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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. [ apply these methods to datasets from two study areas: the
Canterbury Basin, east of New Zealand'’s South Island, and Eckernférde 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 Eckernférde 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, [ observed and characterised a new type of pockmark that
is associated with submarine groundwater and gas discharge. | 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



1.1 Motivation

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 10°) 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 10> (Cohen etal., 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 km?3 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.



1.2 Structure of the thesis

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

[ 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

3



1.3 Thesis Aims

Chapter 4 - Seismic evidence for repeated vertical fluid flow through
polygonally faulted strata in the Canterbury Basin, New Zealand

[ 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 Eckernforde
Bay, SW Baltic Sea

In this chapter, I discuss the different fluids involved in pockmark formation
in Eckernféorde 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 Schroder, 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 Eckernférde 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.



1.3 Thesis Aims

The specific objectives of the thesis are to:

e 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

e constrain the fluids involved in pockmark formation in the Canterbury

Basin

e evaluate how focused fluid migration affects diagenetic processes of the

surrounding strata

e 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

e develop a conceptual integrated model for fluid migration in the

Canterbury Basin

e define and characterise acoustic indications for submarine groundwater

discharge (SGD)

e 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

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

distribution in the muddy sediments of Eckernférde Bay

e acoustically constrain the contribution of different fluid types in the

formation of pockmarks



1.4 Structures associated with fluid migration

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 (Berndst,

2005; Karstens and Berndt, 2015; Lgseth 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; Kramer 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



1.4 Structures associated with fluid migration

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).

700

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
Elverhgi, 1993; Stewart, 1999), calderas and volcanic intrusions (Branney, 1995;
Wright and Gamble, 1999), impact craters (Orm6 and Lindstréom, 2000; Roddy,
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1977), current scours (Fildani et al., 2006; Heinio 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 (Bottner et al., 2019; Dandapath et al.,, 2010; Garcia-
Garcia 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:

e hydraulic fracturing of the overburden rock (Andresen and Huuse, 2011;
Cartwright et al., 2007; Hustoft et al., 2010; Karstens and Berndt, 2015;
Lgseth etal,, 2011)

e 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)

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

Nermoen et al., 2010)
¢ syn-sedimentary sustained flows (Cartwright and Santamarina, 2015)
e 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
etal, 2012; Hustoft etal., 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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1.4 Structures associated with fluid migration

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; Lopez-Rodriguez 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).

L] J K

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 etal., 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 etal., 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

seismic attribute volume highlighting
discontinuities/polygonal  faults in (Henriet et al, 1991; Watterson et al,
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).

Seafloor

= edge of an
hexagonal cell

Bedded marker

.
- ' within the fault interval
\; :
.
.

Fluids migrating from
deeper levels

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 kmZ2. 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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170° 7 175°

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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2.1 Canterbury Basin

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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2.1 Canterbury Basin

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).

18



2.1 Canterbury Basin

20 km

80 ...

Vo h
6097 Ny

Canterbury Basin Sea-level

[m] O
-40 -
-80

Fluvial gravel
-120 N

Sand, Sil, Cl
1604 l:]a:g Pealt i
A Southern
Shelf
Al Canterbury Canterbury
(n\“ ps Plains Basin Edge
0 | Sea-level
» \\4— Otakou
L 4- Kekenodon
{Onekakara
-3
. {- Basement
L Is] ]
C  Onshore Eqgivalent FM. ______
Bluecliffs :::: Otakou Grouop
Weka Pass L4  Kekenodon Group
1 1 1
Concord — oy Marshall Paraconformity
Amuri : I . I . I
—— Onekakara Group
Burnside T

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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2.1 Canterbury Basin

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).
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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 Canterbury Basin

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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2.1 Canterbury Basin

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 etal., 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
etal,, 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 etal,,
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, | used a variety of geophysical and geological data.
[ 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 Eckernforde Bay

2.2.1 Evolution of the Baltic Sea

The Baltic Sea is a relatively shallow intracontinental sea covering an area of
~418,500 km?Z. 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 (Malkki
and Perttild, 2012). The surface water salinity therefore gradually decreases from

the Danish Straits (S=10-25) to the Bothnian Bay (S=2-6) (UScinowicz, 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) (Bjorck,
1995)). Post-glacial rebound of up to 1.2 cm/yr affects the northern Baltic Sea in
particular, while the southwest around Eckernférde is only minimally affected by
isostatic uplift and slightly subsides (<1 mm/yr) (Ekman, 1996; Johansson et al.,
2002; Uscinowicz, 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 Eckernforde Bay

The 17 km long and 3 km wide Eckernférde 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 Eckernforde 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 Eckernférde Bay
gradually decreases with increasing water depth (Seibold etal., 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
Eckernférde 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 (Rofler,
2006)) with gaseous (i.e., methane) sediments of microbial origin below ~0.5-3 m
(Martens et al., 1999; Schiiler, 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 Eckernférde Bay is generally well stratified
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2.2 Eckernforde Bay

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 etal., 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).
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[—> Acoustic turbidity zone
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B Land
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Figure 2.7: Overview of Eckernféorde Bay showing the extent of the acoustic
turbidity zone and the distribution of pockmarks (modified from (Whiticar, 2002))

2.2.3 Hydrogeology of the Eckernforde region

Two main aquifers in the region of Eckernférde 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 Eckernforde Bay

The two aquifers are known to supply groundwater into Eckernforde 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 Eckernférde 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 Eckernférde 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 Eckernférde 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
Eckernférde 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; Miiller et al., 2011; Patiris
et al., 2018; Schliiter et al., 2004; Whiticar, 2002).

2.2.5 Data used

In Eckernférde 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.
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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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3.2 Methods

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 contine