strata onlap onto the mounds. B) The dip of 
maximum similarity attribute extracted along the Intra Eocene horizon highlights 
polygonal as well as cylindrical faults. C) The surface of the Intra Paleocene horizon 
highlighting mounded structures with associated radial faults. The red line is the 
arbitrary seismic line shown in (A). D) The dip of maximum similarity attribute 
extracted along the Intra Paleocene horizon highlights polygonal and radial faults 
striking away from the mounds. Note: Each map (B, C and D) covers an identical 
areal extent and is plotted at the same scale. 
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4.4.4 Seismic character of cylindrical faults 

Although the upper Eocene tier-1 polygonal faults are widely unaffected by 

the mounded structures and extend over a large area of the Canterbury Basin, 

including both 3D seismic datasets, there is a distinct cylindrical region without 

polygonal faults within this tier, located above the Cretaceous Mound M7 (Figure 

4.7B and Figure 4.8). This cylindrical area has a radius of ~2 km and is bounded by 

discontinuities as indicated by low similarity values in Figure 4.7B. In seismic cross-

sections, the cylindrical structure shows amplitude anomalies with enhanced and 

slightly different reflectivity behaviour in the interior of the cylinder (Figure 4.8). 

Disturbed and disrupted reflections characterise the highly faulted tier-1 

surrounding the cylinder. Within the cylinder, reflections abruptly become 

smoother and more continuous. At the base of the polygonally faulted tier-1, the 

cylinder becomes slightly narrower and is characterised by low frequencies and 

high amplitudes starting with a broad negative polarity reflection (Figure 4.8A and 

B). These strong, low-frequency reflections appear to be confined to the lower 

Eocene strata below the uppermost tier-1 of polygonal faults. The strata 

surrounding the cylindrical Lower Eocene anomalies are mainly characterised by 

weak to very weak seismic amplitudes. 

Although the cylindrical column of anomalies is bounded by faults in the 

polygonal faulted tier-1, the low-frequency amplitude anomalies below do not show 

any structural boundaries. The cylindrical anomalies are centred on the vertical axis 

of the Cretaceous mounded structure, denoted here as Mound M7. Reflections 

above Mound M7 are convex, but continuous, and are not disrupted by onlapping 

(Figure 4.8A and B) as is observed with the other mounded structures(Figure 4.7A).  

A vertical stack of upward-bent reflections marks the centre of the 

cylindrical faults in the polygonal fault system (Figure 4.8B). These form a 

connection from Mound M7 to an irregular, ~100 m high and 500 m wide, elevated 

region that can be mapped on the Marshall Paraconformity (Figure 4.8C). This 

elevated mound is surrounded by a crater-rim like morphological expression ~4 

km in diameter (Figure 4.8C). The semblance based high-density velocity analysis I 

conducted does not reveal a distinct velocity variation within or around the 

cylindrical anomaly. Also, no indications of cylindrical faults, other discontinuities 
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or pulled-up reflections are observed in the strata above the Marshall 

Paraconformity in this region. 

 

 

Figure 4.8: Map view and seismic cross-sections of the cylindrical feature. A/B) 
Seismic inline and crossline through the cylindrical faults. Low-frequency 
amplitude anomalies appear in lower Eocene strata below the polygonally faulted 
tier-1. Cylindrical faults form in the upper Eocene polygonally faulted tier-1. C) 
Depth map of the Marshall Paraconformity (MP-black horizon in A and B). D) The 
similarity attribute extracted along the Intra Eocene (IE-yellow) horizon shown in 
(A) and (B). Light colours indicate low similarity values and are therefore indicative 
of discontinuities. 

 

In Figure 4.9B, sediment thicknesses between two Eocene horizons (red and 

yellow, Figure 4.9D) show drastically decreased sediment volumes within the 

cylindrical anomaly compared to the surrounding strata. In contrast, younger 

stratigraphic units within the cylinder (between the red and turquoise horizons in 

Figure 4.9D) appear to be thicker than the corresponding horizons outside (Figure 

4.9A). 
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Figure 4.9: A) Layer thickness between turquoise and red horizons in D. B) Layer 
thickness between red and yellow horizons in D. C) Seismic crossline through the 
cylindrical anomaly, with interpretation in D. D) Black and white image of the 
energy envelope. Grey shaded area shows a cylindrical feature with cylindrical 
faults in the upper Eocene tier-1 of polygonal faults and low-frequency amplitude 
anomalies below. Radial faults spread out below the cylindrical feature, and above 
Mound M7. MP-Marshall Paraconformity (blue), IE-Intra Eocene (green), TP-Top 
Paleocene, TC-Top Cretaceous. 

4.4.5 Shallow bright spots / chimneys 

In the crest of a gully to the northeast of the Waitaki Canyon, shallow bright 

spots exhibit a strong phase reversal and are underlain by a curtain of acoustic 

suppression (Figure 4.10). Detailed high-frequency boomer seismic surveying, 

which targeted the bright spots, also reveals a zone of reduced amplitudes beneath 

shallow high-amplitude reflections (Figure 4.10D). The boomer seismic data reveal 

that the bright spots are located only a few tens of metres below the present-day 

seafloor. The summation of energy in the upper 100 m of the seafloor shows the 

distribution of shallow bright spots in blue colours in Figure 4.10C. 
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Figure 4.10: A) AVA-Product (Intercept x Gradient) of the seismic section in B. 
Shallow bright spots show a distinct AVA anomaly with a subvertical zone of low 
AVA-Products connecting the bright spot to Mound M9. B) Seismic section showing 
the bright spot and slightly reduced reflectivity below. C) Map view around bright 
spots. Blue colours indicate high bulk energy in the uppermost 100 m beneath the 
seafloor (between blue horizons in B). Red/Green colours represent high/low bulk 
energy summations (respectively) between the green horizons. The dashed line 
indicates the location of cylindrical faults deeper beneath Mound M9. D) High-
resolution boomer seismic data across the bright spot shown in (A) and (B). A high-
amplitude reflection and an acoustically transparent zone below are visible. 

 

The 3D industry seismic data reveal a near vertical zone of slightly reduced 

seismic amplitudes that connects one of the mounded structures (Mound M9) to the 

shallow bright spots (Figure 4.10A and B). Red colours in Figure 4.10C indicate low 

reflection energy values extracted in a 1 km thick window above the Marshall 

Paraconformity, while green colours represent higher values. The circular red 

region in Figure 4.10C, therefore, represents a sub-vertical, cylindrical low energy 

zone that connects Mound M9 to the shallow bright spots. This sub-vertical low 

energy cylinder is well imaged in the AVA section where it is characterised by an 

AVA product close to zero (Figure 4.10A). This very steeply basinward-dipping 

reduced amplitude zone is the result of small AVA intercept values rather than small 

AVA gradients. While an acoustic curtain and pulled down reflections are visible in 

the seismic amplitude data up to 400 ms below the bright spots, the corridor of low 
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AVA product extends downward roughly 3 s and terminates at the Cretaceous 

stratigraphic level at Mound M9. AVA analysis of the shallow bright spots beneath 

the seafloor reveals Class 3 AVA behaviour (increasing negative amplitudes with 

angle) resulting in a positive anomaly in the AVA attribute. 

4.4.6 Velocity structure 

I investigated seismic velocities along several 2D seismic profiles using a 

semblance based high-density velocity analysis. Velocities at the seafloor were set 

to 1500 m/s and gradually increase to about 3500 to 4000 m/s in the limestones 

around the Marshall Paraconformity (Figure 4.11). Below the Marshall 

Paraconformity, a low-velocity zone (LVZ) marks the Onekakara Group where 

polygonal faults are apparent. Within this group velocities gradually increase again 

and reach values of ~5000 m/s within the basement.  

In the shallow areas velocities around the bright spots do not seem to be 

particularly different from their surroundings. No distinct low-velocity zone is 

apparent although the velocity increase with depth seems to be reduced in the 

vicinity of the bright spots (Figure 4.12).  
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Figure 4.12: Seismic velocities around the shallow bright spots do not reveal a 
distinct low-velocity zone, but rather show a reduction in the shallow velocity 
gradient compared to surrounding sediments. 

4.4.7 Angle stacks 

Although I generally inspected the full angle stacks for data interpretation, I 

also generated different angle stacks by transforming offset gathers into angle 

gathers using the seismic velocities. This helps to quickly identify anomalous AVA 

behaviour and to examine if the far offset reflections reveal different structures 

compared to near offset reflections. In Figure 4.13, the reduced reflectivity is shown 

beneath the shallow bright spots. The low amplitudes are apparent in the near as 

well as the far-angle stacks. The overall lower frequency observed in the far angle 

stack is mainly the result of trace stretching during NMO-correction.  
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Figure 4.13: The near angle stack (5°-14°) and far angle stack (32°-41°) across the 
shallow bright spots both show the sub-vertical zone of reduced reflectivity. 
Marshall Paraconformity (MP). 
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4.5 Discussion 

4.5.1 Formation mechanisms of the cylindrical anomaly 

Upward-bent or pulled-up reflections are common phenomena in seismic 

data. They are often attributed to increased velocities in areas of enhanced gas 

hydrate concentrations or authigenic carbonate cement within fluid conduits 

(Hustoft et al., 2010). Pulled-up reflections in this sense are an artefact of seismic 

imaging that is caused by erroneous seismic velocities (in the conduits) used for 

processing the data. By contrast, fluids ascending vertically due to overpressured 

sequences can also hydraulically fracture the overburden and cause up-warped 

reflections through physical disruption of the strata (Karstens and Berndt, 2015; 

Løseth et al., 2011). 

The up-warped reflections I observe in the centre of the cylindrical 

amplitude anomaly above the mounded structure M7 show no indications of 

enhanced velocities in the semblance-based velocity analysis. As such, I can be 

confident that they represent real upward bending of sedimentary layers rather 

than being an artefact of seismic imaging. Due to the similar seismic expression to 

structures observed by Berndt (2005), Berndt et al. (2003), Gay et al. (2012), 

Karstens and Berndt (2015) or Løseth et al. (2011), I interpret that the up-bending 

represents a structural conduit for upward migrating fluids. The location of the 

crater-like circular expression on the surface of the Marshall Paraconformity above 

the fluid conduit (Figure 4.8) suggests an intrinsic link between the conduit and the 

circular feature.  

Sediment volcanoes exhibit a wide variety of morphologies on land, at the 

seabed and in buried surfaces (Mazzini and Etiope, 2017; van Loon, 2010). They are 

the surface expression of a three-phase discharge (sediments, liquids, and gas) 

related to gravitational instability and hydrocarbon producing systems (Etiope and 

Martinelli, 2009). Onshore analogues of crater-like mud volcano morphologies 

sourced from hydrocarbon-bearing basins have previously been described by 

Mazzini and Etiope (2017) and Stoppa (2006). The crater-like morphology on the 

Marshall Paraconformity clearly indicates extruded and discharged sediments onto 

the unconformity with the feeding system indicated by the upward-bent reflections. 
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I therefore interpret the intrinsic link between the conduit and the crater-like 

impression to indicate some type of sediment volcanism. The decreased and 

increased thicknesses of two stratigraphic intervals within the cylinder compared 

to its surrounding (Figure 4.9A and B) suggest remobilisation and removal of 

sediment from the deeper sequence and intrusion of the sediment into the 

shallower sequence.  

The source of the deposited sediments above Mound M7 is difficult to assess 

and could be from either the Cretaceous stratigraphic level beneath Mound M7 or 

partly from younger stratigraphic levels (Figure 4.9A and B). The fluids and 

overpressure necessary to transport the solid phase in sedimentary volcanoes in 

general similarly can be sourced from different stratigraphic levels (Planke et al., 

2003).  

4.5.2 Cylindrical and radial faults 

Curved and listric faults are not uncommon in polygonal fault systems. 

Cartwright (2011) suggested a lithological effect on fault curvature and noted that 

biosiliceous tiers tend most often to create listric faults. Circular patterns (in 

planview) within polygonally faulted tiers have been reported above and around 

morphological depressions such as pockmarks (Ho et al., 2018b, 2013; Morgan et 

al., 2015). Concentric extensional faults are described in the literature in various 

geological settings, e.g., around collapsing salt diapirs (Stewart, 2006), in glaciers 

(Malthe-Sorenssen et al., 1999), volcanic and mining-related settings (Branney, 

1995) and in polygonal fault systems developing due to a local anisotropic stress 

field above buried pockmarks (Ho et al., 2013; Morgan et al., 2015). Concentric 

reverse fault patterns have only rarely been described since they pose a “space 

problem”; they have been described in the literature around rapid and forceful 

intrusions (Galland et al., 2009; Quatrehomme and Ibşcan, 1998).  

Concentric normal fault patterns associated with fluid flow have previously 

been reported around mud volcanoes in Azerbaijan (Davies and Stewart, 2005; 

Planke et al., 2003). While Planke et al. (2003) describe a circular subsidence fault 

pattern with a radial distance of about 100 m dipping towards the centre, Davies 

and Stewart (2005) report on concentric faults similar to the ones observed here in 
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the polygonal fault system dipping away from the central feeder system over 

distances of several kilometres. They attribute their existence to shear stress at the 

base of the mud volcano due to lateral compaction of the edifice muds. I don’t 

observe a large mud volcanic edifice and the cylindrical faults are confined to the 

polygonal fault system. This suggests a compactional origin due to differential 

compaction and dewatering mechanisms within tier-1 rather than shear stress-

related mechanisms.  

Gay et al. (2012) imaged a cone-shaped amplitude anomaly around a fluid 

conduit in seismic data and inferred, through sandbox models, that it represents a 

zone of sediment deformation by upward migrating fluids. This would imply a 

different stress field within the cylinder that surrounds the pipe, which would affect 

pore pressure and therefore sediment compaction. I assume the strong low-

frequency reflections beneath the Intra Eocene horizon (Figure 4.8) to be fluids 

expelled by the sediment volcano feeder system which accumulated beneath the 

low permeability tier-1 containing the polygonal faults. This cylindrical 

accumulation could be the reason for an axisymmetrical stress field within the 

cylinder in the upper Eocene tier-1, rather than a conical shaped anomaly like that 

described by (Gay et al., 2012).  

While concentric faults are mainly associated with subsidence, radial faults 

generally occur in regions of doming (Hansen et al., 2005; Stewart, 2006; Waghorn 

et al., 2017). Radial faults above hydrothermal vents and sills have previously been 

described by Hansen and Cartwright (2006), Kjoberg et al. (2017) or Schmiedel et 

al. (2017). Although sill intrusions exist in the area (Reeves et al., 2018), no 

indications for a direct connection between the mounds to magmatic intrusions are 

observed. I therefore assume the radial fault patterns I observe (Figure 4.7) to have 

resulted from an anisotropic stress field induced by Cretaceous sediment intrusions 

into Paleocene sediments. Although I don’t interpret the mounds themselves to be 

of volcanic origin, fluids and overpressure required for sediment remobilisation 

could have originated from volcanic activity at depth. The Paleocene age of the 

intrusions is mainly indicated by onlapping reflections onto the seismically chaotic 

mounded structures (Figure 4.7). Hansen et al. (2005) described similar buried 

mounded structures with radial fault patterns within an overlying polygonal fault 
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system in the Vøring Basin on the Norwegian continental shelf. Due to the similar 

seismic expression, the same aspect ratios, and the analogous influence on the 

surrounding polygonal fault system to what Hansen et al. (2005) described, I 

assume a similar formation mechanism by intruding sediments and a resulting 

anisotropic stress field surrounding the mounds.  

4.5.3 Lack of polygonal faults within the cylindrical feature 

It is intriguing that although the upper Eocene polygonal fault system 

extends over the entire basin, no polygonal faults have formed within a ~2 km 

radial distance of the central fluid conduit around Mound M7. Horizontal, 

continuous and mainly undisturbed reflections within the cylindrical structure 

suggest that polygonal faults never nucleated within this body (i.e., ruling out a 

reworking, overprinting or healing of faults in this zone). 

Despite two decades of research on polygonal fault nucleation and 

development the processes leading to shear failure are still widely debated and 

mechanisms like density inversion (Henriet et al., 1991; Watterson et al., 2000), 

overpressure collapse (Cartwright, 1994b), volumetric contraction (Cartwright and 

Lonergan, 1996), syneresis (Cartwright and Dewhurst, 1998; Dewhurst et al., 

1999), low coefficient of friction (Goulty, 2001b), particle scale contraction (Shin et 

al., 2008) and diagenetically induced shear failure (Cartwright, 2011) have been 

proposed. Since all mechanisms include sediment compaction and episodic fluid 

expulsion of very-fine to fine-grained tiers, a local difference in sediment 

composition (i.e. grain size) or burial history (compaction) could be invoked to 

explain the absence of polygonal fault nucleation within this cylinder. I cannot 

envisage any feasible geological process that would result in a local, cylinder-

shaped change in depositional lithology or burial history. Compaction, however, can 

also be influenced by local pore fluid pressure and sediment composition could 

have been changed by remobilisation and the intrusion of sediments.  

The differential stress field that would be expected within the cylindrical 

feature (discussed in Section 4.5.2 with respect to the study of (Gay et al., 2012)) 

could have had important implications for pore fluid pressure and sediment 

compaction, thereby influencing polygonal fault development. Over-pressured 
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fluids migrating upwards through the plumbing system of the sediment volcano 

could have introduced increased pore fluid pressure around the feeder system. This 

would reduce the effective stress of the sediment and therefore affect compaction, 

contraction and diagenesis of the material. Since these are the main driving forces 

for all polygonal fault formation mechanisms described in the literature, it seems 

possible that a local change in compaction history and effective stress could affect 

polygonal fault nucleation. In this case, I interpret that the cylindrical pattern 

surrounding the fluid pipe would mark the radial limits of where a pipe-induced 

increase in pore pressure was no longer strong enough to prevent polygonal faults 

from propagating which could explain the perfectly circular planform. 

Alternatively, a change in lithology due to intruding coarser-grained 

material e.g. intruding sandy sediments into the fine-grained sedimentary 

sequences is known to prevent polygonal faults from nucleating (Cartwright, 2011; 

Cartwright et al., 2003). Sand intrusions often exhibit conical or saucer-shaped 

geometries, especially when intruding pervasive polygonal fault systems (Bureau 

et al., 2013; Chenrai and Huuse, 2020; Hurst et al., 2003; Monnier et al., 2014; 

Shoulders et al., 2007) and are mainly characterised by high-amplitude anomalies, 

a highly disrupted top and base and often chaotic internal reflections (Bureau et al., 

2013; Hurst et al., 2003; Hurst and Cartwright, 2005). Although I do not observe 

these characteristics, it is possible that thin (sub-seismic scale) permeable stringers 

(i.e. sand injectites) could intrude the surrounding of the sediment volcano feeder 

pipe. Such permeable stringers would enable dewatering of their host strata. In the 

upper Eocene polygonal faulted tier-1 localized dewatering in this way could 

prevent polygonal fault nucleation. Figure 4.9 clearly indicates remobilisation and 

intrusion of sediments into this tier. An increased volume of coarser-grained 

material intruding tier-1 also could have changed the bulk lithology to a degree that 

it was no longer prone to polygonal fault formation. 

The higher amplitudes and lower frequency of strata within the cylinder 

below polygonal fault tier-1 (Figure 4.8A and B) indicate a change in physical 

properties within this zone. I interpret this as being due to the presence of some 

amount of free gas within the cylinder, which would contribute to both an increase 

in amplitude and a decrease in frequency. Again, thin gas-charged sand stringers 
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might cause the low-frequency high-amplitude reflections in the cylinder below 

tier-1 (Figure 4.8). Since the anomalous high-amplitude reflections cannot be 

directly correlated to horizons surrounding the cylinder I assume accumulation of 

some amount of free gas below the polygonal fault tier-1 and horizontal radial 

migration.  

Within tier-1, horizons are offset by polygonal and cylindrical faults but can 

generally be traced throughout the 3D survey and through the cylinder. This 

indicates deposition of sediments within the cylinder was contemporaneous to its 

surrounding and prior to the vertical migration of sediments and fluids. 

4.5.4 Recent fluid migration 

Although a distinct low-velocity zone around the bright spots is not obvious, 

the amplitude reversal, the acoustic curtain and the possible connection to deeper 

strata and the distinct class 3 AVA anomaly suggest that the shallow bright spots 

represent free gas (Figure 4.10).  

The 300-m-wide near-vertical zone of reduced AVA attribute connects the 

shallow gas to Mound M9 at about 3 s TWT (Figure 4.10A). I do not interpret the 

blanked-out zone to be an imaging artefact (e.g., the high-reflection coefficient of 

shallow gas causing a zone of “acoustic turbidity” or a “seismic curtain” beneath) 

since it is not vertically aligned beneath the shallow gas but is rather offset slightly 

basinward (Figure 4.10B). Importantly, I note that the blanked-out zone is also 

visible in far angle stacks (32°-41°) where the shallow gas can be under-shot to 

avoid any vertical imaging artefacts (Figure 4.13). I therefore interpret the feature 

to be a geological conduit (or “chimney”) that focuses fluid flow. Mound M9 appears 

to be the root of the chimney. Since Mound M9 shows no distinct differences to 

adjacent mounds at depth, I assume that it must have recently reactivated to create 

the chimney. The migrated seismic section shows mainly continuous reflections 

with no indications of sediment modification or deformation in or around the 

chimney, at the resolution of these data (Figure 4.10B). The presented data 

therefore suggest that active sediment remobilisation of Cretaceous sediment eased 

during the Paleocene below Mound M9. Paleocene to Eocene strata in this area 

mainly consists of fine-grained material with high porosities but low permeabilities 
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(Blanke, 2015). Since no faults are visible, I assume capillary invasion by gas and 

small-scale fracturing (sub-seismic scale) to be the most likely process for chimney 

formation. 

4.5.5 Timing of fluid migration 

Polygonal faults, in general, form during the early burial history of their host 

sediments (Berndt et al., 2012; Cartwright and Dewhurst, 1998). Pockmark 

formation above or within polygonal fault systems due to porewater expulsion and 

sediment compaction would therefore be expected to be contemporaneous with the 

faulting (Andresen and Huuse, 2011; Gay et al., 2004; Maia et al., 2016). In some 

cases, pipes or chimneys form within or above polygonal fault systems, channelling 

and episodically releasing fluids to form pockmarks (Berndt et al., 2003; Gay and 

Berndt, 2007; Ho et al., 2018a). In these cases, pockmarks can also form 

asynchronous to polygonal faults. However, no such pipes are observed above or 

within the tiers of polygonal faulting in this dataset. Although there seem to be 

several types of interaction between polygonal fault and pockmark formation, the 

location and extension of polygonal faults beneath and up to the Marshall 

Paraconformity suggest nucleation and growth prior to or during the formation of 

the Marshall Paraconformity.  

Hillman et al. (2018) reported on the modification of present-day seafloor 

depressions by submarine currents on the Canterbury Slope. Due to their analogous 

expression in shape and size and their spatial proximity (Figure 4.14), I assume that 

similar currents are responsible for the northward facing elongated shape of the 

buried pockmarks in this study. This shows the potential of buried pockmarks to 

study past oceanographic conditions. Higher amplitudes in the seafloor craters are 

probably due to the removal of fine-grained material by seeping fluids leaving only 

coarse-grained highly reflective material or due to authigenic carbonate 

precipitation.  

Our results show that Cretaceous sediment intrusions push up the lower 

Paleocene strata, creating mounded structures. Onlapping strata indicate a mid-

Paleocene age of formation for most of the intrusions. Only Mound M7 seems to 

deflect Eocene and Oligocene sediments, indicating a later stage of formation.  
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Figure 4.14: Comparison between present-day seafloor pockmarks (left of dotted 
line) and buried pockmarks on the Marshall Paraconformity (right of dotted line) 
(Figure 4.5) both, mapped in the Waka 3D dataset at different stratigraphic levels 
but in close spatial proximity.  

The lack of any seismic evidence of fluid flow above the Marshall 

Paraconformity in the vicinity of anomalous Mound M7 suggests that fluid flow 

activity associated with Mound M7 has not occurred during the Neogene. In 

contrast, my results suggest relatively recent activity in the chimney above Mound 

M9. I assume that the feeder system beneath Mound M7 was sealed off and that the 

overpressured Cretaceous sequences beneath the level of the mounds switched to 

Mound M9, resulting in the establishment of a new chimney system (Figure 4.15). 

The radial and polygonal faults in the Paleocene tier-3 probably formed 

during or shortly after the up-doming of Cretaceous sediment-pillows and 

laccoliths, as also suggested by Hansen et al. (2005). The polygonal and cylindrical 

faults in the upper Eocene tier-1 suggest that fluid actively migrated and altered the 

stress field during polygonal fault nucleation. This suggests that the sediment 

volcano formed prior to or simultaneously with the polygonal faults. Since 
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polygonal faults, in general, form during the early burial history of their host and 

the mud volcano edifice forms on the upper boundary of the polygonal faults 

(Marshall Paraconformity) a simultaneous formation seems likely. 

 

 

Figure 4.15: Schematic summary of mud and fluid migration in the Canterbury 
Basin. Paleocene mud intrusions are followed by Oligocene sediment volcanism and 
polygonal faults. Recent fluid migration from a reactivated sediment intrusion 
reaches all the way to the present-day seafloor. 

 

  



4.6 Conclusions 
 

97 
 

4.6 Conclusions 

Three fluid migration events imaged in the seismic data point to the 

existence of recent and past sediment migration and gas emissions in the 

Canterbury Basin, originating from Cretaceous sediments. Due to the difference in 

timing, the events show very different structural effects on the overburden 

sediment.  

Shallow gas, manifesting itself in bright spots in the seismic data, represents 

a recent focused fluid migration event sourced from the same stratigraphic level as 

the sediment volcano. Due to the more lithified sediments at this stage, overburden 

sediment appears to be less deformed by the migrating fluids compared to the 

conduit feeding the sediment volcano.  

Cretaceous intrusions into Paleocene strata indicate widespread sediment 

remobilisation in the Canterbury Basin during the Paleocene. I have imaged the 

plumbing system of an ancient sediment volcano that expelled material onto the 

surface of the Marshall Paraconformity. Reduced sediment thicknesses around the 

feeder system indicate that the Paleocene/Eocene sediment that hosts the 

plumbing system probably provided additional material that ascended and was 

intruded back into other (shallower) sedimentary formations. The sediment 

volcano plumbing system likely formed prior to or simultaneously with the upper 

Eocene polygonal fault system. Pockmarks on the same buried surface where 

sediments were extruded indicate additional fluid expulsion from another source, 

potentially the polygonal fault system. Present-day seafloor depressions as well as 

buried pockmarks could not be related to any hydrocarbon seepage and should 

therefore not be used as hydrocarbon proxies in this case.  

The lack of polygonal faults within a cylindrical feature around the fluid 

conduit (over a radial distance of 2 km) is a striking observation which could be 

explained by a number of processes. 

1) Increased pore pressure and decreased effective stress around the 

sediment volcano feeder pipe resulted in a different compaction history compared 

to the surrounding strata.  
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2) Permeable, thin (sub-seismic scale) stringers intruded into the fine-

grained material of polygonal fault tier-1. These permeable stringers supported 

dewatering of tier-1 and therefore changed the compaction history. 

3) Remobilised coarser-grained material extruded outward from the feeder 

pipe and changed the lithology within a cylindrical area sufficiently to prevent 

polygonal fault nucleation.  
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Chapter 5 

 

Complex eyed pockmarks and submarine 

groundwater discharge revealed by acoustic data 

and sediment cores in Eckernförde Bay, SW 

Baltic Sea 

5.1 Introduction 

Escalating water demand in coastal areas and the nature and dynamics of 

interconnected onshore and offshore aquifers have significantly increased scientific 

interest in submarine groundwater discharge (SGD) over recent decades. SGD often 

carries large amounts of nutrients into the sea with diverse implications for the 

coastal ecosystems and environments (Lecher et al., 2016; Moore, 2010). Cho et al. 

(2018) estimated that the global nutrient flux into the oceans through SGD even 

exceeds riverine inputs. Future climate change and, in particular, an expected 

increased frequency of global droughts (IPCC, 2014; Seager et al., 2007) have 

provided traction to research into offshore groundwater reserves as a possible 

source of potable and agricultural water (Berndt and Micallef, 2019). Therefore, 

cost- and time-effective detection and characterisation of submarine groundwater 

systems, the dynamics of their discharge, and their temporal and spatial variation, 

are crucial for a potential exploitation in the future. 

Numerous methods have been used to detect and quantify SGD (Burnett et 

al., 2006) including optical systems (Karpen et al., 2004), geochemical water-

column investigations of tracers like the natural radionuclides radium and radon 
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(Burnett and Dulaiova, 2003; Moore, 1996; Moore et al., 2008; Scholten et al., 2013), 

dissolved silicon (Oehler et al., 2019), methane and chloride (Dulaiova et al., 2010; 

Schlüter et al., 2004), remote sensing (Shaban et al., 2005; Tamborski et al., 2015; 

Wilson and Rocha, 2012) and direct investigations using cores and different types 

of seepage meters (Bugna et al., 1996; Burnett and Dulaiova, 2003; Cable et al., 

1997; Sauter et al., 2001). Only a few geophysical methods, like geoelectric 

(Stieglitz, 2005; Viso et al., 2010), controlled source electromagnetic (CSEM) 

(Gustafson et al., 2019; Müller et al., 2011), or autonomous underwater vehicle 

(AUV) investigations (Sauter et al., 2003) have been used to explore SGD. Other 

hydroacoustic studies often postulate SGD solely based on geomorphological 

characteristics, but without any geochemical verification (e.g. Goff, 2019; Hillman 

et al., 2015; Jakobsson et al., 2020). 

Submarine hydrocarbon seeps likewise attract much interest because of the 

specific micro-environments they create at the seafloor (Berndt, 2005; Judd and 

Hovland, 2009) and their influence on slope stability (Chapron et al., 2004; Riboulot 

et al., 2019), representing a risk to infrastructure (Cayocca et al., 2001; Mulder and 

Chochonat, 1996). Since they often emit methane, a potent greenhouse gas, they can 

contribute to climate change and exacerbate symptoms of global warming like 

ocean acidification and oxygen depletion in the oceans (Biastoch et al., 2011; Borges 

et al., 2016; Leifer et al., 2006; Lohrberg et al., 2020; Solomon et al., 2009). 

In Eckernförde Bay, sulfate reduction is the dominant process for organic 

carbon degradation in the upper ~30 cm below the seafloor before the sulfate is 

depleted (Maltby et al., 2018). Below the sulfate-methane transition zone (SMTZ) 

methanogenesis leads to methane oversaturation and gas formation in the organic-

rich mud, resulting in widespread acoustic turbidity zones (Figure 5.1). Several 

pockmarks form along the coastlines as well as in the central part of Eckernförde 

around Mittelgrund as a result of gas and submarine groundwater seepage 

(Bussmann and Suess, 1998; Jensen et al., 2002; Kaleris et al., 2002; Müller et al., 

2011; Patiris et al., 2018; Schlüter et al., 2004; Whiticar, 2002). In Eckernförde Bay 

questions remain regarding the fluid contributions to pockmark formation as well 

as the different pockmark classifications given by different authors (Albert et al., 

1998; Whiticar, 2002). Although numerous research cruises and international 
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research projects (e.g., Coastal Benthic Boundary Layer [CBBL], Submarine 

Groundwater Fluxes and Transport Processes from Methane-Rich Coastal 

Sedimentary Environment [Sub-GATE]) have investigated the geological, 

geomechanical, geochemical and geophysical background of the pockmarks and 

their host sediments, the internal pockmark geomorphology is still poorly 

constrained. Sidescan and multibeam data published by Sauter et al. (2003) and 

Schlüter et al. (2004) show the delineation and depth of the pockmarks but are 

unable to reveal their internal structure and morphology.  

In this chapter, I investigate the geomorphological expressions of SGD and 

gas escape as well as the subbottom characteristics within the pockmarks in 

Eckernförde Bay. I conducted hydroacoustic surveys using multi-frequency 

singlebeam, multibeam and subbottom profiler data in 2014, and 2019 and use data 

from cruises in 2017 and 2018 and ground truth observations from these data with 

porewater geochemistry from 13 sediment cores as well as CTD casts and transects 

of the water column. This high-frequency (up to 400 kHz) study, on the one hand, 

provides very high-resolution bathymetry enabling me to acquire targeted and 

accurately positioned sediment cores for porewater-analysis and groundtruthing. 

On the other hand, the high-frequency has limited but significant seafloor 

penetration and therefore provides subsurface information. I investigate a new type 

of pockmark associated with SGD in gaseous mud. Hovland et al. (2002) described 

complex- unit- and eyed-pockmarks but a combination of them has not been 

reported previously. I aim to improve the characterisation of pockmarks forming 

by SGD and gas and to determine possible acoustic indications for groundwater 

discharge in regions of organic-rich gaseous mud.  
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Figure 5.1: Overview bathymetric map of Eckernförde Bay with geological surface 
sediments overlaid, as described by Jensen et al. (2002). High-resolution 
bathymetry from cruise AL447 (2014) overlays the regional bathymetry kindly 
provided by the Federal Marine Hydrographic agency. The sediment background 
core FL19 is indicated by the blue dot. Littorina sediments were deposited during 
or after or the Littorina transgression (< 8000 yr BP). 

5.2 Data 

5.2.1  Multibeam echo sounder 

The multibeam echo sounder (MBES) data used in this study are a series of 

repeated surveys of the pockmarks carried out over a 4.5-yr period. The data were 

acquired on R/V Alkor and R/V Littorina during four surveys in October-November 

2014 (cruise AL447), August 2017 (cruise AL501), May 2019 (cruise L1905) and 

September 2019 (cruise AL527). Three different MBES systems were used during 

variable weather conditions resulting in grids with different resolutions. 

For cruise AL447 in 2014, an EM2040c system was installed on R/V Alkor 

with a 200-400 kHz transducer combined with a CodaOctupus F180 motion sensor. 

During cruises AL501 and AL527 in 2017 and 2019, a Norbit Wideband Multibeam 

System (iWBMS) with integrated motion sensor was operated at 400 kHz. For cruise 
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L1905 in 2019, I used a 180 kHz Seabeam1000 system. More specific information 

on the MBES data acquisition can be found in the corresponding cruise reports 

(Krastel et al., 2017, 2019; Schneider von Deimling et al., 2014, 2019). The data 

were assessed, calibrated and cleaned using software packages including 

MBSystems, QPS Qimera/Fledermaus and Hypack/Hysweep. I acquired sound 

velocity profiles in regular intervals which were assigned to the data during 

postprocessing with respect to their time of acquisition. Tidal corrections were 

applied using the tidal gauge in Eckernförde with reference to NHN, DHHN92.  

The final processed data have horizontal resolutions of up to 0.5 m and 

decimetre scale vertical resolutions enabling the imaging of 3 - 15 cm deep trawl 

marks. The backscatter amplitude data were corrected for the variation with 

grazing angle. I ensured the highest possible resolution by using the raw 

backscatter time-series data for each footprint (snippets) where available and 

compensated for the angle of incidence using reference grids.  

5.2.2  Subbottom profiler 

Subbottom profiler data were acquired with the R/V Alkor and R/V 

Elisabeth Mann Borgese in late October 2014 (cruise AL447), the beginning of July 

2018 (cruise EMB187) and August 2018 (cruise AL514). I used the parametric 

Innomar SES-2000 medium system creating secondary peak frequencies between 

4 and 15 kHz. For cruises AL447, AL514 and EMB187 4, 4, and 6 kHz were used 

respectively. The data were converted into SEG-Y format and further processed and 

interpreted using the IHS Markit Kingdom software packages.  

5.2.3  Sediment cores 

During the L1905 cruise in May 2019, I used a Frahm-Lot (100 cm core liner, 

diameter of 10 cm; MBT GmbH – MacArtney Germany) to collect a total of 13 

sediment cores with sediment recovery between 20 and 60 cm.  

For porewater sampling, the plastic liner was pre-drilled along the side with 

diameters of 2.5 and 8 mm, respectively, then drill-holes were closed with adhesive 

stripes, to insert syringes or Rhizones directly after core recovery. After retrieval of 
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sediment cores on deck, 3 ml of sediment was subsampled by inserting plastic 

syringes in a 2-4 cm interval into the predrilled holes. The sampled sediment from 

each syringe was pushed into a 20 ml headspace vial containing 9 ml of saturated 

NaCl-solution (Sommer et al., 2009). Headspace vials were crimped with a rubber 

stopper and aluminium cap and stored for gas chromatographic analysis at 

GEOMAR. Headspace gas (100 µl) was injected into a Shimadzu gas chromatograph 

(GC-2014, flame ionization detector, carrier gas: He 5.0; HayeSepTM Q 80/100 

column, column length: 2 m; column diameter: 1/8 in.). The detection limit for CH4 

was 0.1 ppmV. Precision was about 4% (2σ). 

Porewater was sampled onboard in 1-4 cm intervals by Rhizon extraction 

(Rhizosphere Research Products; e.g. Seeberg-Elverfeldt et al., 2005) for 

subsequent sulfate and chloride ion concentration determinations onshore. The ion 

concentrations were analysed at GEOMAR by using ion chromatography (Metrohm 

IC761; conductivity detector, eluent: Na2CO3/NaHCO3, column: Metrosep A Supp 5 

100/4.0) with a precision of about 2% (2σ) determined with IAPSO seawater 

standard. The porosity of sediment was determined from about 10-15 g of wet 

sediment samples, weighted before and after freeze-drying. 

Methane solubility calculations have been performed for bottom water 

conditions (Water depth = 26 m, Temperature = 15°C, and Salinity = 20 (~312 

mmol/l chloride)) according to Yamamoto et al. (1976). 

To maximise the accuracy of positioning of the vessel and the cores, I used a 

Stonex S9i GNSS receiver with Real Time Kinematic (RTK) corrections received 

from the ascos (AXIO-NET GmbH) satellite reference service resulting in 

centimetre-scale accuracy at the receiver. The positioning of on-board coring 

equipment and cable deployment resulted in metre-scale accuracy for the core 

position (indicated by 5-m-diameter circles in Figure 5.2 and Figure 5.5). 

5.2.4 EK60 

During cruises AL447 (October 2014) and AL514 (August 2018), the fix 

mounted Kongsberg EK60 fishery echosounder was operated at multiple 

frequencies at 38, 70, 120, and 200 kHz for gas bubble detection and to identify 

potential anomalies associated with SGD. The four frequencies were calibrated with 
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copper spheres in the beginning of the cruise. Pulse length and power were constant 

throughout the cruise. 

5.2.5  CTD  

During R/V Littorina Cruise L1905 I acquired three CTD water column 

profiles with two towed transects using a Sea & Sun CTD. For the transects the CTD 

was towed ~1 m above the seafloor. 

5.3 Results 

5.3.1 Bathymetry 

The high-resolution bathymetry data south of Mittelgrund show the internal 

morphology of the targeted pockmarks in a water depth of ~25 m (Figure 5.2, 

Figure 5.3, Figure 5.4 and Figure 5.5). The pockmarks show a mean elevation 

difference of ~1.8 m compared to the surrounding area. They are elongated features 

and align around Mittelgrund, with widths of up to 200 m and lengths of over 1 km. 

The seafloor morphology within the pockmarks is highly variable. In some areas, I 

observe a smooth and relatively flat seafloor, while other regions show a highly 

uneven surface with anomalous mounds and depressions. These depressions 

within the pockmarks – which I hereafter refer to as “intra-pockmarks” – mainly 

occur on the side furthest from Mittelgrund. The smoother areas – which I hereafter 

refer to as “background-pockmark” – mainly occur on the side closest to 

Mittelgrund, although patches of smoother pockmark seafloor are also observed 

beyond the intra-pockmarks further from Mittelgrund.  
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Figure 5.2: Bathymetric overview of the eastern Mittelgrund pockmark (data from 
cruise AL447 in October 2014). A: Bathymetric map highlighting the large scale 
eastern Mittelgrund pockmark (coloured region) and its internal intra-pockmark 
and background-pockmark regime. Example mounds are also labelled, and the red 
line shows the towed CTD-tracks. B: Corrected (300 kHz) backscatter image 
showing the high-amplitude responses of the intra-pockmarks. Coloured dots show 
core locations and the black lines delineate the classification regime shown in (C). 
C: Slope map overlaid with pockmark classification (semi-transparent colours) as 
described in the text. Dashed lines show the location of the subbottom profiler data 
displayed in Figure 5.7 and Figure 5.8 and coloured dots show core locations.  
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I divide the pockmark area southwest of Mittelgrund into three different 

regimes based on bathymetric morphology and their acoustic character. In Figure 

5.2C I distinguish between (1) background (blue), (2) background-pockmark 

(black), and (3) intra-pockmark (red). The background regime describes the area 

outside the pockmarks (i.e., beyond both background-pockmark and intra-

pockmark) which is morphologically characterised by a smooth surface with 

several 3 - 15 cm deep trawl-marks, especially to the southeast and west of the 

pockmark area. Within the pockmarks, the background-pockmark regime makes up 

most of the eastern Mittelgrund pockmark area (~70 %; see Figure 5.2) and shows 

a remarkably even surface. The intra-pockmark regime on the contrary shows a 

highly uneven surface, with depressions (intra-pockmarks) of various sizes and 

shapes, from circular to very complex forms. They show diameters between a 

couple of metres and ~30 m with a vertical relief that ranges from decimetre scales 

up to 1 m. The intra-pockmark regime shows a high pockmark density with 

depressions occurring close to each other without much space between them. The 

different regimes are in some places divided and in other places intersected and 

interrupted by several circular to elliptical anomalous mounded structures with 

heights of up to 50 cm. The various data resolutions and data qualities of the 

multibeam surveys permitted a comparison of the bathymetry over the 4.5-yr time 

period. My visual inspection and differencing of the grids revealed only slight 

bathymetric changes over the course of the sampling period. No changes were 

observed between 2014 and 2017. Systematic artefacts due to different track lines 

and temporal changes in yaw, pitch and roll could be observed. The lower resolution 

of the L1905 (May 2019) dataset also revealed no changes to previous datasets, 

while the comparison of the 2017 and late 2019 data shows sediment deposition 

within the intra-pockmarks in the east and slightly deeper intra-pockmark areas in 

the west (Figure 5.3 and Figure 5.4). The background-pockmark regime does not 

show any distinct elevation changes over time while the intra-pockmarks seem to 

infill (Figure 5.3 D and E). The overall morphology of the pockmarks and the 

different regimes seems steady over time.  
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Figure 5.3: Bathymetry of A) 2014, B) 2017, and C) 2019. Profiles through the 
pockmarks (D, E) show no changes in the background-pockmark over time but 
indicate sediment deposition in the intra-pockmark regime. 
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5.3.2 Backscatter 

By thorough inspection of the geolocated multibeam snippet backscattering 

strength, I found a good correlation to the morphological data (Figure 5.2 and 

Figure 5.5). Outside the pockmarks, in the background regime, I generally find low 

backscattering strength (averaging -36 dB) with slightly enhanced amplitudes  

(~ -30 dB) within the trawl marks in the southeast and west (Figure 5.2B). North 

and northeast of the pockmarks are areas of very strong backscatter that 

correspond to the Mittelgrund late-glacial sands.  

 

Figure 5.5: A) 300 kHz backscatter image of the western Mittelgrund pockmark 
showing the patchy strong backscatter strength of the intra-pockmarks (cruise 
AL447, October 2014). Inset graph shows the clear inverse correlation between 
relative backscatter strength (dB) and seafloor elevation (m). B) Bathymetry of the 
pockmark with strong backscatter values (< -30 dB) overlain in white. Inset shows 
the 180 kHz backscatter image of cruise L1905, May 2019.  
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Within the pockmarks, the background-pockmark area does not show any 

elevated backscatter signals (< -30 dB) and is characterised by a rather consistent 

and homogeneous response (Figure 5.2B). The intra-pockmark areas on the other 

hand, exhibit highly variable acoustic responses that vary from very strong (< -20 

dB) to very low (> -40 dB) signal strength (Figure 5.2B). This relationship can also 

clearly be seen in backscatter data from the western Mittelgrund pockmark (Figure 

5.5A). The strong backscatter values appear in patches and correlate with the 

bathymetric lows of the individual intra-pockmarks (Figure 5.5A). Nearly all 

individual intra-pockmarks show increased backscatter strength, with the 

strongest responses (< -30 dB) shown in white in Figure 5.5B. Backscatter values 

similar in strength to those of the late-glacial sands of Mittelgrund (~ -20 dB) are 

observed in several of the intra-pockmarks.  

 

Figure 5.6: Backscatter changes over time. A) October 2014 (AL447), B) May 2019 
(L1905), and C) September 2019 (AL527) 
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Although the data quality from the surveys varies due to different equipment 

and weather conditions, the patchy backscatter pattern of the intra-pockmarks 

remains obvious across all datasets (Figure 5.6). Since different frequencies were 

used and the backscattering strength was not calibrated, only relative backscatter 

changes can be interpreted.  

5.3.3 Subbottom profiling 

The subbottom profiler data show the characteristic shallow gas front of 

Eckernförde Bay with the acoustic turbidity zone below (Figure 5.7) as observed by 

Hinz et al. (1971). The depth beneath the seafloor of the free gas front varies 

significantly over time. During the early July 2018 measurement campaign, the 

average depth of free gas in the background regime was ~70 cm while in October 

2014 gas occurrences at a depth of ~40 cm were observed, in accordance with 

reports by Wever et al. (1998). In July 2018 (Figure 5.7A), the acoustic 

manifestations of shallow gas accumulations in the background regime appear as 

condensed regions of high reflectivity with sharply delineated tops. In October 2014 

(Figure 5.7B), by contrast, where the gas accumulations occur closer to the seafloor, 

they have a less condensed and more distributed acoustic manifestation. In the 

intra-pockmark regime, I observe similar changes over time, although they do not 

seem to be as pronounced as the temporal changes observed outside of the 

pockmarks (in the background regime). High-amplitude reflections occur in the 

uppermost 50 cm throughout the datasets in the intra-pockmark regime.  

Outside of the pockmarks, in the background area, the free gas manifestation 

shows strong horizontally continuous amplitudes with occasional regions where 

the gas front is absent or occurs at greater depths (Figure 5.7), previously described 

by Albert et al. (1998) as acoustic windows. Within the pockmarks, free gas appears 

closer to the seafloor but the gas front is less continuous and the reflected acoustic 

energy is more distributed over a wider depth interval (Figure 5.7 andFigure 5.8). 

Several patches, indicating free gas, occur close to the seafloor.  

I extracted the reflected acoustic energy within a 50 cm window below the 

seafloor by computing the envelope of each trace and subsequently summing the 

envelope within that window (Figure 5.7 and Figure 5.8). The sum of energy shows 
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strongly elevated energy levels at shallow sub-seafloor depths within the intra-

pockmark regime compared to the background-pockmark and background 

regimes.  

 

Figure 5.7: Innomar subbottom profiler data across the Mittelgrund pockmarks, 
with the energy extracted from the upper 50 cm beneath the seafloor in red and the 
along-track multibeam backscatter in black (in the accompanying plots). A: Profile 
acquired during July 2018, B: Profile acquired during October 2014 (locations in 
Figure 5.1, Figure 5.2 and Figure 5.5). Sediment core locations along the profile are 
marked by labelled dots. Semi-transparent colours in the dots and behind the 
energy plots are representative of different seafloor classifications as defined in 
Figure 5.2C. 

The background-pockmark area, delineated in grey in Figure 5.8, shows a 

very weak seafloor reflection and no internal reflections above a layered high-

amplitude southward dipping unit. This unit extends from the surface of 

Mittelgrund in the north beneath the pockmarks and is commonly referred to as the 

late-glacial sands (Jensen et al., 2002). High energies in the 50 cm below the seafloor 

are observed in the north of the profile shown in Figure 5.8 around Mittelgrund, 

where the late-glacial sands subcrop at the seafloor and create a rough and 

hummocky morphology.  
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This late-glacial sand unit is only visible in the northern part of the pockmark 

area (in the background-pockmark regime). Distal from Mittelgrund, in the intra-

pockmark regime, free gas occurs close to the seafloor, limiting the acoustic 

penetration. The transparent unit above the late-glacial sands in the background-

pockmark region shows no signs of free gas and low to moderate reflection energy 

in the subbottom profiler as well as in the backscatter data. 

5.3.4 Sediment cores 

I obtained sediment cores, 20-60 cm in length, from all three acoustically 

distinguishable regimes (Figure 5.2, Figure 5.5 and Figure 5.9). All sediment cores 

consisted of a dark-grey to black muddy lithology with a variable centimetre-scale 

brown fluffy layer on top. The water content of the mud throughout the cores was 

extremely high, with porosities averaging 93% in the upper centimetres as 

previously reported by Silva and Brandes (1998). More than 50% of the attempts 

to recover a sediment core on deck failed due to discharge of the soft, 

unconsolidated, weak and water-saturated mud, resulting in loss of the core before 

sampling could take place.  

Porewater geochemistry profiles, i.e. methane-, chloride-, and sulfate-

concentration versus depth from these cores are shown in Figure 5.9. No distinct 

differences in porosity or other sediment properties were observed in the cores. 

The background core (FL19, Figure 5.1, Figure 5.8 and Figure 5.9) shows no 

enhanced methane concentrations in the uppermost 30 cm and an increase of 

methane to ~2 mM below 50 cm. Sulfate in the core decreases between sediment 

surface and 30 cm depth (SMTZ) from about 16 mM down to below ~2 mM, while 

the chloride concentration in the porewater is more or less constant with depth at 

about 290-320 mM.  
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Figure 5.9: Porewater methane, chloride and sulfate concentrations in all sediment 
cores collected, colour-coded by regime.  
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The cores collected in the background-pockmark area show a higher SMTZ 

located at about 10 cm below the sediment surface; however, maximum methane 

concentrations below this depth are about 1 mM, which is well below the methane 

solubility at this depth (i.e. 5.18-5.27 mM; Figure 5.9). No free gas voids were 

observed in the background and background-pockmark sediment after core 

recovery on deck. Core FL17 in the background-pockmark regime shows one of the 

strongest gradients in sulfate decrease, while core FL44 displays one of the lowest. 

Chlorinity profiles vary in the background-pockmark area. While the northernmost 

core FL17 shows a strong decrease with depth to ~5 mM of chloride, the 

southernmost core FL44 shows chloride variability similar to the background core 

FL19. 

 

 

Figure 5.10: Voids in the sediment cores containing free gas immediately after core 
recovery (core FL18).  
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With core FL24 I targeted one of the mound structures where only minor 

porewater freshening with depth is observed. The sulfate and methane 

concentration profiles of FL24 are comparable to background core FL19 (Figure 

5.9). 

In the intra-pockmark regime, all cores show a strong groundwater influence 

from below. Porewater chloride concentrations of less than 100 mM (~30 % of the 

bottom water concentration) were measured at about 10 cm (Figure 5.9). These low 

chloride values are accompanied by high methane concentrations of up to 2 mM at 

10 cm and strong methane concentration gradients with depth. The SMTZ occurs 

between ~5 and 15 cm in the intra-pockmark regime and methane concentrations 

of up to 5.42 mM were measured in core FL18 at about 30 cm (Figure 5.9). As bubble 

formation even under in situ pressure conditions is anticipated based on the 

measured methane concentration, the scattered methane concentration measured 

below 30 cm is probably related to strong degassing effects on deck. Indeed, several 

cores from this region showed evidence of free gas bubbles beneath ~10 cm, when 

they came to the surface (Figure 5.10). This includes core FL42, which for an 

unknown reason, does not show enhanced dissolved CH4 porewater concentrations 

higher than 0.3 mM. I attribute this lack of methane to degassing during core 

acquisition and unfortunately too long storage time on deck until sampling (Abegg 

and Anderson, 1997; Wever et al., 1998).  

5.3.5 CTD  

I conducted three CTD casts with two towed transects in different regions of 

Eckernförde Bay. The location of the towed CTD transect is shown in Figure 5.1A. 

All of the casts and transects show low saline surface water of S~14 (~218 mmol/l 

chloride) with an increasing salinity to ~20 (~312 mmol/l chloride) in the bottom 

water, as characteristic for the Baltic Sea (Bange et al., 2011; Lennartz et al., 2014). 

Although I managed to tow the CTD as close as ~1 m above the seafloor, none of the 

CTD casts or transects showed any groundwater influence on the water-column, 

neither within nor outside of the pockmarks.   
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5.4 Discussion 

5.4.1  Characterisation of Eckernförde Bay pockmarks 

Albert et al. (1998) have noted that pockmarks closer to the coast of 

Eckernförde Bay appear to be a different type altogether to those around 

Mittelgrund. This was based on the observation of low methane and low chloride 

concentrations, as measured by Whiticar and Werner (1981) and later by Whiticar 

(2002) in the Mittelgrund pockmarks, compared to high methane concentrations in 

pockmarks closer to the coast.  

The high-frequency multibeam approach enabled me to collect targeted 

sediment cores with a metre-scale accuracy. These new data suggest a classification 

of the pockmarks into different regimes rather than separating the coastal and 

Mittelgrund pockmarks into different types based on different eroding agents from 

below. Depending on core location, even within the same pockmark, methane and 

chloride concentrations can vary significantly (Figure 5.9). While the background 

regime shows no influence of groundwater, a comparatively deep SMTZ and only a 

moderate positive methane gradient below the SMTZ, the cores from within the 

pockmarks are variable. In the northern background-pockmark regime low 

methane concentrations correlate with a thin organic-rich Littorina mud cover 

above the late-glacial sands (Figure 5.8). The subbottom profiler data show no signs 

of free gas or internal reflections in this area. I observe a moderate methane 

concentration gradient below the SMTZ with maximum methane concentrations 

well below the solubility of methane in porewater (core FL17, Figure 5.9). The even 

seafloor of the background-pockmark area therefore corresponds to high 

groundwater influence with low methane concentrations. The background-

pockmark sulfate profile of core 44 shows anomalously high concentrations of 

sulfate compared to the other cores, down to 12 cm. The high sulfate is accompanied 

by moderate methane concentrations and high chloride concentrations indicating 

limited groundwater influence. The sigmoidal shape of the sulfate concentration 

profile below 12 cm indicates a non-steady state of anaerobic microbial methane 

oxidation (AOM) related to sulfate reduction during the respective season (Schulz, 

2006). Although the porosity of this core is not anomalous compared to other cores, 



5.4 Discussion 
 

120 
 

a high permeability and effective exchange of porewater with bottom water at the 

top of the core could be the cause. The background-pockmark regime therefore 

varies in sulfate and chloride according to the location of the core, the thickness of 

the Littorina mud cover, and the influence of ascending groundwater. 

In the intra-pockmark regime, the mud reaches thicknesses of more than 1 

m above the late-glacial sands and the SMTZ is shifted to shallower depths 

compared to the background-pockmark. Free gas occurs very close to the seafloor 

as seen in the subbottom profiler data as well as in the sediment cores, and the 

elevated methane concentrations are reaching oversaturation at depth (e.g., FL27, 

Figure 5.9). Although Jensen et al. (2002) reported that the late-glacial sands extend 

over the entire Eckernförde basin, I cannot resolve this southward dipping unit 

outside the background-pockmark area due to the acoustic turbidity where free gas 

is present. All the cores in this morphologically rough intra-pockmark region show 

a strong groundwater influence with high methane concentrations and a shallow 

SMTZ. 

5.4.2 Formation and modification processes of the intra-

pockmarks 

The formation of the Eckernförde pockmarks has been debated for decades. 

Bottom currents (Werner, 1978), military activities (Edgerton et al., 1966), gas 

seepage (Fabian and Roese, 1962) and groundwater seepage (Khandriche and 

Werner, 1995; Whiticar and Werner, 1981) have all been proposed as formation 

mechanisms since their discovery by Edgerton et al. (1966). It is now widely 

accepted that episodic artesian groundwater springs, in combination with bottom 

currents, erode the pockmarks (Bussmann and Suess, 1998; Jensen et al., 2002; 

Kaleris et al., 2002; Müller et al., 2011; Patiris et al., 2018; Schlüter et al., 2004; 

Whiticar, 2002). The newly observed (this study) eyed intra-pockmarks in 

Eckernförde Bay seem to host both high methane and low chloride concentrations. 

Albert et al. (1998) proposed that the Eckernförde pockmarks act as morphological 

sinks for organic material and therefore could enhance methanogenesis close to the 

sediment-water interface. Khandriche and Werner (1995) suggested that the 

erosion of the pockmarks, once initiated, leads to a positive feedback mechanism 
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since deeper sediment layers with a higher gas content are exposed to water 

currents. Since the depth of the gas front varies within the sediments by tens of 

centimetres (magnitudes higher than accumulation or erosion rates) due to 

seasonal variations and short-term weather conditions, I assume that the high gas 

content close to the seafloor within the pockmarks is the result of groundwater 

seepage rather than erosion. The high gas content combined with the low chlorinity 

very close to the seafloor induces sediment instabilities and a reduction in shear 

strength (Sills and Wheeler, 1992) which consequently make sediments more easily 

erodible. In areas where only minor gas concentrations were measured in the 

pockmarks (background-pockmark area) I find an even and flat seafloor 

morphology, whereas in areas with strong methane gradients (intra-pockmark 

area) I observe a scoured surface which likely indicates lower shear strength and 

additional erosion. Since I did not observe any indications for seafloor scouring by 

bottom currents (e.g. elongation, preferred orientation or azimuthal variations in 

the slope of the intra-pockmarks) I propose that the abnormally shallow gas (which 

forms due to SGD, see section 5.4.3.) and the episodic release of groundwater are 

the main drivers of intra-pockmark formation. I suggest that the free gas changes 

the geotechnical properties, i.e. reduces the shear strength (Sills and Wheeler, 

1992), meaning that even weak groundwater discharge phases erode the very fine 

sediments. The background-pockmark, on the other hand, shows no indications for 

elevated methane concentrations and I therefore presume that its morphology is 

the sole result of groundwater discharge during strong discharge phases. 

5.4.3  Enhanced backscatter signals of intra-pockmarks 

High backscatter at the bottom of pockmarks, as I observed in Eckernförde 

Bays intra-pockmarks, is a common phenomenon (Dandapath et al., 2010; Hovland 

et al., 2002; Judd and Hovland, 2009; Loncke et al., 2004). Seeping fluids frequently 

result in authigenic carbonate precipitation due to the microbially driven anaerobic 

oxidation of methane once methane enters the SMTZ (e.g. Boetius et al., 2000; Ritger 

et al., 1987). These carbonates are often associated with high-amplitude, positive-

polarity reflections and a high backscatter signal in pockmarks (Böttner et al., 2019; 

Dandapath et al., 2010; Ho et al., 2012; Judd and Hovland, 2009). Similarly, the 
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suspension of fine-grained material due to fluid escape, leaving the coarser-grained 

material behind as well as enhancing biological activity due to seeping fluids 

(skeleton remains, dead and living shells, etc.) can create a strong impedance 

contrast and a rougher surface area and therefore result in strong backscatter 

values in pockmarks (Hovland, 1989; Hovland et al., 2002; Reusch et al., 2015). 

These pockmarks containing highly reflective objects at their centres have 

commonly been described as ‘eyed’ pockmarks (Hovland et al., 2002).  

In Eckernförde Bay, the carbonate concentration in the sediment is 

extremely low (<2%) due to undersaturation in bottom waters (Lewy, 1975; Wefer 

et al., 1987), ruling out carbonate precipitation as a plausible cause of high 

backscatter. Also, the pockmark area, which was well sampled over recent decades, 

shows a surface sedimentary composition that consists of homogeneous Holocene 

mud without a significant amount of coarser-grained material (section 5.3.4, Jensen 

et al., 2002; Martens et al., 1999; Schlüter et al., 2004; Whiticar, 2002). Similar to 

carbonate, gas-bearing sediments induce a strong impedance contrast to the 

surrounding water-saturated sediments which creates a strong (albeit negative 

polarity) reflection. Beneath the intra-pockmarks, the closely spaced subbottom 

profiler data show that the shallow gas front occurs closer to the seafloor and 

becomes patchier compared to the surrounding regions. This is highlighted by the 

sum of acoustic energy extracted within a 50 cm window beneath the seafloor 

(Figure 5.7). The upper 50 cm includes the strong reflections associated with the 

shallow gas in the intra-pockmark regime (see CH4 saturation in Figure 5.9) while 

excluding the reflections associated with deeper gas in the background. 

Additionally, the sediment cores collected within the intra-pockmarks show 

elevated methane concentrations compared to the background-pockmark and 

background cores. In several sediment cores recovered on deck, I visually detected 

free gas bubbles ~10 cm beneath the sediment-water interface (Figure 5.10). 

Moreover, measured methane concentrations of the intra-pockmark regime are 

comparable to the solubility limit of methane at in situ pressure, temperature and 

salinity conditions (Figure 5.9). This, together with the good correlation of 

multibeam backscatter strength and subbottom profiler reflectivity shown in 

Figure 5.7 and Figure 5.8, suggests that the elevated backscatter results from free 

shallow gas within the sediment at depth of ~10-20 cm.  
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Tang et al. (1994) reported that backscatter from a 40 kHz benthic acoustic 

measurement system results from gas voids about 1 m beneath the seafloor in 

Eckernförde Bay. In a geologically very similar environment to Eckernförde Bay, 

Schneider von Deimling et al. (2013) showed how a 12 kHz multibeam system can 

be used to map shallow gas in up to 12 m sediments depth, while a 95 kHz system 

detected the sediment-water interface. My results indicate that, in the soft muddy 

sediments of Eckernförde Bay (with low attenuation coefficients of ~0.1- 

0.2 dB m-1 kHz-1 (Jackson and Richardson, 2007)), even the 400 kHz systems 

penetrate the upper few decimetres of the seafloor, and volume scattering provides 

information on subsurface sediment properties (in this case, partially gas saturated 

sediment). A large-scale seafloor backscatter classification approach in Eckernförde 

Bay by Alevizos et al. (2018) classified parts of the Mittelgrund pockmarks to 

consist of sand with small amounts of gravel due to the elevated backscatter signals 

in the pockmarks. The intra-pockmarks indeed exhibit exceptionally high 

backscatter values with signal strengths comparable to the backscatter of the late-

glacial sands of Mittelgrund. However, no substantial amount of sand or gravel has 

been reported from sediment cores or grabs in this region and the automated 

seafloor classification likely incorrectly identified the free gas as sand. 

The depth of the shallow gas front in Eckernförde Bay changes over time on 

a short term (effective pressure dependent) and seasonal (water temperature 

dependent) basis (Treude et al., 2005; Wever et al., 2006, 1998). On a seasonal basis, 

the bottom-waters have highest temperatures around October-November with 

lowest bottom-water temperatures during March-April (Lennartz et al., 2014). 

While a decrease in water temperature increases the solubility of methane, a 

temperature increase reduces the solubility and therefore increases the amount of 

free gas bubbles. The free gas front is therefore expected to be deepest during 

March-April and shallowest between October and November (Wever et al., 1998). I 

observe this phenomenon in the subbottom data where the EMB187 line (acquired 

on 7th July 2018) shows a free gas front around 70 cm below the seafloor in the 

background area compared to ~40 cm below the seafloor in the AL447 data 

(acquired on 22nd October 2014).  
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Although the different multibeam systems used for acquisition were not 

calibrated for the target strength (i.e., pockmark backscatter cannot be directly 

compared) the backscatter distribution pattern of the intra-pockmarks seems to be 

unaffected by seasonal variations and show the same strong patchy backscatter 

character throughout all three datasets (22nd October, 8th September, and 16th May). 

This suggests that free shallow gas constantly resides in the uppermost decimetres 

within the intra-pockmark regime and affects multibeam backscatter systems with 

180, 300, and 400 kH. This is supported by strong amplitudes close to the seafloor-

water interface in all subbottom profiler data (Figure 5.7). I suggest that this 

phenomenon results mainly from the ascending groundwater, which is thought to 

intensify the upward migration of dissolved as well as free methane gas 

(Khandriche and Werner, 1995), thereby increasing gas concentrations closer to 

the seafloor. Moreover, as sulfate is rapidly depleted in porewater by ascending 

groundwater (Figure 5.9), the SMTZ is uplifted and thus the depths where 

methanogenesis would lead to oversaturation. Therefore, gas bubble formation is 

uplifted in areas of SGD.  

5.4.4 Acoustic indicators for groundwater 

One aim of this study was to find hydroacoustic indications for SGD in the 

water column or the seafloor. Khandriche and Werner (1995), as well as Bussmann 

& Suess (1998) reported decreased salinities in the water column down to S=2.9 

(~45 mmol/l chloride) near the bottom of a pockmark, indicating a strong 

groundwater outflow during their surveying. However, repeated dedicated water 

column analysis of multibeam water column imaging data and Simrad EK60 

singlebeam data over several years revealed no indications of groundwater 

influence on the water-column above the pockmark sites. I could observe several 

small gas seeps and single gas bubbles in the acoustic water column data though 

(Figure 5.11). Horizontal, locally continuous pycnoclines observed in the EK60 data 

do not seem to be affected by fluid seepage above the pockmarks (Figure 5.11). This 

agrees with findings from Bussmann and Suess (1998) who reported that the water 

column stability was not affected by less dense groundwater at the base of the 

pockmarks. The lack of observed acoustic reflections from discharging 
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groundwater may indicate a quiescence phase during the sampling periods. My 

sediment porewater chloride profiles (collected May 2019) and also published 

chloride records from Albert et al., (1998), Bussmann et al. (1999), Müller et al. 

(2011) or Schlüter et al. (2004) indicate that mixing of low saline groundwater with 

seawater already occurs in the upper sediments preventing the low saline 

groundwater from seeping out. In Eckernförde Bay the discharge rate is highly 

variable since groundwater discharges episodically (Bussmann and Suess, 1998; 

Schlüter et al., 2004). Unfortunately, no long-term seepage meters were available 

during the surveys. Even during a strong groundwater outflow event, like observed 

by Khandriche and Werner (1995) or (Bussmann and Suess, 1998), strong mixing 

between fresh and saltwater could occur, resulting in a gradual transition of 

acoustic impedances between the two water bodies which prevents the 

development of a reflection at their interface. I therefore used a different attempt to 

find acoustic indications for SGD by analysing the seafloor morphology and 

backscatter characteristics. 

In general, the sediment cores I collected in Eckernförde Bay show a strong 

relation between methane concentrations and groundwater. Only in core FL17, low 

chloride porewaters occur close to the sediment surface but no enhanced methane 

concentrations were observed, nor do I find acoustic indications for free gas in the 

background-pockmark area. I attribute this to the relatively thin organic-rich 

sediment cover above the late-glacial sands of Mittelgrund which are dipping south 

beneath the pockmark (Figure 5.8). The thickness of organic-rich Littorina mud 

covering the sands increases with distance from Mittelgrund, and once the Littorina 

mud reaches thicknesses of more than ~1 m, free gas occurs in the sediments. 
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With this one exception, all porewater profiles show increased methane 

concentrations where chloride concentrations are low. In previous studies, Bugna 

et al. (1996) and Dulaiova et al. (2010) used elevated methane concentrations in 

groundwater as a tracer for SGD. Ascending groundwater is not only often already 

enriched in dissolved methane but also suppresses sulfate mixing into the sediment 

and therefore increases the amount of metabolizable organic carbon reaching the 

methanogenic zone, allowing gas to form closer to the seafloor (Albert et al., 1998; 

Dulaiova et al., 2010). Albert et al. (1998) modelled the influence of different 

groundwater fluxes on methane concentrations in Eckernförde Bay and showed 

how an increased groundwater flux can lead to enhanced methane concentrations 

close to the seafloor when assuming a higher input of metabolizable organic 

material into morphological sinks like pockmarks. As discussed earlier I 

acoustically detected and highly accurately located the free gas phase in the muddy 

sediments of Eckernförde Bay. The free gas phase and therefore the high 

backscatter in the pockmarks directly correlate with low chloride concentrations. I 

therefore assume that in areas with sufficient organic material and methanogenesis, 

acoustic investigations can provide indications for groundwater seepage. Since 

Fleischer et al. (2001) showed how globally abundant gaseous muds are in coastal 

waters and shallow adjacent seas, this approach will have significant implications 

for future efforts to detect and characterise SGD.  
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5.5 Conclusions  

Using high-resolution acoustic data in combination with 13 precisely located 

sediment cores I reveal the nature of different pockmark classifications made by 

previous authors in Eckernförde Bay. I propose a classification of the pockmarks 

into different regimes according to their morphological and backscatter 

characteristics rather than differentiating them into different types based 

exclusively on the porewater geochemistry. I discovered a new form of eyed intra-

pockmarks with enhanced backscatter signals at their bases which is neither caused 

by authigenic carbonates nor by a change in seafloor material, but rather by shallow 

gas occurring close to the seafloor. This implies that even when using high-

frequencies, significant signal penetration and volume scattering needs to be 

considered and seabed classification methods must take this into account. I assume 

that submarine groundwater discharge 1) enhances upward migration of dissolved 

and free methane gas bubbles to the seafloor, and 2) enhances methanogenesis 

close to the seafloor due to decreased sulfate concentrations in groundwater. This 

leads to an extremely shallow, consistent and more stable gas front within the intra-

pockmarks, less affected by temperature changes than the surrounding area. I 

suggest that this consistent shallow gas alters the geotechnical properties of the 

unconsolidated sediments making them more easily erodible by the discharging 

groundwater than the surrounding sediments. The intra-pockmarks are therefore 

a manifestation of groundwater flow that mobilises free gas, which in turn promotes 

sediment weaknesses and subsequent erosion. Recognizing this process is 

important for understanding how pockmarks can be caused by SGD and why they 

occur where they do. Ultimately, this will help in identifying and characterising 

offshore groundwater systems which may become important sources of fresh water 

in the future. 

I showed that high-frequency multibeam data can be used to detect shallow 

gas within the sediment in regions of SGD. The seafloor morphology combined with 

backscatter data can, therefore, be used to obtain indications for potential 

groundwater seepage in organic-rich, gaseous, and muddy sediments. Since shallow 

gas in muddy sediments is a common global phenomenon, my study highlights the 

importance of investigating how SGD and shallow gas interact close to the seafloor. 
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I showcase that even at 400 kHz frequency, backscattering strength is significantly 

increased by subsurface volume scattering from shallow gas. My study also 

highlights the potential for shallow gas to confuse bathymetric depth and 

backscatter interpretations, in addition to studies dealing with lower frequencies 

(e.g., Gaida et al., 2019; Schneider von Deimling et al., 2013). In particular, I show 

that high-resolution hydroacoustic surveys followed by targeted coring can be used 

to identify specific locations of SGD and provide new insight into how SGD 

influences seafloor geochemistry and morphology. The knowledge on the 

occurrence of SGD in deeper basins and oceans is limited (Post et al., 2013) because 

of the lack of suitable detection techniques. The methodology I presented describes 

a possible way to survey SGD associated with methane release and can be used 

elsewhere around the world to improve the identification and characterisation of 

SGD. 
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Chapter 6 

 

Conclusions 
Through the different studies presented in this thesis, I have examined fluid 

migration processes at multiple scales in two geologically different areas. This 

multi-scale approach enabled me to identify a range of processes that result in fluid 

migration and seafloor seepage and helps to constrain the timing of fluid expulsion 

over geological time scales. It also provided insight into the different fluids involved 

in pockmark formation processes and their interactions with one another. I 

constrained pockmark modification and formation processes in the Canterbury 

Basin as well as in Eckernförde Bay, characterising them using seismic and 

hydroacoustic data. In the following, I will summarize the main findings and provide 

integrated conclusions of the different studies.  

6.1 Main findings 

Timing of focused and basin-wide fluid migration and their role in the 

formation of buried and present-day seafloor pockmarks in the 

Canterbury Basin. 

I was able to constrain the timing of focused fluid migration as well as the 

basin-wide fluid expulsion by polygonal faults to three individual phases. 

1. During the Paleocene, Cretaceous sediments intruded the overlying strata 

resulting in up-doming of the Paleocene host rock. The sediment intrusions 

likely formed due to overpressured sediments at depth. The mounded 

structures affect the overlying Paleocene polygonal fault system due to an 
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anisotropic stress field above the intrusions. This anisotropic stress field 

results in radial faults (with a length of up to 3 km) spreading away from the 

mound like intrusions.  

2. During the Oligocene, basin-wide fluid expulsion occurred in the form of 

dewatering of the Eocene strata and related polygonal fault formation. 

Above the Eocene polygonal faults, pockmarks have formed on the Oligocene 

Marshall Paraconformity. Several channels on this surface reveal the paleo-

slope direction and a crater-like structure indicates sediment deposition on 

this surface. These sediments are likely been sourced from Cretaceous strata, 

similar to the Paleocene intrusions, and extruded on the Marshall 

Paraconformity through a sediment volcano that was active during the 

Oligocene. 

3. More recently, fluid expulsion from the present-day seafloor is indicated by 

numerous pockmarks on the Canterbury Shelf and Slope. Although shallow 

gas accumulations on the Canterbury Slope – associated with a recent gas 

migration event from Cretaceous strata – are evident in the seismic data, the 

spatially widespread pockmark occurrence and the local gas manifestation 

on the slope make a correlation unlikely. Since I could not find any indication 

of active gas seepage in several extensive datasets on the shelf and slope, 

different formation mechanisms had to be evaluated for the present-day 

seafloor pockmarks. While the slope pockmarks likely formed during a 

monogenetic fluid expulsion event, the shelf pockmarks seem to have 

formed episodically over time. 

Fluids involved in pockmark formation in the Canterbury Basin 

Above the Eocene polygonal fault system, widespread buried pockmarks 

form on the Oligocene Marshall Paraconformity surface. These are likely related to 

the dewatering of the Eocene fine-grained sediments and the channelling of the 

fluids along the polygonal faults. No indications for past or present gas 

accumulations in the Eocene tier could be identified.  

The present-day seafloor depressions observed on the Canterbury Shelf 

probably formed due to gas seepage. In several regions on the shelf, gas is still 
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apparent in the seismic data. Although the regions of free gas occurrence and the 

regions where pockmarks occur only partly overlap, it seems possible that gas has 

escaped from these seafloor depressions in the past. This is  supported by the spatial 

concurrence of free gas and low pockmark densities on the seafloor.  

On the slope, on the other hand, I could only identify one localised area with 

free shallow gas that is probably related to thermogenic gas migration from depth. 

On the rest of the well-explored slope, there are no indications of free gas in the 

shallow subsurface. As Hillman et al. (2015) already stated, a gas-induced pockmark 

formation mechanism seems unlikely. Similarly, a canyon related formation 

mechanism (as introduced by Hillman et al. (2015)) could be ruled out because of 

the widespread pockmark distribution on the slope. It seems possible that CO2 

hydrates as proposed by Stott et al. (2019) or sediment compaction related 

processes, as proposed elsewhere by Chenrai & Huuse (2017) or Dugan & Flemings 

(2000), have contributed to their formation.  

Effects of focused fluid migration on polygonal faults 

The Eocene polygonal fault system is apparent throughout the Canterbury 

Basin, but the formation of these faults is clearly suppressed in the surroundings of 

a fluid conduit that was feeding an ancient sediment volcano on the surface of the 

Marshall Paraconformity. It appears that dewatering of the fine-grained sediments 

is focused at the centre of a cylindrical region, 2 km in radius, probably contributing 

to the discharge of fluids and sediments onto the ancient surface that is now 

represented by the Marshall Paraconformity. 

I assume this phenomenon occurred either because of a differential stress 

field induced by buoyant upward-migrating fluids that accumulate at depth, or 

because of permeable stringers intruding into the surroundings of the feeding pipe 

and therefore facilitating the dewatering of near-by sediments. This would make 

additional dewatering pathways like faults redundant, which is why they do not 

occur in this region.   
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Relationship between sediment grain size distribution and pockmark 

occurrence on the Canterbury Shelf 

Sediment grainsizes on the Canterbury Shelf range from muds to gravelly 

sands, which are variable distributed over the shelf (Bostock et al., 2019a). 

Pockmarks are restricted to deeper parts of the shelf (80-140 m) but occur in all 

different sediment regimes on the shelf. The low-resolution grain size distribution 

from Bostock et al. (2019a) corresponds well to the regional backscatter data, 

which gives insight into more detailed sediment distribution patterns. Although 

only limited data are available on the shelf, it is apparent that the pockmark density 

correlates to the regional backscatter strength and therefore the different grain 

sizes. While I observed over 90 pockmarks/km2 in the muddy areas of the shelf, 

fewer than 10 pockmarks/km2 occur in the sands. This suggests that fluid expulsion 

was not restricted to certain areas but occurred over large regions of the shelf.  

Acoustic indicators for submarine groundwater discharge (SGD) 

I found acoustic indications for SGD in the form of complex eyed pockmarks 

in Eckernförde Bay. No indications for freshwater discharge in the water column 

above pockmarks were apparent in the hydroacoustic data. This seems to result 

from the mixing of groundwater and seawater within the upper few centimetres of 

the sediments. 

Although I observed no direct seismic manifestation of groundwater 

expulsion into the water column, I was still able to provide new insights into 

morphological characteristics of SGD as well as acoustic manifestations of SGD at 

the seafloor. In organic-rich, gaseous muddy sediments the free gas phase occurs 

closer to the seafloor in areas of SGD, compared to regions without SGD. The depth 

of the free gas, which can be mapped using hydroacoustic data, can therefore 

provide indications for potential SGD locations. 

Effects of shallow gas on high-frequency multibeam backscatter data 

I show that even with a 400 kHz multibeam system, subsurface volume 

scatter must be considered in seabed classification approaches. To date, these high-

frequencies were thought to only detect the water-sediment interface without 

penetrating the subsurface. In the weakly attenuating muds of Eckernförde Bay, 
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significant signal penetration into the subsurface occurs in areas of SGD. This is 

revealed by the exceptionally high backscatter within the intra-pockmarks which is 

associated with free gas that lies tens of centimetres beneath the seafloor.  

Influence of SGD on pockmark formation and shallow gas distribution in 

the muddy sediments of Eckernförde Bay  

SGD clearly influences the distribution and the depth of free gas occurrences 

in Eckernförde Bay. In regions of SGD, the upward migration of dissolved as well as 

free methane gas towards the seafloor is enhanced. Additionally, the SMTZ is 

uplifted due to suppressed sulfate diffusion into the sediment and therefore rapid 

sulfate depletion with depth. As a result, free gas occurs closer to the seafloor in 

regions of SGD compared to regions without SGD. This shallow gas creates the eyed 

pockmarks observed in Eckernförde Bay. In regions of sufficient organic matter 

accumulation and resulting free gas occurrence, intra-pockmarks and an uneven 

surface with a strong relief are seen, whereas, in areas, where groundwater forms 

the pockmark without additional gas seepage, the pockmark seafloor is smooth and 

flat. I therefore assume that gas enhances erosion and pockmark formation, but 

groundwater seems to be the main driver of pockmark formation in Eckernförde 

Bay.  

Contribution of different fluids in the formation of pockmarks 

I managed to acoustically differentiate three distinct areas in Eckernförde 

Bay that correlate to different fluid expulsion regimes, which I refer to as the 

“background regime”, the “pockmark-background regime” and the “intra-pockmark 

regime”. The background regime is characterised by a comparatively deep gas 

occurrence and is not affected by groundwater seepage. In the pockmark-

background regime, no gas occurs because of limited organic mud covering the late-

glacial sands, but groundwater seepage affects the seafloor morphology. The intra-

pockmark regime is affected by gas as well as groundwater seepage, which leads to 

the strongest topographic depressions and high backscatter signals.   
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6.2 Final concluding remarks 

Pockmark formation mechanisms in many regions are still poorly 

constrained (Judd and Hovland, 2009). This includes the present-day and the buried 

pockmarks on the Canterbury Shelf and Slope. I present a new form of eyed 

pockmarks associated with SGD in Eckernförde Bay. Their formation mechanism 

includes enhanced gas concentration due to groundwater seepage, leading to 

oversaturation of methane close to the seafloor. The interstitial gas reduces the 

shear strength of the shallow sediments making them prone to erosion by bottom 

currents or seepage events. New Zealand’s largest onshore aquifer system and 

reduced salinities observed in IODP well Site U1353 suggested a possible 

connection of pockmarks on the Canterbury Shelf to offshore groundwater systems. 

Modelling results from Micallef et al. (2020) indicated that groundwater flow rates 

on the shelf would not be sufficient to induce pockmark formation on the shelf. 

However slow, seeping groundwater on the shelf would still reduce the diffusion of 

sulfate into the sediment and therefore elevate the sulfate-methane-transition zone, 

leading to enhanced methane concentrations closer to the seafloor. Although I do 

not observe present-day indications for methane beneath all of the pockmarks on 

the shelf, it may still be a formation process that was active in the past. The 

increased recognition of SGD in many regions worldwide will reveal how 

widespread this phenomenon is.  

6.3 Recommendations for future work 

Several aspects of the different studies presented in this thesis remain open 

for discussion and require further investigation. This section briefly discusses 

potential future research directions and suggestions for projects that might aid in 

furthering our understanding of the processes behind pockmark formation and sub-

seafloor fluid flow. 

6.3.1 Pockmark formation processes 

On the Canterbury Shelf, bottom currents and the sediment distribution are 

still poorly constrained. The limited multibeam data on the shelf, although sufficient 
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to give some insight into shelfal processes and the pockmark distribution and their 

alignment, cannot reveal changes in secondary modification processes of the 

pockmarks (e.g. elongation, alignment) over the shelf, as expected if the alignment 

was caused by eddy currents. A designated multibeam backscatter survey on the 

shelf with a constant frequency, pulse width, and power combined with seafloor 

samples would help to better constrain the sediment distribution pattern on the 

shelf. I observed several distinct seafloor backscatter changes in the shallower 

regions of the Canterbury Basin (Figure 6.1), which would be a good target for 

analysing multibeam frequency penetration as well as sedimentation processes on 

the Canterbury Shelf. Sediment cores and targeted seafloor samples on the shelf, 

within and outside of both the elongated and the circular pockmarks would help to 

better understand their formation history. Geochemical analysis of the cores could 

test the hypothesis of a shallower SMTZ beneath pockmarks compared to their 

surroundings. Investigations into the high-backscatter pockmarks on the shelf 

could help to constrain their formation fluid; i.e. if it was methane, then carbonate 

precipitation could be the reason for the high backscatter. 

 

Figure 6.1: Backscatter patterns on the Canterbury Shelf, indicating pronounced 
changes of seafloor material. 

The relationships between pockmarks, polygonal fault systems and the 

dewatering pathways of buried fine-grained sediments remain unclear. Further 

mapping of seismic horizons above polygonal fault systems to identify potential 

seeping structures such as pockmarks could further constrain the dewatering 

mechanisms of fine-grained sediments. 
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6.3.2 Submarine groundwater discharge 

A key consideration that remains unexplored is the potential change in water 

column reflectivity around SGD. The acoustic detection of groundwater seepage 

would enormously increase the effectiveness of locating groundwater seep sites. So 

far, point measurements of geochemical water analysis are primarily used to locate 

and characterise SGD. It seems likely that I did not observe any changes in the water 

column reflectivity above the pockmarks in Eckernförde Bay because of low 

discharge rates and the mixing of fresh groundwater and saline bottom water 

already within the seafloor sediments prior to discharge into the overlying sea. This 

is supported by the sediment cores that show high salinities at the top of the core 

decreasing with depth.  

I am interested in designing a study above localised SGD sites in karstic 

regions, where discharge rates exceed 1 m3/s. The water column reflectivity in 

these regions could be supplemented by continuous resistivity measurements using 

geoelectric methods combined with CTD casts.  

6.3.3 Temporal variations of Eckernförde Bay pockmarks 

The pockmarks of Eckernförde Bay have been the subject of numerous 

projects. Detailed multibeam studies conducted in 2014 and 2017 reveal no distinct 

changes in the seafloor morphology of these pockmarks. Previous studies (e.g. 

Khandriche & Werner (1995)) suggest that sediment ripples form above pockmarks 

in Eckernförde Bay. Bottom currents in the region reach more than 55 cm/s. It is 

intriguing that although two hurricane-force storm events (Orkan Axel, January 

2017; and Orkan Niklas, March 2015) and an associated storm surge with a 

reoccurrence interval of 15-20 years have occurred in the western Baltic Sea during 

this time period (Perlet and Holfort, 2017), with no apparent changes in seafloor 

morphology observed. Further analysis of deposition and erosion rates within the 

pockmarks as well as bottom current analysis could help to understand variations 

in pockmark morphology. The morphological depressions of the intra-pockmarks 

seem to be preferred areas of sediment deposition and would make a good target 

to determine sediment transport processes in Eckernförde Bay.  
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Appendix 

Appendix A: Cruise reports 

For the studies presented I used existing data from previous cruises in 

combination with newly acquired data during my PhD. I was glad to be able to 

participate in cruises 17PL124, 19PL410, 19PL377, AL447, L1905. Additionally, I 

was also able to participate in an R/V Roger Revelle cruise (RR1901/RR1902) and 

an R/V Tangaroa cruise (TAN1708) which data did not contribute to my thesis.  

TAN1703 

The R/V Tangaroa cruise TAN1703 was part of the EU funded MARCAN 

project, a 5-year research project that investigates the role of offshore groundwater 

in the geomorphic evolution of continental margins. The cruise was investigating 

meteoric recharge and topographically-driven groundwater flow using seismic, 

CSEM and hydroacoustic data as well as sediment cores in the Canterbury Basin. 

During this cruise, an extensive multibeam dataset on the Canterbury Shelf was 

acquired which revealed pockmarks on the continental shelf. Cruise report: 

Mountjoy et al. (2017) 

TAN1608 

Tan1608 was a designated multibeam survey on the Canterbury Slope 

operated by NIWA. This survey was designed to complement and extend previous 

bathymetric data from the canyon system offshore Otago, acquired during cruise 

TAN1209 in 2012. The new data acquired, combined with the archive dataset, 

results in a bathymetric coverage that encompasses ~40,000 km2 on the eastern 
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continental slope of New Zealand’s South Island. Cruise Report: Mitchell et al. 

(2016) 

EW0001 

During R/V Maurice Ewing expedition EW0001 a dense grid of multichannel 

seismic data were collected from the middle to outer shelf and slope in the 

Canterbury Basin. This survey was in support of an Ocean Drilling Program (ODP) 

proposal and was designed to image the Oligocene to Neogene depositional 

sequences indicative of sea-level fluctuations. Cruise report: (Fulthorpe et al., 

2000a) 

19PL410 

The primary objective of R/V Polaris II cruise 19PL410 was to obtain 

multibeam backscatter and high-resolution boomer seismic data along a transect 

perpendicular to the shoreline in the Canterbury Basin. The backscatter data, 

groudtruthed by sediment samples along the transect and complemented by the 

boomer seismic data, were used to constrain the lithological environment that is 

needed to form pockmarks on the Canterbury Shelf. Cruise participants: Jasper 

Hoffmann, Hamish Bowman, Josiah Lilbourne, Valerie Kwan, Tesia Lin. 

18PL377 

During R/V Polaris II cruise 18PL377 I acquired high-resolution water-

column imaging (WCI) data to test the hypothesis of potential active degassing and 

pockmark formation on the Canterbury Shelf. Previous WCI results during cruise 

TAN1703 in this area were inconclusive. Using very short pulse length I assured the 

highest possible WCI resolution. The multibeam data were complemented by 

boomer seismic data, to identify potential fluid sources required for pockmark 

formation. Cruise participants: Jasper Hoffmann, Hamish Bowman, Tayla Ann Hill, 

Oliver Rees, Lisa Schmidt, Kara Jurgens.  

17PL124 

The aim of R/V Polaris II cruise 17PL124 was to investigate shallow 

subsurface fluid migration on the Canterbury Slope. In the northeast of the Waitaki 

canyon, two shallow bright spots could be identified in the 3D Endurance seismic 

dataset. The bright spots are situated within the first ~100 ms of the seismic data 
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directly below numerous seafloor depressions. The aim was to investigate a 

possible connection between the bright spots, that could indicate free gas below the 

seafloor, and the seafloor depressions. We collected high-resolution boomer 

seismic data as well as multibeam data on the Canterbury Slope and in the vicinity 

of the Waitaki Canyon head. Cruise participants: Jasper Hoffmann, Andrew Gorman, 

Hamish Bowman, Oliver Rees, Nathanael Chandrakumar, Luke Carrington, Yvonne 

Caulfield.  

AL447 

The main objectives of R/V Alkor cruise AL447 were to determine controls 

on methane seepage in the Baltic Sea. Therefore, different sites were visited around 

the Baltic Sea, including Eckernförde Bay. Designated water column investigations, 

as well as bathymetric and subbottom profiler data, were acquired to investigate 

gas as well as groundwater flux in the bay. Cruise report: Schneider von Deimling et 

al. (2014) 

AL501 & AL527 

Alkor cruises AL501 and AL527 were part of the marine geophysical field 

course of the University of Kiel, investigating the western Baltic Sea. During both 

cruises bathymetry as well as Innomar subbottom profiler data were acquired in 

Eckernförde Bay. Cruise reports: Krastel et al. (2019, 2017) 

EMB187 

The purpose of R/V Elisabeth Mann Borgese cruise EMB187 was the 

measurement of Rn and Rd in the water column and the upper sediment to better 

constrain submarine groundwater discharges (SGD) in Eckernförde Bay. Several 

Innomar subbottom profiles were acquired to find sites characteristic for SGD. 

Cruise report: Prien et al. (2018) 

L1905 

During FK Littorina cruise L1905 we investigated the effects of (SGD) on the 

seafloor geomorphology and the water column in Eckernförde Bay. The main aim 

was to collect sediment cores and porewaters to groundtruth hydroacoustic 

investigations in that area. Cruise report: (Schneider von Deimling et al., 2019)
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B1.1  Hoffmann, J.J.L., Gorman, A.R. and Crutchley, G.J., 2019. Seismic evidence for 
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A B S T R A C T

Seismic imaging techniques are widely used to determine fluid migration pathways in the subsurface.

Understanding the timing and distribution of focused fluid migration pathways is important for assessing re-

servoir seal quality and hydrocarbon exploration risk, as well as seafloor biogeochemical processes in the case of

fluid venting from the seafloor. The frontier Canterbury Basin southeast of New Zealand is well studied, but

questions remain regarding the dynamic movement of fluids through the basin. Using 3D seismic data combined

with high-resolution boomer seismic data, we characterise focused fluid migration and sediment remobilisation

events in the Canterbury Basin. We show how polygonal fault formation and nucleation is affected in the vicinity

of vertically ascending fluids and sediments. A cylindrical region devoid of polygonal faulting around the feeder

system of a buried sediment volcano points to the possible existence of an axisymmetrical stress field induced by

upward migrating fluids and sediments. Sediment remobilisation and intrusions of permeable stingers (i.e. sand

injectites) could enable dewatering of their host strata and thereby prevent polygonal faults from nucleating.

Amplitude variations with angle (AVA) and a detailed analysis of two tiers of polygonal faults reveal three

phases of fluid migration and sediment remobilisation and intrusion through, and into, low permeability sedi-

ments. Our integrated conceptual model provides insights into vertical fluid migration mechanisms and the

implications for polygonal fault formation.

1. Introduction

Fluid transport through focused flow systems is a widespread phe-

nomenon in sedimentary basins. Fluid migration and accumulation

processes play important roles in hydrocarbon exploration, hazard as-

sessment, and environmental conservation (Anka et al., 2012). On the

seafloor, circular depressions – often referred to as pockmarks due to

their appearance in seafloor bathymetric imagery – can be indicative of

underlying fluid migration pathways such as faults, pipes or chimney

structures (Berndt et al., 2003; Hovland et al., 2005; Løseth et al.,

2011). In some cases, such depressions have been interpreted to result

from the removal of sub-seabed material by gas hydrate dissociation

and subsequent collapse (Imbert and Ho, 2012; Riboulot et al., 2016;

Sultan et al., 2010). The more common process described in the lit-

erature is the suspension and removal of seabed material by escaping

fluids (King and MacLean, 1970; Mazzini et al., 2016). Pockmarks can

form due to episodic dewatering and sediment compaction in sedi-

mentary basins, often in combination with a non-tectonic class of faults,

known as polygonal faults (due to their polygonal form in planview).

These faults only form in very fine to fine-grained tiers of sedimentary

strata where they alter the bulk permeability of the otherwise low

matrix permeability and expel as much as 60 percent water by volume,

which is why they are considered a major fluid source (Berndt et al.,

2003; Cartwright et al., 2007; Cartwright and Lonergan, 1996;

Verschuren, 1992). Pipe structures in the overburden of polygonal fault

systems show that polygonal fault systems can act as a long term source

for fluid flow (Berndt et al., 2003) as well as pathways for upward fluid

migration from deeper strata (Gay et al., 2004). Ho et al. (2016) suggest

the lower parts of polygonal faults may behave as fluid conduits while

the upper parts of the fault planes appear to be sealed. The polygonal

planform may be modified by the underlying morphology as well as by

anisotropic stress fields (Ho et al., 2018a).

Sedimentary volcanoes (often classified as mud volcanoes, but also

sometimes consisting of coarser-grained, non-cohesive material) are a

specific category of natural gas/oil seepage and in general confirm the

existence of overpressured hydrocarbon reservoirs in the region

(Mazzini and Etiope, 2017; van Loon, 2010). They are an important

pathway for degassing deeply buried sediments and represent a
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significant source of methane in the atmosphere (Dimitrov, 2002).

However, in most cases, methane escaping from the seafloor is dis-

solved and consumed as it rises through the water column (McGinnis

et al., 2006) where it has implications for marine biogeochemistry

(Leifer and Judd, 2002).

The Canterbury Basin off the southeast coast of New Zealand is the

target of on-going commercial petroleum exploration (NZOG, 2018).

Six offshore exploration wells (Fig. 1) have been drilled with at least

three shows of gas condensates in uncommercial quantities. However,

fundamental questions persist regarding sub-surface fluid flow in the

basin.

We focus on three-dimensional (3-D) seismic expressions of fluid

migration pathways through sedimentary sequences that include sev-

eral extensive tiers of polygonal faults. Seismic data analysis, particu-

larly in 3-D, is ideally suited to this research because seismic reflectivity

and coherency are highly sensitive to both structural deformation and

fluid flow processes (Marfurt et al., 1998; Simm and Bacon, 2014). In

particular, we examine formation mechanisms of cylindrical faults

around a fluid conduit. The aims of this study are: (1) to investigate the

nature, and provide a seismic characterisation, of recent and buried

fluid migration pathways, (2) to constrain the timing of fluid migration

in the Canterbury Basin and (3) to present a conceptual integrated

model for the formation of the fluid migration pathways.

2. Geological setting

2.1. Canterbury Basin

The Canterbury Basin, located on the eastern passive continental

margin of New Zealand's South Island, covers an area of

∼360,000 km2; it is bounded to the north by the Chatham Rise and in

the south by the Great South Basin. The present-day passive continental

margin off the Canterbury/Otago coast is characterised by a variable

shelf width of 10–90 km. The margin slope in this region is incised by

numerous canyons and gullies, especially south of the Waitaki Canyon

(Fig. 1).

The margin began to rift from Antarctica at about 105Ma (Strogen

et al., 2017) and is now located∼200 km to the east of the Alpine Fault

(the plate boundary between the Australian and Pacific plates). It has

experienced one large-scale tectonically controlled transgressive-re-

gressive cycle during the Cretaceous to Recent, with maximum flooding

during the Oligocene (Fulthorpe and Carter, 1989). The tectonically

forced sea-level cycle has been overprinted by shorter-term eustatic sea-

level changes. The region has been relatively stable tectonically since

rifting with faulting only occurring close to shore, mainly associated

with local igneous intrusions of late Eocene-Oligocene and Miocene

ages (Coombs et al., 1986; Milne et al., 1975).

Fig. 1. Bathymetric overview map of the Otago margin working area (Data source: (NIWA 2016, 2012)). The inset map in the lower right shows the location (black

box) of the main map. The footprints of two 3D seismic surveys (Waka 3D and Endurance 3D) on the Otago submarine canyon complex are outlined in red (Data

source: Anadarko and Origin Energy, 2009; NZOG and Beach Energy, 2013). Buried pockmarks are observed within the dotted black area of the Waka 3D box. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Stratigraphy

The large-scale transgressive-regressive cycle in the Canterbury

Basin has resulted in the deposition of three main stratigraphic units: a

transgressive unit (Onekakara Group), a sea-level highstand unit

(Kekenodon Group) and a regressive unit (Otakou Group) (Carter,

1988) (Fig. 2).

Post-rift subsidence after the breakup from Antarctica resulted in

the initiation of the transgressional phase in the Late Cretaceous that

continued until the Oligocene when flooding of the land mass was at a

maximum (Fleming, 1962). This mainly terrigenoclastic, transgressive

Onekakara Group (late Cretaceous-Oligocene) (Carter, 1985; Fulthorpe

et al., 2010) is characterised in seismic reflection data by mainly con-

tinuous horizontal reflections of moderate amplitude. In the 3D seismic

data, Cretaceous strata onlap onto the basement as moderate to weak

amplitude reflections (Fig. 2). Overlying Paleocene and Eocene sedi-

ments are well stratified and show at least three intense tiers of poly-

gonal faults that developed in clay-rich mudstone (Fig. 3). At the end of

this transgressive phase, reduced terrigenous influx resulted in the de-

position of the Amuri Limestone (Fulthorpe et al., 2010). Few of the

polygonal faults are observed to penetrate up through the Oligocene

Marshall Paraconformity at the top of the Onekakara Group.

The unconformity separates the Onekakara Group from the blanket-

like glauconitic and bioclastic sediments of the Kekenodon Group (Late

Oligocene-Miocene). The Kekenodon Group is characterised by strong

and discontinuous reflections in regions proximal to the emerging

landmass to the west, whereas distal reflections are characterised by

sub-parallel, horizontal and more consistent amplitudes. Increased se-

diment supply due to initiation of movement on the plate-bounding

Alpine Fault and corresponding uplift of the Southern Alps induced a

phase of regression in the region from late Oligocene to early Miocene

(Carter and Norris, 1976; Fulthorpe and Carter, 1989). During this

phase of regression, the prograding clinoforms of the Otakou Group

(Miocene-Recent) were deposited. The Otakou Group mainly consists of

fine quartzose sand and terrigenous siltstone that builds the modern

continental shelf (Carter et al., 1990). The clinoforms consist of on-

lapping and toplapping events indicating erosional and prograding

stages.

2.3. Marshall Paraconformity

The Marshall Paraconformity is a regional unconformity in the

Canterbury Basin separating the transgressive Onekakara Group from

the glauconitic Kekenodon Group. The unconformity is considered to be

coeval with the initiation of thermohaline circulation following the

separation of Australia and Antarctica ∼33.7Ma (Fulthorpe et al.,

2010). It caps the widespread Amuri Limestone and is overlain by

greensand and calcarenite limestone (Field et al., 1989).

Lewis and Belliss (1984) noted that the term paraconformity is

misleading; the surface of the unconformity is observed in seismic data

to be not only conspicuous and complex, but also angular, and therefore

does not fit the definition of a paraconformity as introduced by Dunbar

and Rodgers (1957) for a biostratigraphic discontinuity (a discontinuity

based and evaluated solely on paleontological evidence). However, we

still refer to this surface as the Marshall Paraconformity to conform

with historical usage.

2.4. Fluid flow and seafloor depressions

Pockmarks are abundant on the slope of the Canterbury Basin where

they range in diameter from 20 to 700m and exhibit crescent forms that

are aligned with the north-eastward flowing Southland Current

(Hillman et al., 2018). The pockmarks occur in patches that are con-

strained to the crests between submarine canyons and gullies. Their

positions on the seafloor at depths between 500 and 1100m roughly

coincide with shallow areas of the expected gas hydrate stability zone

(GHSZ) in this region (Hillman et al., 2015). This approximate coin-

cidence also led to an interpretation that gas hydrate dissociation and

Fig. 2. A) Composite seismic tie line to the Clipper-1 well. Approximate extent of the polygonal faulted tiers are shown in yellow. Neogene (N) Marshall

Paraconformity (MP), top Eocene (TE), top Paleocene (TP) and top Cretaceous (TC) are shown as dashed lines. B) Gamma Ray (GR), Sonic (DT) and Density (DENS)

logs are shown in the area of interest. C) Schematic cross-section through the Canterbury basin after Fulthorpe and Carter (1989). D) Undisturbed view of the

horizons specified. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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resulting venting during glacial-stage sea-level lowstands were re-

sponsible for the pockmark formation (Davy et al., 2010). Multibeam

and parasound water column investigations in 2012 and 2013 revealed

no evidence of active seepage on the seafloor (Bialas et al., 2013;

Schneider von Deimling and Hoffmann, 2012). Water and seafloor

samples collected in and around the pockmarks show no geochemical

evidence of enhanced methane concentrations on the Otago margin

(Hillman et al., 2015). Since no indications for shallow hydrocarbons

were present, Hillman et al. (2015) concluded that groundwater flux

was likely to be the dominant formation process for pockmarks on the

Canterbury Basin slope. No active fluid seepage has been reported on

the Canterbury Basin slope.

3. Data

Recent exploration efforts by the petroleum industry in this region

have involved the collection of two extensive 3D seismic datasets

covering the Otago Canyon system (Fig. 1). The 3D datasets cover total

areas of 1151 and 680 km2 at full fold. One dataset (Waka 3D) is pub-

licly available while the second proprietary seismic dataset (Endurance

3D) was made available for this study. An inline and crossline spacing

of 25×12.5 m in both datasets allows us to accurately map faults and

horizons. Additionally, several CDP-sorted pre-stack 2D lines extracted

from the Endurance 3D volume were made available for this study and

are used for high-density velocity analysis and amplitude versus angle

(AVA) investigations.

The seismic data are complemented by high-resolution multi-

channel seismic boomer data in shallow regions. Due to differences in

seismic resolution and location, the two 3D seismic datasets show dis-

tinct differences in amplitude characteristics and the stratigraphic

successions that they image are somewhat different. The three main

stratigraphic units in the Canterbury Basin (Onekakara, Kekenodon and

Otakou Groups) are readily distinguished in the Endurance 3D seismic

dataset which partly covers the shelf and the prograding clinoforms. In

contrast, the Waka 3D volume, which is more basinward and further

south, does not image the prograding clinoforms but instead covers the

channel-levee system on the slope of the margin and the Eocene to

basement strata.

3.1. Waka 3D

In 2009, Petroleum Geo-Services (PGS) acquired the Waka 3D

seismic data volume (licence block: PEP38262) using the M/V Nordic

Explorer with six parallel 5.1 km-long hydrophone streamers and a

streamer separation of 100m. Two Dodera G gun 3090 cu. in arrays at

2000 psi were operated in flip-flop mode. A line spacing of 25m was

achieved. The traces, with a record length of 6 s and a sampling interval

of 2ms, were processed to zero phase, binned using a 12.5×25m grid,

and had a pre-stack Kirchhoff time migration applied. In all seismic

data shown the phase was rotated by 180° to conform with the Society

of Exploration Geophysicists convention where a positive reflection

coefficient is represented by a positive amplitude.

3.2. Endurance 3D

The Endurance 3D seismic survey (licence block: PEP52717) was

acquired by the licence operator, New Zealand Oil and Gas, contracting

the vessel M/V Polarcus Alima in 2013. The data were acquired with

twelve 8.1 km-long streamers with a separation of 100m. Two Bolt LLX-

LLXT 3480 cu. in arrays were operated in flip-flop mode at 2000 psi.

The data were recorded with an 8 s record length and a sample interval

of 2ms and processed on board by ION Geophysical. Amplitudes were

preserved during a pre-stack Kirchhoff depth migration. The final bin

size is 12.5× 25m. For this study, the post-stack dataset is available

along with seven pre-stack lines for AVA and velocity analysis.

3.3. Boomer 2D seismic data

We acquired high-resolution boomer seismic data in targeted areas

within block PEP52717 using the University of Otago's R/V Polaris II.

We operated a Ferranti Ocean Research Equipment (ORE) Geopulse

sub-bottom profiler source together with a 75m-long Geometrics

MicroEel 24-channel streamer acquisition system. We used GLOBE

Claritas® seismic processing software to apply a frequency filter be-

tween 100 and 1000 Hz as well as an FK-filter and a Kirchhoff time

migration.

4. Methods

The data were loaded into the IHS Markit Kingdom software for

visualisation and interpretation. This software also provides algorithms

for seismic attribute analysis. The semblance-based coherency attribute

highlights lateral changes between adjacent traces and hence was used

to detect and map structural discontinuities. Changes in seismic

Fig. 3. Overview of the three tiers of polygonal faults within Eocene and Paleocene strata. Key seismic reflectors are annotated and labelled according to the same

colour scheme and nomenclature as in Fig. 2. The additional broken green line marks the Basement. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

J.J.L. Hoffmann, et al. Marine and Petroleum Geology 109 (2019) 317–329

320



reflection patterns can be visualised by the energy envelope, which is

useful for revealing pronounced acoustic impedance contrasts asso-

ciated with gas accumulation, changes in depositional environments or

sequence boundaries.

A subset of about 200 km of pre-stack CDP sorted 2D seismic data

was extracted from the pre-stack time-migrated Endurance 3D volume

for additional analyses. We carried out high-density velocity analyses

on these lines to refine the shallow velocity model and used the

HampsonRussell software to evaluate AVA anomalies.

Velocity analyses based on semblance calculations are a standard

procedure undertaken during long-offset seismic processing to de-

termine accurate normal moveout (NMO) corrections and to better

constrain migration. This procedure usually involves interactively

picking optimal stacking velocities in CDP gathers spaced at regular

intervals along a profile and interpolating laterally between picked

locations. For the highest spatial resolution, the semblance of every

CDP can be picked. We adopted an automated high-density semblance-

based velocity analysis scheme – details described by Crutchley et al.

(2016) – implemented in the GLOBE Claritas seismic processing soft-

ware to explore acoustic velocity behaviour in the vicinity of shallow

bright spots. We picked semblance along a 2D seismic line extracted

from the 3D dataset in 20ms windows. The 8 km-long streamer pro-

vides more-than-sufficient offsets for velocity and AVA studies. Gas

charged sands, due to their low impedance and abnormally low Pois-

son's ratios, embedded into sediments with a higher impedance and

‘normal’ Poisson's ratio should generally result in a negative reflection

coefficient with an increase of reflected P-wave energy with increasing

angle of incidence (Class 3 AVA anomalies) (Castagna and Backus,

1993). We used several AVA techniques including AVA gradient ana-

lysis, AVA classification by cross-plotting and AVA attribute analysis.

The attribute we show here is the product of Intercept (A) and Gradient

(B) and therefore positively highlights Class 3 AVA anomalies as well as

positive intercept amplitudes with a positive gradient (-A)*(-

B) = +AB=(+A)*(+B).

We picked key horizons in the datasets and stratigraphically vali-

dated them using Galleon-1, Cutter-1, Endeavour-1 and Clipper-1 ex-

ploration wells (Figs. 1 and 2). We picked reflections based on their

seismic character (e.g., reflectivity, continuity, dip and stratigraphic

framework) and used seismic attributes to identify discontinuities and

lithological changes.

5. Results

5.1. Polygonal faults

Three individual polygonally faulted tiers in Paleocene to Oligocene

strata are identifiable in the Canterbury Basin seismic data. The up-

permost Eocene polygonal faulted tier, “tier-1” extends up to the

Marshall Paraconformity with a total thickness of∼400ms TWT. In the

lower Eocene strata, “tier-2” has a thickness of ∼100ms TWT and

partly intersects with an upper Paleocene to lowermost Eocene poly-

gonal faulted “tier-3” (Fig. 3). These three faulted tiers are separated by

layers of mostly continuously bedded strata that contain only rare

faults. The faults of tier-1 show the typical decrease in throw towards

the upper and lower boundaries of the tier (Fig. 4). Observed dips range

between 20 and 40° measured orthogonal to strike direction and the

spacing between faults ranges from 200 to 300m. The maximum throw

is up to 30m whereas the minimum observable throw is determined by

the vertical resolution of the seismic data (∼10m in the Waka 3D and

∼20m in the Endurance 3D seismic datasets). Most faults have a gently

listric behaviour, as described elsewhere (Cartwright, 1994a, 2011).

The upper extent is generally coincident with the Marshall Para-

conformity although some faults are observed to cross the unconformity

terminating in a layer of turbidite channel-levee deposits. The data

show no evidence of faults continuing up to the seafloor or any direct

connection of faults to present day seafloor pockmarks. On the surface

of the Marshall Paraconformity, depressions are observed which often

seem to nucleate on the uppermost extent of polygonal fault planes

(Fig. 4). The depressions are between 100 and 300m in diameter and

exhibit the same north-east facing oval to crescent shape as modern-day

seafloor pockmarks (Hillman et al., 2018). The dip of the maximum

similarity seismic attribute highlights strong dips along the Marshall

Paraconformity (Fig. 4B). The dips in most pockmarks are steeper along

their south-western sides. Seismic reflectivity is higher within the

pockmarks compared to surrounding strata. The pockmarks mainly

occur in the southern part of the basin.

5.2. Mounded structures associated with radial faults

The polygonal fault systems observed in the seismic data are vari-

ably affected by a range of sub-circular mounded structures originating

from Cretaceous strata (Fig. 5). The descriptive term “mounded struc-

ture” is used here prior to evaluating the formation mechanisms of the

features in the discussion. The mounds at the Top Cretaceous reflector

show diameters between 1 and 3.5 km and heights ranging from 90 to

350m. The topographic aspect ratios (height divided by width) are

close to 0.1 at the Top Cretaceous horizon and drop down to a mean of

0.056 on the Intra Paleocene horizon. The internal structure of the

mounds appears chaotic and Cretaceous sediment layers beneath the

mounds are disrupted or deflected upwards (Fig. 5). The mounds

mainly affect Cretaceous and Lower Paleocene strata while Upper Pa-

leocene and Eocene sediments seem widely unaffected and mainly

onlap onto the flanks of the mounds (Fig. 5A). In two cases though,

amplitude anomalies above Mound 7 and Mound 9 are recognised and

extend up to the Oligocene Marshall Paraconformity or even the pre-

sent-day seafloor (Fig. 6, Fig. 8).

In the Paleocene polygonal faulted tier-3, in the proximity of the

mounded structures, faults predominantly develop in a radial sense,

with fault segments radiating outward from the centre of the mounds

over a radius of up to 3 km (highlighted by arrows in Fig. 5C and D).

These radial faults are confined to the Paleocene polygonal faulted tier-

3. The radial polygonal faults often appear in parallel pairs with a se-

paration of 100–200m at the intra-paleocene level narrowing towards

the base of the tier. This phenomenon of parallel polygonal faults has

previously been described and interpreted by Cartwright (2011) as an

indication for the high maturity of the polygonal fault system.

5.3. Seismic character of cylindrical faults

Although the upper Eocene tier-1 of polygonal faults is widely un-

affected by the mounded structures and extends over a large area of the

Canterbury Basin, including both 3D seismic datasets, there is a distinct

cylindrical region without polygonal faults within this tier, located

above the Cretaceous Mound M7 (Figs. 5B and 6). This cylindrical area

has a radius of∼2 km and is bounded by discontinuities as indicated by

low similarity values in Fig. 5B. In seismic cross-sections, the cylindrical

structure shows amplitude anomalies with enhanced and slightly dif-

ferent reflectivity behaviour in the interior of the cylinder (Fig. 6).

Disturbed and disrupted reflections characterise the highly faulted tier-

1 surrounding the cylinder. Within the cylinder, reflections abruptly

become smoother and more continuous. At the base of the polygonal

faulted tier-1, the cylinder becomes slightly narrower and is char-

acterised by low frequencies and high amplitudes starting with a broad

negative polarity reflection (Fig. 6A/B). These strong, low-frequency

reflections appear to be confined to the lower Eocene strata below the

uppermost tier-1 of polygonal faults. The strata surrounding the cy-

lindrical Lower Eocene anomalies are mainly characterised by weak to

very weak seismic amplitudes.

While the cylindrical column of anomalies is bounded by faults in

the polygonal faulted tier-1, the low-frequency amplitude anomalies

below do not show any structural boundaries. The cylindrical anomalies

are centred on the vertical axis of the Cretaceous mounded structure,
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denoted here as Mound M7. Reflections above Mound M7 are convex,

but continuous, and are not disrupted by onlapping (Fig. 6A/B) as is

observed with the other mounded structures (Fig. 5A).

A vertical stack of upward-bent reflections marks the centre of the

cylindrical faults in the polygonal fault system (Fig. 6B). These form a

connection from Mound M7 to an irregular, ∼100m high and 500m

wide, elevated region that can be mapped on the Marshall Para-

conformity (Fig. 6C). This elevated zone/mound is surrounded by a

crater-like morphological expression ∼4 km in diameter (Fig. 6C). The

semblance based high-density velocity analysis we conducted does not

reveal a distinct velocity variation within or around the cylindrical

anomaly. Also, no indications of cylindrical faults, other discontinuities

or pulled-up reflections are observed in the strata above the Marshall

Paraconformity in this region.

In Fig. 7B, sediment thicknesses between two Eocene horizons (red

and yellow, Fig. 7D) show drastically decreased sediment volumes

within the cylindrical anomaly compared to the surrounding strata. In

contrast, younger stratigraphic units within the cylinder (between the

red and turquoise horizons in Fig. 7D) appear to be thicker than the

corresponding horizons outside (Fig. 7A).

5.4. Shallow bright spots/chimneys

In the crest of a gully to the northeast of the Waitaki Canyon,

shallow bright spots exhibit a strong phase reversal and are underlain

by a curtain of acoustic suppression (Fig. 8). Detailed high-frequency

boomer seismic surveying, which targeted the bright spots, also reveals

a zone of reduced amplitudes beneath shallow high-amplitude reflec-

tions (Fig. 8D). The boomer seismic data reveal that the bright spots are

located only a few tens of metres below the present-day seafloor. The

summation of energy in the upper 100m of the seafloor shows the

distribution of shallow bright spots in blue colours in Fig. 8C.

The 3D industry seismic data reveal a near vertical zone of slightly

reduced seismic amplitudes that connects one of the mounded struc-

tures (Mound M9) to the shallow bright spots (Fig. 8A/B). Red colours

in Fig. 8C indicate low reflection energy values extracted in a 1 km

thick window above the Marshall Paraconformity, while green colours

represent higher values. The circular red region in Fig. 8C, therefore,

represents a sub-vertical, cylindrical low energy zone that connects

Mound M9 to the shallow bright spots. This sub-vertical low energy

cylinder is well imaged in the AVA section where it is characterised by

an AVA product close to zero (Fig. 8A). This very steeply basinward-

dipping reduced amplitude zone is the result of small AVA intercept

values rather than small AVA gradients. While an acoustic curtain and

pulled down reflections are visible in the seismic amplitude data up to

400ms below the bright spots, the corridor of low AVA product extends

downward roughly 3 s and terminates at the Cretaceous stratigraphic

level at Mound M9. AVA analysis of the shallow bright spots beneath

the seafloor reveals Class 3 AVA behaviour (increasing negative am-

plitudes with angle) resulting in a positive anomaly in the AVA attri-

bute.

6. Discussion

6.1. Formation mechanisms of the cylindrical anomaly

Upward-bent or pulled-up reflections are common phenomena in

seismic data. They are often attributed to increased velocities in areas of

Fig. 4. A) Horizon slice of the similarity seismic attribute extracted along the broken blue horizon in C. Light colours indicate low similarity values and are therefore

indicative of discontinuities. B) Horizon slice of the “dip of maximum similarity” seismic attribute along the black horizon (MP: Marshall Paraconformity) marked in

C. Darker colours indicate steeper dips along the horizon. C) Seismic section through a polygonal fault system and buried pockmark field (see Fig. 1 for line location).

(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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enhanced gas hydrate concentrations or authigenic carbonate cement

within fluid conduits (Hustoft et al., 2010). Pulled-up reflections in this

sense are an artefact of seismic imaging that is caused by erroneous

seismic velocities (in the conduits) used for processing the data. By

contrast, fluids ascending vertically due to overpressured sequences can

also hydraulically fracture the overburden and cause up-warped re-

flections through physical disruption of the strata (Karstens and Berndt,

2015; Løseth et al., 2011).

The up-warped reflections we observe in the centre of the cylind-

rical amplitude anomaly above the mounded structure M7 show no

indications of enhanced velocities in our semblance based velocity

analysis. As such, we can be confident that they represent real upward

bending of sedimentary layers rather than being an artefact of seismic

imaging. Due to the similar seismic expression to structures observed by

Berndt (2005), Berndt et al. (2003), Gay et al. (2012), Karstens and

Berndt (2015) or Løseth et al. (2011), we interpret that the up-bending

represents a structural conduit for upward migrating fluids. The

location of the crater-like circular expression on the surface of the

Marshall Paraconformity above the fluid conduit (Fig. 6) suggests an

intrinsic link between the conduit and the circular feature.

Sediment volcanoes exhibit a wide variety of morphologies on land,

at the seabed and in buried surfaces (Mazzini and Etiope, 2017; van

Loon, 2010). They are the surface expression of a three-phase discharge

(sediments, liquids, and gas) related to gravitational instability and

hydrocarbon producing systems (Etiope and Martinelli, 2009). Onshore

analogues of crater-like mud volcano morphologies sourced from hy-

drocarbon bearing basins have previously been described by Mazzini

and Etiope (2017) and Stoppa (2006). The crater like morphology on

the Marshall Paraconformity clearly indicates extruded and discharged

sediments onto the unconformity with the feeding system indicated by

the upward-bent reflections. We therefore interpret the intrinsic link

between the conduit and the crater-like impression to indicate some

type of sediment volcanism. The decreased and increased thicknesses of

two stratigraphic intervals within the cylinder compared to its

Fig. 5. A) Seismic cross-section through mounded structures originating from Cretaceous strata. Upper Paleocene strata onlap onto the mounds. B) The dip of

maximum similarity attribute extracted along the Intra Eocene horizon highlights polygonal as well as cylindrical faults. C) The surface of the Intra Paleocene horizon

highlighting mounded structures with associated radial faults. The red line is the arbitrary seismic line shown in (A). D) The dip of maximum similarity attribute

extracted along the Intra Paleocene horizon highlights polygonal and radial faults striking away from the mounds. Note: Each map (B, C and D) covers an identical

areal extent and is plotted at the same scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 6. Map view and seismic cross-sections of the cylindrical feature. A/B) Seismic inline and crossline through the cylindrical faults. Low-frequency amplitude

anomalies appear in lower Eocene strata below the polygonal faulted tier-1. Cylindrical faults form in the upper Eocene polygonal faulted tier-1. C) Depth map of the

Marshall Paraconformity (MP-black horizon in A and B). D) The similarity attribute extracted along the Intra Eocene (IE-yellow) horizon shown in (A) and (B). Light

colours indicate low similarity values and are therefore indicative of discontinuities. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Fig. 7. A) Layer thickness between turquoise and red horizons in D. B) Layer thickness between red and yellow horizons in D. C) Seismic crossline through the

cylindrical anomaly, with interpretation in D. D) Black and white image of the energy envelope. Gray shaded area shows a cylindrical feature with cylindrical faults

in the upper Eocene tier-1 of polygonal faults and low frequency amplitude anomalies below. Radial faults spread out below the cylindrical feature, and above Mound

M7. MP-Marshall Paraconformity (blue), IE-Intra Eocene (green), TP-Top Paleocene, TC-Top Cretaceous. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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surrounding (Fig. 7A and B) suggest remobilisation and removal of

sediment from the deeper sequence and intrusion of the sediment into

the shallower sequence.

The source of the deposited sediments above Mound M7 is difficult

to assess and could be from either the Cretaceous stratigraphic level

beneath Mound M7 or partly from younger stratigraphic levels (Fig. 7A

and B). The fluids and overpressure necessary to transport the solid

phase in sedimentary volcanoes in general, similarly can be sourced

from different stratigraphic levels (Planke et al., 2003). With the Barque

prospect in close proximity and in a proven petroleum system (Sahoo

et al., 2015), overpressure generation and fluid availability to feed a

sedimentary volcano seem likely and we therefore interpret the cy-

linder to have formed in response to upward migrating fluids and se-

diments.

6.2. Cylindrical and radial faults

Curved and listric faults are not uncommon in polygonal fault sys-

tems. Cartwright (2011) suggested a lithological effect on fault curva-

ture and noted that biosiliceous tiers tend most often to create listric

faults. Circular patterns (in planview) within polygonal faulted tiers

have been reported above and around morphological depressions such

as pockmarks (Ho et al., 2018b, 2013; Morgan et al., 2015). Concentric

extensional faults are described in the literature in various geological

settings, e.g., around collapsing salt diapirs (Stewart, 2006), in glaciers

(Malthe-Sørenssen et al., 1999), volcanic and mining-related settings

(Branney, 1995) and in polygonal fault systems developing due to an

anisotropic stress field above buried pockmarks (Ho et al., 2013;

Morgan et al., 2015). Concentric reverse fault patterns have only rarely

been described since they pose a “space problem”; they have been de-

scribed in the literature around rapid and forceful intrusions (Galland

et al., 2009; Quatrehomme and Iş̊can, 1998).

Concentric normal fault patterns associated with fluid flow have

previously been reported around mud volcanoes in Azerbaijan (Davies

and Stewart, 2005; Planke et al., 2003). While Planke et al. (2003)

describe a circular subsidence fault pattern with a radial distance of

about 100m dipping towards the centre, Davies and Stewart (2005)

report on concentric faults similar to the ones observed here in the

polygonal fault system dipping away from the central feeder system

over distances of several kilometres. They attribute their existence to

shear stress at the base of the mud volcano due to lateral compaction of

the edifice muds. We don't observe a large mud volcanic edifice and the

cylindrical faults are confined to the polygonal fault system. This sug-

gests a compactional origin due to differential compaction and dewa-

tering mechanisms within tier-1 rather than shear stress-related me-

chanisms.

Gay et al. (2012) imaged a cone-shaped amplitude anomaly around

a fluid conduit in seismic data and inferred, through sandbox models,

that it represents a zone of sediment deformation by upward migrating

fluids. This would imply a different stress field within the cylinder that

surrounds the pipe, which would affect pore pressure and therefore

sediment compaction. We assume the strong low-frequency reflections

beneath the Intra Eocene horizon (Fig. 6) to be fluids expelled by the

sediment volcano feeder system which accumulated beneath the low

permeability tier-1 containing the polygonal faults. This cylindrical

accumulation could be the reason for an axisymmetrical stress field

within the cylinder in the upper Eocene tier-1, rather than a conical

shaped anomaly like that described by Gay et al. (2004).

While concentric faults are mainly associated with subsidence, ra-

dial faults generally occur in regions of doming (Hansen et al., 2005;

Stewart, 2006). We assume the radial fault patterns we observe (Fig. 5)

to result from an anisotropic stress field induced by Cretaceous

Fig. 8. A) AVA-Product (Intercept x Gradient) of the seismic section in B. Shallow bright spots show a distinct AVA anomaly with a subvertical zone of low AVA-

Products connecting the bright spot to Mound M9. B) Seismic section showing the bright spot and slightly reduced reflectivity below. D) Map view around bright

spots. Blue colours indicate high bulk energy in the uppermost 100m beneath the seafloor (between blue horizons in B). Red/Green colours represent high/low bulk

energy summations (respectively) between the green horizons. The dashed line indicates the location of cylindrical faults deeper beneath Mound M9. C) High-

resolution boomer seismic data across the bright spot shown in (A) and (B). A high amplitude reflection and an acoustically transparent zone below are visible. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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sediment intrusions into Paleocene sediments. This is mainly indicated

by onlapping reflectors onto the seismically chaotic mounded structures

(Fig. 5). Hansen et al. (2005) described similar buried mounded

structures with radial fault patterns within an overlying polygonal fault

system in the Vøring Basin on the Norwegian continental shelf. Due to

the similar seismic expression, the same aspect ratios, and the analo-

gous influence on the surrounding polygonal fault system to what

Hansen et al. (2005) described, we assume a similar formation me-

chanism by intruding sediments and a resulting anisotropic stress field

surrounding the mounds.

6.3. Lack of polygonal faults within the cylindrical feature

It is intriguing that although the upper Eocene polygonal fault

system extends over the entire basin, no polygonal faults have formed

within a ∼2 km radial distance of the central fluid conduit around

Mound M7. Horizontal, continuous and mainly undisturbed reflections

within the cylindrical structure suggest that polygonal faults never

nucleated within this body (i.e., ruling out a reworking, overprinting or

healing of faults in this zone).

Despite two decades of research on polygonal fault nucleation and

development the processes leading to shear failure are still widely de-

bated and mechanisms like density inversion (Henriet et al., 1991;

Watterson et al., 2000), overpressure collapse (Cartwright, 1994b),

volumetric contraction (Cartwright and Lonergan, 1996), syneresis

(Cartwright and Dewhurst, 1998; Dewhurst et al., 1999), low coeffi-

cient of friction (Goulty, 2001), particle scale contraction (Shin et al.,

2008) or diagenetically induced shear failure (Cartwright, 2011) have

been proposed. Since all mechanisms include sediment compaction and

episodic fluid expulsion of very-fine to fine-grained tiers, a local dif-

ference in sediment composition (i.e. grain size) or burial history

(compaction) could be invoked to explain the absence of polygonal

fault nucleation within this cylinder. We cannot envisage any feasible

geological process that would result in a local, cylinder-shaped change

in depositional lithology or burial history. Compaction, however, can

also be influenced by local pore fluid pressure and sediment composi-

tion could have changed by remobilisation and intruding sediments.

The differential stress field that would be expected within the cy-

lindrical feature (discussed in Section 6.2 with respect to the study of

Gay et al. (2012)) could have had important implications for pore fluid

pressure and sediment compaction, thereby influencing polygonal fault

development. Over-pressured fluids migrating upwards through the

plumbing system of the sediment volcano could have introduced in-

creased pore fluid pressure around the feeder system. This would re-

duce the effective stress of the sediment and therefore effect compac-

tion, contraction and diagenesis of the material. Since these are the

main driving forces for all polygonal fault formation mechanisms de-

scribed in the literature, it seems likely that a local change in com-

paction history and effective stress could affect polygonal fault nu-

cleation. In this case, we interpret that the cylindrical pattern

surrounding the fluid pipe would mark the radial limits of where a pipe-

induced increase in pore pressure was no longer strong enough to

prevent polygonal faults from propagating which could explain the

perfectly circular planform.

Alternatively, a change in lithology due to intruding coarser grained

material e.g. intruding sandy sediments into the fine-grained sedi-

mentary sequences is known to prevent polygonal faults from nucle-

ating (Cartwright, 2011; Cartwright et al., 2003). Sand intrusions often

exhibit conical and saucer shaped geometries, especially when in-

truding pervasive polygonal fault systems (Bureau et al., 2013; Hurst

et al., 2003; Monnier et al., 2014; Shoulders et al., 2007) and are mainly

characterised by high amplitude anomalies, a highly disrupted top and

base and often chaotic internal reflections (Bureau et al., 2013; Hurst

et al., 2003; Hurst and Cartwright, 2005). Although we do not observe

these characteristics, it is possible that thin (sub-seismic scale) perme-

able stringers (i.e. sand injectites) could intrude the surrounding of the

sediment volcano feeder pipe. Such permeable stringers would enable

dewatering of their host strata. In the upper Eocene polygonal faulted

tier-1 localized dewatering in this way could prevent polygonal fault

nucleation. Fig. 7 clearly indicates remobilisation and intrusion of se-

diments into this tier. An increased volume of coarser grained material

intruding tier-1 could have also changed the bulk lithology to a degree

that it was no longer prone to polygonal fault formation.

The higher amplitudes and lower frequency of strata within the

cylinder below polygonal fault tier-1 (Fig. 6A and B) indicate a change

in physical properties within this zone. We interpret this as being due to

the presence of some amount of free gas within the cylinder, which

would contribute to both an increase in amplitude and a decrease in

frequency. Again, thin gas charged sand stringers might cause the low-

frequency, high amplitude reflections in the cylinder below tier-1

(Fig. 6). Since the anomalous high-amplitude reflections cannot be di-

rectly correlated to horizons surrounding the cylinder we assume ac-

cumulation of some amount of free gas below the polygonal fault tier-1

and horizontal radial migration.

Within the tier-1 horizons are slightly offset by polygonal and cy-

lindrical faults but can often be traced throughout the 3-D survey and

through the cylinder. This indicates deposition of sediments within the

cylinder was contemporaneous to its surrounding and prior to vertically

migrating sediments and fluids.

6.4. Recent fluid migration

Although a distinct low-velocity zone around the bright spots is not

obvious, the amplitude reversal, the acoustic curtain and especially the

connection to deeper strata and the distinct class 3 AVA anomaly sug-

gest that the shallow bright spots represent free gas (Fig. 8).

The 300-m-wide near-vertical zone of reduced AVA attribute con-

nects the shallow gas to Mound M9 at about 3 s TWT (Fig. 8A). We do

not interpret the blanked-out zone to be an imaging artefact (e.g., the

high reflection coefficient of shallow gas causing a zone of “acoustic

turbidity” or a “seismic curtain” beneath) since it is not vertically

aligned beneath the shallow gas but is rather offset slightly basinward

(Fig. 8B). Importantly, we note that the blanked-out zone is also visible

in far angle stacks (32-41°) where the shallow gas can be under-shot to

avoid any vertical imaging artefacts (Supplement 1). We, therefore,

interpret the feature to be a geological conduit (or “chimney”) that

focuses fluid flow. Mound M9 appears to be the root of the chimney.

Since Mound M9 shows no distinct differences to adjacent mounds at

depth we assume that it must have recently reactivated to create the

chimney. The migrated seismic section shows mainly continuous re-

flections with no indications of sediment modification or deformation

in or around the chimney, at the resolution of these data (Fig. 8B). The

presented data therefore suggest that active sediment remobilisation of

Cretaceous sediment eased during the Paleocene below Mound M9.

Paleocene to Eocene strata in this area mainly consists of fine-grained

material with high porosities but low permeabilities (Blanke, 2015).

Since no faults are visible, we assume capillary invasion by gas and

small-scale fracturing (sub-seismic scale) to be the most likely process

for chimney formation.

6.5. Timing of fluid migration

Polygonal faults, in general, form during the early burial history of

their host sediments (Cartwright et al., 2007; Cartwright and Dewhurst,

1998; Chenrai and Huuse, 2017). Pockmark formation above polygonal

fault systems due to porewater expulsion and sediment compaction

would therefore be expected to be contemporaneous with the faulting

(Berndt et al., 2003; Gay et al., 2004; Gay and Berndt, 2007; Goulty,

2008). In some cases, pipes or chimneys form within or above poly-

gonal fault systems, channelling and episodically releasing fluids to

form pockmarks (Berndt et al., 2003; Gay and Berndt, 2007; Ho et al.,

2018a). In these cases pockmarks can also form asynchronous to
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polygonal faults. However, no such pipes are observed above or within

the tiers of polygonal faulting in this dataset. Although there seem to be

several types of interaction between polygonal fault and pockmark

formation, the location and extension of polygonal faults beneath and

up to the Marshall Paraconformity suggests nucleation and growth prior

to or during the formation of the Marshall Paraconformity.

Hillman et al. (2018) reported on the modification of present-day

seafloor depressions by submarine currents on the Canterbury slope.

Due to their analogous expression in shape and size and their spatial

proximity (Fig. 9) we assume similar currents to be responsible for the

northward facing elongated shape of the buried pockmarks in this

study. Higher amplitudes in the seafloor craters are probably due to the

removal of fine-grained material by seeping fluids leaving only coarse-

grained highly reflective material or due to authigenic carbonate pre-

cipitation.

Our results show that Cretaceous sediment intrusions push up the

lower Paleocene strata, creating mounded structures. Onlapping strata

indicate a mid-Paleocene age of formation for most of the intrusions.

Only Mound M7 seems to deflect Eocene and Oligocene sediments,

indicating a later stage of formation.

The lack of any seismic evidence of fluid flow above the Marshall

Paraconformity in the vicinity of anomalous Mound M7 suggests that

fluid flow activity associated with Mound M7 has not occurred during

the Neogene. In contrast, our results suggest relatively recent activity in

the chimney above Mound M9. We assume that the feeder system be-

neath Mound M7 was sealed off and that the overpressured Cretaceous

sequences beneath the level of the mounds switched to Mound M9,

resulting in the establishment of a new chimney system (Fig. 10).

The radial and polygonal faults in the Paleocene tier-3 probably

formed during or shortly after the up-doming of Cretaceous mud-pil-

lows and laccoliths, as also suggested by Hansen et al. (2005). The

polygonal and cylindrical faults in the upper Eocene tier-1 suggest that

fluid actively migrated and altered the stress field during polygonal

fault nucleation. This suggests that the sediment volcano formed prior

to or simultaneously with the polygonal faults. Since polygonal faults,

in general, form during the early burial history of their host and the

mud volcano edifice forms on the upper boundary of the polygonal

faults (Marshall Paraconformity) a simultaneous formation seems

likely.

7. Conclusions

Three fluid migration events imaged in the seismic data point to the

existence of recent and past sediment migration and gas emissions in

the Canterbury Basin, originating from Cretaceous sediments. Due to

the difference in timing, the events show very different structural ef-

fects on the overburden sediment.

Shallow gas, manifesting itself in bright spots in the seismic data,

represents a recent focused fluid migration event sourced from the same

stratigraphic level as the sediment volcano. Due to the more lithified

Fig. 9. Comparison between present-day seafloor pockmarks (left of dotted

line) and buried pockmarks (right of dotted line) both, mapped in the Waka 3D

dataset at different stratigraphic levels but in close spatial proximity.

Fig. 10. Schematic summary of mud and fluid migration in the Canterbury

Basin. Paleocene mud intrusions are followed by Oligocene Mud volcanism and

polygonal faults. Recent fluid migration from a reactivated sediment intrusion

reaches all the way to the present-day seafloor.
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sediments at this stage, overburden sediment appears to be less de-

formed by the migrating fluids compared to the conduit feeding the

sediment volcano.

Cretaceous intrusions into Paleocene strata indicate widespread

sediment remobilisation in the Canterbury Basin during the Paleocene.

We have imaged the plumbing system of an ancient sediment volcano

that expelled material onto the surface of the Marshall Paraconformity.

Reduced sediment thicknesses around the feeder system indicate that

the Paleocene/Eocene sediment that hosts the plumbing system prob-

ably provided additional material that ascended and was intruded back

into other (shallower) sedimentary formations. The sediment volcano

plumbing system likely formed prior to or simultaneously with the

upper Eocene polygonal fault system. Pockmarks on the same buried

surface where sediments were extruded indicate additional fluid ex-

pulsion from another source, potentially the polygonal fault system.

Present day seafloor depressions as well as buried pockmarks could not

be related to any hydrocarbon seepage and should therefore not be used

as hydrocarbon proxies in this case.

The lack of polygonal faults within a cylindrical feature around the

fluid conduit (over a radial distance of 2 km) is a striking observation

which could be explained by different processes;

1) increased pore pressure and decreased effective stress around the

sediment volcano feeder pipe resulted in a different compaction

history compared to the surrounding strata.

2) permeable, thin (sub-seismic scale) stringers were intruded into the

fine grained material of polygonal fault tier-1. These permeable

stringers supported dewatering of the tier-1 and therefore changed

the compaction history.

3) remobilised coarser grained material extruded outward from the

feeder pipe and changed the lithology within a cylindrical area

sufficiently to prevent polygonal fault nucleation.
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