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Abstract

Fluids are an important agent in nearly all geologic processes that shape the planet Earth. Fluid
abundance and composition are governed by flow along permeable beds or natural and
anthropogenic structures in the subsurface including faults, wells, and chimneys/pipes. Spatial
and temporal variations in fluid flow activity modify total fluxes between geosphere,
cryosphere, hydrosphere, and atmosphere. These fluxes have broad implications for geological
processes including the formation of natural resources or the occurrence of geohazards
including landslides, earthquakes and blowouts. They further play a crucial role for the global
carbon cycles and the climate system. A qualitative and quantitative understanding of fluid flow
in the subsurface is therefore important to assess the role of fluids in the Earth system and to
quantify fluxes from the geosphere into the hydro- and atmosphere. In this Ph.D. thesis | use an
integrated, interdisciplinary approach to study natural and anthropogenic fluid migration
pathways in marine sediments in the North Sea, the convergent Hikurangi margin, and a section
of the ancient Tethys margin which is now exposed near Varna, Bulgaria. The applied methods
include conventional 3D seismic, high-resolution 3D seismic, and 2D seismic data as well as
hydroacoustic, sedimentological, unmanned aerial vehicle-based photogrammetric and
geochemical data. In each of the studied systems, natural and/or anthropogenic fluid migration
pathways allow the transport of significant amounts of fluids through marine sediments towards
the seafloor. Often the co-existence of multiple pathways enables the fluids to bypass
permeability barriers within the Earth’s crust resulting in the formation of structurally complex
flow systems. Focused fluid flow along normal faults in the Hikurangi margin likely plays an
active role in the subduction drainage system, influences the slope stability and the
morphotectonic evolution of the margin. Results from the Eocene Tethys margin show that
focused fluid flow in marine sediments is possible in unconsolidated sands if seepage is focused
at the top of faulted units and the flux rate is high enough. This stands in contrast to the general
assumption that focused fluid flow in marine sediments is limited to low-permeable sediments.
In the marine environment the term fluid flow is often used to exclusively refer to the flow of
hydrocarbons. However, geochemical data from the North Sea and the Tethys margin indicate
that the involved fluids are of different origin including compaction-related dehydration and
submarine groundwater discharge. In each of the investigated cases, the temporal and spatial
evolution of fluid flow is not fully addressed yet, especially with regard to vertical fluid conduits
or the safety of subsurface drilling and storage operations. The results of my thesis highlight
that the investigation of fluid migration pathways requires an interdisciplinary approach which
may indicate the origin of the fluids, help understand the fluxes of fluids from the geosphere
into the hydrosphere and atmosphere of the past, present and future and reveal the resulting
consequences for the global carbon cycles and the climate system.



Zusammenfassung
Fluide sind ein wichtiger Bestandteil fast aller geologischen Prozesse, die den Planeten Erde
pragen. Die Fluidfulle und -zusammensetzung werden durch Fluidflusse entlang permeabler
Schichten oder natdrlicher und anthropogener Strukturen im Untergrund bestimmt,
einschlieBlich Stérungen, Bohrlochern und fokussierten Fluidstrukturen. Raumliche und
zeitliche Variationen der Fluidstromungsaktivitat verandern die Gesamtfliisse zwischen
Geosphare, Kryosphére, Hydrosphare und Atmosphére. Diese Fluidfllisse haben weitreichende
Auswirkungen auf geologische Prozesse, einschlieBlich der Bildung natrlicher Ressourcen
oder des Auftretens von Georisiken wie Erdrutschen, Erdbeben und Blowouts. Sie spielen
zudem eine entscheidende Rolle fur die globalen Kohlenstoffkreislaufe und das Klimasystem.
Ein qualitatives und quantitatives Verstandnis der Fluidstrdmung im Untergrund ist daher
wichtig, um die Rolle von Fluiden im Erdsystem zu beurteilen und Flusse aus der Geosphare
in die Hydro- und Atmosphére zu quantifizieren. In dieser Doktorarbeit verwende ich einen
integrierten, interdisziplindren Ansatz, um nattrliche und anthropogene Fluidmigrationswege
in marinen Sedimenten in der Nordsee, den konvergenten Hikurangi-Kontinentalrand und einen
Abschnitt des alten Tethys-Kontinentalrands zu untersuchen, der heute in der N&he von Varna,
Bulgarien, exponiert ist. Zu den angewandten Methoden gehdren konventionelle 3D-Seismik,
hochauflésende 3D-Seismik und 2D-Seismik sowie hydroakustische, sedimentologische,
drohnenbasierte photogrammetrische und geochemische Daten. In jedem der untersuchten
Systeme ermdglichen natirliche und/oder anthropogene Fluidmigrationswege den Transport
bedeutender Fluidmengen durch marine Sedimente in Richtung Meeresboden. Haufig
ermoglicht die Koexistenz mehrerer Migrationswege, dass Fluide Permeabilitatsbarrieren
innerhalb der Erdkruste umgehen, was zur Bildung strukturell komplexer Fluidsysteme fiihren
kann. Ein fokussierter Fluidstrom entlang von Abschiebungen im Hikurangi-Kontinentalrand
spielt wahrscheinlich eine aktive Rolle in der Entwasserung der Subduktionszone, beeinflusst
die Hangstabilitdt und die morphotektonische Entwicklung der Subduktionszone. Die
Ergebnisse aus dem Tethys Kontinentalrand im Eozan zeigen, dass ein fokussierter Fluidstrom
in marinen Sedimenten in unverfestigten Sanden mdglich ist, wenn der Gasaustritt an der
Obergrenze frakturierter Einheiten fokussiert ist und die entsprechende Flussrate hoch genug
ist. Dies steht im Gegensatz zu der allgemeinen Annahme, dass sich fokussierte
Fluidstromungen in marinen Sedimenten auf niedrigpermeable Sedimente beschrénken. In der
marinen Umwelt wird der Begriff Fluidstromung oft verwendet, um sich ausschliel3lich auf den
Fluss von Kohlenwasserstoffen zu beziehen. Geochemische Daten aus der Nordsee und dem
Kontinentalrand der Tethys deuten jedoch darauf hin, dass die beteiligten Fluide
unterschiedlichen Ursprungs sein kénnen, einschliellich kompaktionsbedingter Dehydrierung
und submarinem Grundwasserausfluss. Die zeitliche und rdumliche Entwicklung dieser
Fluidstromungssysteme ist jedoch noch nicht ausreichend untersucht, insbesondere im Hinblick
auf fokussierte Fluidstrukturen oder die Sicherheit von unterirdischen Bohr- und
Speichervorhaben. Die Ergebnisse meiner Dissertation zeigen, dass die Untersuchung von
Fluidmigrationswegen einen interdisziplindren Ansatz erfordert, der die Herkunft der Fluide
anzeigen kann, hilft, die Flisse von Fluiden aus der Geo- in die Hydro- und Atmosphare der
Vergangenheit, Gegenwart und Zukunft zu verstehen und die daraus resultierenden Folgen fiir
die globalen Kohlenstoffkreislaufe und das Klimasystem aufzuzeigen.
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| — Introduction

1.1. Motivation

Fluids play a crucial role for many geologic processes in the Earth system. The formation of
natural resources such as water or hydrocarbons, the occurrence of geohazards including
landslides and earthquakes, or the seabed ecology are just some examples that are largely
governed by the abundance and composition of the available fluids. Spatial and temporal
variations in fluid flow activity modify total fluxes between geosphere, cryosphere,
hydrosphere, and atmosphere with wide implications for the global carbon cycle and the climate
system. Greenhouse gas emissions from marine sediments directly influence global warming,
which will be one of the grand challenges for the next decades to centuries (Ciais et al., 2013;
Saunois et al., 2016, IPCC, 2018). In 2007, the Intergovernmental Panel on Climate Change
(IPCC) has therefore acknowledged geological fluxes of greenhouse gases as an important
source and added oceanic and land-based emissions to their inventory (Denman et al, 2007;
Etiope et al., 2008; Ciais et al., 2013; Saunois et al., 2016). However, especially in the marine
environment, a qualitative and quantitative understanding of fluid flow in the subsurface and
the release of fluid into the hydrosphere and atmosphere is challenged by the inaccessibility of
offshore regions and associated difficulties in monitoring over sufficient spatial and temporal
scales. This results in large uncertainties in quantifying and attributing emissions from marine
natural geological sources.

In the marine environment, fluids are transported by either diffusive or focused flow through
the Earth’s crust. Structures that support focused fluid flow include natural features such as
faults or fracture networks and anthropogenic features such as hydrocarbon wells or other
subsurface operations. Millions of hydrocarbon wells and other subsurface operations penetrate
through marine sediments. Where fluid accumulations exist in the subsurface, drilling may
become life threatening (e.g. North Sea blowout 22/4B, 1990, Leifer & Judd, 2015), but may
also form effective fluid migration pathways through the overburden (Gurevich et al., 1993).
Although the interpretation of seismic chimneys and pipes as vertical fluid conduits is well-
established, very little is known about their internal architecture, nature and hydraulic
parameters, especially their permeability (Karstens et al., 2017). The permeability of faults and
fractures is an important controlling factor for the temporal and spatial variability of seafloor
seepage (Talukder, 2012). In active continental margins, tectonic deformation and subduction-
related processes such as compaction and dehydration result in a complex hydrological regime
(Saffer & Tobin, 2011). Often, the role of upper-plate faulting for the hydrodynamic and
tectonic evolution of the forearc is poorly understood.

In the present and future world, a good understanding of fluid migration through marine
sediments may become crucial with respect to two societal challenges. First, the possible
storage of large amounts of CO2in marine saline aquifers is considered a key mitigation strategy
to reduce CO2 concentrations in the atmosphere (Metz et al., 2005; IPCC, 2018). Good
knowledge on natural fluid flow in theses settings is required to identify potential leakage
pathways from CO. storage reservoirs through the overburden and towards the seafloor.
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Second, with the exacerbation of effects of climate change, water becomes a more important
resource in many places around the world. In 2019, water shortages already threaten major
coastal cities around the globe (Taniguchi et al., 2002; Cohen et al., 2010; Post et al., 2013;
Berndt & Micallef, 2019). However, very little is understood with respect to flow and discharge
of submarine groundwater and potential sustainable usage of the offshore resources.

1.1.1. Earth climate and global warming

Global warming and climate change have been in the focus of scientific research over the last
decades. Due to the grand challenge that climate global warming represents for the society, the
climate science community has organized itself since 1988 as the Intergovernmental Panel on
Climate Change (IPCC). The main aim of the IPCC is to provide a scientific basis for climate
change, investigate the correlation between anthropogenic greenhouse gas emissions and global
warming, but also to recommend mitigation strategies for the consequences of climate change
to society, stakeholders, as well as policy and decision makers.

Earth climate has experienced continuous change throughout the last 65 million years and
beyond which is documented in the geologic record for example by variations in oxygen (5'¢0)
and carbon (5'3C) isotopes of deep-sea sediments (Zachos, 2001). Natural factors such as the
change in eccentricity, obliquity and precession of the Earth’s orbital geometry determine the
amount and incident of solar radiation reaching the Earth’s surface. Plate tectonics and the
perpetual motion of the Earth’s surface control the total area and global distribution of
landmasses and volcanism (Zachos, 2001). Removing these natural factors from the
temperature trend of the last thousand years reveals a correlation between anthropogenic
greenhouse gas emissions and the pronounced global warming of the 20" century (Crowley,
2000). The radiative properties of the atmosphere are heavily influenced by the concentrations
of greenhouse gases. Carbon dioxide, methane and nitrous oxide, are the main greenhouse
gases. Their concentration in the atmosphere has significantly increased since the beginning of
the Industrial era (pre-industrial defined as the beginning of the year 1750), primarily due to
anthropogenic emissions (Figure 1.1; Ciais et al., 2013). In 2018, the annual global average
carbon dioxide concentration in the Earth’s atmosphere was 407.4 4+ 0.1 parts per million (ppm),
which is, based on ice core data, higher than at any point in the last 800,000 years (Blunden &
Arndt, 2018).

The rising concentrations of greenhouse gases since pre-industrial times correlate with an
increase in global mean surface temperature. The decade 2006-2015 was 0.87°C warmer than
the average over the 1850-1900 period (IPCC, 2018). The estimated anthropogenic global
warming is currently increasing at 0.2°C per decade due to past and ongoing greenhouse gas
emissions (IPCC, 2018). Global warming occurs generally faster over land than over the ocean
and may reach extremes in land regions and seasons, i.e. in the Arctic, where warming is two
to three times faster than the global annual average (IPCC, 2018). The current global warming
manifests itself in an increase of temperature extremes, droughts and precipitation deficits,
heavy precipitation, partial melting of the Greenland and Antarctic ice sheets (IPCC, 2018). For
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many human and ecological systems, the sea level rise of up to 0.77 m by 2100 amplifies the
exposure of small islands, low-lying coastal areas and deltas to risks such as saltwater
intrusions, flooding, and damage to infrastructure (IPCC, 2018).
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Figure 1.1. Globally averaged mole fractions and its growth rate from 1984 to 2017 for (A) carbon
dioxide, (B) methane, and (C) nitrous oxide (modified after WMO, 2018).

The best analogue for present-day global warming is the massive release of light hydrocarbons
and rising methane concentrations in the atmosphere during the Paleocene-Eocene thermal
maximum (PETM), which correlated with a rise in the global temperature (Zachos, 2001).
Though contentious, the sudden release of light hydrocarbons may be explained by the release
of methane from gas hydrates, pore water venting, turbidite oxidation, or metamorphism of
marine sediments due to volcanic intrusions (Zachos, 2001; Higgins & Schraag, 2006; Dickens,
2011).

Mitigation pathways to limit global warming to 1.5°C and reaching net zero CO2 emissions
include the reduction of non-CO; greenhouse gas emission, primarily methane (e.g. 50% from
the oil and gas industry; IEA, 2019), energy demand reductions, decarbonization of electricity
and other fuels, electrification of energy end use, deep reductions in agricultural emissions, and
some form of carbon dioxide removal with carbon storage on land or sequestration in geological
reservoirs (IPCC, 2018). Carbon dioxide removal via carbon dioxide capture and storage (CCS)
is a key mitigation technology that includes the separation of CO> from industrial and energy-
related sources, transport to a storage location and long-term isolation from the atmosphere (e.g.
Metz et al., 2005). Though CCS is not the solution to reduce CO2 concentration in the
atmosphere to tolerable amounts, the technology may provide time for the development and
implementation of sustainable energy sources.

1.1.2. Methane — the most common greenhouse gas in marine sediments
The global methane (CHa) budget remains poorly constrained both in terms of understanding
the source and the quantity of methane emissions. Atmospheric inversion models (top-down
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approaches) describe the quantification of atmospheric methane concentrations and subsequent
attribution to the various sources and sinks (IPCC: Ciais et al., 2013). Process-based models
(bottom-up estimates) rely on quantification of individual processes and subsequent
calculations of atmospheric methane concentrations (IPCC: Ciais et al., 2013). Top-down
approaches of global emissions for the decade 2003-2012 estimate 540-568 Tg (CH4) yr! while
bottom-up approaches predict 596-884 Tg (CHs) yr! (Saunois et al., 2016). The large
discrepancies between top-down and bottom-up estimates of global sources and sinks highlight
the lack of good constraints. Since 2014, the atmospheric concentrations of methane increased
at nearly double the rate observed in 2007 while the causes remain subject of scientific debate
(Fletcher & Schaefer, 2019).

Anthropogenic methane sources (340-360 Tg (CH.) yr; Saunois et al., 2016) contributed
approximately half of the total methane emissions in the decade 2003-2012. The anthropogenic
emissions include agriculture and waste (178-206 Tg (CHa) yr?), fossil fuels (114-133 Tg
(CHy) yr1) as well as biomass and biofuel burning (27-35 Tg (CHa4) yr). The impact of
anthropogenic methane emissions on climate change is receiving ever-increasing attention
(Saunois et al., 2016) as societies attempt to make the energy transition from coal to natural gas
and further on to renewables.

Natural methane sources, which contribute 194-296 Tg (CH.) yr to the global emissions
(Saunois et al., 2016), are mainly attributed to natural wetlands (153-227 Tg (CHa) yr™). Other
terrestrial emissions, which come from fresh water, wild animals, termites, wildfires,
permafrost, vegetation and geological processes, contribute a further 104-297 Tg (CH4) yrito
the budget (Saunois et al., 2016). Little is known about the oceanic sources, which are believed
to contribute 5-25 Tg (CHa) yr? (Saunois et al., 2016). The oceanic sources, which are only
estimated by bottom-up approaches, are categorized into two very general groups: (1)
geological and (2) others, e.g. hydrates (Saunois et al., 2016). In the following, I will present
different approaches to estimate the contribution of marine methane release to the global
methane budget, which thus represent bottom-up estimates.

Methane is the most common gas in marine sediments and appears in the form of free gas, gas
hydrates or dissolved in porewater. Methane found in marine sediments may be biogenic,
derived from microbial degradation of organic matter, or thermogenic, generated in deep
hydrocarbon reservoirs by thermal cracking of kerogens (Whiticar, 2000). The carbon and
hydrogen isotope signatures and the relative proportions of methane and more mature
hydrocarbons (e.g. ethane, propane, butane) can help distinguish between the two sources
(Whiticar, 2000). Large amounts of methane in marine sediments are stored in gas hydrates,
ice-like clathrates that are stable under high pressure and low temperatures (Kvenvolden, 1988).
Estimates of the global gas hydrate inventory are poorly constrained and range from 3 to
4,000,000 Gt of carbon (Kvenvolden, 1988; Kvenvolden, 1993; Milkov, 2004; Burwicz et al.,
2011; Pifiero et al., 2013). Realistic estimates of natural oceanic methane emissions require a
profound understanding of fluid flow systems, including spatial and temporal variations,

5
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internal architecture and preferential migration pathways through the overburden to constrain
the contribution of natural greenhouse gas sources from the offshore environment (Etiope et al.,
2008; Talukder, 2012, Landrg et al., 2019).

The understanding of natural migration pathways of methane and their hydraulic parameters
(i.e. porosity and permeability) becomes important in another societal context. The geological
storage of carbon dioxide in marine saline aquifers is considered a key technology (carbon
dioxide capture and storage — CCS) to mitigate anthropogenic emissions of greenhouse gases
into the atmosphere. Due to the lack of natural systems, where gas-phase carbon dioxide
migrates through clastic sediments, the migration of methane through marine sediments is used
to gain understanding about subsurface carbon dioxide migration (e.g. Grimstad et al., 2009;
Landrg et al., 2019; Marin-Moreno et al., 2019). Both, methane and carbon dioxide are trapped
in water-filled sediments by capillary interfaces. However, there are some differences in the
behavior of these gases in the subsurface. In the gas-phase, at depths less than 500 m, carbon
dioxide is 3 to 4 times denser than methane. At depths greater than 500 m, carbon dioxide is 10
to 14 times denser as it enters the liquid and dense phases. At 500 m depth, the gas-phase of
methane is 2.5 times more buoyant than carbon dioxide (Naylor et al., 2011; Landrg et al.,
2019). In addition, methane is 100 times less soluble in water than carbon dioxide. This marked
difference in solubility will lead to greater losses of carbon dioxide gas due to dissolution along
migration pathways (Cevatoglu et al., 2015). Despite these differences, the migration of
methane is still considered a reasonable analogue for the migration of carbon dioxide in shallow
sediments (i.e. less than 1000 m; Landrg et al., 2019).

1.1.3.Carbon dioxide capture and storage (CCS)

CCS is considered a key technology for reducing anthropogenic emissions of carbon dioxide
(COy) into the atmosphere and for limiting global warming to 2° C above pre-industrial levels
(IPCC, 2018). The aim is to capture CO> from large single sources (combustion sites) such as
fossil fuel power plants, oil and gas production and other high-emitting industries (e.g. steel,
cement, fertilizer) and then transport and store it safely in suitable geological formations. To
reach the 2°C Paris climate target by 2060, about 14% of the cumulative emissions reductions
must derive from CCS (Global CCS Institute, 2018). To achieve even more ambitious CO>
reduction goals and limit global warming to 1.5° C above pre-industrial levels would require
active carbon dioxide removal from the atmosphere by combining bioenergy with CCS
(BECCS) and removals in agriculture, forestry and other land use industries (IPCC, 2018).

There are three main methods for carbon dioxide capturing at large single sources: (1) Pre-
combustion, which chemically strips off carbon and leaves hydrogen to burn, (2) Post-
combustion, which separates the CO. with the use of chemical solvents, and (3) Oxy-
combustion, which burns coal or gas in denitrified air to yield only CO> and water (Metz et al.,
2005; Haszeldine, 2009; Boot-Handford et al., 2014; Bui et al., 2018). Pre-combustion capture
is mainly applied in fertilizer manufacturing and hydrogen combustion but can involve power
plants that gasify coal and chemically shift methane or syngas to hydrogen (Metz et al., 2005;
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Haszeldine, 2009). Oxy-combustion separates oxygen from air with established cryogenic
methods and burns coal or gas in a mixture of that oxygen to enable a much easier separation
of the CO, without a solvent (Haszeldine, 2009). This technology has, to date, only been
employed for demonstration sites, but may reach commercial status in the near future (Boot-
Handford et al., 2014; Bui et al., 2018). Post-combustion is the most-commonly applied method
as it has been used successfully for decades for separating CO, from natural gas (Metz et al.,
2005; Bui et al., 2018). Post-combustion uses chemical solvents to separate CO> from flue gases
in the air produced by the combustion of the primary fuel at large single sources (Metz et al.,
2005; Boot-Handford et al., 2014), i.e. by wet scrubbing of combustion products with aqueous
amine solutions before they are vented into the atmosphere (Gibbins & Chalmer, 2008).

Transportation is an important factor of CCS. All power plants that are not located above
geological storage sites require suitable transportation technologies (Metz et al., 2005).
Transportation technologies for CO are well established (Bui et al., 2018). CO: is either
transported via on- or offshore pipelines (Noothout et al., 2014) or via ship, e.g. within the
“Northern Lights” full-scale CCS project in Norway (Northern Lights, web link in reference
list; Global CCS Institute, 2018). In October 2019, the London Protocol Parties adopted a
resolution to allow provisional application of an amendment to Article 6 of the Protocol to allow
sub-seabed geological formations for sequestration projects to be shared across national
boundaries. The London Protocol provides a legal framework for parties to effectively prevent
pollution of the sea caused by dumping or incineration at sea of wastes and other matter.
Activities such as carbon dioxide capture and storage in sub-seabed geological formations and
marine geoengineering activities, and ocean fertilization, are included within the London
Protocol framework (IMO, 2019).

In general, geological storage is accomplished by injecting CO: into the rock formation below
the surface (Metz et al., 2005). Potential geological storage formations include in marine saline
aquifers, basalt layers, deep un-mineable coal beds, depleted oil and gas reservoirs or producing
oil reservoirs as part of enhanced oil recovery (CO,-EOR) operations (Figure 1.2; Metz et al.,
2005; Matter et al., 2011). CO2-EOR is used by the oil and gas industry since the 1970s
(Haszeldine, 2009).
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Figure 1.2. lllustration of CO, storage operations around the world. CO; has been injected and stored
across many geological settings e.g. marine aquifers (e.g. Sngvhit, Sleipner, Quest, Illinois), basalt
layers (e.g. Tomakomai), deep un-mineable coal beds, depleted oil and gas reservoirs (e.g. K-12B,
Gorgon, Lacq) or producing oil reservoirs as part of enhanced oil recovery (e.g. Santos Basin Pre-Salt)
using different injection methods (Global CCS Institute, 2018).

In 2018, 43 large-scale facilities for CCS were active, 18 of which were in commercial
operation, 5 were under construction and 20 were in various stages of development (Global
CCS Institute, 2018). Most of these facilities have the purpose of enhanced oil recovery (CO2-
EOR), where injection of CO: is used to increase the rate of oil extraction. Only a few are
dedicated solely to storage. Globally, by 2018 more than 230 Mt of CO2 had been successfully
captured and injected deep underground and the cumulative storage rates reached
approximately 40 million tonnes (metric tons) per annum (Mt/a) (Global CCS Institute, 2018).
The IEA highlighted that globally 450 Mt/a could be captured, utilized and stored with a
commercial incentive of US$40 per tonne of CO2 (Global CCS Institute, 2018).

Europe has the third highest number of large-scale projects of which Sngvhit, country (0.7 Mt/a)
and Sleipner, country (1 Mt/a) are operational (Bui et al., 2018). Both projects use geological
storage in suitable formations for the industrial-scale implementation of CCS. In Europe these
are saline aquifers and depleted hydrocarbon reservoirs in the North Sea Basin (Haszeldine,
2009). North Sea storage formations include the Utsira Formation, a marine saline aquifer with
a storage potential of 20 to 60 Gt (Lindeberg et al, 2009). More than 18 Mt of CO- has been
injected into the Utsira Formation at the Sleipner CCS site since 2006 (Furre et al., 2017).

CO2 storage in marine saline aquifers, which have the highest global storage potential, may
represent the most favorable geological storage opportunity (Metz et al., 2005; Michael et al.,
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2010). However, the storage of CO: in the pore space of sedimentary rocks requires
impermeable seals (cap rock) above the storage formations. For an efficient long-term storage
of COz, the integrity of the cap rock is a crucial requirement. Leakage from storage formations
can result from a variety of processes. First, accumulation of CO2 beneath the cap rock may
lead to critical overpressure and fracturing of the cap rock. When permeability barriers hinder
the equilibration of overpressure by diffuse flow, pore fluids may form focused fluid conduits
that breach the sealing cap rock and transport fluids and overpressure towards shallower
reservoirs or the surface (Berndt 2005; Chadwick et al., 2009; Karstens & Berndt, 2015).
Second, CO- can be released from failures of the injection well or along abandoned wells due
to faulty casings/annuli or through the fractured surrounding rock (Gurevich et al., 1993; Gasda
et al., 2004; Nordbotten et al., 2005; Vielstadte et al., 2015). Third, CO2 release can also be
triggered by seismic activity that leads to faulting and fracturing of the subsurface (Gurevich et
al., 1993; Metz et al., 2005; Zoback & Gorelick, 2012, 2015; Ajayi et al., 2019).

The different leakage pathways through the overburden require a careful evaluation in terms of
the risks of CO> leakage from geological storage formations. Geotechnical incidents at the sub-
seafloor injection site Tordis (Norwegian North Sea) in 2008 and the onshore injection site In
Salah (Algeria) between 2004 and 2011 highlight the importance of detailed surveying prior
to—and careful monitoring during—the CO: injection (Eidvin and @verland, 2009; White et
al., 2014). In the case of focused fluid flow conduits in particular, very little is known about the
efficiency for COz transfer, the long-term behavior and their physical properties, especially the
permeability (Karstens et al., 2017). If these structures affect potential CCS sites, they may pose
a potential risk for the long-term integrity of storage formations (Nicoll, 2011; Karstens et al.,
2017; Andersen et al., 2017; Marin-Moreno et al., 2019).

1.1.4.STEMM-CCS

My thesis was conducted within the framework of the Strategies for Environmental Monitoring
of Marine Carbon Capture and Storage (STEMM-CCS) project. The project was funded by
European Commission (2016-2020) on an international level with a multi-disciplinary approach
to deliver new approaches, methodologies, and tools for the safe operation of offshore CCS
sites. The key objectives are to produce new tools and techniques for monitoring, quantification
and assessing CO. emissions. The project generates new knowledge about the caprock integrity
by direct investigation of natural geological and anthropogenic fluid flow features. STEMM-
CCS also implements the first marine ecological baseline study, incorporating geochemical and
biological variability, for CCS demonstration projects offshore.

The natural fluid flow systems investigated during the project include geological (volcanic)
release of CO> from the seafloor around Panarea (Italy), methane release from the Scanner
pockmark area (offshore United Kingdom) and the Nyegga pockmark field (offshore Norway).
A key component of the project was an experiment in the North Sea at the Goldeneye depleted
gas field (Connelly, 2019). At Goldeneye, a manmade fluid escape feature was created by
release of CO> through a drill hole approximately 3 m beneath the seafloor. During the
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experiment, a large variety of monitoring and quantification techniques were tested and
measured against baseline studies of the sediment and water column. The baselines enabled a
separation of the natural CO2 signal from the manmade CO: signal. In the unlikely event of
leakage from an industrial scale project, the developments and techniques of the STEMM-CCS
project will help stakeholders, including regulatory bodies, policymakers, industry groups,
academia and the wider CCS community, to detect and quantify CO> release from the seafloor.

The STEMM-CCS project consists of eight work packages (WPs) coordinated and managed by
WP8. WP1 deals with technical logistics and equipment development. Its main objective was
to coordinate, design, develop, manufacture and deploy the seabed drill rig for the CO; release
experiment at the Goldeneye site, as well as to deliver mooring integrate sensors and
functionality for seabed landers. WP2 designs and implements techniques for baseline studies
at CCS sites and identifies appropriate biological and chemical indices for the impact of the
unlikely event of leakage from an industrial-scale CCS site. Modelling approaches are also
included in WP2 to extend the spatially and temporally limited field observations.

WP3 investigates leakage pathways through the overburden at natural seepage sites and
evaluates the risks of CO» leakage from geological storage formations. The main objectives are
to determine (1) the efficiency of leakage pathways for CO2 transfer, (I1) the CO2 permeability
of chimney structures, (111) how long chimney structures remain open for CO- transfer and (1V)
the physical properties, especially the permeability, of chimney structures.

WP4 deals with leakage detection, localization and quantification. The aim of the WP is to
implement efficient and accurate detection methods, and to trace and quantify CO. leakage
from storage reservoirs in the marine environment. The main objectives are to detect, locate
and quantify CO> leakage from the controlled release experiment from the sub-seabed to the
water column and to assess the value of artificial and natural tracers of CO> in the marine
environment. The findings from the experiment are complemented by nested model systems to
assess the dispersion of CO> and tracers in the sediments and water column. WP5 develops new
technologies and optimizes current methods (e.g. seabed imaging) to investigate the release
experiment and provide decision support tools for future mitigation strategies.

WP6 and WP7 are dedicated to international collaboration and knowledge sharing. STEMM-
CCS is aiming to maximize the exposure and dissemination of project outputs to an
international audience of CCS stakeholders including industry, regulators, governments and
researchers. This is ensured within these WPs by facilitating interaction between project
scientists and stakeholders, and training of postgraduate and postdoctoral researchers.

My doctorate study was conducted within the framework of WP3. | further contributed to WP2
and WP7.
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1.2. Fluid flow in marine sediments

The transport of fluids through marine sediments is primarily governed by pressure gradients
and permeability contrasts (Berndt, 2005). In general, Darcy’s law defines fluid flow through
sedimentary basins (Whitaker, 1986). Darcy’s law proved to be a specific solution of the
Navier-Stokes-equation and more specifically describes the effective transport of fluid phases
through permeable beds from deeper strata towards the surface dependent on the permeability
of rocks, the viscosity of the fluids and the driving pressure gradient (Whitaker, 1986).
Permeability is the rock property that describes how easily fluids can move through them.

While fluid migration in marine sediments is primarily governed by diffusive flow through
permeable beds described by Darcy’s law, seismic data have revealed the presence of focused
fluid flow conduits in various geological settings around the world, manifesting themselves in
a wide range of seismic anomalies (Cartwright et al., 2007; Lgseth et al., 2009; Andresen, 2012;
Karstens & Berndt, 2015). Focused fluid flow is primarily directed upwards and can occur when
pore pressure exceeds the combined least principal stress and tensile strength of the sediment
to induce hydrofracturing (Hubbert & Willis, 1957). Pore pressure may not need to exceed the
least principal stress to enable fluid flow, if flow is focused along normal faults that can be
reactivated before pore fluid pressure reaches the level of the least compressive stress. Aside
from the Mohr-Coulomb failure criterion, fluids may also start to move if the pore pressure
overcomes the capillary entry pressure and capillary failure occurs (Clayton & Hay, 1994). Both
types of seal bypass commonly occur in areas where the fluid pressure is increased, i.e. by
compaction, rapid loading, hydrothermal activity, or diagenetic processes (Berndt, 2005). Once
migration pathways have formed, they may remain conductive for further gas migration from
deeper strata towards the surface for millions of years (Dumke et al., 2014).

In marine sediments, fluids originate from a variety of sources that can lead to overpressure in
pore space and subsequent vertical migration of fluids (Osborne & Swarbrick, 1997; Berndt,
2005). These sources include burial of seawater during sedimentation (Dugan & Flemings,
2000; Flemings et al., 2003), dehydration of minerals (Osborne & Swarbrick, 1997),
hydrothermal venting from volcanic activity (Kulm & Suess, 1990; Svensen et al., 2004),
tectonic compression (Saffer & Tobin, 2011), dissociation of gas hydrates (Kvenvolden; 1993;
Dickens et al., 1997; Suess et al., 1999) or compaction of sediments (Berndt et al., 2003;
Cartwright et al., 2003). Fresh or brine water systems can cause overpressure in the offshore
realm because of their potentiometric head (e.g. artesian well; Bachu & Underschultz, 1993;
Osborne & Swarbrick, 1997). Submarine groundwater aquifers charged with meteoric water,
from onshore or during the geological past, are another example of fluid movement through
marine sediments. These aquifers have become more important as increasing water shortages
threaten major coastal cities around the world (Taniguchi et al., 2002; Cohen et al., 2010; Post
et al., 2013; Berndt & Micallef, 2019).

Fluid flow in marine sediments plays a crucial role for the global carbon cycle and climate
system, water and hydrocarbon resources, as well as natural and exploration-related geohazards.
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The complex fluxes of hydrocarbons between the geosphere, biosphere, hydrosphere and
atmosphere have a significant impact on the global carbon cycles (Judd & Hovland, 2007).
Greenhouse gas emissions, including carbon dioxide and methane from marine sediments, and
the production and burning of hydrocarbons, have a direct influence on the climate (IPCC: Ciais
et al., 2013; Saunois et al., 2016). A large portion of marine methane is bound in gas hydrates,
which are sensitive to changes in temperature and pressure conditions (Kvenvolden, 1988). The
dissociation gas hydrates can have implications for global climate (Nisbet, 1990; Ruppel &
Kessler, 2017) and the exacerbation of effects of climate change such as ocean acidification
(Biastoch et al. 2011). Though contentious, it has also been long suggested that there is a link
between gas hydrates and submarine slope stability (Carpenter, 1981) which can have
implications for local infrastructure and coastal communities. Drilling incidents, such as Figge
Maar crater/B1 blowout (Kornfeld, 1964; Thathje et al., 1999) or 22/4B blowout (Leifer &
Judd, 2015), and leakage from decommissioned wells (Vielstadte et al., 2017) have large impact
on the local environment but also add to the regional hydrocarbon budgets.

1.2.1. The manifestation of fluid flow in seismic refection data

Seismic reflectivity is sensitive to fluid in the pore space of marine sediments, especially gas,
as it has a strong influence on seismic velocities and energy absorption of seismic waves (White,
1975; Domenico, 1977). Hydrocarbon-related fluid flow systems may thus manifest themselves
in seismic data as anomalies in the subsurface (Berndt, 2005; Cartwright et al., 2007; Leseth et
al., 2009; Andresen, 2012; Karstens & Berndt, 2015). Such seismic anomalies may be
associated with vertical to sub-vertical fluid conduits, sediment deformation (e.g. sediment
mobilization, polygonal faulting), gas hydrates or gas accumulations. For fresh water-related
fluid flow systems, seismic data may provide valuable information about the geometry and
character of aquifers (Taniguchi et al., 2002; Cohen et al., 2010; Post et al., 2013).

Three-dimensional (3D) seismic data have substantially advanced the knowledge of subsurface
fluid migration features, which were previously often discarded as poorly imaged zones and
seismic artifacts in two-dimensional (2D) seismic data (Cartwright & Huuse, 2005).
Conventional 3D seismic data sets acquired for exploration purposes have shed light on the
nature and architecture of geological features associated with fluid flow in sedimentary basins.
With advancements in computational power, recording and processing of conventional 3D
seismic data and 3D seismic attributes, the interpretation and understanding of focused fluid
flow has reached a new age. However, the resolution of conventional seismic data, spatially
(often >=12.5 m) and vertically (frequency dependent, e.g. for a dominant frequency of 40 Hz:
10 m), is often not sufficient to image the seismic expression of fluid flow systems in detail.
Multi-frequency surveys with different sources (e.g. Bolt Gun, GI-Gun, Chirp, Boomer, and
Sparker; e.g. Bull et al., 2018) and ultra-high resolution (one-meter-scale, e.g. P-cable;
Lebedeva-Ivanova et al., 2018) complement conventional seismic data and have led to a better
understanding of the nature and internal architecture of fluid flow systems.
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Direct hydrocarbon indicators (DHI) highlight areas in seismic data where gas accumulates (see
Figure 1.3). Such DHIs include:

Acoustic blanking, which describes the energy absorption of a seismic wave due to the
presence of free gas and the subsequent amplitude dimming of underlying reflectors,
i.e. dim spots (White, 1975; Lgseth et al., 2009).

Velocity pushdown is an apparent depression of seismic reflectors (in the time domain)
due to the decrease of seismic velocities in the accumulated gas phase above the
reflectors (White, 1975; Domenico, 1977).

Bright spots are high amplitude seismic reflections. In the case of a polarity reversal
(with respect to the seafloor) they usually indicate the existence of free gas in the pore
space (White, 1975; Domenico, 1976).

Flat spots indicate a fluid contact (oil/gas, gas/water, oil/water) and manifest themselves
in seismic data as horizontal (high-amplitude) reflections that cut dipping strata (Lgseth
et al., 2009).

Bottom-simulating reflections (BSR) are reflections that can cross-cut sedimentary
strata and that broadly mimic the seafloor. They can be gas hydrate or diagenesis related
(Shipleyetal., 1979; Holbrook et al., 1996, Berndt et al., 2004; Figure 1.3B). A negative
polarity BSR (by far the most common) indicates the presence of gas hydrates by
highlighting the acoustic impedance contrast between gas hydrates and the underlying
free gas (Bangs et al., 1993; Hornbach et al., 2003).
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Figure 1.3. (A) Seismic anomalies associated with gas in the subsurface (Lgseth et al., 2009) and (B)
early multichannel seismic reflection profile showing a bottom simulating reflection (BSR) related to
gas hydrates in the subsurface (Shipley et al., 1979).

Changes in the continuity of seismic reflections or structural deformation may develop in layers
or geological structures, in which fluid migration altered the pre-existing sediments (L@seth et
al., 2009). However, not all of these seismic indicators necessarily provide evidence for
hydrocarbon accumulations as they may also be caused by abrupt changes in stratigraphy or
low-velocity rocks (Ensley, 1984).

1.2.2.Focused fluid flow

Fluid flow systems in marine sediments comprise three main structural elements: the source, a
seal-bypass system and seepage/venting at the seafloor. From a source in deeper strata, leakage
may be focused through a seal-bypass system that transports fluids vertically towards
shallow/overlying strata (Cartwright et al., 2007).

In general, cross-formational fluid flow in the subsurface is typically associated with

()] Vertical fluid conduits (Berndt et al., 2003; Cartwright et al., 2007; Lgseth et al., 2009;
Andresen, 2012; Karstens & Berndt, 2015; Figure 1.4)

(1) Wells from hydrocarbon exploration and other subsurface operations (Gurevich et al.,
1993; Gasda et al., 2004; Nordbotten et al., 2004; Vielstadte et al., 2015; Figure 1.4).
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(111)  Structure-controlled flow along faults or fractured zones (Behrmann, 1991; Gurevich
etal., 1993; Aydin, 2000; Cartwright et al., 2007; Saffer & Tobin, 2011; Figure 1.4).
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Figure 1.4. Schematic sketch of fluid migration pathways in marine sediments. (1) Vertical fluid
conduits which manifest in seismic data as amplitude anomalies (Seismic pipes & chimneys). These
structures are known from sediment basins around the world and are interpreted as the seismic image of
(1.10) gas filled fracture networks or as (I.11) injections of fluids or fluidized sediments. (I11) Wells from
hydrocarbon exploration and other subsurface operations. Leakage may occur either (11.1) through the
fractured surrounding of the borehole and/or (11.11) through faulty casings and/or annuli of the well: (A)
Between casing and cement; (B) between cement plug and casing; (C) through the cement pore space
as a result of cement degradation; (D) through casing as a result of corrosion; (E) through fractures in
cement; and (F) between cement and rock (modified after Gasda et al., 2004). (111) Structure-controlled
flow along faults and fractured zones in the subsurface.

The nature and internal architecture of fluid flow systems, especially their hydraulic properties,
are poorly constrained by direct observations. Flow varies in both space and time (e.g. Clayton
& Dando, 1996; Leifer et al., 2004; Moss & Cartwright, 2010; Chand et al., 2012; Kramer et
al., 2017; Karstens et al., 2018) and the complex flow pathways through the overburden make
it very difficult to characterize a particular system (Hornbach et al., 2007; Karstens & Berndt,
2015). In many sedimentary basins, fluid flow systems consist of a combination of various fluid
migration pathway types and may develop complex internal architectures (Gay et al., 2007;
Karstens & Berndt, 2015). Natural and anthropogenic fluid migration pathways through the
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overburden may thus have major implications for the availability of resources such as water or
hydrocarbons and for the long-term integrity of future—and current—CCS sites.

1.2.3.Fluid flow through pipes & chimneys

Vertical fluid conduits may form where localized overpressure breaches the sealing cap rock
(permeability barrier) and thereby transport fluids and overpressure towards shallower
reservoirs or the surface (Berndt, 2005; Cartwright et al., 2007; Karstens & Berndt, 2015).
Focused fluid conduits manifest themselves in seismic data as vertical amplitude anomalies
known as chimney or pipe structures (Cartwright et al., 2007; Lgseth et al., 2009; Andresen,
2012; Karstens & Berndt, 2015). Pipes and chimneys are interpreted as the seismic
manifestation of gas filled fracture networks (e.g.; Granli et al., 1999; Arntsen et al., 2007) or
as injections of fluids or fluidized sediments (e.g. Huuse et al., 2010; Andresen 2012; Karstens
& Berndt, 2015; Figure 1.4).

Pipe and chimney structures are known from sediment basins around the world and are very
common above hydrocarbon reservoirs (Heggland, 2007; Karstens et al., 2019), crosscutting
the overlying strata and forming hydraulic connections between permeable reservoirs at various
depths (Karstens & Berndt, 2015). Originally, seismic chimneys or gas chimneys were
described as zones of chaotic reflections with dimmed or wiped-out zones and bright spots at
different stratigraphic levels (e.g. Ekosfisk or Tommeliten, North Sea; Hovland & Sommerville,
1985; Granli et al., 1999). These “classical” chimneys are wide features (several km diameter)
and show a complex internal architecture (see Figure 1.5A). Seismic pipes differ from these gas
chimneys by being narrower and having distinct vertical oriented boundaries (e.g. Nyegga,
Norway; Mienert et al., 1998; Figure 1.5B). The terms chimney and pipe for vertical amplitude
anomalies have become arbitrary and are used interchangeably in the literature. However, both
types of seismic anomalies are associated with fluid conduits in the subsurface that provide a
hydraulic connection from deeper strata to shallower strata, or the seabed (Cartwright et al.,
2007; Laseth et al., 2009; Andresen, 2012).
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Figure 1.5. (A) Seismic chimney structure above the Tommeliten field (Lgseth et al., 2009) and (B)
seismic pipes structure below the Nyegga area on the mid-Norwegian margin (Mienert et al., 1998).
Although seismic pipes and chimneys are common features in seismic reflection data and their
interpretation as focused fluid flow conduits is well established, their nature and in particular
their permeability is poorly understood. They may pose a leakage risk for sub-seafloor storage
operations, which is directly controlled by the permeability of focused fluid conduits (Karstens
etal., 2017; Marin-Moreno et al., 2019). The permeability may vary significantly depending on
the type of affected sediments, the age of the conduits and the migrating fluids. Cementation
and compaction may seal a focused fluid conduit entirely with time and even high-resolution
seismic data are not capable of resolving the internal architecture of such structures.

Seismic data analysis represents an effective method to map fluid accumulations in the
subsurface, identify permeability barriers and constrain subsurface geometries of entire fluid
flow systems. However, the scales of focused fluid conduits imaged with seismic data (e.g.
Cartwright et al., 2007; Loseth et al., 2009; Andresen, 2012; Karstens & Berndt, 2015) is
generally much larger than those found in onshore outcrops of fossil seep sites (Clari et al.,
2004; De Boever et al., 2006a, 2006b; Capozzi et al., 2015 and references therein). Seismic
chimneys and pipes are often hundreds of meters in diameter (Berndt, 2005; Cartwright et al.,
2007; Laseth et al., 2009; Andresen, 2012; Karstens & Berndt, 2015), while the largest known
fossilized hydrocarbon-derived carbonate conduits are only up to 10 m high and more than 1 m
in diameter, spread over a comparatively small area (e.g. 300 x 800 m) (De Boever et al., 20063,
2006b). To date, only onshore outcrops of sand intrusions, which form due to the remobilization
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of sediments during rapid fluid discharge or strong seismic activity (Hurst et al., 2011), have
been observed to reach similar dimensions (tens of meters wide, hundreds of meters high) to
their corresponding seismic anomalies (Huuse et al. 2005; Ross et al. 2014). Examples of such
sand intrusions can be observed in the Kodachrome Basin, Utah, USA (Ross et al., 2014), or at
the giant sandstone pipes in SE Utah (Huuse et al., 2005). Linking seismic signatures with field
observations needs to overcome the observational gap between seismic and field geological
data to give insight into the formation processes.

1.2.4.Fluid flow along wells
There are millions of wells from hydrocarbon exploration and other subsurface operations in
continental shelves worldwide (Kang et al., 2016). In the North Sea alone, there are 20,507
hydrocarbon-related wells of which 6,689 are currently decommissioned (Appendix Table S1).
These wells may hydraulically connect deeper strata with the overburden or seabed and thus
represent potential anthropogenic (man-made) fluid migration pathways in the sedimentary
succession. Drilling into over-pressured gas pockets has led to massive blowouts e.g. the 22/4B
blowout in the Central North Sea (Figure 1.6; Leifer & Judd, 2015) or the B1 “Figge Maar”
blowout (Kornfeld, 1964; Thathje et al., 1999) in the southeastern North Sea. Even drilling
through less pressurized gas pockets and fluid accumulations may trigger focused fluid
migration through the overburden and lead to gas release at the seafloor, into the hydrosphere,
and consequently atmosphere (Gurevich et al., 1993; Gasda et al., 2004; Vielstadte et al., 2015).
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Figure 1.6. (A) The 22/4b blowout, November 1990. Leifer & Judd (2015) show the approximate
diameters of bubble surfacing footprint and momentum plume. Inset shows the 22/4b surface bubble
plume expression during 2005 Alkor cruise (photo by Peter Linke). (B) The first methane emission
measurements at offshore wells in the Central North Sea (CNS) conducted by Vielstadte et al. (2015,
2017) showing that considerable amounts of biogenic methane originating from shallow gas
accumulations in the overburden of deep reservoirs are vented into the North Sea, potentially releasing
a total of 3—17 kt of methane per year into the North Sea.

Emissions of greenhouse gases (primarily methane) from wells and other subsurface operations
may add to the global/regional greenhouse gas budgets and counteract efforts to mitigate
emissions from fossil fuel infrastructure (Figure 1.6; Vielstadte et al., 2017). In the context of

CCS, wells that penetrate CO> storage formations may represent potential leakage pathways
(Gasda et al., 2004; Metz et al., 2005; Nordbotten et al., 2005; Kopp et al., 2010). Prolonged
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leakage along numerous wells that penetrate CO: storage formations may reduce the efficiency
of long-term CO; storage (Vielstédte et al., 2019).
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Figure 1.7. Methane budget with sources (black arrows) and sinks (green arrows) of the North Sea by
Vielstadte et al. (2017). Emissions given in kt yr of methane. Leakage from shallow gas pockets along
drilled wells (orange arrows) is a significant methane input into the North Sea (Vielstadte et al., 2017).

There are two leakage types associated with wells and other subsurface operations. Leakage
may occur through faulty casings and/or annuli of wells (Type 1) or through the fractured
surrounding along a well (Type 2). Leakage through faulty well casings and/or annuli is
commonly referred to as “well integrity issues” (Celia & Bachu, 2003; Gasda et al., 2004). In
these Type 1 cases, migration pathways may open in various ways: in the micro annulus
between casing and annular cement, the micro annulus between cement plug and casing, as
cracks or channels in cement plugs, as ruptures or pits in casing resulting in connection between
annular cement and wellbore, as cracks or channels in annular cement resulting in connections
between formation and casing, or through the micro annulus between annular cement and
formation (Gasda et al., 2004). In the other case (Type 2), leakage occurs along the fractured
surrounding parallel to the well bore outside the well casing (Gurevich et al., 1993). Currently
no quantitative data exist for leakage through the fractured surroundings of well paths.

Similar to seismic pipes and chimneys, the effective permeability of wells is the key physical
parameter for leakage risk assessment. In early studies on leakage through abandoned wells,
little to no quantitative data on effective permeabilities existed and the studies had to rely on a
stochastic framework (Celia et al., 2011). Newer approaches quantified the effective
permeabilities of abandoned wells with specific field measurements, but well permeability still
ranges from nanodarcies to hundreds of millidarcies (Postma et al., 2019). Direct measurements
of methane release from decommissioned wells span 2 orders of magnitude. Onshore, release
rates are highest for unplugged wells in the proximity of coal areas, i.e. 0.5 t yr of CH4 (Kang
et al., 2016). Offshore release rates measured at decommissioned wells in proximity to shallow
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gas accumulations are one order of magnitude higher than on land, i.e. 1-19 t yr! of CH,4
(Vielstadte et al., 2015). The highest release rates (19 t yr of CHs) were measured at an
abandoned well that spatially correlates with a seismic chimney structure in the subsurface
(Vielstadte et al., 2015). However, in the offshore realm, very few data exist on leakage from
wells and other subsurface operations and independent emission estimates are scarce. All other
information on methane emissions from fossil fuel infrastructure almost always originates from
the oil and gas industry itself. In the U.S., studies have shown that the numbers surrounding
methane emissions provided by the industry are too low (Allen et al., 2013; Miller et al., 2013).

Well attributes, such as geographic location, age, drilling date (spud date), production and
abandonment, may be used as proxies to assess the leakage propensity of wells (Kang et al.,
2016; Townsend-Small et al., 2016). Onshore, wells show a correlation of leakage with well
attributes, i.e. geographic location, age, and proximity to shallow gas accumulations (Kang et
al., 2016). However, basic information, such as the number of wells or their location, even in
regions with a long history of oil and gas exploration and production, are often poorly
documented (e.g. Kang et al., 2016; Townsend-Small et al., 2016). Offshore, the few publicly
available measurements indicate that the presence of shallow gas accumulations (free gas in the
upper 1000 m) is the most important factor for the tendency of wells to leak (Vielstadte et al.,
2015). Machine learning approaches (Montague et al., 2018) and numerical probabilistic
approaches (Orlic et al., 2018) can help understand which parameters (e.g. well attributes,
reservoir characteristics) can be used to assess the well integrity and help predict the likelihood
of wells leaking. Seismic data can also help identify gas accumulations in the subsurface and
define areas where leakage is more likely (White, 1975; Anstey, 1977; Karstens & Berndt,
2015; Marfurt & Alves, 2015).

1.2.5.Fluid flow along faults

Faults are the most widespread and common structure with respect to focused fluid flow
systems (Cartwright et al., 2007). Their role for the hydrodynamic system depends on the
permeability contrast between the fault rock and surrounding damage zone and the adjacent
strata (Aydin, 2000). Faults may act as conduits when their damage zone is more permeable
than their host sequence, irrespective of their absolute displacement and rupture history. In these
cases, fluid flow along the fault can be semi-permanent (Hooper, 1991; Cartwright et al., 2007).

Fault activity and therefore also fault permeability is linked to pore-pressure. Increasing pore
pressure acting against an initially sealed fault reduces the strength of the fault and may
ultimately result in fault rupture and a (temporal) increase in permeability and subsequent
leakage of fluids from depth (Wiprut & Zoback, 2000; Grollimund & Zoback, 2003; Abrams,
2005; Egholm et al., 2008). Thus, faults have an active role in controlling the expulsion of fluids
when they act as conduits for processes such as mineral dehydration reactions and compacting
sediments (Saffer & Bekins, 1999; Screaton et al., 2002), e.g. for polygonal faults in ultra-low
permeability sealing sequences (Cartwright et al., 2007). When pore pressure is reduced, the
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faults may seal again (Sibson, 1992). This leads to a complex and often intertwined relationship
between fluid flow and fault activity.

C
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Thrust fault

Normal faults

Depth (km)

Figure 1.8. (A) Horizontal slice of 3D seismic attribute (Variance) of classical polygonal faulting and a
mud volcano conduit (MVC). Faults are likely to act as conduits during their formation (Cartwright et
al., 2007). (B) 3D seismic data profile through polygonal faulting with bottom simulating reflection
caused by opal A/CT diagenesis (Cartwright et al., 2007). (C) Inline of 3D seismic data at the Costa
Rican subduction margin showing normal faults within the slope cover and thrust faults within the
margin wedge. A BSR and bright spots indicate migration of fluids through the margin (Bangs et al.,
2015).

Faults are considered a major leakage pathway through sealing formations above CCS storage
formations (Gurevich et al., 1993; Metz et al., 2005). Leakage through undetected faults and
fractures constitutes a hazard to drinking-water aquifers, ecosystems, acidification of soils,
displacement of oxygen in soils and release of CO: in low-lying areas with little wind may harm
humans and animals (Metz et al., 2005). The injection of large volumes of CO> during
industrial-scale CCS operations may lead to elevated pore pressures and subsequently higher
probabilities of fault reactivation and earthquakes (Zoback & Gorelick, 2012, 2015).

In subduction-zones, tectonic deformation in combination with compaction dewatering and
thermal dehydration results in a complex hydrogeological regime (Saffer & Tobin, 2011). Fluid
production can vary over relatively short spatial and temporal scales in response to changes in
sediment accumulation and compressional deformation (e.g. Watson et al., 2019). The resulting
variations in pore-pressure within a subduction-zone may support a broad range of fault
behavior spanning the full spectrum from large earthquake ruptures to aseismic creep (Saffer,
2017; Birgmann, 2018). Upper-plate normal faults in marine forearcs likely play a significant
role for the dewatering of the subduction-zone and the vertical-flow and possible seafloor
seepage of hydrocarbons (Behrmann, 1991; Ranero et al., 2008). Such faults have long been
considered a tectonic feature primarily associated with erosive margins. However, increasing
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coverage of marine seismic data has proven that similar features also exist in accretionary
margins, such as Cascadia (McNeill et al., 1997), Makran (Grando and McClay, 2007), Nankai
(Gulick et al., 2010; Moore et al., 2013) or Central Chile (Geersen et al., 2011, 2016), where
horizontal compression usually results in folding and thrust-faulting. Leakage from these faults
is likely episodic, driven by large subduction zone earthquakes or subducting seamounts
(Geersen et al., 2016; Pecher et al., 2017). However, there is a general lack of understanding of
the role and importance of normal faulting for the structural and tectonic evolution of
accretionary margins and their role in fluid migration through marine sediments.

1.3. Detection & attribution of fluid flow

Fluid flow through marine sediments has numerous manifestations on the seafloor. Seepage
and venting of fluids from the seafloor can involve gas, oil, water and sediments, and the
consequent seeping/venting structures are referred to as “cold seeps” if the released fluids are
not derived from hydrothermal venting (Judd & Hovland, 2007; Talukder, 2012; Ceramicola et
al., 2018). Since King and McLean discovered pockmarks (“cone-like depressions”) in 1970 on
the Nova Scotia Shelf, offshore Canada, submarine cold seeps have been in the focus of
scientific investigation (Judd & Hovland, 2007). Increasing seismic and hydroacoustic data
coverage and quality reveal the abundance and nature of different seepage and venting types.
The nature of cold seeps is determined by the released fluids, the release rate and physical
conditions at the seafloor (Judd & Hovland, 2007).

Seepage and venting of methane can be associated with pockmarks (Hovland & Sommerville,
1985; Judd et al., 1994; Gay et al., 2007; Judd & Hovland, 2007), flares in hydroacoustic data
(Judd & Hovland, 1992; Schneider von Deimling et al., 2007), chemosynthetic biological
communities (Dando et al., 1991; Austen et al., 1993; Berndt 2005; Niemann et al., 2005;
Wegener et al., 2008), methane-derived authigenic carbonates in the form of slabs, mounds
and/or chimneys (Ritger et al., 1987, Kulm & Suess, 1990, Bohrmann et al., 1998; Boetius et
al., 2000; Diaz del Rio et al., 2003), mud diapirs/volcanoes (Kopf, 2002; Bohrmann et al., 2003;
Van Rensbergen et al., 2005; Hensen et al., 2007) and hydrate mounds (Haeckel et al., 2004;
Andreassen et al., 2017).

Anaerobic oxidation of methane (AOM) is an important sink and filter for methane. AOM is
mainly mediated by anaerobic, methanotrophic archaea and sulfate reducing bacteria (e.g.
Boetius et al., 2000). Bicarbonate is a byproduct of the involved reactions and can lead to the
precipitation of methane-derived authigenic carbonates (MDAC), which are a clear indicator
for continuous, long-lasting hydrocarbon seepage. MDAC can form crusts/slabs, mounds,
tubular concretions or chimneys, which have been documented in many settings around the
world and are often found in pockmarks (Boetius, et al., 2000; Judd & Hovland, 2007).

Pockmarks can be meters to hundreds of meters in diameter, meters to tens of meters in depth
and affect the local environment, morphodynamics, biochemistry and ecology (Dando et al.,
1991; Berndt 2005; Niemann et al., 2005; Judd & Hovland, 2007; Wegener et al., 2008). The
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morphology and size of pockmarks vary largely and they are often reshaped by local bottom-
currents (e.g. King & McLean, 1970; Hovland, 1983; Judd & Hovland, 2007). The most
renowned definition of pockmarks by Judd & Hovland (2007) distinguishes between circular
and elliptical pockmarks, elongated and asymmetric pockmarks, merged composite pockmarks
(pockmark complexes), pockmark strings, small unit pockmarks (possibly around larger centric
pockmarks) and giant pockmarks. However, this model does not consider the pockmark
forming processes or evolution over time. Especially the morphological parameters, e.g. depth
and diameter, for individual classes are poorly constrained, which results in ambiguous
description of similar sized pockmarks at one or several sites, e.g. relative descriptions of
pockmarks as “unusually large” pockmarks in the Central North Sea block 15/25 (Judd et al.,
1994). The primary model for pockmark formation is venting of hydrocarbons (Judd &
Hovland, 2007), but they may also form due to the release of water from submarine
groundwater discharge (Whiticar, 2002; Nardelli et al., 2017; Goff, 2019), purely
sedimentological mechanisms (e.g. Dugan & Flemings, 2002; Paull et al., 2002), or biological
processes (e.g. Mueller, 2015)

1 NAUT. MILEY

METERS

Figure 1.9. (A) The earliest description of pockmarks from side scan sonar data by King & McLean,
1970. (B) Recent semi-automated analyses of pockmarks applied to 18 different data sets in the Central
North Sea (Gafeira et al., 2018).

The interest in submarine groundwater discharge (SGD) has increased over recent decades (e.g.
Taniguchi et al., 2002; Burnett et al., 2006; Cuthbert et al., 2019; Gustafson et al., 2019). Even
in Roman times, SGD was used as a source of fresh water (Judd & Hovland, 2007) and it has
become an important source of fresh water in recent decades around the world (Moosdorf &
Oehler, 2017). SGD may transport large amounts of nutrients from land to sea, sometimes far
into the shelf region, and likely has a significant impact on the local environment and
ecosystems (Cohen et al., 2010; Moore, 2010; Lecher et al., 2016). SGD can also be enriched
in methane (Bugna et al. 1996; Cable et al. 1996; Dulaiova et al. 2010), which then leads to a
combined submarine methane-groundwater discharge (Lecher et al., 2016). Detection,
attribution and quantification of SGD are mainly conducted with optical systems, geochemical
water-column investigation of tracers (radium & radon isotopes), dissolved silicon, remote
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sensing, geochemical analyses (e.g. methane, chloride) of the water column and sediment
samples as well as seepage meters (Taniguchi et al., 2002; Burnett et al., 2006), however, very
few geophysical studies dealing with SGD have been conducted to date, most of which are
based on geoelectric or controlled sourced electromagnetic surveys (Stieglitz, 2005; Viso et al.,
2010; Gustafson et al., 2019).

Leakage attribution is key for understanding the source of fluids that migrate through the
overburden. For hydrocarbon-related cold seeps, the carbon (§*3C) and hydrogen (§*20) isotope
signatures and the relative proportions of methane and higher order hydrocarbons (e.g. ethane,
propane, butane) in water and gas samples can help distinguish between shallow biogenic and
deep thermogenic sources (Whiticar, 2000). The depth and character of the source are important
to understand the complex fluid flow systems comprising different types of fluid migration
pathways through the overburden, and to untangle their temporal and spatial evolution.

Effective monitoring strategies for anthropogenic features such as hydrocarbon wells and other
subsurface operations may include direct measurements and indirect methods. Direct
measurements of the released fluids with remotely operated vehicles (ROVs) are important for
attribution of these fluids the particular source. The carbon and oxygen isotope ratios can help
distinguish between leakage from deep reservoirs, which may be linked to well integrity issues
(Celia & Bachu, 2003; Gasda et al., 2004), and leakage from shallow gas accumulations (in less
than 1000 m below the seafloor), which is likely the result of focused fluid flow along the
fractured surrounding of the well (Gurevich et al., 1993). Indirect methods may include
evaluation of seismic, hydroacoustic and well attribute data to determine areas where leakage
is more likely. Probabilistic (machine learning) approaches may help predict the propensity of
wells to leak on land and in the ocean (e.g. Nogues et al., 2012; Montague et al., 2018). Effective
monitoring strategies for wells and other subsurface operations would thus not only help to
estimate greenhouse gas emissions, but also help to understand the processes involved, e.g.
whether and how quickly well barriers degrade (in the case of leakage from the deep reservoirs).

1.4. Thesis outline

This thesis consists of seven chapters including an introduction, five manuscripts dealing with
different aspects of focused fluid flow in marine sediments and a concluding chapter. I authored
four of the presented manuscripts (Chapter 2-4, 6) and contributed relevant input to the other
manuscript (Chapter 5). The manuscripts have been published, submitted or are planned to be
submitted to peer-review journals.

Chapter 2 deals with the migration of fluids along pipes and chimneys in the North Sea and
emphasizes the correct attribution of fluids involved in pockmark formation in the Witch
Ground Basin, Central North Sea. The chapter uses a combination of 2D and 3D seismic
reflection, multibeam bathymetric, geochemical and sedimentological data to map and describe
pockmarks in the Witch Ground Basin (central North Sea), characterize associated
sedimentological and fluid migration structures, and analyze the related methane release. Based
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on morphological and structural differences of more than 1500 pockmarks, we defined two
classes of pockmarks which formed independently from another corresponding to at least two
different sources of fluids. Chapter 2 concludes that greenhouse gas emissions from pockmark
fields cannot be based on pockmark numbers and present-day fluxes but require an analysis of
the pockmark forming processes through geological time. Chapter 2 is published in
Geochemistry, Geophysics, Geosystems as:

Béttner, C., Berndt, C., Reinardy, B.T.l., Geersen, J., Karstens, J., Bull., J.M., Callow, B.J.,
Lichtschlag, A., Schmidt, M., Elger, J., Schramm, B., Haeckel, M. (2019). Pockmarks
in the Witch Ground Basin, Central North Sea. Geochemistry, Geophysics,
Geosystems, 20(4), 1698-17109.

Chapter 3 deals migration of fluids along wells, in particular greenhouse gases (methane)
emissions from decommissioned marine hydrocarbon wells in the North Sea. The chapter
focuses on different leakage pathways in relation to hydrocarbon wells and other subsurface
operations. The leakage of greenhouse gases from hydrocarbon wells and other subsurface
operations may counteract efforts to mitigate greenhouse gas emissions. Chapter 3 present an
approach for assessing methane release from marine decommissioned wells. The chapter finds
a significant correlation between the presence of shallow gas accumulations in the vicinity of
wells and gas release at the seafloor. Chapter 3 conclude that methane release from hydrocarbon
wells represents a major source in the North Sea and formulates suggestions for drilling practice
improvements and future monitoring strategies. Chapter 3 is currently under review at the
International Journal of Greenhouse Gas Control as:

Béttner, C., Haeckel, M., Schmidt, M., Berndt, C., Vielstadte, L., Karstens, J., WeiB, T. (2019,
in Review). Decommissioned hydrocarbon wells as a source for greenhouse gas
release: sources, rates, and mitigation strategies. International Journal of Greenhouse
Gas Control.

Chapter 4 & 5 deal with the migration of fluids along faults in the Hikurangi Margin, New
Zealand, and the importance of the advected fluids for slope stability. Chapter 4 documents
widespread marine forearc extension in the Hikurangi Margin, New Zealand. The chapter gives
insight into the processes that cause extension in the marine forearc of accretionary margins
and evaluates the evoked models against findings from 2D and 3D reflection seismic data.
Chapter 4 suggests that normal faults play an important role in the structural and tectonic
evolution of accretionary margins, including the northern Hikurangi forearc. Chapter 5
investigates the Tuaheni Landslide Complex, which is located above the normal faults
identified in Chapter 4. The high-angle normal faults act as fluid migration pathways and likely
advect fluids from depth towards a basal shear zone. Chapter 5 is one of the most detailed
studies of a landslide so far and gives insight into the fluid flow system and potential basal shear
zone development. Chapter 4 is published in Tectonics and in Earth and Planetary Science
Letters as:
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Béttner, C., Gross, F., Geersen, J., Crutchley, G. J., Mountjoy, J. J., & Krastel, S. (2018). Marine
Forearc Extension in the Hikurangi Margin: New Insights From High-Resolution 3-D
Seismic Data. Tectonics, 37(5), 1472-1491.

Gross, F., Mountjoy, J. J., Crutchley, G. J., Béttner, C., Koch, S., Bialas, J., ... & Huhn, K.
(2018). Free gas distribution and basal shear zone development in a subaqueous
landslide—Insight from 3D seismic imaging of the Tuaheni Landslide Complex, New
Zealand. Earth and Planetary Science Letters, 502, 231-243.

Chapter 6 deals with an onshore outcrop of focused fluid conduits. The documented pipes are
the largest hydrocarbon-derived carbonate conduits known globally and are well-exposed in
unconsolidated sand and sandstones. The chapter investigates the relationship between faults
and pipe formation in the area and formulates a new model for focused fluid flow in high
permeable sand formations. Chapter 6 is currently prepared for submission to EGU Solid Earth:
Faults, fractures, and fluid flow in the shallow crust — Special Issue as

Bottner, C., Callow, B.J., Schramm, B., Gross, F., Geersen, J., Schmidt, M., Vasilev, A,
Petsinski, P., Berndt, C. (in prep.). Quantifying features of a fluid flow systems using
customer-grade UAV imagery. Solid Earth, Faults, fractures, and fluid flow in the
shallow crust — Special Issue, European Geosciences Union, Munich, Germany.

Chapter 7 summarizes the results from this thesis, give and outlook for potential future and
already planned follow-up research and recommendations for future fluid flow related studies.
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Key Points

1. Marine geophysical data document > 1500 pockmarks of two morphological classes in
the Witch Ground Basin, central North Sea.

2. Class 1 pockmarks are continuously active and supplied through seismic pipe structures
by deeply sourced methane.

3. Class 2 pockmarks form at specific stratigraphic horizons suggesting intermittent
venting triggered by pressure and temperature changes.

2.1. Abstract

Marine sediments host large amounts of methane (CH4), which is a potent greenhouse gas.
Quantitative estimates for methane release from marine sediments are scarce, and a poorly
constrained temporal variability leads to large uncertainties in methane emission scenarios.
Here, we use 2D and 3D seismic reflection, multibeam bathymetric, geochemical and
sedimentological data to (I) map and describe pockmarks in the Witch Ground Basin (central
North Sea), (1) characterize associated sedimentological and fluid migration structures, and
(1) analyze the related methane release. More than 1500 pockmarks of two distinct
morphological classes spread over an area of 225 km2. The two classes form independently
from another and are corresponding to at least two different sources of fluids. Class 1
pockmarks are large in size (> 6 m deep, > 250 m long, and > 75 m wide), show active venting,
and are located above vertical fluid conduits that hydraulically connect the seafloor with deep
methane sources. Class 2 pockmarks, which comprise 99.5 % of all pockmarks, are smaller
(0.9-3.1 m deep, 26-140 m long, and 14-57 m wide) and are limited to the soft, fine-grained
sediments of the Witch Ground Formation and possibly sourced by compaction-related
dewatering. Buried pockmarks within the Witch Ground Formation document distinct phases
of pockmark formation, likely triggered by external forces related to environmental changes
after deglaciation. Thus, greenhouse gas emissions from pockmark fields cannot be based on
pockmark numbers and present-day fluxes but require an analysis of the pockmark forming
processes through geological time.

2.2. Plain language summary

Marine sediments host large amounts of methane (CHa4), which is a potent greenhouse gas. The
amount of methane released into the atmosphere is, however, largely unknown making it
difficult to implement this methane source in climate models. Here we use geophysical,
geochemical and sedimentological data to map the distribution of fluid escape structures in the
central North Sea. More than 1500 pockmarks, which are circular to semi-circular depressions
of the seafloor, indicate fluid flow from the subsurface. There are two distinct morphological
classes of pockmarks corresponding to at least two different fluid sources. Class 1 pockmarks
are large, show active venting, and are located above vertical fluid conduits in the subsurface,
which feed fluids from deeper strata. Class 2 pockmarks, which comprise 99.5 % of all
pockmarks, are smaller and limited to the soft sediments directly below the seafloor. Older
pockmarks in the subsurface document distinct phases of pockmark formation, likely triggered
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by external forces after the retreat of ice in the North Sea. The amount of methane released from
natural geological sources based on pockmark numbers may be wrong as these do not take into
account the origin and composition of released fluids.

2.3. Introduction

Earth’s climate is highly sensitive to the release of potent greenhouse gases such as methane
(CHa) into to atmosphere. Methane has been released during climatic changes including the
steepest known natural temperature increase on Earth at the Paleocene-Eocene Thermal
Maximum around 55.5 Ma ago (Svensen et al., 2004; Dickens, 2011) but also during and after
the Younger Dryas-Preboreal abrupt warming event at the beginning of the Holocene (about
11600 cal. years BP; Petrenko et al., 2017). However, current and future methane emissions
remain poorly constrained and bottom up as well as top down approaches for the quantification
of methane emissions have large uncertainties (Petrenko et al., 2017; Dean et al., 2018). The
global methane emission from natural geological sources shows a wide range in estimates [33-
75 Tg CH4 yr] (Etiope et al., 2008; Ciais et al., 2013), which highlights the large uncertainties
involved in attributing and quantifying methane emissions.

Marine sediments host large amounts of methane in the form of free gas, hydrates or dissolved
in porewater. There is evidence for direct contribution of methane from shallow marine
sediments to the atmospheric methane budget and hence to climate change (Judd et al., 2002;
Etiope et al., 2008). Methane formed in marine sediments may either be biogenic (derived from
microbial degradation of organic matter) or thermogenic (generated in deep hydrocarbon
reservoirs by thermal cracking of kerogens; Whiticar, 2000). The carbon and hydrogen isotope
signatures and the relative proportions of methane and more mature hydrocarbons (e.g. ethane,
propane, butane) can help distinguish between the two sources (Whiticar, 2000). Methane from
both onshore and offshore micro- and macro-seeps contributes to the atmospheric methane
budget and can be supplied by geothermal, volcanic or sedimentary sources (Etiope et al., 2008;
Saunois et al., 2016; Dean et al., 2018). In the marine environment, methane may accumulate
in the subsurface, when gas pressure exceeds the ambient hydrostatic pressure and the methane
forms gas bubbles, which may be released by diffusion or episodic ebullition (Boudreau et al.,
2005; Maeck et al., 2013; Kramer et al., 2017). However, the global significance of marine
methane sources and their impact on the global methane budget remains poorly constrained
(Ciais et al., 2013; Etiope et al., 2008; Petrenko et al., 2017).

One manifestation of focused fluid migration at the seafloor are circular to semi-circular
depressions known as pockmarks, which may form in response to venting of fluids from the
seafloor (Judd & Hovland, 2007). Pockmarks may be meters to hundreds of meters in diameter,
meters to tens of meters in depth and affect the local environment, morphodynamics,
biochemistry and ecology (Dando et al., 1991; Berndt 2005; Niemann et al., 2005; Judd &
Hovland, 2007; Wegener et al., 2008). Increasing high-resolution bathymetric data coverage
reveals the wide abundance of pockmarks at the seafloor in various structural and geologic
settings (e.g. Hovland et al., 2002; Brothers et al., 2012; Gafeira et al., 2018). Understanding
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the processes that control the formation and activity of pockmarks is crucial to estimate the
contribution of methane from natural geological sources to the atmospheric methane budget
and its impact on climate change.

Pockmarks often form on top of focused fluid conduits, which manifest in seismic data as
seismic chimneys or pipes and are characterized by circular shaped amplitude anomalies with
dimmed reflections and bright spots at different depth levels (Cartwright et al., 2007; Laseth et
al., 2009; Andresen, 2012; Karstens & Berndt, 2015). The terms seismic chimneys or pipes and
pockmarks are attributed to the localized release of overpressure in the subsurface through
hydraulic connection of deeper strata with the seafloor (Cole et al., 2000; Hustoft et al., 2009).
Pockmarks that formed above pipe and chimney structures are observed globally, for example
at the Vestnesa Ridge NW off Svalbard (Hustoft et al., 2009; Plaza-Faverola et al., 2017), in
the Nyegga pockmark field on the continental Norwegian margin (Karstens et al., 2018),
offshore Nigeria (Loseth et al., 2010), in the Western Nile Deep Sea Fan (Moss et al., 2012)
and in the Lower Congo Basin (Gay et al., 2007).

The aim of this study is to analyze pockmark-forming processes in the Witch Ground Basin,
central North Sea (Figure 2.1). We first map the abundant pockmarks and characterize them
based on their morphology and subsurface pre-conditions. Secondly, we determine the source
of fluids that contribute to pockmark formation in the Witch Ground Basin and investigate the
interrelation of fluid flow and depositional processes during their formation. This includes
determining if there are different sources of fluids, if they are located at different depths and if
they provide different types of fluids. Subsequently we constrain the timing and the recurrence
rate of pockmark formation in the Witch Ground Basin.
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Figure 2.1. Bathymetric grid of the Witch Ground Basin, central North Sea. The shown bathymetry is
a compilation of 3D reflection seismic data (converted with 1500 m/s constant velocity, 12.5 x 12.5 m
lateral resolution) and EM712 (5 x 5 m lateral resolution). Locations for additional figures are indicated,
turquoise line = Figure 2.2, black line = Figure 2.4c, red line = Figure 2.5b, blue line = Figure 2.6a,
white line = Figure 2.9a-c. (INSET) The inset shows the location of the study area (red box) within the
North Sea (EMODnet bathymetric map projected in UTM zone 31, WGS84). The black line outlines
the PGS “CNS MegaSurveyPlus”. Colored polygons show Norwegian (red, Norwegian Petroleum
Directorate Open Data) and UK (blue, Oil and Gas Authority Open Data) hydrocarbon fields.

2.4. Regional setting

2.4.1.Pockmarks in the central North Sea

The North Sea is affected by focused flow of hydrocarbons from deep thermogenic sources,
strongly mixed with microbially formed shallow methane (Chand et al., 2017; Karstens &
Berndt, 2015). Three decades of extensive surveying and seafloor mapping in the Witch Ground
Basin has revealed abundant “normal” pockmarks and multiple “unusually large” pockmarks.
These pockmarks indicate significant flow of fluids from shallow marine sediments (Hovland
& Sommerville, 1985; Judd et al., 1994; Gafeira et al., 2018). The term “normal” pockmark
describes pockmarks that are more than 5 m in diameter and found in isolation where free gas
pockets in the subsurface degas cyclically (Hovland et al., 2010).

The so-called “unusually large” pockmarks are complexes of pockmarks that are >100 m in
diameter and >10 m deep. They are located in UK block 15/25 and include the Scanner, Scotia,
Challenger and Alkor pockmark complexes, of which Scanner and Scotia comprise two large
adjacent pockmarks (Judd et al., 1994; Gafeira & Long, 2015). Ongoing seepage is interpreted
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from repeated water column imaging (multiple cruises from 1983-2005; Dando et al., 1991;
Judd et al., 1994; Judd & Hovland, 2007; Gafeira & Long, 2015) and visual evidence of
emerging bubbles (Remotely operated vehicles, 1985, 2004; submarine Jago, 1990; Gafeira &
Long, 2015). Methane derived-authigenic carbonates (MDAC) (Hovland & Irwin, 1989; Dando
et al., 1991), bacterial mats (Dando et al., 1991; Pfannkuche, 2005), and seep-associated fauna
(Dando et al., 1991; Austen et al., 1993) indicate long-lasting seepage from these unusually
large pockmarks.

The “normal” pockmarks formed in the soft, fine-grained sediments of the Witch Ground
Formation and have been identified across the Witch Ground Basin (Stoker & Long, 1984;
Long, 1992; Judd et al., 1994; Sejrup et al., 1994; Gafeira et al., 2018). Their morphometry
deviates strongly from the large pockmarks, as they are mostly less than 3 m deep and 20-40 m
wide. The density ranges from less than 5 pockmarks per square kilometer at the outer parts of
the Witch Ground Basin, to almost 30 pockmarks per square kilometer at the center, where
water depth exceeds 150 m (Gafeira et al., 2018). There is seismic evidence that these normal
pockmarks occur in tiers at distinct stratigraphic layers and not only at the surface (Stoker &
Long, 1984). Previous studies indicate that the density of pockmarks per tier increases with
decreasing burial depth (Long, 1992). The lack of evidence for seepage from repeated water
column imaging suggests intermittent activity of these normal pockmarks assuming they are
formed by seepage (Judd et al., 1994; Gafeira & Long, 2015).

2.4.2. Stratigraphy of the Witch Ground Basin

The Witch Ground Basin is located above the Witch Ground Graben, which is a major structural
feature that developed between Triassic and Early Cretaceous times (Andrews et al., 1990).
During the Late Jurassic and Early Cretaceous, the basin was a major sediment depo-center
(Andrews et al., 1990). Clays with interbeds of sandstone and limestone dominate the Paleogene
and Neogene sequences (Figure 2.2). The Witch Ground Basin was again a deposition center
during the Quaternary (~ 600 m of sediment). The shallow sediments and especially the Early
Pleistocene sediments of the Aberdeen Ground Formation show evidence for subglacial,
glaciomarine and marine conditions (Sejrup et al., 1987; Stoker & Bent, 1987; Buckley, 2012;
2016; Rose et al., 2016; Reinardy et al., 2017; Rea et al., 2018). On seismic reflection sections,
the Aberdeen Ground Formation is characterized by laterally continuous, high amplitude
reflections (Ottesen et al., 2014). The top of the Aberdeen Ground Formation is defined by a
regional glacial unconformity and dissection by a large number of tunnel valleys. The age of
this unconformity is poorly constrained but it is thought to correspond to the advance of
grounded ice into the North Sea Basin during the Mid Pleistocene Transition (~1.2-0.5 Ma)
(further referred to as R4; Reinardy et al., 2017). The tunnel valleys that dissect the
unconformity are part of the overlying Ling Bank Formation. This unit comprises a multitude
of glacial tunnel valleys with different phases of erosion and deposition with poorly constrained
ages. Comparison with tunnel valleys of onshore mainland Europe where the valley infill and
associated facies have been dated to the Holsteinian interglacial corresponding to Marine
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Isotope Stage (MIS) 11, gives a minimum age for formation of the stratigraphically lowest set
of tunnel valleys in the North Sea during the Elsterian glaciation (MIS 12) (Stewart & Lonergan,
2011). The upper Mid to Late Pleistocene sedimentary succession consists of the Coal Pit,
Swatchway and Witch Ground Formations (Figure 2.2). The Coal Pit Formation comprises
glacial till with hard, dark grey to brownish-grey, muddy, pebbly sands or sandy muds deposited
between MIS 3-6 (Andrews et al., 1990; Graham et al., 2010; Stoker et al., 2011). The
Swatchway Formation comprises silty sandy clays with rare pebbles; possibly proximal
glaciomarine sediments deposited during MIS2-3. The uppermost finely laminated,
glaciomarine sediments of the Witch Ground Formation were deposited during MIS 1-2 (Stoker
etal., 2011). The upper part of the Witch Ground Formation comprises Holocene age sediments,
which were reworked during the past 8 ka, when sedimentation decreased or ceased to virtually
no sediment input into the Witch Ground Basin (Erlenkeuser, 1979; Johnson & Elkins, 1979).
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Figure 2.2. (a) Stratigraphic and lithological summary of well 15/25b-1A, located 400 m northwest of
the western Scanner pockmark (modified after Judd et al., 1994). (b) 6 km-long representative seismic
profile from conventional 3D seismic data from north-northwest to south-southeast. The seismic profile
shows major stratigraphic units lower Aberdeen Ground Formation (S1.1), R4 reflector, upper Aberdeen
Ground Formation (S1.2), Ling Bank Formation (S2), Coal Pit Formation (S3), last glacial maximum
deposits (LGM, S4) and the Witch Ground Formation (S5). The image shows distance along profile on
the x-axis and two-way traveltime (TWT) on the y-axis. 1.4 s TWT correspond to a minimum depth of
1050 m (at 1500 m/s seismic velocity). The location of the profile is given in Figure 2.1.
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2.5. Methods

2.5.1.Seismic reflection data

We used an extensive 3D industry seismic data set (“CNS MegaSurveyPlus” provided by PGS)
that covers > 22,000 km? of the central to northern North Sea down to 1.5 s two-way traveltime
(TWT, Figure 2.1). The 3D pre-stack time-migrated seismic amplitude data (full fold stack)
extends approximately 200 km from north to south and 140 km from east to west. The vertical
resolution is approximately 20 m with an inline and crossline spacing of 12.5 m. Datasets like
this have proven to be useful to identify fluid flow systems, including their geometry,
permeability barriers and fluid accumulations, as they manifest in seismic data as amplitude
anomalies (Karstens & Berndt, 2015).

We have used seismic attributes to enhance seismic interpretation including the Kingdom Suite
Symmetry attribute, which is a post-stack, post migration structural feature detection tool (e.g.
fracture detection) based on a 3D log-Gabor filter array (Yu et al., 2015). This attribute is highly
sensitive to seismic amplitude variations and therefore correlates with curvatures and
discontinuities associated with geological structures, e.g. faults, fractures and discontinuous
events (Bottner et al., 2018). In addition, we use the root-mean-square (RMS) amplitude
calculated over a time window of + 50 ms around the picked horizon (see horizon in Figure
2.2b, dashed blue line). RMS amplitude is a post-stack attribute that highlights areas with direct
hydrocarbon indicators such as bright spots by calculating the root of squared amplitudes
divided by the number of samples per specified time window.

In addition, we acquired high-resolution 2D seismic reflection data during research cruise
MSMG63 in April/May 2017 onboard RV Maria S. Merian (Figure 2.1, red/black lines). The aim
of the seismic survey was to increase seismic resolution, map the fluid flow systems and to
image the presumed subsurface fracture networks. The seismic profiles were acquired with a
two-105/105-in3-Gl-Gun-array shot at 210 bar every 5 seconds and a 150 m-long streamer with
96 channels and 1.5625 m channel spacing. The resulting shot point distance is approximately
8.75-12.5 m at 3.5-5 kn ship speed. The frequency range of the two-GI-Gun-array is 15-500
Hz. The processing included geometry and delay corrections, static corrections, binning to
1.5625 m and bandpass filtering with corner frequencies of 25, 45, 420, and 500 Hz.
Furthermore, a normal-move-out-correction (with a constant velocity of 1488 m/s calculated
from CTD measurements) was applied and the data were stacked and then migrated using a 2D
Stolt algorithm (1500 m/s constant velocity model). The vertical resolution of the processed
data is approximately 6-7 m near the seafloor.

2.5.2. Seismostratigraphic framework

Fluid flow in this area strongly depends on the local and regional stratigraphy and subsequent
sediment properties. We have compiled a stratigraphic framework with seismic reflection data,
industry well 15/25b-1A (Figure 2.2a), British Geological Survey boreholes BH77/2, BH86/26,
BHO04/01 (Figure 2.1) and information from literature (Holmes, 1977; Judd et al., 1994; Graham
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et al., 2010; Sejrup et al., 2014; Reinardy et al., 2017). We are able to tie most seismo-
stratigraphic units within our stratigraphic framework to previously published lithostratigraphic
units (Figure 2.2). Formation names and their ages utilize the North Sea Quaternary
lithostratigraphic framework (Stoker et al., 2011). The seismostratigraphic unit S1.1
corresponds to the lower Aberdeen Ground Formation (MIS 100-21), S1.2 to the upper
Aberdeen Ground Formation (MIS 21-13), S2 inside the tunnel valleys to the Ling Bank
Formation (MIS 12-10), which is unconformably overlain by regional glacigenic sediments
deposited during Mid Pleistocene (MIS 6; Reinardy et al., 2017), S3 to the Coal Pit Formation
(MIS 6-3), S4 to the upper Swatchway or lower Witch Ground Formation (MIS 3-2) and S5 to
the Witch Ground Formation (MIS 2-1). However, previous interpretations and stratigraphic
units likely include sediments of different provenance due to lower resolution data. Possible
reworking and disturbance by fluvial, glacial and marine processes further complicate the
interpretation of lithostratigraphic units in this part of the Witch Ground Basin (Sejrup et al.,
2014).

2.5.3.Hydroacoustic data

The shallow seismic stratigraphy was imaged by sub-bottom profiler data acquired during
cruise MSM63 (Figure 2.1, blue/black line) using Parasound P70 with 4 kHz as the secondary
low frequency to obtain seismic images of the upper 100 m below the seafloor with very high
vertical resolution (< 15 cm). We applied a frequency filter (low cut 2 kHz, high cut 6 kHz, 2
iterations) and calculated the envelope within the seismic interpretation software IHS Kingdom.
In addition, further sub-bottom profiler (SBP) data was acquired during cruise JC152 (onboard
RV James Cook in August 2017) using a Chirp. The Chirp SBP produces a sweep, which lasts
0.035 s; the normalized zero-phase Klauder wavelet from the autocorrelation of the sweep
shows a temporal length of 0.00075 s, allowing further processing. The bandwidth ranges from
2.8-6 kHz, with a central frequency of 4.4 kHz. The combination of both systems and the
subsequent integrated data set enables a detailed analysis of the shallow sedimentary succession
up to 50 m below the seafloor. Both systems are further referred to as echosounder.

Bathymetric data were acquired with the EM712 system mounted to the hull of RV Maria S.
Merian (Figure 2.1). The survey was designed to provide high-resolution bathymetry with 5 x
5 m resolution. We processed the data using MB Systems software (Caress & Chayes, 2017)
and included statistical evaluation of soundings that increased the signal-to-noise ratio. The
sound velocity profile for multibeam processing was measured at the beginning and at the end
of the cruise.

2.5.4. Semi-automated picking of pockmarks

To delineate pockmarks within the MSM63 bathymetric data we used a workflow that combines
multiple ArcGIS geoprocessing tools (also compare Gafeira et al., 2012, 2018). In a first step,
all depressions shallower than 18 m were filled with the “fill” tool. Subsequently the original
grid was subtracted from the filled grid and all areas that have changed vertically by 0.5 m or
more were classified. The “raster to polygon” tool was then used to draw polygons around the
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classified areas. Afterwards, the areas were calculated for all polygons and those comprising <
500 m2 were deleted. This removed a vast quantity of polygons from the outer regions of single
swath transects where the noise level within the multibeam data increased. After this step, the
polygon dataset was manually inspected and all polygons that did not encircle pockmarks were
manually removed. This manual editing step was necessary due to the presence of some large
(> 500 m?) noisy regions within the multibeam data. Subsequently all empty areas within
individual polygons were removed with the “Eliminate Polygon Part” tool. This removed the
bathymetric noise within single pockmarks. The outlines of the polygons were then smoothed
with the “smooth polygon” tool using a polynomial approximation with exponential kernel
(PEAK) algorithm and a 100 m smoothing tolerance. Finally, the depth, the orientation and
length of the longest and shortest axis, the perimeter, and the distance to the closest neighbor
pockmarks were calculated for each pockmark defined by a polygon.

2.5.5.Sediment sampling

Shallow sediment samples were taken at the southwestern edge of the western Scanner
pockmark during R/V Poseidon cruise POS518 (Leg 2) using a 6 m-long gravity corer (Linke
& Haeckel, 2018). At the core location, the shallow sedimentary succession thins out, thus
allowing the sampling of the underlying stratigraphic layers. The cores were split in 1 m
segments of archive and working halves.

The working halves were sampled for physical sediment properties, element composition of
solid phase, and chemical composition of porewater. Porewater was extracted from sediment in
30 cmintervals using Rhizons (0.2 um, Rhizosphere Research Products, e.g. Seeberg-Elverfeldt
et al., 2005). Sulfate and chloride concentrations of sampled porewater were determined by lon
Chromatography (IC) equipped with a conductivity sensor (Eco IC, Metrohm; Metrosep A
Supp5 — 100/4.0). Analytical precision is ~1 % (1o) measured by repeated analysis of IAPSO
(International Association for the Physical Sciences of the Oceans). Total organic carbon
content (Corg), C/N-ratio, and inorganic carbon content (CaCOs) were determined by
combustion of sediment samples in a EURO Element Analyzer (C/N/S configuration), prior
and after removal of inorganic carbon with 1 M HCI. The analytical data is given in % of the
total weight of dried sediment with an accuracy of 3 %. Calculated C/N-ratios are given in
atom-ratios. Dissolved methane concentrations were determined by headspace sampling
according to Sommer et al. (2009). 3 cm?® of sediment are transferred into a 22 ml head space
vial and closed with a crimped rubber septum after adding 6 ml of saturated sodium chloride
solution. Equilibrated headspace gases were analyzed by injecting 100 pl of headspace gas into
a Shimadzu gas chromatograph (GC-2014) equipped with a packed Haysep-Q (80/100, 8ft)
column and a flame ionization detector. Analytical data is given with 2 % (1c) accuracy.
Sediment porosity was determined by weight difference due to loss of water from ~5 cm? wet
sediment samples during freeze-drying.
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The archive halves were used to measure the relative abundance of the elements Ca, Fe, S, Rb,
Zr, and CI at the British Ocean Sediment Core Research Facility (BOSCORF, Southampton,
UK) using the ITRAX core-scanning X-ray fluorescence system (Cox Analytical; Croudace et
al., 2006). This was done in 1-mm intervals using a molybdenum X-ray tube at 30 sec
measurements time, 30 kV and 40 mA. Element abundances are presented as total counts
normalized to counts per second (cps) and a running average of 1 cm was applied to the results.
Physical properties (resistivity, magnetic susceptibility and density) of the sediments were
measured on the archive halves using the GEOTEK multi-sensor core logger (MSCL) at 1 cm
intervals.

2.6. Results

2.6.1. Seafloor morphology

High-resolution bathymetric data reveal abundant depressions of the seafloor in various shapes
and sizes in the Witch Ground Basin. These abundant depressions occur in water depths
between 120-180 m over an area 225 km? and we interpret them as pockmarks (Figure 2.3).
Where pockmarks are absent, the seafloor is characterized by linear and curvilinear depressions,
which we interpret as iceberg plough marks (Figure 2.3a). We identified 1679 individual
pockmarks within our bathymetric grid. The derived morphological parameters are summarized
in Table 2.1.

Table 2.1: Statistical analyses of geomorphological parameters derived from 1679 individual
pockmarks in our survey area.

PARAMETER MIN. MAX. MEAN STD. PERCENTAGE IN

AREA [M%] 503 660991 7039 48998  99% in 503-56038 m?
LENGTH [M] 13 1106 83 57 93% in 26-140 m

WIDTH [M] 6 464 36 22 92% in 14-57 m

MAX. DEPTH [M] 055 1777 2.0 1.1 87%in 0.9-3.1 m
PERIMETER [M] 32 2439 196 128 94% in 68-324 m
NEIGHBORING 0 583 102 60 69 % in 42-162 m
WATER DEPTH [M] 144 155 151 2 61% in 149-153 m

Note: Minimum, Maximum, Mean, standard deviation, and percentage within range of: area, length (a-
axis), width (b-axis), maximum depth (from threshold), perimeter, neighboring distance, and water
depth at center point of respective pockmark.
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Figure 2.3. (a) Detailed bathymetric map with a compilation of high-resolution multibeam bathymetry
(5 x 5 m lateral and up to 10 cm vertical resolution) and depth converted 3D seismic seafloor horizon in
greyscale slope shader (12.5 x 12.5 lateral and ~20 m vertical resolution, converted with constant seismic
velocity 1500 m/s). The semi-automatically picked pockmarks are outlined by black polygons. White
arrows highlight class 1 pockmarks outside of the high-resolution bathymetry. (b) Zoom of Scanner,
Scotia and Challenger pockmarks and numerous class 2 pockmarks. Semi-automatedly picked
pockmarks are outlined by black polygons. (c) Rose-diagram of pockmark orientation (orientation of a-
axis).

The pockmarks are usually elongated in one direction with a long axis orientation in NNE to
SSW direction (Figure 2.3b). The predominant long axis orientations do not align with the
orientation of the sail line (20° offset) and are therefore no acquisition artefacts. Based on their
depths, widths and lengths, we separate the pockmarks into two classes: Class 1 pockmarks
(n=9) include the Scanner, Scotia, Challenger and Alkor pockmark complexes, which are > 6
m deep, > 75 m wide and > 250 m long (Figure 2.3a); Class 2 pockmarks represent the vast
majority of pockmarks with depths between 0.9-3.1 m, width between 14-57 m and length

between 26-140 m (n=1670, Table 2.1).

2.6.2. Seismic stratigraphy

A 3D seismic profile shows the major seismostratigraphic units and is centered above the
western part of the Scanner Pockmark (Figure 2.4c). Following the local seismostratigraphic
framework, unit S1.1 shows laterally highly coherent and finely laminated seismic reflections,
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with an upper boundary defined by a distinct unconformity (R4), which is characterized by a
zone of chaotic incoherent reflections (Figures 2.2b, 2.4c, and 2.5b). Unit S1.2 shows high
lateral continuity of seismic reflections cut by numerous glacial tunnel valleys indicating
different phases of erosion and deposition. The overlying unit S2 is discordant (erosional
surface) and of chaotic to transparent seismic facies (Figures 2.4b and 2.5b). S2 varies in
thickness between 0.015-0.050 s TWT corresponding to 10-40 m, and shows high amplitude
patches (bright spots) with polarity reversals at stratigraphic highs in between adjacent tunnel
valleys (Figure 2.4b, Figure 2.5b), indicating the presence of free gas in pore space (Loseth et
al., 2009). In the 3D seismic data, unit S3 is characterized by a chaotic to transparent seismic
facies at the bottom and laterally continuous, low reflective seismic reflections at the top (Figure
2.4¢). Based on the echosounder and 2D seismic data we subdivide this unit into two subunits
(S3.1 and S3.2, see Figure 2.4a, b). S3.2 shows a transparent to chaotic seismic facies at the
bottom and a transition to laminated seismic reflections at the top (Figures 2.4a, b, and 2.5).
This fine lamination of seismic reflections is also visible below 0.25 s TWT within the
echosounder data (Figure 2.4a).
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Figure 2.4. Combination of (a) echosounder data, (b) 2D seismic reflection data, and (c) 3D seismic
reflection data extending from northwest to southeast across the Scanner pockmark showing interpreted
horizons, interpreted seismic units S1 to S5 and unconformity R4. The dashed box in (c) shows location
of (b), dashed box in (b) shows location of (a) and dashed box in (a) shows location of zoomed section
in the right corner. Horizons are: red line = R4, dashed blue line = top S1.2, pink line = top S2, dashed
slate blue line = top S3.2, bright blue line = top S4.1, blue line = top S5.1, yellow line = seafloor (SF).
Vertical red bar in (c) shows the location of industry well 15/25b-1A. The location of the profile is given
in Figure 2.1.
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Figure 2.5 shows in further detail that unit S4 is discordant to S3.2, and characterized by a
transparent to chaotic seismic facies and internal alternating dipping reflections separated by a
distinct boundary (Figure 2.5a). Based on the echosounder data and the smeared boundary with
high amplitude reflections (Figure 2.5a), we separate unit S4 into subunits S4.1 and S4.2. S4.1
varies in thickness (up to 0.033 s TWT corresponding to 25 m at 1500 m/s) and thins out
eastward towards the Scanner pockmark (Figure 2.5a). Unit S5 shows well-stratified and
laterally continuous seismic reflections, which overly the corrugated surfaces of S4.1 and S4.2
(Figure 2.5). Based on the echosounder and 2D seismic data, we subdivide S5 into two subunits
(S5.1 and S5.2, Figure 2.5a, b), which will be described in detail below.
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Figure 2.5. (a) ~20-km-long echosounder profile (perpendicular to the profiles shown in Figure 2.4)
extending from west to east across the Scanner pockmark. Horizons are base S4.1 (dashed slate blue
line), top S4.1 (turquoise line), top S4.2 (green line), top S5.1 (blue reflection) and seafloor (yellow
line). (INSET) The inset shows a part of the echosounder profile for a detailed image of the lower/upper
Witch Ground Formation (S5.1 respectively S5.2; yellow arrow indicates the seafloor, blue arrow top
S5.2, and green arrow top 4.2) and to highlight class 2 pockmark formation at distinct stratigraphic
horizons (I-1V). (b) Corresponding ~18-km-long 2D reflection seismic profile across the Scanner
pockmark. Horizons are showing S1.1, R4 reflector (red line), top S1.2 (dashed blue line), base MIS 6
till/S2 (dashed purple line), top S2 (pink line), top S3.2 (dashed slate blue line), top S4.1 (turquoise line),
top S4.2 (green line), and seafloor (yellow line). The location of the profile is given in Figure 2.1.
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2.6.3.Shallow sedimentary succession and water column imaging

The high-resolution echosounder data image the very shallow sedimentary succession,
including units S4 and S5 (Figure 2.6a). S4.1 is characterized by a chaotic to transparent facies
with a highly corrugated surface and internal reflections that show alternating dipping
directions. S4.1 is mostly present below 0.23 s TWT and surficially exposed at the center of the
western Scanner pockmark (see also inset Figure 2.4a). S5.1 lies between 0.212-0.230 s TWT
and consists of laterally continuous, very well laminated strata and high amplitude response
(corresponding to dark colors in the echosounder profile). S5.1 also holds v-shaped amplitude
anomalies at specific stratigraphic horizons terminating at two major stratigraphic boundaries
(red boxes I, 1l in Figure 2.6a). On top, S5.2 (0.208-0.215 s TWT) shows lower amplitudes, but
a well laminated and lateral coherent stratigraphy. This unit reveals as well v-shaped amplitude
anomalies marked with red boxes Il and 1V. The v-shaped amplitude anomalies show very
high amplitudes (black arrows in Figure 2.6a) at their center. They all terminate at the same
stratigraphic horizon. Both, S5.1 and S5.2 show local vertical amplitude discontinuities,
possibly indicating fractures in the subsurface (Figure 2.6a). The topmost part of unit S5.2
between the seafloor at 0.205-0.207 s TWT is characterized by a high amplitude chaotic seismic
facies. Here, the class 2 pockmarks crop out at the seafloor and the unit comprises another set
of v-shaped amplitude anomalies, which coincide with the pockmarks at the seafloor. This
indicates that the v-shaped amplitude anomalies in the subsurface most probably correspond to
previous phases of pockmark formation (further referred to as paleo-pockmarks, red boxes I-
IV). If single seep sites would have been active over a long time, this activity would lead to
stacked pockmarks (Andresen et al., 2011). However, paleo-pockmarks in the subsurface do
not coincide with class 2 pockmarks at the seafloor. The echosounder data allows to determine
the thickness of the sediment in unit S5.2, in which the vast majority of pockmarks and paleo-
pockmarks are located (Figure 2.6a, Figure 2.7a, d).
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Figure 2.6. (a) ~4 km-long echosounder profile from northwest to southeast showing the shallow
sedimentary succession in high-resolution. Horizons include the seafloor (yellow), base S5.2 (blue line),
top S4.1 (turquoise line), and base S4.1/top S3.2 (dashed slate blue line). The red boxes highlight
specific stratigraphic horizons where pockmarks/paleo-pockmarks occur in at least four phases (I-1V).
Black arrows highlight examples of high-amplitude patches (b) 920-m-long EM712 water column
imaging range stack perpendicular to (a) across the western part of the Scanner pockmark showing two
flares emerging from the center into the water column (high backscatter = red). Location of the profile
given in (c). (c) Bathymetric map showing the location of the Scanner and Scotia pockmark complexes
(Class 1 pockmarks) and the location of gravity core POS518/2-GC4 (yellow dot) and industry well
15/25b-1A (red dot). (d) Zoom in bathymetric map within indicated extents (red box) showing
backscatter derived from EM712 multibeam data. High backscatter is shown in white and low
backscatter in black colors.

We observed no venting from class 2 pockmarks during MSM63 (April/May 2017). However,
our backscatter images show high values for class 2 pockmarks around their center and their
rim, of which the latter is most likely related to slope effects (Figure 2.6d). Active venting was
limited to the class 1 pockmarks Scanner, Scotia, Challenger, and Alkor confirmed by water
column imaging (Berndt et al., 2017). The western Scanner pockmark showed two adjacent
flares (Figure 2.6b) that emerged from the center of the pockmark and extend ~100 m into the
water column (water depth 180 m). Similar flare behavior has been observed at blowout site
22/4b further south, where released methane bubbles emerge in a spiral vortex (Schneider von
Deimling et al., 2015). A high backscatter anomaly inside the western Scanner pockmark
(Figure 2.6d) indicates a change in lithology probably related to previously identified authigenic
carbonates. In areas where the Witch Ground Formation (S5) is absent and glacial deposits of
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unit S4.1 are surficial, class 1 pockmarks show a decrease in depth (from > 10 m to 6-10 m),
width (> 300 m to ~ 100 m) and length (> 600 m to ~ 300 m) in areas where the Witch Ground
Formation is absent (S5).

The pockmark density correlates with the sediment thickness of the uppermost sedimentary
succession. Class 2 pockmarks predominantly occur in areas where seismic unit S5.2 is
generally 2-8 m thick in the surrounding of the pockmarks, while a few pockmarks occur on
gentle slopes where seismic unit S5.2 is between 1-2 m (Figure 2.7b, d). We calculated the
surrounding sediment thickness by adding the maximum pockmark depth derived from
bathymetric data to the echosounder horizon thickness converted with 1500 m/s (Figure 2.7a,
blue lines P70/black lines SBP). The density of the pockmarks at the seafloor increases with
increasing sediment thickness and water depth (1 pockmark per km2 at 140 m to 25 per km? at
155 m water depth, see Figure 2.7¢).

54



Il — Pockmarks in the Witch Ground Basin, Central North Sea

Q°50'E 1°E 1°10'E

@ — SES Coverage N Frequency
1 Pockmark shapes
T 2 \V¢ E
N 50

60

58°20'N

50

N

‘ 40
| 30

Y] 2

58°15'N
=
o
2
N.G1.8S
=)

[\ /|

‘ | | \ -170 m $5.2 Isopach / 2 ‘ L
WGS 1984 UTM Zoy/e 3‘1N ‘ il | —— ioneters Sediment thickness [m] Pockmark depth [m]
0°50E TE o
o0 LE 10E 0°50E 1°E 1°10€
1 Pockmark shapes N @ "

Density
28/km?

1 Pockmark shapes [
S5.21 h

58°20'N
]
|
|
N.0Z.8S
58°20'N
|
|
N.0Z.8S

58°15'N
|
|
]
NGL.8G
58°15'N
[
N.S1.8S

| 0051 2 3 4

WGS 1984 UTM Zone 31N ECECE——lometers | ! I “’ | __M
0°50'E 1°E 1°10E 0°50'E 1°E 1°10'E

Figure 2.7. (a) Bathymetric map of the survey area showing echosounder profile coverage (Parasound
= blue lines, SBP chirp = black lines). (b) 3D bar plot showing the density of pockmarks, depth versus
sediment thickness around the corresponding pockmarks (S5.2 Isopach). (c) Density and semi-
automated picked outlines (black polygons) of surface pockmarks derived from high-resolution
bathymetric data. (d) Semi-automated picked outlines of surface pockmarks (black polygons) and
sediment thickness of unit S5.2 (S5.2 Isopach) derived from echosounder profiles. For echosounder
profile coverage see (a).

2.6.4.Sediment sampling

Gravity core POS518/2-GC4 shows three lithological units, which we can seismo-
stratigraphically tie to the transition from S5.2 to S5.1 in our echosounder data (Figure 2.8):
Unit 1 (3.4-6 m) comprises very well sorted clay to silty clay with wavy laminations of organic
rich material (Figure 2.8). The matrix contains algal remains and shell fragments. The boundary
between units 2 and 1 is gradational. Unit 2 (2.9-3.4 m) consists of well-sorted, faintly
laminated silty clay with fragments of shale and shells (Figure 2.8). There is a sharp, possibly
erosional boundary between units 3 and 2 that corresponds to an increase in density (> 2 g/cm?®),
resistivity (0.6 Ohm-m), and magnetic susceptibility (50 x 107°). Here, p-wave velocity slightly
decreases with a subtle increase in CH4 (Figure 2.8). Furthermore, porewater analyses and
ITRAX XRF shows a step increase in SO4 and solid phase Fe with a step decrease in Cl. The
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Zr/Rb, Ca/Ti and Ca/Fe ratios indicate shifts in sediment properties or provenance, also show
step decreases between unit 2 and 3. Unit 3 (0-2.9 m) is well-sorted clayey silt to very fine
sandy silt with wavy laminations or mottling but otherwise massive. The matrix contains algal
remains with shell fragments and even whole shells are present. The lithic grains are sub-
rounded and a dropstone was observed towards the base of the unit. The organic carbon content
(Corg) is increases from 0.55 wt.% in unit 1 to about 1.5 wt.% in unit 3 (Figure 2.8). CaCO3
shows low values (12 wt.%) in unit 1 with a sharp increase within unit 2 to high values (25
wt.%) in unit 3. SO4 gradually increases over the whole core length (6 m) from ~10 mmol/l in
unit 1 to seawater concentration of ~30 mmol/l in unit 3. CH4 decreases above 4 m depth from
~10 pmol/l in unit 1 to 0-1 pumol/l in unit 3. Headspace gas analyses of all core segments show
that the gas composition is almost purely methane (> 99%).
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Figure 2.8. Gravity core POS518/2-GC4, subsequent sedimentary units from sedimentological
description. The location of the core is given in Figure 2.6a The graphs show corresponding data
retrieved from multi-sensor core logger data (MSCL, black and red lines), sediment and porewater
analyses (PW, golden lines and grey dots), and ITRAX XRF data (bright and dark blue lines). ITRAX
XRF data shows abundances of elements averaged over 1 cm normalized in counts per second (cps).
Sedimentological record shows three units. Lithofacies code is given as Sd = Sand with dropstones, Fl
= Silts & clays (laminated), Fm = Silts & clays (massive), Fp = Silts & clays (lenses/motling).

2.6.5. Subsurface fluid migration

In the Scanner pockmark area, the seismo-stratigraphic layering is disturbed by zones of
dimmed reflections and the presence of bright spots at different depth levels (280 ms, 350 ms,
500 ms, 570 ms TWT, Figure 2.4c). This indicates the presence of interstitial fluids that cause
a complex wave field propagation by significant changes in acoustic impedance (Domenico,

1977). These amplitude anomalies with bright spots and zones of dimmed amplitudes reach to
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at least the R4 reflector (Figure 2.4c). Here, we used the seismic symmetry attribute from 3D
seismic amplitude data to identify the spatial extent of these amplitude anomalies and the
subsurface expression (Figure 2.9c). The time slice of this attribute at 0.4 s TWT shows circular
amplitude anomalies with constant diameters in depths ranging from 200-600 m beneath the
unusually large pockmarks Scanner, Scotia, Challenger and Alkor (Figure 2.9c). Beneath the
Scotia and Alkor pockmark complexes, there are two adjacent amplitude anomalies visible with
a spacing of 50-100 m (Figure 2.9c, d, f).

The 3D seismic data show bright spots associated with unit S2 at ~0.3 s TWT in areas, where
the tunnel valley erosion formed structural highs (Figure 2.9a, b). Previous surveys have
interpreted these bright spots as free gas bearing layers within the uppermost sedimentary
succession that cover the area in between two adjacent tunnel valleys (Judd et al., 1994).The
pipe structures link the R4 reflector with the bright spots at the erosional unconformity by zones
of dimmed seismic amplitudes. The 2D seismic data reveal that unit S2 is highly fractured
where bright spots are visible (~0.3 s TWT,; 5, 6.5, and 8.5 km distance along profile, Figure
2.4b).
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Figure 2.9. 3D seismic horizon top S1.2/bottom S2. The horizon is given in (a) two-way traveltime
(TWT), (b) root mean square (RMS) amplitude horizon slice over a time window of + 50 ms across the
unconformity between units S1.2 and S2 to map the fluids and (c) symmetry attribute time slice. The
slices show the gas accumulation within S2 across stratigraphic highs in between tunnel valleys in
comparison to the previous analyses by Judd et al. (1994) (see map inset in a, b). Below are shown close-
ups of the symmetry attribute for the (d) Alkor, (d) Challenger, (f) Scotia, (g) Scanner pockmark
complexes (Class 1 pockmarks). White dashed lines outline the pipe structures in the subsurface. The
locations of a, b and c are given in Figure 2.1.
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2.7. Discussion

2.7.1.Fluid sources for pockmarks in the Witch Ground Basin

The morphometric analysis of the Witch Ground Basin bathymetry revealed 1679 individual
pockmarks, which can be divided into class 1 and class 2 pockmarks. Pockmark formation and
morphometry is highly dependent on the hosting sediments as well as the flux, flux variation
and type of advected fluids (Orsi et al., 1995; Abegg & Anderson, 1996; Boudreau et al., 2001;
Boudreau et al., 2005; Andrews et al., 2010; Mogollén et al., 2012). Predominant strike
directions (NNE, SSE) derived from elongated elliptical shapes of the pockmarks may be
attributed to local bottom currents shaping the seafloor (Gafeira et al., 2012). As the two types
of pockmarks occur in the same sediments, the clear morphological separation between class 1
and 2 (see above) suggests that different fluids possibly sourced from different depth form the
two types of pockmarks or that escape of the same fluids was controlled by different processes.
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2.7.2.Source depth

The 2D and 3D seismic data show bright spots within S2, which corresponds to glacigenic
sediments deposited during Mid Pleistocene (190-130 ka till from MIS 6; Reinardy et al., 2017).
This till unit shows lateral changes in thickness and truncation of reflections to unit S3
indicating an erosional surface (Figure 2.5b). The free gas likely accumulates in the pore space
of the glacigenic sediments of S2 rather than in the marine clays of the Aberdeen Ground
Formation as previously suggested (Figure 2.4c, S1.2) (Andrews et al., 1990; Judd et al., 1994).
While the glacial till S2 represents the shallow-most reservoir for the accumulation of free gas
within the glacial till, unit 3.2 may act as a seal. S3.2 shows highly continuous reflections
corresponding to glaciomarine sediments, which tend to have higher clay contents compared to
subglacial sediments and can thus potentially act as a seal.

Horizon slices of RMS amplitudes show patches of bright spots within S2, where stratigraphic
highs are present between adjacent tunnel valleys (Figures 2.4b, c, and 2.9a, b). Previous
mapping of these high amplitude patterns (Judd et al., 1994) matches spatially our analysis. The
high amplitude patterns are associated with gas in the shallow subsurface. It is likely that the
small differences between the two mapping results are due to less complete seismic coverage
of previous surveys (Judd et al., 1994) rather than temporal changes in gas distribution.

Below the gas-related bright spots in S2, we interpret the circular-shaped amplitude anomalies
with zones of dimmed reflections and bright spots at different depth levels as seismic pipes
(Figures 2.4c, 2.9c). Seismic pipes are strictly columnar anomalies with stacks of increased or
dimmed amplitudes and are the seismic manifestation of vertical fluid conduits (Cartwright et
al., 2007; Leseth et al., 2009; Karstens & Berndt, 2015). However, free gas in unit S2 can cause
complex propagation of seismic waves and hence induces seismic artifacts, which may be
misinterpreted as seismic pipes. While gas accumulations largely follow the morphology of the
stratigraphic highs in between the adjacent tunnel valleys, seismic pipes are not related to any
obvious subsurface structures or morphologic patterns. In addition, the circular shaped
amplitude anomalies occupy only a small fraction of the area where free gas accumulates,
indicating that the overlying gas induces only minor seismic artifacts (Figures 2.4, 2.9). The
interpretation of circular-shaped amplitude anomalies as seismic pipes is also supported by the
spatial correlation between seismic pipes in the subsurface and class 1 pockmarks at the seafloor
(Figures 2.3a, 2.9¢-g), which indicates their role as fluid migration pathways. We consider the
interpretation of the seismic pipe structures robust down to the R4 reflector (Figure 2.4c). Below
this reflector, the multiple reflection of the shallow gas bright spots within unit S2 increases
interpretation ambiguity.

Unit S2 (intermediate reservoir for the fluids from deeper strata) may be hydraulically
connected with the class 1 pockmarks either by a complex fracture network (likely below
seismic data resolution), or by flow through unconsolidated sediments. Decompaction
weakening may lead to fracture closure after gas bubble release, which would explain the weak
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seismic response of the fluid conduit beneath the Scanner pockmark complex (Figures 2.4, 2.5
and 2.6a; Rass et al., 2018).

Class 2 pockmark are significantly shallower and have shorter long axes than class 1 pockmarks
(Figure 2.3a). Furthermore, our seismic and hydroacoustic data show no evidence for lateral
gas migration from class 1 towards class 2 pockmarks identifying them as secondary fluid flow
structures, nor for vertical gas migration from deeper strata (Figures 2.6, 2.7). The apparent
differences in morphology and the lack of hydraulic connection suggest the presence of at least
two independent sources of fluids in the area.

2.7.3.Class 1 pockmarks - Timing and controls of fluid venting

Class 1 pockmarks show vigorous venting (Figure 2.6b), indicating vertical fluid migration
from deep strata through the pipe structures. Further, high amplitude reflections in echosounder
and high backscatter anomalies in multibeam data indicate the precipitation of carbonates at the
seafloor (Figure 2.6a, d). This is consistent with video observations during a previous survey
showing MDAC:s in the central parts of the class 1 pockmarks (Dando et al., 1991; Clayton &
Dando, 1996; Gafeira & Long, 2015). Previous geochemical analyses reported carbon isotope
ratios (8'3C) of -79%o in gas bubbles emanating from the western Scanner pockmark (Clayton
& Dando, 1996) and -53 to -36%o for the carbonate cements and the interstitial gas (Hovland &
Irwin, 1989; Dando et al., 1991). Both indicate a biogenic gas origin possibly derived from
microbial degradation of organic matter (Judd et al., 1994).

Our geochemical results match the biogenic character of the released methane at class 1
pockmarks (Figure 2.8). Biogenic methane is likely sourced from bright spots at Mid
Pleistocene depth (R4) migrating through the pipe (Figure 2.4c). This horizon is primarily
associated with biogenic methane (99.9% methane, 8'3CH4-69%o; Rose et al., 2016). It may act
as a trap focusing and mixing migrating microbial methane from the Quaternary succession
with thermogenic methane from deeper sources. Thermogenic fluids may migrate through the
overburden from deeper layers (Figure 2.2b), e.g. Kimmeridge clay (Judd et al., 1994), along
faults (Chand et al., 2017), pipes or chimneys (Karstens & Berndt, 2015; Rass et al., 2018).
This is, however, not corroborated by our geochemical results and the seismic data do not
resolve the depth extent of the pipe structures underneath the class 1 pockmarks to the reservoir
rocks (e.g. Montrose and Piper sands), but this may be due to imperfect imaging. We conclude
that class 1 pockmarks are primarily sourced by biogenic methane from the upper 375 m of the
Quaternary succession (corresponding to 500 ms TWT at constant velocity of 1500 m/s).

The timing of class 1 pockmark formation can be derived from the local stratigraphy. Class 1
pockmarks cut deep into the Witch Ground Formation (S5), truncating the stratigraphic layering
of it and expose LGM deposits (S4.1) at their centers (Figure 2.6a, d). The Witch Ground
Formation consists of two individual well-stratified stratigraphic units (S5.1 and S5.2; Figure
2.6a). S5.1 was deposited after 26,595 + 387 cal. years BP when grounded ice retreated from
the study area (Sejrup et al., 2014). The age of S5.2 is poorly constrained, but it was deposited
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during some period after 13,165 * 55 cal. years BP (Sejrup et al., 2014). Furthermore, we
observe a gentle shoaling of the Witch Ground Formation towards the class 1 pockmarks while
S4.1 slightly dips down (Figure 2.6a), which may indicate sediment doming prior to pockmark
formation (Barry et al., 2012; Koch et al., 2015). We therefore conclude that class 1 pockmarks
formation initiated between 13,165 + 55 and 26,595 + 387 cal. years BP.

The formation of the class 1 pockmarks is related to seismic pipe structures in the subsurface.
The formation of two very closely spaced pockmarks at the Scanner, Scotia and Alkor
pockmark complexes are possibly due to two very closely spaced pipes (“twin pockmarks”,
Figure 2.9c¢, d, ). Seismic pipes or chimneys (and ultimately pockmarks) form, when (i) pore
pressure exceeds the combined least principal stress and tensile strength of the sediment and
induces hydrofracturing or, (ii) the pore pressure overcomes the capillary entry pressure and
capillary failure occurs (Hubbert & Willis, 1957; Clayton & Hay, 1994). Bright spots at the R4
horizon indicate mobile fluids. We suggest that this R4 horizon, which comprises glacigenic
sediments, therefore represents a reservoir. The upper Aberdeen Ground Formation (unit S1.2)
with high clay content represents a low permeable seal/cap rock, which inhibits pore pressure
release via diffusive flow. However, the buoyancy of the gas column itself may not be sufficient
to breach through the overburden (Karstens & Berndt, 2015). To facilitate focused fluid flow
through the overlying sediments the system may further need external forcing.

The documented seismic pipes postdate the deposition of the upper Aberdeen Ground
Formation (S1.2, MIS 13-21: 474-866 ka). This suggests that they may relate to glacial isostatic
and/or glacitectonic mechanisms (e.g. deformation by overriding ice). In glacial environments,
overpressure can be generated by rapid sedimentation pulses (Hustoft et al., 2009) or cyclic
loading and unloading by ice during the last glacial cycle (Karstens & Berndt, 2015). Gas
hydrate dissociation similar to the Troll area further north also represents a possible scenario
for gas release (Mazzini et al., 2017). However, the presence of sub-glacial gas hydrates during
the LGM in the Witch Ground Basin remains speculative.

Evidence for class 1 pockmark activity is multifold. First, methane seepage is visible in water
column images and second, the presence of methane derived authigenic carbonates (MDACS)
indicate long-lasting seepage (Figure 2.6a, d). The gas supply is continuous through the co-
located pipes. The pockmark activity and flow rates may have been relatively strong at the start
with a gradual reduction due to decreasing overpressure in the subsurface. Similar to other
seepage sites, current flow rates may also be dependent on tidal pressure changes (Roémer et al.,
2016).

Class 1 pockmark morphology is likely dependent on the properties of the host sediment
(Boudreau et al., 2001; Boudreau et al., 2005; Andrews et al., 2010; Mogollén et al., 2012). We
interpret the change in morphometry as a result of the different properties of the outcropping
sediments, i.e. unit S4.1 comprises over-consolidated subglacial till with hard, muddy, pebbly
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sands or sandy muds instead of soft, fine-grained glaciomarine sediments of the Witch Ground
Formation (unit S5; Andrews et al., 1990).

Class 1 pockmarks may easily form within the soft, fine-grained sediments of the Witch Ground
Formation within the Witch Ground Basin. Elsewhere in the North Sea (e.g. Viking Graben),
similar structural and geological conditions may also induce vertical fluid flow and methane
seepage at the seafloor. However, coarser grained sediments, which are present over large areas
of the central North Sea (Graham et al., 2010; Stoker et al., 2011; Sejrup et al., 2014; Reinardy
etal., 2017), may hinder the formation of pockmarks. Budget calculations of natural geological
sources based on pockmark numbers may therefore systematically underestimate the methane
flux.

2.7.4.Class 2 pockmarks - Timing and controls of fluid venting

The timing of class 2 pockmark formation is constrained by the age of the Witch Ground
Formation (S5). The Witch Ground Formation was deposited after 26,595 + 387 cal. years BP.
Initially during a transition from glaciomarine to marine environment, the sedimentation rates
were very high, i.e. up to 50-100 cm/1000 years (unit S5, Figure 2.6a, 2.8; Erlenkeuser, 1979;
Johnson & Elkins, 1979; Sejrup et al., 2014). Exposed iceberg plough marks at the seafloor
indicate very limited input of sediment into the Witch Ground Basin later on during the
Holocene (Figure 2.3a). Thus, we can constrain the time of formation of the class 2 pockmarks
to between 26,595 + 387 cal. years BP and the Holocene (8 ka). Class 2 pockmark formation
was likely episodic as buried paleo-pockmarks occur at specific stratigraphic horizons within
unit S5. If each of these horizons corresponds to their formation time, there have been at least
four different phases of pockmark activity (Figure 2.6a). The density of pockmarks per tier is
decreasing with increasing burial depth (Figures 2.5a, Figure 2.6a, Long 1992), which suggests
that the late stages of pockmark formation had greater source strength and overpressure than
the earlier ones. This is similar to what was proposed for the southern North Sea (Krdmer et al.,
2017).

Class 2 pockmark formation is likely dependent on the host sediments. They predominantly
occur in areas where S5.2 exceeds 2 m thickness and there is a significant correlation of
pockmark depth with sediment thickness (Figure 2.7). Neither the abundant iceberg plough
marks nor the underlying tunnel valleys seem to play a role for pockmark distribution (Figures
2.3, 2.7). In this context, the distance between neighboring pockmarks (Table 2.1) and the
similar appearance of class 2 pockmarks (Figure 2.3, Table 2.1) suggest homogeneous pre-
conditions in the subsurface as well as an exclusion zone around each pockmark related to a
drainage cell where no other pockmark may form (Maia et al., 2016).

The fluid source of class 2 pockmarks is more difficult to constrain. Similar pockmark
occurrences in the North Sea have been associated with methane venting due to post-glacial gas
hydrate dissociation (e.g. Troll; Mazzini et al., 2017). However, there are no observations of
active gas venting or direct proof of MDACSs associating class 2 pockmark formation in the
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Witch Ground Basin with focused methane release. Furthermore, our results show low methane
concentrations, low organic carbon content and porewater sulfate concentrations that decrease
gently with depth indicating no upward migration of methane from below (Figure 2.8). At the
same time, there are no direct indications for focused expulsion of porewater or biogenic
activity, which may represent alternative formation processes (Judd and Hovland, 2007).
Hence, we are not able to determine the fluids involved in the formation of class 2 pockmarks
directly and need to constrain them based on the involved formation processes.

Mechanisms of pockmark formation in the Witch Ground Basin include (1) venting of
interstitial biogenic or thermogenic gas (Judd & Hovland, 2007; Hovland et al., 2010; Kilian et
al., 2017), (2) porewater escape during compaction (Harrington, 1985). Seepage of thermogenic
hydrocarbons has often been proposed for the North Sea. However, we do neither see a
hydraulic connection towards deeper strata nor any indication for gas venting into the water
column or free gas in the shallow sedimentary successions (S5, Figure 2.6). The low methane
concentrations and the downward decreasing sulfate concentrations indicate no upward
transport of methane.

Biogenic methane from decomposition of organic material represents another possible source.
Microbial methanogenesis may lead to accumulation of free gas due to the soft, cohesive, low
permeable sediments of the Witch Ground Basin instead of migrating out of the sediments
(Boudreau et al., 2001; Boudreau et al., 2005). Such a scenario has been proposed for organic-
rich sediments in the Arkona Basin, Baltic Sea, (Orsi et al., 1995; Abegg & Anderson, 1996;
Mogollon et al., 2012) and Belfast Bay, Maine, USA (Brothers et al., 2012). There, pockmark
formation is dependent on the sediment thickness, flux of organic matter and sedimentation
rates. The accumulation of free gas depends on the rate of degradation of organic matter and
sediment properties, primarily permeability, and occurs where the sediment thickness exceeds
3 m (Boudreau et al., 2001; Boudreau et al., 2005; Mogoll6n et al., 2012). However,
echosounder data for the Witch Ground Basin do not reveal any amplitude blanking indicating
free gas within S5. Furthermore, the organic carbon content is not particularly high (~1%) and
the methane concentrations too low to generate free gas in the subsurface. In combination, our
results indicate that in-situ microbial methanogenesis and accumulation of free gas is unlikely
the cause for pockmark formation.

Unrecognized sources such as gas hydrates or permafrost may provide other possible sources
of fluids that may have formed the class 2 pockmarks. However, the presence of sub-glacial gas
hydrates during the LGM remains speculative. The sedimentary succession of the Witch
Ground Formation shows high lateral coherence indicating no disturbance due to the
dissociation of gas hydrates. Permafrost in the Witch Ground Basin during deposition of the
Witch Ground Formation (S5) was not possible as our results show that this unit was deposited
in glaciomarine to marine environments (indicated by C/N, Ca/Ti, Zr/Rb, Ca/Fe and Fe/S ratios
and dropstones in unit 1, Figure 2.8).
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While pockmarks in the central North Sea are primarily associated with seepage of
hydrocarbons, our aforementioned results show no conclusive evidence that class 2 pockmark
formation was gas-driven. Therefore, we also consider purely sedimentological mechanisms
(Paull et al., 2002). Such a mechanism may be compaction-related dewatering of fast
accumulated sediments (disequilibrium compaction, Harrington, 1985). The accumulation rates
during the deposition of the Witch Ground Formation are sufficiently high (0.5-1m/ka) to retain
fluids at shallow depth (Mann & Mackenzie, 1990). In this case, the porewater would have been
trapped within the soft cohesive sediments of the Witch Ground Formation (clays & silt) and
pore pressure would have risen over time releasing fluids. Once vertical pathways are
established, they laterally drain the surrounding sediments (Harrington, 1985).

This process broadly agrees with our observations. There is no acoustic turbidity within the
Witch Ground Formation that would indicate free gas (Figures 2.4a, 2.5a, 2.6a). Instead a
transition from glaciomarine to marine sediments is documented by the sediment core (Figure
2.8). The transition from glaciomarine to marine deposition represents a permeability inversion
as less permeable distal marine sediments overlie proximal glaciomarine sediments. Because
the glaciomarine sediments will continue to compact and dewater after the marine sediments
have been emplaced the expelled porewater cannot escape easily, which causes overpressure
and focusing of fluid migration. Fractures in the Witch Ground Formation may be the result of
this compaction process (Figures 2.5a, 2.6a). Similar compaction-related dewatering and
fractures at shallow depth below the seafloor are observed in the Hatton Basin in the northeast
Atlantic Ocean (Berndt et al., 2012). The increase in pockmark density per tier with decreasing
burial depth indicates an upward increase in source strength (Figure 2.5a). The random
distribution instead of aggradation or stacking of pockmarks through time supports the diffusive
source character (Figure 2.5a). Both observations match the process of compaction-related
dewatering. Sediment compaction as genetic origin for the formation of class 2 pockmarks is
further supported by a lower chlorinity at depth in the interstitial water (Figure 2.8). This is
indicative for the upward migration of less saline water and would be expected because of the
glaciomarine provenance of the lower Witch Ground Formation. Based on the considerations
above we propose that class 2 pockmark formation in the Witch Ground Basin is at least partly
related to compaction. However, it seems unlikely that this mechanism was dominating the
formation of deep pockmarks (> 0.5 m) in areas where only 2 m of soft cohesive sediments
exist unless there was additional forcing. We also note that the sediment properties are not well
constrained.

All evoked models rely on external forcing to release the overpressure in the subsurface and
cause pockmark formation, because the tiers of pockmarks and paleo-pockmarks in the
subsurface indicate the intermittent nature of seepage events in the Witch Ground Basin. These
external forces need to be basin-wide and must have induced sufficient overpressure by a
change of subsurface temperature or pressure conditions. In the Witch Ground Basin,
temperature conditions may have changed due to warm water inflow from the North Atlantic
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(e.g. Becker et al., 2018). Pressure conditions may have changed due to rapid sedimentation
(Hustoft et al., 2009; Reinardy et al. 2017), disequilibrium compaction (Flemings et al., 2008,
Talukder, 2012), tidal currents (Chen & Slater, 2016), large storms (Kramer et al., 2017), or
earthquakes (Field & Jennings, 1987; Hasiotis et al., 1996), which may have ultimately led to
episodic fluid escape from the shallow marine sediments in the Witch Ground Basin.

2.8. Conclusions

We document >1500 pockmarks over an area of 225 km?2 within the Witch Ground Basin,
northern North Sea. Based on their morphologies we distinguish between two classes of
pockmarks. Class 1 pockmarks are >6 m deep, >75 m wide and >250 m long. Class 2
pockmarks, which represent 99.5 % of the overall dataset, are much smaller and more uniformly
distributed within the study area. Their maximum depth ranges between 0.9-3.1 m and their
maximum widths and length are 14-57 m and 26-140 m respectively.

From the structural and morphological analyses, we draw the following conclusions:

e There is no evidence of hydraulic connection between class 1 and class 2 pockmarks.
Class 2 pockmarks solely occur in the soft, fine-grained sediments of the Witch Ground
Formation, while class 1 pockmarks are co-located with deep fluid accumulations and
seismic pipe structures in the subsurface. Together with the lack of intermediate sized
pockmarks between the two endmember classes (with respect to pockmark sizes), this
indicates the presence of two different fluid sources within the sediments.

e Seismic pipe structures under most class 1 pockmarks, which hydraulically connect
deeper strata with the surface, represent vertical conduits for the fluids that formed class
1 pockmarks.

e Class 1 pockmarks relate to biogenic methane sourced from Mid Pleistocene strata
(upper 500 ms corresponding to 375 m of the sedimentary succession at 1500 m/s),
which migrates through vertical fluid conduits. Mixing of biogenic fluids derived at
shallow depths with thermogenic-derived fluids from deeper sources is, however,
possible and may occur episodically

e The up-bending of Witch Ground Formation sediments towards the pockmark suggests
that class 1 pockmarks formed between 13,165 + 55 to 26,595 + 387 cal. years BP and
present-day activity suggests they may have been active since their formation. Active
seepage imaged during the last three decades in combination with indications for long-
lasting seepage from MDAC suggests that Class 1 pockmarks may be continuously
active over long times.

e In contrast, class 2 pockmarks may only have been active during certain episodes
corresponding to the distinct reflectors at which they cluster. During repeated campaign-
based water column imaging over the last three decades no seep activity was
documented for the class 2 pockmarks at the surface supporting that this type of
pockmark is not continuously active. These pockmarks may be sourced by compaction-
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related dewatering. As the pockmarks cluster on distinct stratigraphic levels their
formation must have been triggered by externally induced pressure and temperature
changes affecting the entire Witch Ground Basin.
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3. Greenhouse gas emissions from marine decommissioned hydrocarbon
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The Goldeneye platform during sundown at cruise POS518 to the Central North Sea.
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Highlights

Gas release from wells may counteract efforts to mitigate greenhouse gas emissions
An approach for assessing methane release from marine decommissioned wells
This gas release largely depends on the presence of shallow gas accumulations
Methane release from hydrocarbon wells represents a major source in the North Sea

M wnh e

3.1. Abstract

Hydrocarbons gas emissions from decommissioned hydrocarbon wells may counteract efforts
to mitigate greenhouse gas emissions from fossil fuel infrastructure. We have developed an
approach for assessing methane leakage from marine decommissioned wells based on a
combination of existing regional industrial seismic and newly acquired hydroacoustic water
column imaging data from the Central North Sea. There is evidence that 28 out of 43
investigated wells release gas from the seafloor into the water column. This gas release largely
depends on the presence of shallow gas accumulations and their distance to the wells. In the
upper 1000 m below the seabed, gas migration is likely focused along drilling-induced fractures
around the borehole. Combining available direct measurements for methane release from
marine decommissioned wells with our leakage analysis suggests that gas release from
investigated decommissioned hydrocarbon wells are a major source of methane (0.9-3.8 kt of
methane per year from 1,794 wells) in the North Sea. This means inadvertent gas release from
hydrocarbon wells has to be considered when compiling regional gas budgets.

3.2. Introduction

Inadvertent hydrocarbon gas emissions from offshore wells have to be considered when
compiling regional gas budgets, particularly for methane (CH4), which is the second most
important greenhouse gas after carbon dioxide (Ciais et al., 2013; Saunois et al., 2016). The
impact of anthropogenic methane emissions on climate change receives increasing attention
(Saunois et al., 2016) as societies attempt to transit from coal as primary energy source to gas
and further on to renewables. While our understanding of carbon dioxide (CO3) sources and
sinks is well established (Global emissions 2008-2017: 9.4 + 0.5 Gt C yr; Le Quéré et al.,
2018), estimates for the global methane budget still show large uncertainties both with
attributing and quantifying methane emissions, as evidenced by the large discrepancies between
top-down and bottom-up estimates of global sources and sinks (Global emissions 2003-2012
top-down: 0.558 [0.540-0.568] Gt CHa4 yr?, bottom-up: 0.736 [0.596-0.884] Gt CH4 yr?;
Saunois et al., 2016). Methane emissions from the up- and down-stream natural oil and gas
sectors are estimated to reach 0.079 [0.069-0.088] Gt CHa yr! representing about 65% of total
fossil CH4 emissions for the decade 2003-2012 (Saunois et al., 2016). Emissions of methane
and other hydrocarbon gases from abandoned wells add to this part of the budget and counteract
efforts to mitigate greenhouse gas emissions from fossil fuel infrastructure (Vielstadte et al.,
2017). There is also another societal context in which greenhouse gas emissions from offshores

73



I11 — Greenhouse gas emissions from marine decommissioned hydrocarbon wells

may become important. To slow down global warming due to the injection of CO2 and into the
atmosphere, it has been proposed to store large amounts of CO2 in geological formations. Wells
that penetrate these storage formations may represent potential leakage pathways to shallower
strata (Gasda et al., 2004; Nordbotten et al., 2005). Prolonged leakage from numerous wells
may thus counteract the effort to store CO2 in the long term (Vielstadte et al., 2019).

Measured methane emissions from decommissioned wells span two orders of magnitude with
higher releases for marine wells in proximity of shallow gas accumulations, i.e. 1-19 t yr of
CHa (Vielstadte et al., 2015) and lower releases for unplugged onshore wells in the proximity
of coal areas, i.e. 0.5t yr! of CHs (Kang et al., 2016). Well attributes, such as geographic
location, age, drilling data (spud date), production and abandonment, may be used as proxies to
assess the leakage propensity of wells (Vielstadte et al., 2015; Kang et al., 2016; Townsend-
Small et al., 2016). As onshore wells show a correlation of leakage with well attributes, i.e.
geographic location, age, and proximity to shallow gas accumulations (Kang et al., 2016) it is
likely that similar attributes may be identified for offshore boreholes (i.e. Vielstadte et al.,
2015). In offshore areas seismic data have been used to identify shallow gas accumulations in
the subsurface and help defining areas, where leakage is more likely (White, 1975; Anstey,
1977; Karstens & Berndt, 2015; Marfurt & Alves, 2015). In combination with information on
the status of wells and their spatial distribution, this should allow to constrain leakage
propensity and flow of hydrocarbon gases from drilled wells. However, basic information, such
as the number of wells or their location, even in regions with a long history of oil and gas
exploration and production, are often poorly documented (e.g. Kang et al., 2016; Townsend-
Small et al., 2016).

Inadvertent release of hydrocarbon gases from offshore wells occurs through two main
processes controlling vertical fluid migration. First, leakage may occur through faulty well
casings and/or annuli (Celia & Bachu, 2003; Gasda et al., 2004) commonly referred to as “well
integrity issues”. Such migration pathways may open in the micro annulus between casing and
annular cement, micro annulus between cement plug and casing, cracks or channels in cement
plugs, rupture or pits in casing resulting in connection between annular cement and wellbore,
cracks or channels in annular cement resulting in connections between formation and casing,
or through the micro annulus between annular cement and formation (Gasda et al., 2004).
Second, fluid migration may occur along the outside of the well through drilling-induced
fractures surrounding the well path (Harrison et al., 1954; Gurevich et al., 1993; Aadngy &
Bell, 1998; Brudy & Zoback, 1999; Gasda et al., 2004; Vielstadte et al., 2015). The induced
fracture networks may act as a fluid migration pathway bypassing permeability barriers in the
subsurface, thus connecting deeper strata hydraulically with the seabed (Aydin, 2000;
Cartwright et al., 2007; Laseth et al., 2011). The process of focused vertical fluid migration is
up to ten times more efficient in areas, where pre-existing natural high-permeability pathways,
such as seismic chimneys or pipe structures, exist in the subsurface (Vielstadte et al., 2015).
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However, currently no quantitative data exist for leakage through the fractured surroundings of
well paths.

Here, we present an approach for assessing the propensity of leakage from boreholes based on
existing regional three-dimensional seismic data. For this purpose, we analyze the conditions
for gas leakage from hydrocarbon wells in the Central North Sea. We constrain the amount of
methane that is escaping from specific decommissioned hydrocarbon wells into the North Sea
based on hydroacoustic water column imaging. We combine these constraints to approximate
the total methane release from wells covered by seismic data in the Central North Sea.
Furthermore, we formulate recommendations for future borehole placements and best practice
for drilling and decommissioning of wells to avoid inadvertent gas release after abandonment.
In addition, we provide the basis for recommendations for prolonged leakage monitoring after
abandonment.
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Figure 3.1. The North Sea comprises of 20507 documented offshore wells (draped on EMODnet
bathymetric data). The wells cumulate in areas where prolific hydrocarbon provinces exist in the
subsurface. The well data set comprises of 11672 UK (UK, blue dots), 6254 Norwegian (NOR, red dots),
269 Danish (DK, yellow dots), 204 German (GER, black dots) and 2108 Dutch (NL, orange) offshore
wells in the North Sea separated by the maritime border (red dashed line). The available information
with respect to these offshore wells is highly variable, however, for all of them at least geographic
information, well intent, drilling date and drilling depth exist. See sources for North Sea well inventory
in supplement tables S1 & S2.
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3.3. Gas leakage

3.3.1. Gas migration through the overburden

The transport of fluids through marine sediments is primarily governed by pressure and
permeability contrasts (Berndt, 2005). In general, Darcy’s law, a specific solution of the Navier-
Stokes-equation, describes fluid flow through sedimentary basins (Whitaker, 1986). More
specific, Darcy’s law describes the more effective transport of fluid phases through permeable
beds from deeper strata towards the surface dependent on the permeability of rocks and the
hydraulic head (Whitaker, 1986). In other words, Darcy’s law describes the volume of fluid
flowing through a solid matrix dependent on its ability to conduct fluids (permeability) and the
driving pressure gradient. Permeability is a rock property that describes how easily fluids may
move through them. Three-dimensional (3D) seismic data show that subsurface permeability
barriers often correlate with a wide range of anomalies, which can be related to focused fluid
migration. Focused fluid flow is primarily directed upwards and occurs, when pore pressure
exceeds the combined least principal stress and tensile strength of the sediment and induces
hydrofracturing (Hubbert & Willis, 1957). Alternatively, fluids may start to move if the pore
pressure overcomes the capillary entry pressure and capillary failure occurs (Clayton & Hay,
1994). Both types of seal bypass commonly occur in areas, where the pressure is increased by
e.g. compaction, rapid loading, hydrothermal activity, or diagenetic processes.

In seismic data, direct hydrocarbon indicators (DHI) highlight areas in the subsurface, where a
hydrocarbon phase exists. Hydrocarbon accumulations are often manifesting as seismic
amplitude anomalies. These amplitude anomalies include seismic attenuation, velocity
pushdown, bright spots, seismic chimneys or pipes and flat spots (White, 1975; Anstey, 1977;
Karstens & Berndt, 2015; Marfurt & Alves, 2015). Seismic attenuation describes the energy
absorption of a seismic wave due to the presence of free gas and the subsequent amplitude
dimming of underlying reflectors. Velocity pushdown is an apparent depression of seismic
reflectors (in the time domain) due to the decrease of seismic velocities in the accumulated gas
phase above the reflectors. Bright spots are high amplitude seismic reflections with reversed
polarity (with respect to the seafloor) that indicate a change in pore space filling (White, 1975).
Seismic chimneys or pipes are the seismic expression of vertical fluid conduits attributed to
localized release of overpressure in the subsurface and manifest themselves in seismic data as
circular, often chaotic amplitude anomalies with dimmed reflections and bright spots at
different stratigraphic levels (Cartwright et al., 2007; Lgseth et al., 2009; Andresen, 2012;
Karstens & Berndt, 2015). Flat spots indicate a fluid contact (oil/gas, gas/water, oil/water) and
manifest themselves in seismic data as horizontal (high-amplitude) reflections that cut dipping
strata.

In the North Sea, vertical gas migration is typically attributed to (I) structure-controlled flow,
i.e. along faults or fracture zones (Gurevich et al., 1993; Berndt et al., 2003; Cartwright et al.,
2007), (I1) vertical fluid conduits (Karstens & Berndt, 2015; Béttner et al., 2019) or (111) well
paths, including the well path itself and the fractured surrounding (Gurevich et al., 1993;
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Nordbotten et al., 2004; Vielstadte et al., 2015; 2017). Once migration pathways have formed,
they may remain conductive for further gas migration from deeper strata towards the surface
for millions of years (Dumke et al., 2014).

3.3.2.Regulations and guidelines for well abandonment in the North Sea

Procedures for well decommissioning, including plugging and abandonment (P&A), largely
depend on the geographic location of the wells (e.g. national/international jurisdiction,
onshore/offshore environment) and the operator. The procedures for well plugging and
abandonment are similar for both onshore and offshore wells. The operator is normally required
to remove the completion hardware and install cement plugs at specific depths across permeable
layers, such as water-bearing zones or reservoirs (Abshire et al., 2012). Such cement plugs
protect the permeable layer against out- and inflow, but also shields a formation from pressure
differences from above and below. While the precise regulations depend on the operator and
national/international jurisdiction, these plugs are generally tested in a pressure test to ensure
their functionality. Today, regulators require operators to remove all well casing and to cement
the sections continuously along the entire borehole, which is referred to as rock-to-rock method
(Abshire et al., 2012). Although the principles are the same for onshore and offshore wells, it
is far costlier to abandon wells offshore as they are less accessible and have larger diameters.
Decommissioning (incl. all offshore installations) in the U.K. was expected to cost several
hundred billion British pounds (GBP), and although recent developments in plugging material
and well barrier establishment (e.g. PWC- Perforate, Wash and Cement) have reduced the
expected costs significantly, the overall estimated cost for decommissioning all wells in the
U.K. offshore areas is still likely to cost about 60 billion GBP (Abshire et al., 2012; UKCS
Decommissioning Cost Report, 2017). The largest proportion (45%) of decommissioning costs
in the U.K. offshore areas will be run up in the Central North Sea with the largest single item
being well abandonment, which amounts to 48% of the total costs and adds up to 28.8 billion
GBP (UKCS Decommissioning Cost Report, 2017).

Plugging practices across the North Sea depend on the national regulations. Regulations differ
little between the countries and concern mainly the plug testing method (weight or pressure
tests) and the required length of permanent barriers at the level of the deepest casing shoe (NOR:
NORSOK D-010, 2013; DK: Guide to Hydrocarbon Licences in Denmark, 2009; UK: Well
Decommissioning Guidelines, 2018; GER: BVOT, 1981; LEBG, 1998; BVEG, 2017; NL:
Mining Regulations of the Netherlands, 2014). For example, the U.K. regulations require
operators to install a permanent cement barrier with a minimum column of ~30 m (i.e. 100 feet)
measured depth (MD) in the case of two barriers (internal/annular) and of a cumulative ~60 m
(i.e. 200 feet) MD in the case of a combination barrier of good cement to constitute a permanent
barrier. The integrity of barriers must be tested with weight tests in open holes and via pressure
or inflow tests in cased holes. The number of barriers required should be determined by risk
assessment and all permanent barriers should consider the (bore-)hole conditions, inclination,
fluid density hierarchy, stinger geometry, verification method and offset experience, but

78



I11 — Greenhouse gas emissions from marine decommissioned hydrocarbon wells

typically one to three barriers are required (Well Decommissioning Guidelines, 2018). The U.K.
defines three phases of well decommissioning. In phase 1 (AB1) the reservoir is permanently
isolated with permanent barrier material. At this stage the tubing may be left in place or is partly
or fully retrieved. During Phase 2 (AB2) all intermediate zones with flow potential are
permanently isolated with cement or permanent barriers and tubing as well as casing have to be
retrieved or milled. The phase is completed when no further permanent barriers are required. In
phase 3 (AB3) the wellhead and conductor are removed and if deemed necessary environmental
plugs are put in place. Subsequently, the well is considered fully decommissioned never to be
used or re-entered again.

Norway, Denmark, Germany and The Netherlands require at least 100 m-long cement plugs
with 50 m above and below potential reservoirs, sources of inflow, or leakage (NOR: NORSOK
D-010, 2013; DK: Guide to Hydrocarbon Licenses in Denmark, 2009; GER: BVOT, 1981;
LEBG, 1998; NL: Mining Regulations of the Netherlands, 2014). In Germany, the regulations
require testing the well barrier integrity via pressure-, weight- or flow tests within three months
of plugging and abandonment. In Norway, NORSOK-DO010 regulations require pressure tests
of the barriers. The regulations in The Netherlands and Denmark do not specify testing methods,
but Denmark requires daily reports on performed plugging operations including testing results
(DK: Guide to Hydrocarbon Licenses in Denmark, 2009; NL: Mining Regulations of the
Netherlands, 2014).

None of the above stated regulations in any country require monitoring of the well after
plugging and permanent abandonment. While Norwegian regulations recommend excluding
zones for drilling activities around shallow gas accumulation, the UK shallow gas
accumulations are considered to occur everywhere and do not necessarily indicate permanent
barrier failure (Well Decommissioning Guidelines, 2018). In Norway the costs for well
abandonment are significantly higher to meet the self-imposed standards of the operators and
official regulations. Furthermore, Norway is the only country that requires monitoring of
temporarily suspended wells in form of fluid level and pressure measurements above the
shallowest plug when access to the well exists (NORSOK D-010, 2013).

3.4. Methods

3.4.1. 3D seismic imaging

We used an extensive industry 3-D seismic dataset (“PGS MegaSurveyPlus”) that is a merger
of a large number of individual 3-D seismic surveys and covers more than 22,000 km? of the
central and northern North Sea from the seafloor down to 1.5 s two-way travel time (TWT,
Figure 3.1). The 3-D dataset was pre-stack time-migrated and the seismic amplitude data (full
offset) extend approximately 200 km from north to south and 140 km from east to west. The
vertical resolution is approximately 20 m with a spatial resolution of approximately 12.5m. The
data quality varies between the individual datasets depending on acquisition and processing.
However, such conventional 3-D reflection seismic datasets have been shown to be useful to
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identify fluid flow systems, including their geometry, permeability barriers and fluid
accumulations, as these manifest themselves in seismic data as amplitude anomalies
(Cartwright et al., 2007).

The investigated 3D seismic data cover 1794 of a total of 8969 non-sidetracked wells in the UK
sector of the North Sea (i.e. 300 appraisal, 980 development, and 514 exploration wells). We
excluded 3071 sidetracked and multilateral wells from our analysis because of limited information
about their exact well paths and because no sidetracks exist in the upper 1000 m below the seafloor.
Gas release from abandoned wells likely depends on the occurrence of shallow gas in the
sedimentary succession. Shallow gas is a generic term to describe gas accumulations in the upper
1000 m below the sea floor and can be identified using direct hydrocarbon indicators, e.g. amplitude
anomalies such as bright spots with polarity reversals. We mapped these amplitude anomalies for
interpreted seismic horizons with root-mean-square (RMS) amplitude maps.

3.4.2.Water column imaging

During the cruise POS518 in October 2017, we acquired bathymetric and water column imaging
data with the ELAC SEABEAM3050 MKII system, which is designed for very high-resolution
imaging of the water column and is mounted to the hull of R/V Poseidon. The system hasa 1.5°
x 2° transducer, works at a frequency of 50 kHz, and has 191 equi-angle or 386 equi-distant
beams. In addition, we used the Imagenex 837B Delta T multibeam for shallow water (260
kHz) to widen the range of frequencies and acquire very high-resolution images of the upper
100 m of the water column. It has a transducer beam width of 120°x 3° and uses 120 beams.

For water column imaging, we used the ELAC WCI Viewer (version 3.21) to process and
display data. Water column imaging uses the scattered energy of acoustic signals in the water
column and calculates the backscatter intensity (Schneider von Deimling et al., 2007). The
system is highly sensitive to any changes in the temperature and density of the water column.
We used this system to identify ascending gas bubbles (flares), which originate at the seafloor
and align vertically in the water column indicating leakage (Schneider von Deimling et al.,
2007). The surveys were planned as intersecting sail lines above known locations of
decommissioned hydrocarbon wells to provide high-resolution images of the water column and
identify potential gas flares. The water column sound velocity profiles for multibeam
processing were measured at the start of every sub-survey using a CTD (conductivity,
temperature, depth/pressure) sensor.

Additional water column imaging data were acquired with a newly designed KM SIMRAD
ADCP/Echosounder combination (Schmidt et al., 2019), mounted in the moon-pool of R/V
Poseidon during cruise POS534 in May 2019. The build-in single-beam echosounder (ES70-
18) operates at 70 kHz with a beam angle of 18°. SIMRAD EK80 software controls both, the
echosounder and the 170 kHz ADCP and images the water column in high-resolution. The
system enables the detection of gas bubbles released at the seafloor, which are visible as a high
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backscatter anomaly also known as “flares”. The lateral drift of the gas bubble plumes can be
correlated with simultaneously measured acoustic Doppler current profiles of the water column.

3.5. Results
3.5.1. Distribution of shallow gas at different stratigraphic levels in the study area with
respect to well location

A ~70 km-long seismic profile across the Central Graben of the Central North Sea shows the
sedimentary succession down to 1.2 s two-way travel time (TWT) (Figure 3.2). Numerous high
amplitude anomalies with polarity reversals (bright spots) are present at ~5-15 km distance
along the profile and at ~0.7-0.8 s TWT. They indicate the presence of shallow free gas at about
700 m below the sea level (0.8 s TWT correspond to 640 m at 1600 m/s seismic velocity). The
corresponding seismic horizon can be traced throughout the entire seismic data set and forms a
NE-SW oriented trough (Figure 3.2). Seismo-stratigraphic correlation of the seismic horizon
with literature and well information ties this reflector to the Early Pleistocene (EP, Figure 3.2)
(Ottesen et al., 2014; Rose et al., 2016). This seismic horizon is characterized by a regional
unconformity, which manifests as a zone of chaotic, incoherent reflectors with a corrugated
surface and is dissected by a large number of linear erosional features. The second prominent
horizon is located between 0-50 km distance along profile and at ~ 0.5 s TWT. The seismic
horizon shows prominent bright spots with polarity reversals at ~0.55 s TWT and at 2.5 km,
between 15-40 km and 45 km distance along profile (Figure 3.2). Seismo-stratigraphic
correlation ties this reflector to the Mid Pleistocene (MP) (Ottesen et al., 2014; Rose et al.,
2016; Reinardy et al., 2017). The seismic facies of the MP horizon is characterized by zones of
chaotic, incoherent reflectors with a corrugated surface and is dissected by a large number of
tunnel valleys, indicating a regional unconformity (Figure 3.2). From the MP horizon upwards
to the seafloor (~0.1-0.5 s TWT) numerous bright spots in the sedimentary succession indicate
the upward migration of free gas (e.g. at 40 km distance along profile and ~0.3 s TWT). The
shallow sedimentary succession is dissected by a large number of tunnel valleys. The seafloor
horizon (SF) is a good measure of the data quality. The displayed seismic profile consists of
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four different 3D seismic data sets (0-13 km, 13-25 km, 25-49 km and 49-72.5 km) with
different data qualities shown in this seismic section.
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Figure 3.2. ~70-km long seismic profile across the Central Graben in the Central North Sea showing
the sedimentary succession down to 1.2 s two-way travel time (TWT). Beneath the seafloor (SF, the
Mid-Pleistocene Basin Sands (MP, turquoise line) and the Early Pleistocene Crenulate Marker (EP) are
visible as high amplitude anomalies within the Quaternary sedimentary succession (white box indicates
the extent of the Quaternary succession). The profile shows distance along the profile in kilometers [km]
on the x-axis and the vertical penetration of the seismic energy in seconds [s] of two-way travel time
(TWT) on the y-axis. The location of the profile is shown in the inset. (INSET) Map of the seismic
Early Pleistocene Crenulate Marker horizon outlining the 3D seismic data set. The red line indicates the
location of the seismic profile. The depth of the horizon is given in seconds [s] two-way travel time
(TWT). The map is projected in UTM31/WGS84.

Figure 3.3 shows the derived seismic horizons (time structure maps) and RMS amplitude
calculations (RMS amplitude maps) and the location of the 3D seismic data set in the North Sea
(see Figure 3.3a). Imaging of the seafloor morphology is highly dependent on the quality of the
seismic data and the applied processing (Figure 3.3b). Nevertheless, the seafloor time structure
map shows the smooth morphology of the North Sea and water depth ranging between 0.1 and
0.2 s TWT. The EP horizon was traced semi-automated across the 3D seismic data set and
follows the depression formed by the Central Graben over most of the data and some elevated
areas, where the strata is bent upwards (Figure 3.3c). Figure 3.3d shows RMS amplitudes
calculated for the interval between the seafloor plus 50 ms to avoid processing-induced artifacts
of the seafloor (SF) reflection and the Early Pleistocene horizon (EP) plus 50 ms. In this way
we were able to map all amplitude anomalies within the Quaternary succession, which indicate
either a change in lithology or pore space filling, i.e. accumulations of free gas in the upper
1000 m (shallow gas) (Figure 3.2, Figure 3.3). There are two prominent provinces, where bright
spots occur (Figure 3.3d). The first is the central Graben, which dominates the central to
northern parts of the seismic data. Here, bright spots are predominantly associated to the two
prominent seismic horizons tied to EP and MP (Figure 3.2, Figure 3.3). The second is the
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southern part of the survey area, where bright spots are primarily associated with upward-bent
sedimentary strata indicating the doming of salt layers from beneath. Above these salt domes,
steep-dipping faults dissect the sedimentary succession. Numerous bright spots accompany
these geological features at different depth/stratigraphic levels (Figure 3.3c-d).

We investigated if gas can be released from the seafloor along any type of well (appraisal,
development, exploration) and independently of its status (decommissioned, active). We
assumed that shallow gas would have to be present in the vicinity (up to 1 km) of the well, and
an increased permeability induced by the drilling operation and a driving force for gas
movement (buoyancy or excess pore pressure). Consequently, we correlated the well paths of
1794 wells located within the 3D seismic data set with bright spots with polarity reversals
indicating shallow gas pockets in the subsurface (Figure 3.3b, d). More than 700 of the 1794
wells are located in close proximity to bright spots and/or show elevated RMS amplitude values
and thus are potentially sites for gas release from the seafloor.

The quality differences of the individual 3D seismic data sets included in the PGS
“MegaSurveyPlus” compilation are clearly visible. Some areas show very high amplitude
response in comparison to others and complicate the analysis (see highlighted area in Figure
3.3d).
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Figure 3.3. (A) EMODnet bathymetric map of the North Sea indicating the extent of the 3D seismic
data set (yellow line) and the maritime border (dashed red line) separating the UK, Norwegian, Danish,
German and Dutch Exclusive Economic Zones (EEZs). The black box indicates the extent of maps B,
C, and D. (B) Seismic seafloor horizon showing the location and current status of wells within the 3D
seismic data set. AB1-3 = Abandonment phases 1, 2, and 3. (C) Map of the seismic Early Pleistocene
(EP) horizon in the 3D seismic data set showing the Central Graben and salt domes in the southern part.
Depth is given in seconds [s] TWT. (C) RMS-amplitude map of the Quaternary succession showing the
spatial distribution of bright spots identified in the 3D seismic data set. Red colors indicate areas with
high-amplitude anomalies whereas blue colors indicate low amplitudes. The RMS-amplitude is
calculated over the time-window from 50 ms beneath the seafloor to 50 ms beneath the EP horizon as
indicated in Figure 3.2a for the Quaternary succession. Black dots indicate the wells analyzed by
Vielstadte et al. (2015). The dashed line indicates an area where the seismic subset shows high RMS-
amplitude values due to different acquisition and processing procedures resulting in different data
quality. In maps B, C, and D the red dashed line indicates the maritime border separating the UK and
the Norwegian EEZs.
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3.5.2. Mapping of gas flares

We collected water column imaging data along intersecting profiles above selected well with
high seismic RMS amplitude values in close proximity (Figure 3.3d). This survey design was
chosen to avoid misinterpretation of shoals of fish as flares. Based on the seismic RMS
amplitude map we picked arbitrarily 20 wells for detailed surveying of the water column during
POS518 using the ELAC SB3050 MKII system (Figure 3.4, Figure 3.5) and 23 wells during
POS534 using a SIMRAD EK8O0 system (Figure 3.5). Figure 3.4 shows three examples of flares
identified during cruise POS518, which are associated with gas release from the seafloor. Figure
3.4a displays the fan views of the backscatter intensity in the water column above wells 16/26-
3, 16/27a-6 and 16/27b-5. All three fan views show bright anomalies above the wells indicating
gas release at the respective seafloor locations (Figure 3.4a). Figure 3.4b displays fan views that
are stacked along the part of the survey profile close to the well to image the entire flare. This
shows that the flares emerge from the seafloor above the well locations and ascend into the
water column but that the gas bubbles do not reach the sea surface (Figure 3.4).
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Figure 3.4. Water column images acquired with the ELAC SB3050 MKII during POS518 at three
decommissioned hydrocarbon well locations (well IDs 16/26-3, 16/27a-6, and 16/27b-5). (A) Fan view
at the well locations and (B) the range-stack view along the sailed survey lines as seen in the RMS-
amplitude maps below (for details see Figure 3.5). White arrows indicate the location of the respective
wells. Flares at the well locations indicate the leakage of gas from the well head location. The stacked
view shows the behavior of the ascending gas bubbles in the water column, which are diverted laterally.
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Figure 3.5 shows the survey lines and the investigated wells draped on top of the 3D seismic
data RMS-amplitude map. Red dots indicate wells, where we observed gas flares in the water
column while white dots indicate those where no anomalies were found in the water column.
In total, we observed gas flares at 28 of the investigated 43 well locations during the two cruises
(POS518: 15 of 20 wells, POS534: 13 of 23 wells, see table S3). 3D seismic data is available
for 41 of the investigated 43 wells (Figure 3.5). Distances to bright spots with polarity reversals,
indicating free gas in the subsurface, vary between 0 and 3300 m. All investigated wells with a
distance to the next bright spot of less than 300 m show flares in the water column above the
well location, indicating gas release from the well (Figure 3.6).
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Figure 3.5. RMS-amplitude map showing the water column imaging surveys (black lines) during
POS518 and well leakage identification through flare detection (flares = red dots, no flares = white dots).
The red dashed line indicates the maritime border (red dashed line) between the UK and Norway in the
Central North Sea. The black dots indicate the locations of wells in the Norwegian sector analyzed by
Vielstadte et al. (2015). Further information on well investigation see supplementary material S3.

For all 43 investigated wells activity data including geographic location, spud date (age),
deviation type, well intent, abandonment status, drilling depth, water depth is available. The 43
wells comprise 33 exploration wells, 9 appraisal wells, and 1 development well. All 43 wells
are in abandonment phase 3 (AB3), i.e. wells that are plugged and abandoned permanently.
Figure 3.6 shows the distribution of spud dates (start of drilling) versus the leakage-occurrence-
rates for the 43 investigated wells. Older wells from the 1970°s show high leakage-occurrence-
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rates with a decreasing trend towards wells drilled during the most recent decade (2010-2019)
where no leakage is observed (Figure 3.6).
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Figure 3.6: 43 investigated wells showing results based on the flare detection during POS518 and
POS534 (see also supplementary material S3). Bar charts from top to bottom showing leakage-
occurrence-rates for: (A) RMS-amplitude ranges for low (<660), medium (660-1232) and high (>1232)
leakage probabilities versus gas release indicated by flare anomalies in the water column. (B) Distance
to next bright spot with polarity reversal indicating free gas in the subsurface versus gas release indicated
by flare anomalies in the water column. (C) Combination of RMS-amplitude analysis and distance to
most proximate bright spot with polarity reversal to define groups of low, medium and high leakage
probabilities testes against direct measurements from the water column acquired during POS518 and
POS534. (D) Spud (drilling start) dates per decade versus gas release indicated by flare anomalies in the

water column
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3.5.3. Leakage propensity and sensitivity analyses for free gas identification

Figure 3.7a shows a 5-km long seismic section across a typical bright spot in the subsurface
located at 0.5 s TWT and lateral extent of ~ 3000 m. This bright spot is associated with the Mid-
Pleistocene strata and is in close proximity to wells 16/26-3 and 16/26-24 (see Fig. 6¢). The
RMS-Amplitude map indicates one single large bright spot and several smaller bright spots in
the surrounding (red color) that suggest possible accumulations of free gas in the Quaternary
sediments (see Figure 3.7c¢). However, a high amplitude response of the subsurface in form of
bright spots alone is not a direct hydrocarbon indicator (DHI). It can also be caused by a change
in acoustic impedance due to a change in lithology. In the low frequency 3D seismic data used
in this study bright spots associated with shallow gas in the subsurface should also exhibit
reversed polarity in comparison to the seafloor, i.e. a phase shift of 180° (Figure 3.7b). Figure
3.7b shows the apparent polarity attribute for the same area as the RMS-Amplitude map (Figure
3.7¢), indicating the phase of the reflections seen on the vertical seismic display. Bright pink
colors indicate areas with polarity reversals and thereby validate that the formerly identified
bright spots are indeed caused by accumulations of free gas in the subsurface. We measured the
distance between the wells and the closest bright spot with polarity reversal for all investigated
wells. Furthermore, we calculated the mean RMS-amplitudes for a buffer radius of 300 m
around the well paths as this is the minimum distance, where the leakage-occurrence-rate is not
100%, Figure 3.6).

Based on these parameters, we define three groups of leakage probability for the seismic data
set: To wells at short distance to bright spots with polarity reversals (< 300 m) and high RMS-
amplitudes (> 1232 for our data set) we assigned a high leakage probability, to wells with
medium RMS-amplitudes (660-1232) and medium distances (300-1000 m) we assigned a
medium leakage probability and to wells with low RMS-amplitude (< 660) and long distance
(>1000 m) we assigned a low leakage probability (Figure 3.6). Wells with less than 300 m
distance from the next gas accumulation show gas release (leakage-occurrence-rate 100% = 20
of 20 wells, Figure 3.6), whereas those with a distance of more than 2000 m show no gas release
(leakage-occurrence-rate 0% = 0 of 5 wells, Figure 3.6). The maximum distance between a well
showing gas release at the seafloor and a bright spot with polarity reversal is 1000 m (Figure
3.6). Thus, the potential of a well to leak can be identified by a combination of (1) bright spots
in RMS-Amplitude maps, (2) an associated apparent polarity reversal, and (3) the wells
proximity to such seismic attributes.
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Figure 3.7. Sensitivity analysis of the 3D seismic data for bright spots indicating free gas accumulations
in the subsurface. Bright spots with polarity reversals indicate gas accumulations whereas other bright
spots are predominantly associated to changes in lithology. Exemplarily we show (A) a seismic profile
of the 3D seismic data across wells 16/26-3 and 16/26-24 showing the seafloor (SF), Mid-Pleistocene
Basin Sands (MP) and the Early Pleistocene Crenulate Marker (EP). (B) 3D seismic attribute analysis
using apparent polarity to identify areas with polarity reversal (pink areas). The black line indicates the
location of the seismic profile shown in (A). (C) RMS-Amplitude map of the Quaternary succession
showing in red colors bright spots in the subsurface. The black line indicates the sailed survey lines for
water column imaging. The RMS-amplitude map shows hydrocarbon wells investigated during POS518
showing gas leakage (red dots) and no gas leakage (white dot).

3.6. Discussion

3.6.1. Correlation of subsurface gas accumulations and gas flares in the water column
Potential leakage from the investigated decommissioned hydrocarbon wells primarily depends
on the occurrence of gas accumulations in the upper 1000 m of the sedimentary succession
penetrated by the wells, but also on the local geology, hydraulic connectivity, and rock type
(Vielstadte et al., 2015). The analysis of seismic and water column imaging data presented in
this study further refines our previous findings by correlating the gas release from abandoned
wells with the distance from gas accumulations in the shallow subsurface: Wells that are in
close proximity, i.e. less than 300 m away from the well, to bright spots with polarity reversals
are likely to leak, whereas wells drilled more than 1000 m away from such shallow gas
accumulations do not tend to leak (Figure 3.6). For a proper assessment of a well’s propensity
to leak, however, it is important to further analyze the distribution of gas in the upper 1000 m
of the seabed.
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3.6.2.Sources and character of shallow gas in the Central North Sea

The accumulation and migration of free gas and subsequently leakage along the well path is
favored in the shallow Quaternary sediments in less than 1000 m below the seafloor as, here,
the necessary conditions, i.e. overpressure and local rock strength and tensile strength of
unconsolidated sediments are matched (Clayton & Hay, 1994). Potential gas sources include
both upward migrated thermogenic gas from mature source rocks and biogenic gas from
geologically young, organic-rich sediments (Judd et al., 1997). Shallow gas in the Central North
Sea is primarily associated with two prominent, laterally extensive horizons within the Early to
Mid-Pleistocene sediments of the Quaternary succession (Figure 3.2). These horizons are
known as (1) the Crenulate Marker horizon (Top Unit Z, Ottesen et al., 2014; Rose et al., 2016)
and (2) Mid Pleistocene sands (URU-equivalent in Ottesen et al., 2014; R4 in Reinardy et al.,
2017). The accumulation of shallow gas, however, is not limited to the Central North Sea.
Similar shallow gas accumulations of biogenic origin are documented for many areas across
the North Sea, e.g. for the Dutch sector (Schroot & Schittenhelm, 2003; Kuhlmann & Wong,
2008), the German sector (Muller et al., 2018), and the Norwegian sector (Vielstadte et al.,
2015; Crémiere et al., 2016).

The Crenulate Marker is an Early Pleistocene horizon close to the base of the Quaternary and
upper Pleistocene sediments, i.e. the base of the Aberdeen Ground Formation. These sediments
have been deposited under subglacial, glaciomarine to marine conditions (Sejrup et al., 1987;
Stoker & Bent, 1987; Buckley, 2012, 2016; Rose et al., 2016; Reinardy et al., 2017; Rea et al.,
2018). The Crenulate Marker is found across the Central North Sea Basin and forms a NE-SW
oriented trough (Central Graben) representing a permeable layer, with hydraulic barriers due to
deformation by overriding of ice (Rose et al., 2016). At this seismic horizon, shallow gas
manifests as bright spots with polarity reversals which that are caused by water-bearing
reservoirs with free gas saturations of 0-10% (Rose et al., 2016). The Mid Pleistocene basin
sands underlie a regional glacial unconformity, which manifests itself in the seismic data by a
zone of chaotic, incoherent reflectors with a corrugated surface and is dissected by a large
number of tunnel valleys. In the center of the Central Graben, numerous bright spots with
polarity reversals accompany this unconformity, which are most likely caused by sand bodies
deposited during the advance of grounded ice into the North Sea Basin dating to the Mid
Pleistocene Transition (~1.2-0.5 Ma BP, Reinardy et al., 2017). These sand bodies show
increased gas saturations of up to 65% in some areas, e.g. the Aviat Member directly above the
Crenulate Member in the central North Sea Basin (Rose et al., 2016). There, the gas in
composed mostly of methane (99.9% CHya) that is isotopically light (average §*3-CH4 of -69%.
VVPDB and average 6D-CHj4 of -195%0 VSMOW) indicating a biogenic origin (metabolic CO>
reduction pathway typical for marine environments) with no thermogenic admixture (Rose et
al., 2016).

In the southern part of the survey area, shallow gas accumulations are primarily associated with
salt domes (Figure 3.5). The salt domes push the overlying sedimentary strata upward and salt
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migration leads to salt withdrawal basins in between the salt domes. This creates structural traps
(i.e. southern North Sea: Ward et al., 2016). Above the salt domes, normal faults form as a
result of the gravitational collapse of the overburden sediments that often represent efficient
fluid migration pathways (i.e. Tommeliten, Judd & Hovland, 2009). Within these structural
traps, biogenic and thermogenic gas may accumulate and possibly mix. Higher order
hydrocarbons may be microbially degraded and thus, complicate identifying their origin
(Clayton et al., 1997; Nuzzo et al., 2009; Pape et al., 2010; Haffert et al., 2013).

3.6.3. Migration through the overburden along wells in the Central North Sea

Upward gas migration along well paths from shallow gas accumulations (within the upper 1000
m) may initiate through fractures in the surrounding of the well induced by the drilling
procedure (Vielstadte et al., 2015). These amount of drilling-induced fractures varies depending
on the surrounding lithology, tectonic stress magnitude and orientation, pressure and
temperature (Harrison et al., 1954; Aadngy & Bell, 1998; Brudy & Zoback, 1999). The induced
fractures may extend outward from the borehole to about the same diameter of the drill bit but
can reach up to three times the diameter of the drill bit into the surrounding rocks at high
pressure and temperature (Brudy & Zoback, 1999). If present, these fractures are forming
pathways through natural/lithological permeability barriers (Gurevich et al., 1993; Gasda et al.,
2004; Vielstadte et al., 2015). For shallow sediments (less than 2-3 km), these fractures
mechanically weaken the sediment and increase the permeability with regard to the
surrounding. Thus, they provide fluid migration pathways except for situations in which the
mechanical compaction of sediments closes the fractures after drilling (Bjerlykke & Hgeg,
1997; Bjerlykke, 1999). For well paths connecting the seafloor with deep reservoirs,
mechanical and chemical compaction that involves the dissolution and precipitation of minerals
may lead to closure of drilling-induced fractures in deep layers (> 1000 m) within a short time
span, while the upper sedimentary succession may remain hydraulically connected with the
seafloor (Bjerlykke & Hgeg, 1997).

Geological pre-conditions play a key role in the well’s propensity to leak. Our results show that
if the distance between the well and the most proximal bright spot with polarity reversal is
shorter than 300 m, leakage is highly likely (100%, 20/20 wells) and for a distance of more than
1000 m not likely (0/5 wells). For distances in between 300 and 1000 m, our data show that
only 44% (8 of 18) show gas release from the seafloor. Two geological boundary conditions
may explain the increase in leakage probability with decreasing distance. First, lateral gas
migration may be favored by dipping beds (up to 1.2-1.4 km; Landrg, 2011). Without dipping
strata, lateral gas migration for more than 300 m towards the well is unlikely to occur. Second,
pre-existing fracture networks may favor the vertical migration of fluids through the overburden
(Karstens & Berndt, 2015; Vielstadte et al., 2015). Such fracture networks manifest in seismic
data as amplitude anomalies known as seismic chimneys or pipes (Cartwright et al., 2007,
Laseth et al., 2009; Andresen, 2012; Karstens & Berndt, 2015). Measurements at well 16/7-2,
which was drilled through such a seismic chimney structure, show ten times higher release rates
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of up to 19 t of CH4 per year (Vielstadte et al., 2017). Leakage of shallow gas accumulations
along wells thus largely depends on the local lithology and lateral hydraulic connectivity of the
subsurface strata. If no pre-existing natural fracture networks exist, the wells connect
hydraulically shallow gas accumulations in the subsurface with the seafloor, thereby draining
the gas, that otherwise would stay in place over geological times.

3.6.4.Seismic data limitation and other proxies for leakage from wells

Seismic data can be used to identify areas where gas release from the seafloor is more likely
than in other areas. However, their suitability is limited by the quality of the data and
homogeneity of the compiled data sets used (see Figure 3.2). In our case, areas with
systematically elevated (biased) amplitudes limit the quantitative assessment of the well
leakage propensity based on RMS amplitudes. For this reason, we could not include the seismic
data set used in Vielstadte et al. (2015, 2017) as the differences in seismic data processing and
data quality are too large.

Bright spots identified in RMS-Amplitude maps do not necessarily indicate free gas in the
subsurface. As we show, it is necessary to identify polarity reversals in combination with the
bright spots to ascertain the presence of gas and exclude any false positives. Also, gas mobility
depends on its saturation in the pore space (Buckley & Leverett, 1942; Ham & Eilerts, 1967,
Gregory; 1976). However, post-stack seismic data alone cannot distinguish between large
connected gas bodies and dispersed free gas as all gas occurrences with concentrations above 4
vol. % show as bright spots with reversed polarity (White, 1975; Domenico; 1976; Anstey,
1977). Nevertheless, the correlation between mapped gas and seepage suggest that our approach
is permissible. Either because some of the gas occurs at high saturation or because also gas at
low saturation is mobile enough to reach the wells if the sediment properties are conducive.
Subsequent seismic data evaluation can be used to help in estimating methane emission budgets
for the central North Sea as it indicates where high probabilities of gas release from the seafloor
are to be expected, i.e. where RMS amplitudes are high and bright spots with polarity reversals
are in close proximity.

Other factors, such as the age of wells (Figure 3.6) may also be of importance (Kang et al.,
2016). The age reflects the employed techniques for abandonment. Improved drilling and
abandonment practices in the past two decades may also decrease the propensity of wells to
leak (i.e. Abshire et al., 2012; King & Valencia, 2014). But, lateral gas migration towards the
well and subsequently along the fractured surrounding of the well is also a matter of time. And,
our data analysis shows that younger wells from the decade 2000-2009 still show a 50%
leakage-occurrence-rate. Hence, the current 0% leakage-occurrence-rate after 2010 may
eventually simply reflect the fact that the gas has not yet reached the seafloor.

3.6.5. Leakage propensity analyses based on seismic data for wells in the North Sea
Our analysis indicates that leakage from decommissioned hydrocarbon wells is elevated in areas
where seismic amplitude anomalies in the sedimentary succession indicate the presence of
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shallow gas (Figure 3.2, Figure 3.4, and Figure 3.5). The sensitivity analysis reveals a strong
correlation between bright spots with polarity reversals and elevated leakage rates from wells
(Figure 3.7). Therefore, the analysis of shallow gas in the subsurface in seismic data (Figure
3.5) can be used to predict the probability of leakage from abandoned wells. The potential for
leakage of shallow gas along wells is not only a local phenomenon but occurs across the entire
North Sea.

An identification of shallow gas in correlation with drilled wells is needed on a global scale to
update the estimates of methane emissions from fossil fuels. This is particularly important for
onshore as drilling-induced leakage along wells in this setting emits the methane directly into
the atmosphere, because the mitigating water column is absent.

3.6.6. Assessing the rate of methane release

Gas release from abandoned hydrocarbon wells in the Central North Sea is primarily associated
with biogenic hydrocarbon gas (Vielstadte et al., 2017). Water column imaging identifies
leakage at 28 out of the investigated 43 wells (Figure 3.4 and Figure 3.5). In combination with
the RMS-amplitude maps, we were able to determine probabilities (low, medium, high) for
leakage from single wells. This allows calculation of the approximate inadvertent greenhouse
gas emission from abandoned hydrocarbon wells in the Central North Sea (Figure 3.8). We
calculated the probability of leakage and tested our leakage propensity estimates against the
direct measurements using water column imaging (Figure 3.4, Figure 3.5). Based on the
findings from the investigated wells, we predicted that 11 wells have a low, 27 wells have a
medium, and 3 wells have a high leakage probability.

The assigned leakage probability groups are:

- high leakage probability wells with a leakage-occurrence-rate of 100% (3 of 3)

- medium leakage probability wells with a leakage-occurrence-rate of 74,1% (20 of 27)
- low leakage probability wells with a leakage-occurrence-rate of 36,4% (4 of 11)

- wells not covered by seismic data having a leakage-occurrence-rate of 50% (1 of 2)

Our analysis reveals that there is a strong correlation between the predicted leakage propensities
based on the combination of distance to the most proximal bright spots with polarity reversal
and increased RMS-amplitudes and the observed gas flare in the water column. However, our
estimations are derived from only 43 investigated wells and are thus likely prone associated
with large uncertainties (Table 1). Additional information on well leakage is scarce and little is
known about inadvertent greenhouse gas release from decommissioned offshore hydrocarbon
wells and in particular in the North Sea. Independent and open access data on inadvertent
greenhouse gas emissions from decommissioned hydrocarbon wells would help to constrain the
leakage rates from fossil fuel infrastructure and thus help to derive quantitative conclusions on
future well abandonment practices.
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The 20,000 km? of the PGS “Mega Survey Plus” data set comprise 1,794 wells. From our small
test group, we derived the necessary seismic RMS amplitudes and found that within our seismic
data set 1,024 wells show low leakage probability, 754 wells show medium leakage probability
and 14 wells show high leakage probability (Figure 3.8). We utilize the gas release rate
quantified by Vielstadte et al. (2015) at leaky wells 16/4-2 and 15/9-13 in the Norwegian sector
of the Central North Sea (location shown in Figure 3.3b), which ranges between 1 and 4 t of
CHa per year. We exclude the high leakage rate of 19 t of CH4 per year determined at well 16/7-
2 in the regional emission budget, because this well was drilled in a seismic chimney structure
that likely provides a non-representative and highly permeable leakage pathway.

94



I11 — Greenhouse gas emissions from marine decommissioned hydrocarbon wells

0° 1°E 2°E

58°N

WGS84/UTM31

Figure 3.8. Overview EMODnet bathymetric map of the North Sea indicating the location and extent
of the seismic data set within the North Sea. The RMS-amplitude map of the 3D seismic data is draped
on top of the bathymetry map and shows leakage probabilities of the 1794 wells as color-scaled dots
(low leakage probability shown in white, medium leakage probability shown in yellow and high leakage

probability shown in red).
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Combining these constraints in our analysis, we can approximate the amount of methane that
leaks from wells to 0.9-3.8 kt yr! of CHa for 1,794 wells spread over 20,000 km? of the UK
sector in the Central North Sea. However, more direct measurements of gas release from
boreholes through remote operated vehicles are necessary to further improve the results.
Despite the uncertainty of this estimate, it is in good agreement with our previously estimated
regional leakage rate of 3-17 kt yr! of CH. for the total of 11,122 wells in the entire North Sea
(Vielstadte et al., 2017). Numerical modelling shows that ~58% of this CH4 will dissolve in the
deep water below the surface mixed layer (< 50 m; Thomas et al., 2005) of the North Sea while
~42% will reach the atmosphere via venting of dissolved CH4 from the surface mixed layer and
direct bubble transport, resulting in ~ 10 % of the total CH4 flow from the North Sea (Vielstadte
et al., 2017). Inadvertent methane emissions from decommissioned hydrocarbon wells are thus
a major source of methane into the North Sea. Globally, decommissioned wells may play a key
role in methane gas emissions from hydrocarbon provinces, particularly on land, and
consequently should be monitored.

Table 1. Leakage probabilities derived from RMS-amplitude maps of the 3D seismic data and
subsequent well classification (n= 1794) into three groups of wells with low, medium and high leakage
probability. Based on our water column imaging and the fluxes derived by Vielstadte et al. (2015)
(leakage rate of 1-4 t of CH4 per year), we estimate the total amount of methane leakage from
decommissioned hydrocarbon wells within the 3D seismic data set.

Minimum Maximum
CH, release = CH, release

[tyr] [tyr]

Percentage of RMS- | Percentage of
all wells amplitude  leaking wells

Analysis Well count

fLE i T 57.1% 0-660 36.4% 372.4 14895
likelihood
Wells with medium leakage | 4, 42.0% | 660-1232 74.1% 558.5 2234.1
likelihood
GiRls iy nles 14 08%  |1232-1432 100% 14 56
likelihood
No value 2 0.1% N/A 50% 0 0
SUM 1794 100.0% 944.9 37795

3.6.7.Suggestions for improved drilling and abandonment practice

We show that leakage from decommissioned hydrocarbon wells is primarily associated with
gas accumulations in the upper 1000 m of the sedimentary succession. Here, both biogenic and
thermogenic gases may rise along vertical, permeable fluid migration pathways such as wells,
chimneys and pipes or faults and the associated fractures. We propose that drilling practice
should consider shallow gas accumulations not only as a drilling hazard, but also take into
consideration their potential for drilling-induced inadvertent hydrocarbon gas release. Ideally,
drilling operations should avoid gas accumulations by a distance of at least one kilometer to
minimize the risk of leakage. This distance will depend on the local lithology and permeability
of hydraulically conductive layers in the sedimentary record and should be analyzed carefully
based on local/regional geological information prior to starting any drilling operations.
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In global perspective, the North Sea has a relatively short history of drilling for hydrocarbons
with the first commercial well drilled in 1950 (German well CUXH 1001, see table S1).
Plugging and abandonment practices have improved significantly over the past decades and
likely retain fluids within their respective reservoir (Figure 3.6). In contrast, California has a
more than 150 years-long record of oil and gas development since the first commercial well in
1865, and old wells tend to be poorly documented and abandoned, which likely makes these
wells unrecognized emitters of thermogenic gas from the deep reservoir. However, in the North
Sea, there have been no indications for hydrocarbon emission from the deep-seated reservoir
so far. Instead, in this and our previous studies (Vielstadte et al., 2015, 2017) we have
documented that wells pose a high risk for leakage of biogenic methane from gas accumulations
in the upper 1000 m, if drilled through or in close proximity to those shallow gas pockets.
Therefore, monitoring of wells (e.g. through acoustic water column imaging and water/gas
sampling in case of leakage identification) should not end after their abandonment. This would
not only help to constrain the methane emissions from fossil fuel infrastructure, but also to
understand if and how quickly well barriers degrade (in the case of leakage from the deep
reservoirs). This should be used to improve plugging and abandonment standards.

3.7. Conclusions

We document inadvertent gas release from decommissioned hydrocarbon wells by using water
column imaging in combination with 3D seismic data. We show that 28 out of 43 investigated
wells show indications for gas release from the seafloor into the water column. We assess their
propensity to leak and define three classes of low, medium and high leakage probability based
on their RMS-amplitudes and distance to the most proximate bright spots (high amplitude
anomalies with polarity reversals). This work flow is a suitable tool to predict leakage of
hydrocarbon gases from abandoned wells with a high probability and without further data
acquisition.

Gas release from wells in the North Sea largely depends on the presence of shallow gas
accumulations (i.e. in the upper 1000 m below the seabed) and their proximity to the wells (i.e.
less than 1000 m distance). These shallow, biogenic gas accumulations are sourced primarily
from geologically young, organic-rich Neogene sediments. Gas from deeper, thermogenic
reservoirs may also contribute to the formation of these shallow gas accumulations, e.g. if
hydraulic connections to the shallow subsurface exist. Leakage is highly variable depending on
the local lithology as well as the lateral hydraulic connection to deeper strata, e.g. dipping beds
may deviate the gas flow in the subsurface. As a leakage mitigation measure, wells should be
drilled in sufficient distance from such shallow gas accumulations.

In the upper 1000 m below the seafloor, gas migration is likely focused along the fractures
induced by the drilling procedure around the well path. Below 1000 m sediment depth, the
plugging and abandonment practices and the protective measures stipulated by local regulations
and guidelines have improved over the past decades. This likely prevents the ascent of deep
reservoir fluids. However, none of the guidelines and protective measures include monitoring
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of the wells, neither directly after permanent abandonment nor in the long term, but this would
help to improve not only the estimates of methane released from decommissioned hydrocarbon
wells but it would also help to improve the plugging and abandonment standards. We therefore
recommend not only to monitor wells during the initial period after plugging and abandonment,
but also to have repeated long-term monitoring surveys in the water column.

Here, we show that small emissions from single hydrocarbon wells in UK sector of the central
North Sea may accumulate to a significant contribution of 0.9-3.8 kt CH4 yr (from 1,794 wells
in an area of 20,000 km?). Considering the more than 20,507 hydrocarbon wells (currently 6689
decommissioned, not considering the multi-lateral wells drilled in > 1 km sediment depth) in
the entire North Sea, the large number of wells likely constitute a major source of methane in
the North Sea. In the context of geological storage of CO: in the North Sea, the cumulative
effect of leaking wells may lead to a loss in efficiency of storage sites over longer timescales.
However, information on methane emissions from fossil fuel infrastructure almost always
originates from the oil and gas industry itself. Independent emission estimates are scarce. In the
U.S., for example, studies have shown that the numbers provided by the industry are too low
(Allen et al., 2013; Miller et al., 2013). Further independent emission measurements are needed
for the development of guidelines and legally binding regulations.
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Key Points

1. High-resolution 3D seismic data indicate widespread normal faulting on the upper
slope of the northeastern Hikurangi margin.

2. The normal faults show two major strike directions, primarily landward dip, low
vertical displacements and steep dip angles.

3. Extension may be controlled by regional uplift or/and extensional strain due to
rotation of tectonic blocks around nearby poles.

4.1. Abstract

Upper-plate normal faults are a widespread structural element in erosive plate margins.
Increasing coverage of marine geophysical data has proven that similar features also exist in
accretionary margins where horizontal compression usually results in folding and thrust-
faulting. There is a general lack of understanding of the role and importance of normal faulting
for the structural and tectonic evolution of accretionary margins. Here, we use high-resolution
2D and 3D seismic reflection data and derived seismic attributes to map and analyze upper-
plate normal faulting in the marine forearc of the accretionary Hikurangi margin, New Zealand.
We document extension of the marine forearc over a wide area along the upper continental
slope. The seismically imaged normal faults show low vertical displacements, high dip angles,
a preference for landward dip and often en echelon patterns. We evaluate different processes,
which may cause the observed extension, including (1) stress change during the earthquake
cycle, (2) regional or local uplift and decoupling of shallow strata from compression at depth,
as well as (3) rotation of crustal blocks and resulting differential stresses at the block
boundaries. The results suggest that normal faults play an important role in the structural and
tectonic evolution of accretionary margins, including the northern Hikurangi forearc.

4.2. Introduction

In subduction zones, upper-plate normal faults have long been considered a tectonic feature
primarily associated with erosive margins. However, increasing coverage of marine seismic
data has proven that similar features also exist in accretionary margins, such as Cascadia
(McNeill et al., 1997), Makran (Grando and McClay, 2007), Nankai (Gulick et al., 2010; Moore
et al., 2013) or Central Chile (Geersen et al., 2011, 2016), where kinematics are dominated by
compression. In addition, extensional aftershocks in the overriding-plate have been documented
in the wake of recent large megathrust earthquakes, including the 2010 Chile (Mw. 8.8) and
2011 Japan (Mw. 9.0) events (Asano et al., 2011; Farias et al., 2011; Ide et al., 2011). After
being recognized in many accretionary subduction zones, there is currently much debate about
the role and importance of normal faults and zones of extension in these settings. This not only
includes their role for the seismo-tectonic evolution of an accretionary margin, but also the
seismic and tsunami hazard they pose, as well as their impact on fluid flow and fluid seepage.

Different models have been evoked to explain extension in accretionary margins. These models
include (1) regional uplift due to basal underplating of subducted sediment or shortening across
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upper-plate thrust faults (e.g. Gulick et al., 2010); (2) local uplift due to subduction of excess
topography on the oceanic plate (Masson et al., 1990; Ranero and von Huene, 2000); (3)
mechanical decoupling of the shallow forearc strata from the underlying compressional
subduction regime along a crustal décollement (Buck and Sokoutis, 1994; McNeill et al., 1997;
Moore et al., 2013; Zoback et al., 1981); (4) dominance and prevalence of extensional strain
during the co-seismic or early post-seismic phase of a megathrust earthquake (Aron et al., 2013;
Cubas et al., 2013a, 2013b).

For the Hikurangi margin off the North Island of New Zealand (Fig. 4.1), geodetic data and
structural investigations have revealed normal faulting in parts of the terrestrial forearc
(Cashman and Kelsey, 1990; Mazengarb, 1984; Walcott, 1978, 1987). In the offshore forearc,
normal faults have been imaged locally around the crests of slope-parallel ridges by means of
seismic reflection and multibeam bathymetric data (Kukowski et al., 2010; Plaza-Faverola et
al., 2014). However, little is known about how large-scale upper-plate extension in the
terrestrial forearc continues offshore into the marine forearc. Here, we combine regional 2D
seismic reflection lines and a high-resolution 3D seismic volume from the upper slope of the
northern Hikurangi margin in the area of Tuaheni Slope (off the coast from Gisborne) to map
and analyze normal faulting in the marine forearc. Based on the structural investigations, we
consider the mechanisms that control upper-plate extension.

105



IV — Marine forearc extension in the Hikurangi margin

@ 172"30' 178°00' 178°30' 179°00 179°30'
N n Ieebi =6 — 2D Seismic (Figs. 3,7)
J% —_— — SCHLIP3D (Fig. 4)
0 10 20

Depth [m] Gisborne o‘

-38°30"

0
-1000
-2000
-3000
-4000

’

20
Tuaheni
Slope

=7y

a -39°00

. 174 176 \
T e s S o %

-39°30"

NW 10000 8 DiStance 3aAOInga profiltl [] 0 500! 54000 8 SE

26000 0

Mid-slope Lower slope

Figure 4.1. (a) Map of the northern Hikurangi margin composed of GEBCO and high-resolution
bathymetry (100 m grid, source: NIWA). Focal mechanisms are taken from the global CMT catalog
(Dziewonski et al., 1981; Ekstrém et al., 2012) and the location of the 1947 Poverty Bay earthquake is
indicated with a yellow star (after Bell et al., 2014). The small inset shows location of the area of study
within respect to the Australian and Pacific plates. Red vectors show long-term convergence at the
Hikurangi trench in mm/yr (modified after Wallace et al., 2004 and Wallace et al., 2009). White lines
image active faults within the region (source: NIWA). TVZ = Taupo volcanic zone; NIAR = North
Island axial ranges. (b) Interpreted seismic reflection profile 05CM-04 located at the northern Hikurangi
Margin off Gisborne, New Zealand with seismic interpretations after Bell et al. (2010) (HRZ-2 = high-
amplitude reflectivity zone 2). Red line highlights gentle folding of upper-plate strata. The location of
the profile is shown in (a) and vertical exaggeration is ~ 6X at 1500 m/s.
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4.2.1. Geological setting of the Hikurangi margin

The Hikurangi margin, located off the East Coast of the North Island of New Zealand, is shaped
by the subduction of the Pacific Plate beneath the Australian Plate (Fig. 4.1). It represents the
transition from Tonga-Kermandec subduction to the north to continental collision and the
strike-slip Alpine fault farther south (Nicol et al., 2007). The rate of plate convergence
decreases from 60 mm/a in the North to 30 mm/a in the South (Beavan et al., 2002, Wallace et
al., 2004). Convergence occurs oblique towards the SW (Beavan et al., 2002). The oblique
convergence separates into a margin-normal component, accommodated in the subduction
thrust, and a margin-parallel component, mainly accommodated across the North Island Axial
Ranges (dextral shear zone) and by clockwise rotation of the eastern North Island (Beanland
and Haines, 1998; Nicol and Wallace, 2007; Wallace et al., 2004; Webb and Anderson, 1998).
Geodetic measurements indicate a segmentation of the Australian Plate in the region of the
North Island into individual tectonic blocks (Nicol and Wallace, 2007; Wallace et al., 2004).
The southward decrease in convergence along the margin results in clockwise rotation of the
tectonic blocks around poles located to the west of the North Island (Mumme et al., 1989;
Walcott, 1984; Wallace et al., 2004). The stresses that result from rotation of the individual
blocks are mainly accommodated along interconnected faults along the block boundaries
(McCaffrey, 2002; McCaffrey et al., 2000; McClusky et al., 2001; Wallace et al., 2004). Intra-
arc extension occurs within the Taupo volcanic zone as a result of rapid rotation of the North
Island forearc (Nicol and Wallace, 2007; Wallace et al., 2004).

The structure and geometry of the Hikurangi margin, including the nature of the plate-boundary,
vary along the margin (Barker et al., 2009; Bell et al., 2010; Reyners, 1998; Wallace et al.,
2004). Crustal thickness of the Pacific Plate along the trench increases from 10 — 15 km in the
North to 20-25 km at the Chatham Rise (Davy and Wood, 1994). Frontal accretion of trench
sediments results in the formation of an active accretionary prism with predominantly
landward-dipping prism thrust faults. The frontal part of the accretionary prism takes up about
90% of the margin normal component of plate convergence (Pedley et al., 2010). In addition to
horizontal shortening and thrust faulting, the geomorphology and structural evolution of the
Hikurangi margin is further influenced by the subduction of several seamounts on the oceanic
plate as well as gravitationally driven sediment transport processes and resulting mass transport
deposits (Bell et al., 2010; Mountjoy et al., 2009, 2014; Mountjoy and Barnes, 2011; Pedley et
al., 2010).

4.2.2.Local geological setting

This study is located in the area of Tuaheni Slope (Fig. 4.1a). The tectonic setting and margin
geometry has been described and analyzed by Barker et al. (2009) and Bell et al. (2010) based
on margin orthogonal 2D seismic reflection data such as line 05CM-04 (compare Fig. 4.1b).
Line 05CM-04 images the plate interface to 50 km landward of the deformation front. The
outermost accretionary wedge shows high slope angles (up to 10°) suggesting over-steepening
(Barker et al., 2009). The margin is locally modified by the subduction of a seamount (Fig.

107



IV — Marine forearc extension in the Hikurangi margin

4.1b). At depth, the landward section of the subducting seamount shows continuous, parallel,
high amplitude reflections, which Bell et al. (2010) defined as high-amplitude reflectivity zone
2 (HRZ-2). The seismic section reveals a bottom-simulating reflection (BSR), which is visible
from the upper slope to lower slope (Fig. 4.1b). At the upper continental slope, Tuaheni Ridge
forms the lower boundary of an upper slope basin. In this area the upper slope basins are
uplifted, possibly due to upper plate contractional faulting (Berryman et al., 1989; Ota and
Yamaguchi, 2004), underplating (Reyners and McGinty, 1999; Walcott, 1987) and/or seamount
subduction during the last 2 Ma (Bell et al., 2010; Pedley et al., 2010). The continental shelf is
dominated by Ariel Bank fault, which shows vertical slip rates of up to 3-5 mm/yr (Mountjoy
and Barnes, 2011). However, the activity of upper-plate faults underlying the middle and upper
continental slope is usually not well constrained (Bell et al., 2010; Mountjoy and Barnes, 2011).

Two major geological units make up the sedimentary succession at Tuaheni Slope. The lower
unit consists of Miocene to Pliocene rock, partly exposed by erosion and tectonic uplift, e.g.
Tuaheni ridge, with possible Cretaceous and Paleogene sedimentary rocks at depth (Barnes et
al., 2002, 2010; Field and Uruski, 1997; Mountjoy and Barnes, 2011; Pedley et al., 2010). The
upper unit consists of Quaternary shelf-edge low-stand clinoform sequences from the outer
shelf to the upper slope. These clinoform sequences developed during a eustatic low of the sea
level due to glacial cycles (Catuneanu et al., 2009; Van Wagoner et al., 1988). Holocene
sedimentation formed fine-grained clinoform sequences southwest of Tuaheni Slope, with
intercalated sand fractions (Alexander et al., 2010; Barnes et al., 1991). A similar sedimentary
succession is likely present at Tuaheni Slope (Mountjoy et al., 2014). The upper slope shows
indications for upper plate extension within the first 0.5 s two-way travel time (TWT) of the
sedimentary succession (Fig. 4.1Db).

Most earthquakes of the offshore northern Hikurangi margin are associated with thrust faulting.
Peak ground acceleration of 0.4-0.5 g is expected at a recurrence rate of about 250 years,
according to the New Zealand National Seismic Hazard Model (Stirling et al., 2012). Over the
past century, the margin experienced a series of tsunamogenic earthquakes (Fraser, 1998)
including one in 1931 (Mw ~7.9) near Napier/Hawke Bay (Conly, 1980; De Lange and Healy,
1986) and two in 1947 (Mw 7.0-7.1, yellow star in Fig. 4.1a, and Mw 6.9-7.1) off Gisborne
(Bell et al., 2014; De Lange and Healy, 1986). These events caused 6-10 m run-up heights,
damage to shore-based structures, damage and loss of floating objects and flooding of coastal
regions (De Lange and Healy, 1986). During the last ~30 years, four earthquakes (1988, 1993,
2007, and 2009) occurred at depths less than 20 km indicating that they likely originated in the
upper-plate (Dziewonski et al., 1981; Ekstrom et al., 2012). The four earthquakes had
magnitudes ranging from 4.9 to 6.4 Mw, and were of normal to strike-slip character (Fig. 4.1a).
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4.3. Materials and Methods

4.3.1.Seismic data — SCHLIP3D and 2D
In this study we use a combination of high-resolution 2D and 3D seismic reflection data. Most
of the seismic data were acquired during RV Tangaroa cruise TAN1404 in April 2014.

During survey TAN1404, the 2D seismic system consisted of a 0.7 | Gl Gun and a 150 m long
streamer with 96 channels; channel spacing was 1.5625 m. Processing included crooked line
common midpoint (CMP) binning at a spacing of 1.5 m, a Butterworth-type frequency filter
(10/35-150/200 Hz), normal move-out (NMO) correction with constant velocity of 1500 m/s,
stacking and a 2D Stolt time migration with a constant velocity of 1500 m/s. From the TAN1404
dataset, we use seismic lines P3106, P3406, and P3102 (Fig. 4.1a). In addition, we use seismic
line TAN1114-13 which was acquired during RV Tangaroa cruise TAN1114 (2011) using a
600 m long streamer with 48 channels at 12.5 m spacing and 2x 0.7 I/1.7 | GI guns (Barnes et
al., 2011; Mountjoy et al., 2014).

3D seismic data were also collected during cruise TAN1404 using the 3D P-cable system. The
system consists of a cross-cable towed behind the ship in between two paravanes. The cross
cable approximately forms the shape of a catenary as it is towed through the water, with the end
points (at the paravanes) spanning a distance of ~150 m. The catenary form enables a predictive
calculation of receiver array positions given the known end points (the paravanes equipped with
GPS), the length of the cable, and the ship’s azimuth. These predicted receiver positions were
refined using the direct wave arrival times at each streamer channel. During cruise TAN1404,
the P-cable system consisted of 15 streamer segments, each ~12.5 m long, with 8 channels at a
spacing of 1.5625 m. The 0.7 | GI Gun was towed ~30 m behind the ship, shot every 3 seconds
and had frequencies between 15 to 400 Hz. This small shot interval (equating to ~5 m at 3.5
knots sailing speed) enabled dense CMP binning onto a grid with a 3.125 m CMP spacing.
Processing included bandpass filtering (40/70-350/500 Hz), CMP-stacking, stacking of
successive inlines to reduce data gaps (resulting in a 6.25 m inline spacing while maintaining
the 3.125 m crossline spacing), NMO-correction with a constant velocity (1500 m/s) and
despiking. We ran a 2D trace interpolation, first in the crossline direction, then in the inline
direction, to fill small data gaps in the 3D seismic volume. Finally, we migrated the volume
with a 3D post-stack Kirchhoff time migration using a constant velocity of 1500 m/s and an
aperture of 500 m. The resulting seismic volume is ~13.5 km long and ~5.9 km wide. We
hereafter refer to the 3D seismic volume as SCHLIP3D (the acronym of the project named
‘Submarine Clathrate Hydrate Landslide Imaging Project in 3D’ under which the data were
acquired).

4.3.2.Seismic attribute analyses

4.3.2.1.  Fault detection with attributes
Bahorich and Farmer (1995) introduced the use of attributes (coherence) to seismic
interpretation to enhance the interpretation of seismic sections. Faults are visible in seismic data
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as a clear displacement of adjacent reflections. Seismic attributes make use of this discontinuity
and therefore provide a powerful and reliable tool for fault detection within 3D seismic volumes
(e.g. Moore et al., 2013; Neves et al., 2004). Crucial to a proper analysis are well-interpreted
seismic horizons, which avoid the issue of discontinuities induced by the intersection of time
slices with stratigraphic layering. Common attributes use either physical or geometrical
properties of the complex seismic trace (Taner et al., 1979), e.g. Similarity (Bahorich and
Farmer, 1995). Here we favor and apply visual attributes (Symmetry and derivative 13D
volumes) introduced by IHS Kingdom. These attributes provide a clear image of deformation
patterns and fault planes, offer high resolution and show a good signal-to-noise ratio at all depth
levels and horizons (Yu et al., 2015).

4.3.22. Symmetry (13D attributes)

Symmetry is a newly designed post-stack, post migration structural feature detection tool (e.g.
fault detection) based on a 3D log-Gabor filter array (Yu et al., 2015) introduced by IHS within
their Kingdom software. It represents a new type of seismic attribute for 3D data analysis, which
is referred to as visual attributes. Symmetry is inspired by neuronal mechanisms of visual
perception for orientation patterns. The attribute is sensitive to seismic amplitude variations and
hence correlates with discontinuities and curvatures associated with geological surfaces. Its
strength is to identify faults, fractures, channels and other discontinuous events.

We used the SCHLIP3D seismic volume for our Symmetry 13D Energy attribute, a derivative
volume of the Symmetry attribute (Yu et al., 2015). The algorithm ran with a 100 ms vertical
filter window to obtain a better image, resolve only relatively long faults (i.e. longer than 100
ms), and to diminish the influence of noise, e.g. from diffraction hyperbolas (Yu et al., 2015;
IHS Kingdom 2017 manual).

4.3.3. Estimation of fault dip and vertical displacement

We derived the fault dip from fault planes visible in vertical seismic displays (2D) and attribute
horizon slices (3D). To obtain accurate measurements we took the topmost and lowermost point
to which we could trace the coherent displacement of adjacent traces and measured the vertical
and horizontal lengths (Fig. 4.2). With these length measurements perpendicular to the fault
strike and basic trigonometric calculations, we were able to estimate the true fault dip. We
calculated the vertical displacement from measurements at the top, center, and bottom of the
visible fault plane (Fig. 4.2). With these two parameters, we calculated the total horizontal
displacement with trigonometric calculations. The resulting estimates give us a good
approximation of the extension per unit length without considering the rock parameters.

All these measurements and calculations depend on the applied seismic velocity model. For our
analysis, we use a constant velocity of 1600 m/s, which is a good approximation for water-
saturated sediments. The in-situ displacements will increase slightly with depth due to higher
velocities in deeper strata. An increase to a velocity of 2000 m/s, which may be representative
for sandy interbeds inside the clinoforms (Press, 1966), would result in 25% higher
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displacement values. Similarly, the dip angle calculations are dependent on the velocities
through the tangent function (Fig. 4.2). However, as the velocities only influence the numerator
of the calculation the deviations possible from the actual dip angles are relatively small. For
example, a fault with a dip angle of 88.4° would change in dip from 88.4° at 1600 m/s to 88.7°
at 2000 m/s. Increasing velocities with depth are expected in the subsurface, which would cause
similar or higher increase in fault angle (e.g. Yielding et al., 1991).
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Figure 4.2. (a) Example arbitrary line from the 3D seismic volume, highlighting normal faults and the
offset reflections. (b) Schematic Sketch of the methods applied to determine fault characteristics: Total
vertical (X) and horizontal (y) fault extents for dip calculation (phi), and three measurements at different
depth levels (Top, Center, Bottom) of horizontal (dx) and vertical (dy) displacement. This sketch is not
to scale, in order to emphasize dx/dy measurements. (c) Location within the seismic attribute map (13D
Energy) of the seismic profile displayed in (a).

4.4. Results

4.4.1.Results from 2D seismic data

High-resolution 2D seismic line P3201 (Fig. 4.3) extends over 21 km from the shelf-break,
which represents the transition from Ariel Bank to the headwall of the Tuaheni Landslide
Complex (Mountjoy et al., 2009), to the Tuaheni Ridge (Fig. 4.1a). The latter forms the distal
boundary of the upper slope (Fig. 4.1a). The western part of the seismic line (3-13.5 km along
profile) overlaps with inline 1664 of the 3D seismic volume shown in Figure 4.4 and discussed
subsequently.

Quaternary clinoforms dominate the seismic image in the western part of line P3201 (Fig. 4.3).
The base of gas hydrate stability is manifested in this section as an alignment of truncated high-
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amplitude reflections — i.e. a discontinuous BSR (white arrows in Fig. 4.3b). Between 9-18 km
along profile, the clinoforms are pervasively intersected by steeply dipping normal faults (>
65°), which have vertical offsets in the range of 1 - 19 ms TWT (~1 - 15 m, assuming a
representative velocity of 1600 m/s). A decreasing signal-to-noise ratio with increasing depth
below seafloor prohibits the analysis of these faults below ~1.4 s TWT (10-17 km along profile).
The presence of Tuaheni Ridge modifies the sedimentary succession eastward of 14 km along
profile. Folded strata that crop out at the seafloor from 19-21 km along profile characterize the
ridge (Fig. 4.3).
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Figure 4.3. (a) Uninterpreted and (b) interpreted seismic reflection profile P3201 (see Fig. 4.1a for
location) showing major geological units. Interpretation of the mass transport deposit (MTD) is after
Mountjoy et al. (2009, 2014). Black lines are normal faults; “BSR” marks the location of a bottom
simulating reflection, marking the base of gas hydrate stability, on this profile. The inset shows a zoom
around the BSR. The dashed box on the interpreted seismic profile marks the exact location of this zoom
extraction. The vertical exaggeration is ~ 7X at 1500 m/s.
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4.4.2.Results from 3D seismic data

The SCHLIP3D seismic volume extends from the shelf-break to Tuaheni Canyon (Fig. 4.1a).
It images the upper-slope in the area of the southern lobe of the Tuaheni Landslide Complex
down to the acoustic basement at 1.5 s TWT. Figure 4.4 shows inline 1664, which is located
adjacent to 2D line P3201 (3-13.5 km along profile, Fig. 4.3). From 3 to 13.5 km along profile,
in the area of the Tuaheni Landslide Complex, the upper 300 ms TWT of the sub-seafloor show
two different seismic units with chaotic seismic facies, commonly interpreted as mass transport
deposits (see Fig. 4.4).

Low-stand clinoforms dominate inline 1664 between 2.2-13 km along profile and at TWTs
greater than 0.7 s (Fig. 4.4). We pick two characteristic clinoform surfaces (Clinoform A and
Clinoform B, Fig 4.4b) due to their seismic significance with high amplitudes and good lateral
continuity. Thereby, we separate the sediments below the MTDs of the Tuaheni Landslide
Complex into seismic units A and B. The BSR crosscuts the sedimentary succession from ~10
to 13.5 km along profile (Fig. 4.4).

Between 9-13.2 km along profile and below the MTDs, the reflections are dissected by the
previously described normal faults (compare Fig. 4.3). The normal faults cause small (< 0.019
s TWT; 15 m) vertical displacements of the reflections. About 70% of the normal faults dip
landwards towards the NW (Fig. 4.4). Some of the normal faults exhibit high-amplitude fault
plane reflections. In the upward direction within the region where MTD1 is absent, most normal
faults can be traced to MTD 2, the shallowest of the Tuaheni Landslide Complex deposits. The
chaotic facies of the mass transport deposit and the rugged seafloor morphology inside the 3D
seismic volume complicate fault identification at shallow depths and at the seafloor (Fig. 4.4).
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Figure 4.4. (a) Uninterpreted and (b) interpreted seismic reflection inline 1664 from the high-resolution
3D seismic volume SCHLIP3D. The left inset in (a) shows the location of the profile (red line) within
the extent of 3D seismic coverage (note: the black box in Figure 4.1a shows the regional location of the
3D seismic survey). The right inset in (a) shows a zoom of the normal faults (from the region enclosed
by the dashed box). The vertical exaggeration is ~6.3X at 1500 m/s.

4.4.3.Characteristics of the normal faults

We used the Symmetry 13D Energy seismic attribute and applied it to four horizons: the
seafloor, the base of the most recent mass transport MTD 2, and clinoform surfaces A and B
(Fig. 4.5). Consequently, we are able to derive fault parameters at different stratigraphic levels.
The fault parameters include spatial distribution, strike direction, true dip angles, dip direction,
vertical displacement and vertical extent of traceable fault planes. Our attribute analyses reveal
sail-line induced seismic artifacts (Fig. 4.5). As the sail lines strike at a different angle than the
normal faults, they do not interfere with our analysis.

Clinoforms A and B display a wide network of linear anomalies in the Symmetry 13D Energy
with coherent low attribute values, which indicate amplitude variations attributed to faults or
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noise (Fig. 4.5). Because linear attribute anomalies can also be caused by noise in amplitude
data, we cross-checked their locations with the locations of the low-displacement faults on
vertical seismic displays (2D profiles) between 10-15 km along profile and 1.2-1.5s TWT (Fig.
4.4). The comparison confirms that the linear attribute anomalies are all caused by vertical
displacement along the faults. The faults exist within the 3D seismic volume from the
southwestern to the northeastern edge over an area of about 30 km?.

The base of MTD 2 shows fewer linear attribute anomalies with predominantly north and
northeastern strike directions (Fig. 4.5). Cross-checking the seismic attributes with amplitude
data on vertical displays confirms a decrease of traceable faults to this horizon (Fig. 4.4). At the
seafloor, no linear attribute anomalies with the characteristic azimuth angles are observed (Fig.
4.5). We can conclude that either (a) the faults do not extend all the way to the seafloor, or (b)
surficial deformation fabrics of the landslide system have overprinted any structural signal from
active faulting.

The vast majority of the normal faults is interconnected and forms a network with arcuate (in
plan view) fault plane shapes (Fig. 4.5). A minor group of faults is connected through small-
scale fault triplets perpendicular to their planes (Fig. 4.5). Fault triplets are three en echelon
faults with fault planes that intersect / connect at depth. Throughout the whole fault network,
fault planes in juxtaposition show rhombic shaped subsided sections in between (Fig. 4.5). The
normal faults occur at high angles with 75% of all mapped faults dipping greater than 80°. In
combination, these observations indicate that normal faulting may include a transtensional
component, since transtensional movement is typically accommodated on multiple steeply-
dipping faults that intersect at depth (Woodcock and Fischer, 1986).
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Figure 4.5. (Top) This row shows seismic horizons at stratigraphic surfaces (surfaces as labeled in Fig.
4.4b). The regional location of the seismic volume is shown in Fig. 4.1a. (Center) This row shows
seismic horizon analysis with the 13D (llluminator 3D) Energy attribute. (Bottom) Interpretation of

seismic attribute maps on aforementioned horizons.
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In total, we characterized 195 faults in terms of their spatial distribution, strike direction, dip
angles, dip direction, vertical displacement and vertical extent of traceable fault planes (Fig.
4.6). The strike directions of the normal faults can be categorized into two groups. About 80%
of the faults strike 350-15° and ~10% show an azimuth of 40-60°. The remaining 10% of the
normal faults lie outside of the two major strike directions (Fig. 4.6). By extending the results
from the 3D data onto 2D profiles, we observe a decrease in fault dip angle with decreasing
distance from Tuaheni Ridge.

The decreasing seismic resolution of the 3D seismic volume towards the acoustic basement
limits the measurable vertical fault length to a maximum of 0.15 s TWT (~120 m at 1600 m/s,
Fig. 4.4). Vertical displacements are in the range of 4 - 15 m (Fig. 4.4) and derived horizontal
displacements per unit length in the range of 0 - 3 m (Fig. 4.2). The analysis of fault dip direction
shows that 70% of all faults dip landward, 20% dip seaward and 10% are near vertical (Fig.
4.6).
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Figure 4.6. (a) Distribution of mapped normal faults on a stereographic projection (plotted with
Stereonet software (Allmendinger et al., 2011; Cardozo & Allmendinger, 2013)). Rose diagram gives
distribution of faults within a 10° range. The colored contour is an indicator for distribution over dip
and azimuth. Two major strike directions are evident in the rose diagram: (40-60°) and (350-10°) — the
latter being parallel to the deformation front and other active faults on the lower trench slope (Fig. 4.1).
The majority of faults are dipping landward at very high angles (> 65°). (b) Bathymetric map showing
locations of 2D (red lines) and 3D (black polygon) seismic data and the distribution of normal faults
across the upper slope (semi-transparent blue region). The normal faults are confined between the shelf-
break and the upper slope of Tuaheni Basin.
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4.4.4.Regional extent of normal faulting

Upper-plate normal faults within the NE Hikurangi margin are not limited to the 3D seismic
volume, but occur over a large area. 2D seismic profiles across the upper slope show widespread
normal faulting within the upper 500 m of the sub-seafloor (Fig. 4.7). The presence of seafloor
scarps overlying the seismically imaged fault planes (Fig. 4.7) indicates that, if not masked by
mass-transport deposits (like in the area of the SCHLIP3D data), extensional deformation
continues to the seafloor. With our spatially limited 2D seismic data, we are able to map normal
faulting along the upper continental slope between 38°55° S - 38°35°S (Fig. 4.6). In this area,
the normal faults are abundant across the slope in between the shelf-break and the upper slope
basins, confined to 500-1000 m water depth. These latitudes, however, only represent the
minimum spatial extent of upper plate extension, and normal faulting may well continue farther
along the margin.
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Figure 4.7. Uninterpreted and interpreted seismic profiles (a) TAN1114-13, (b) P3106 and (c) P3102
(locations on Figs. 4.1a, 4.6b). (a) Seismic profile TAN114-13 shows a mass transport deposit (MTD),
normal faults and bright spots associated with the normal faults indicating the presence of fluids inside
pore space. The vertical exaggeration is 8.3X at 1500 m/s. (b) Seismic profile P3106 showing a MTD
and bright spots indicating fluid flow inside the sedimentary succession (after Micallef et al., 2016). The
abundant normal faults show vertical displacement resulting in internal scarps. These scarps are
overprinted by down-slope sedimentary processes. The vertical exaggeration is 4.5X at 1500 m/s. (c)
Seismic profile P3102 showing prolonged normal faults with associated bright spots and high amplitude
reflection fault planes (inset uninterpreted profile). Many normal faults cut the seafloor and form scarps.
The inset on the interpreted profile emphasizes these surface scarps that indicate that there is
recent/active normal faulting across the marine forearc of Hikurangi margin. The vertical exaggeration
is 4.6X at 1500 m/s.
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4.5. Discussion

Geodetic measurements (Wallace et al., 2004, 2012), the analysis of regional seismicity
(Reyners and McGinty, 1999), and structural investigations (Cashman and Kelsey, 1990) have
provided evidence for upper-plate extension within the terrestrial parts of the Central Hikurangi
and Raukumara tectonic blocks of the North Island (Fig. 4.8). Our study area is located at the
boundary between these two blocks and we are able to extend the analysis of upper-plate
extension into the marine forearc.

-38°
1993 Mw = 6.4 @

2009Mw=49 €)
1088 Mw=54 ()

2007 Mw=5.1 (@)

-40°

172° 174° 176° 178° 180°

Figure 4.8. Bathymetric (GEBCO) map of the North Island and northwestern South Island of New
Zealand with GPS velocity field (red arrows) and block model introduced by Wallace et al. (2004) with
tectonic micro-blocks that rotate clockwise around nearby poles (modified after Nicol and Wallace,
2007; Wallace et al., 2004). All velocities are shown relative to the Australian Plate. Error ellipses are
at 68% confidence level. The rotation rates are given in °/Myr with negative values for clockwise
rotation. WAIR = Wairarapa block; AXIR = Axial Ranges block; RAUK = Raukumara block; CHKG
= Central Hikurangi block; WANG = Wanganui block. Red square marks the bounds of our survey area
(Fig. 4.1a). Focal mechanisms are taken from the global CMT catalog (Dziewonski et al., 1981; Ekstrom
etal., 2012).
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4.5.1. Decoupling and gravitational collapse of shallow strata

For other accretionary margins such as Cascadia and Nankai, upper-slope normal faulting has
been suggested to result from decoupling of shallow strata from the underlying compressional
wedge (Gulick et al., 2010; Moore et al., 2013; Sacks et al., 2013; McNeill et al., 1997). We
compare the normal faults identified in our Hikurangi margin study area to the normal fault
systems at Cascadia and Nankai.

Off Cascadia, listric normal faults occur in less than 1000 m water depth, detach to a relatively
shallow crustal décollement, and dip seaward with hundreds of meters vertical displacements
(McNeill et al.,, 1997). Normal faults at Cascadia margin may be associated with
contemporaneous gravity sliding on mid-crustal layers or décollement surfaces (Buck and
Sokoutis, 1994; Zoback et al., 1981) and suggest a decoupling of the shelf and upper slope from
the subduction thrust (McNeill et al., 1997). Generally, the normal fault system, which we
observe on this part of the Hikurangi margin, differs from what has been observed at the
Cascadia margin offshore Grays Harbor, Washington, USA. We do not observe a
predominantly seaward-dip for the faults, nor the large offsets, nor a listric character and
shallow detachment.

The normal fault system in Nankai resembles many characteristics of the normal faults we
observe in this study. In the Kumano Basin, Nankai Trough (Japan), normal faults show high
dip angles, preferred landward dip, distinct groups of strike, and many of the faults cut the
seafloor indicating recent activity (Gulick et al., 2010; Moore et al., 2013; Sacks et al., 2013).
There, the normal faults have been mapped with a similar attribute-based seismic interpretation,
and extension of the Kumano forearc basin is attributed to decoupling of shallow strata from
the underlying thrust (Moore et al., 2013). Despite the structural similarities between the normal
fault systems in the Hikurangi and the Nankai margins, there remain some arguments against a
similar genetic origin. First, landward dipping thrust faulting in our study area continues to
shallow strata (Figs. 4.1a, 4.3). This contradicts a possible decoupling of the latter from the
underlying compressional wedge (Mountjoy and Barnes, 2011). Second, the normal faults form
at the lower boundary of the upper slope, in regions of shallow inclined seafloor (Figs. 4.1a,
4.6). If these faults were an effect of compensatory movement due to uplift, we would expect
them to occur predominantly in steeper areas farther downslope, where normal faults are absent
(Figs. 4.1b, 4.3, 4.7). Such compensatory movement and subsequent extensional deformation
have been observed at distinct anticlinal ridges farther South on the margin, where normal faults
and fractures developed in response to flexural extension around the apex of folding (Barnes et
al., 2010; Wang et al., 2017). Third, the normal faults in our study area show a clear landward
dipping preference and no change in dip angle with depth (see Figs. 4.1b, 4.3, 4.4).

In summary, the seismic data from Hikurangi do not reveal any mid-crustal detachment, listric
fault behavior or large displacement normal faults. We therefore conclude that decoupling of
shallow strata from the underlying compressional wedge and related gravitational collapse of
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the upper plate is an unlikely mechanism for upper-plate extension on the northern Hikurangi
margin.

4.5.2. Extension as a result of uplift

Active faults on the onshore Raukumara Peninsula are predominantly extensional structures
that are responding to rapid landscape uplift and are not thought to play a significant role in
crustal deformation (Berryman et al., 2009). Active extension is also mapped onshore in
Hawke’s Bay to the south of our study area (Cashman and Kelsey 1990). Uplift has been related
to sediment underplating beneath the Raukumara range (Walcott, 1987; Eberhart-Phillips and
Chadwick, 2002) and either margin tectonic deformation or underplating in the south. Bell et
al. (2010) found a high-amplitude reflectivity zone (HRZ-2) in several multichannel seismic
profiles beneath the offshore northern Hikurangi forearc. The location of this anomalous
reflectivity results in an ambiguous interpretation of the plate interface thrust (Figs. 4.1b, 4.9b).
One possible interpretation of HRZ-2 is that it represents sedimentary material that is
underplated at the base of the upper plate (Fig. 4.9b). Pecher et al. (2014, 2017) invoke
substantial uplift in the northern region of normal faulting as forming a pronounced double BSR
at the base of gas hydrate stability. No clear indication of sediment underplating has been found
for the offshore forearc.

A somewhat different driving mechanism for uplift may be the subduction of excess topography
(Fig. 4.9b). There is ample evidence that the subduction of seamounts or basement ridges
increase the structural complexity of a margin (Bangs et al., 2006; Geersen et al., 2015; Gulick
et al., 2004; Kodaira et al. 2000; Park et al., 2003; Ranero and von Huene, 2000; Wang and
Bilek, 2011). Usually, the process of seamount subduction results in severe fracturing of the
overriding plate above and around the subducting seamount (Dominguez et al., 1998; Wang
and Bilek, 2011). The track of the subducting seamount is recorded in the deformation pattern
of the upper plate (Dominguez et al., 1998). Above the seamount, arcuate thrust faults, sub-
vertical fan-shaped fracture networks, and strike-slip faults develop which usually crosscut each
other. In addition, normal faults, which show no consistent strike direction, form due to collapse
of the upper-plate in the wake of the subducting seamount (Dominguez et al., 1998; Wang and
Bilek, 2011).

At multiple locations within the Hikurangi margin, subducting seamounts are known to have
caused localized uplift, out of sequence faulting and large-scale mass failure (Barnes et al.,
2010; Pedley et al., 2010). These deformation patterns are for example observed at the Poverty
Bay indentation, which is located ~25 km southwest of our study area. Here, seamount
subduction initiated during the past ~ 2 Ma leads to a gravitational collapse of the upper plate
in the wake of the seamount (Pedley et al., 2010; Wang and Bilek, 2011). In the area of our
study, a subducting seamount is interpreted under the mid-slope area between 18 — 54 km along
seismic line 05CM-04 (Fig. 4.1b) (Bell et al., 2010) which may lead to uplift and hence cause
extension of the upper plate (Fig. 4.9b). The documented normal fault system is, however,
located between 450 — 1200 m water depths on the landward side of the subducting seamount.
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It further shows a clear preference for landward dip and the majority of faults have a margin
parallel strike (Figs. 4.4, 4.5, 4.6, 4.7). As such, our structural observations do not completely
agree with observed and modeled deformation patterns caused by subducting seamounts at
accretionary margins elsewhere (Dominguez et al. 1998; Ranero and von Huene, 2000; Ruh et
al., 2016). This does not rule out the possibility that seamount subduction induces regional uplift
inducing extensional deformation at the upper slope. However, the structural discrepancies
indicate that other processes that could also drive upper-plate extension may be active at the
same time.

Regardless of a driving mechanism for uplift (underplating and seamount subduction are two
possible mechanisms), a manifestation of upper-plate folding in the vicinity of the normal faults
can be observed on Line 05CM-04, where subtle bending of upper-plate strata is seen (Fig.
4.1b). As such, we consider flexural extension near the apex of folding (Fig. 4.9b) as a
mechanism that could lead to the extension in the areas where we have mapped the normal
faults (Fig. 4.6b). Flexural extension and normal faulting around the apex of folding is well
known from other parts of the Hikurangi margin (Barnes et al., 2010; Wang et al., 2017), as
well as on other convergent margins (e.g. Lopez et al., 2010).

4.5.3. Extension as a result of positive Coulomb stress increase

The 2010 Chile (Mw. 8.8) and 2011 Japan (Mw. 9.0) earthquakes where accompanied by large-
magnitude (~Mw=7.0) extensional aftershocks that nucleated on upper-plate normal faults
above the seismogenic zone (Farias et al., 2011; Toda et al., 2011). In both cases, subsequent
studies confirmed that the extensional aftershocks, which first took the scientific community by
surprise, were related to the subduction process and the regional earthquake cycle (compare
Fig. 4.9a). For the 2010 Maule earthquake, different authors suggested that a positive Coulomb
stress change induced into the upper-plate by rupture of the underlying plate-boundary triggered
normal faulting in some parts of the marine forearc (Fig. 4.9a) (Aron et al., 2013; Farias et al.,
2011; Geersen et al., 2016). The same process was likely responsible for upper-plate normal
faulting in the wake of the 2011 Japan earthquake (Toda et al., 2011). In both cases, upper-plate
normal faulting was possibly driven by dynamic weakening of the plate-boundary, which
moved the forearc into a critical extensional stress-regime during the co-seismic phase, likely
further contributing to upper-plate normal faulting (Cubas et al., 2013a, 2013b).

To evaluate our mapped normal faults in the context of seismic rupture during a large
megathrust earthquake we need to consider the subduction interface in terms of fault behavior.
The normal faults are located on the upper slope above a region of low interseismic coupling
(dic < 0.5) of the plate-interface (Wallace et al., 2009). The region has hosted two moderate
magnitude tsunami earthquakes (Mw ~7.0) in 1947 as well as a series of slow-slip events in
recent years (Doser and Webb, 2003; Wallace et al., 2016). However, no large (> Mw 8) plate-
boundary earthquake which may have caused permanent extensional deformation of the upper-
plate, as it happened during the 2010 Chile and 2011 Japan events, has yet been recorded in the
area of the normal faults (Doser and Webb, 2003). While the potential for large megathrust
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earthquakes in the region remains an outstanding research question, our current knowledge on
the seismo-tectonic setting makes it questionable whether the mapped pervasive extensional
deformation of the upper-plate solely relates to large plate-boundary earthquakes.

4.5.4. Extension as a result of clockwise rotation of the Hikurangi forearc

Our analysis shows that aspects of the structural character of the normal fault system in the
Hikurangi margin differs from forearc normal fault systems reported from other accretionary
margins such as Nankai or Cascadia. In combination with differences in the large scale tectonic
setting of the upper-plate (e.g. continuation of thrust faulting to shallow strata), we conclude
that the origin of the normal faults in the Hikurangi margin may require a new explanation.
Below, we consider whether stress and strain domains identified in geodetic modelling may
contribute to normal faulting at the northeastern Hikurangi margin.

45.4.1. Tectonic block rotation as an alternative model to explain upper-plate
extension

Oblique convergence, as it is the case in most active margins, usually results in strain
partitioning within the forearc and/or the volcanic arc (Fitch, 1972; Teyssier et al., 1995). In
some subduction zones, the oblique component is accommodated along prominent crustal-scale
strike-slip faults, which extend parallel to the trench and the coastline over hundreds to
thousands of kilometers. Prominent examples for such faults are the Liquifie-Ofqui fault in
Central and Southern Chile (Hervé, 1994;) or the Mentawai Fault Zone off Sumatra (Diament
et al., 1992). In other subduction settings, oblique convergence causes the development of
individual tectonic blocks, which rotate around nearby poles (e.g. Cascadia, Marianas, Vanuatu,
and Papua New Guinea) (Calmant et al., 2003; McCaffrey et al., 2000; Kato et al., 2003;
Wallace et al., 2004).

Off northeastern New Zealand, oblique convergence of the Pacific Plate in combination with
an overall decrease in convergence rate towards the south results in clockwise rotation of North
Island crustal blocks around poles lying to the west of the North Island (Fig. 4.8) (Mumme et
al., 1989; Walcott, 1984; Wallace et al., 2004). Geodetic measurements, earthquake slip vectors,
and geological fault slip rates have been used to estimate the angular velocities of the tectonic
blocks and the degree of coupling along the faults, which separate the different blocks (Wallace
et al., 2004). In some parts of the marine forearc, block rotation is expected to result in
extensional differential stresses. Although most of the extensional budget resulting from the
rotation can be explained by slip on normal faults within the Taupo volcanic zone, minor
positive residual strain (1-35*107°) is calculated for the eastern North Island forearc blocks
(Wallace et al., 2004). For scale, a strain rate of 20*10° for the Wairarapa block (50 km wide)
causes 1 mm yr?t differential slip rate. Wallace et al. (2004) suggest that the residual strain
might be released by slip on previously unrecognized extensional faults along the block
boundaries. However, widespread upper-plate extension had not been observed previously for
the northeastern and central marine forearc of the Hikurangi margin.

123



IV — Marine forearc extension in the Hikurangi margin

The upper-plate normal faults we have identified in the study area beneath the upper continental
slope may represent a fault system that accommodates such residual strain. From their location
and spatial distribution, the normal faults would accommodate extensional stresses between the
Raukumara and the Central Hikurangi blocks (Figs. 4.8, 4.9c).
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Figure 4.9. Conceptual models of the Hikurangi margin and mechanisms for marine forearc extension:
(a) Positive Coulomb stress increase induced into the upper plate during the co-seismic phase of
earthquakes (after Aron et al., 2013; Farias et al., 2011; Geersen et al., 2016; Toda et al., 2011). (b)
Regional uplift due to underplating (magenta arrow) (Cashman and Kelsey, 1990; Bell et al., 2010) or
seamount subduction (orange arrow) (after Dominguez et al., 1998; Wang and Bilek, 2011). Also shown
is flexural extension around the apex of long-wavelength folding within the upper part of the wedge. (c)
Transtension (dextral-normal movement) accommodated in the upper-plate, induced into the marine
forearc by residual extensional strain by differential clockwise rotation of Raukumara and Central
Hikurangi micro-tectonic blocks around nearby poles (modified after Nicol and Wallace, 2007; Wallace
et al., 2004).
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45.4.2.  Application to the northeastern Hikurangi margin

Mountjoy et al. (2009) describe the shallow sedimentary succession in the study area as
Quaternary low-stand clinoforms with Holocene sediments above (Figs. 4.1b, 4.3, 4.4). Profile
05CM04 (Fig. 4.1b) suggests that the normal faults are confined to this section. Assuming a
maximum age for the quaternary clinoforms of 0.4 Ma or younger (Mountjoy and Barnes, 2011)
in combination with the minor positive residual strain of 1-35*10° (Wallace et al., 2004), the
maximum dilatation of the crustal block would cumulate to ~400 m of extension. The 195 faults
within the 3D seismic volume cumulate to a total horizontal displacement of approximately 120
m. However, the 3D seismic volume does not cover the full spatial extent of the normal faults
in the across slope direction. Based on 2D seismic line P3201, we estimate that our 3D seismic
volume covers approximately two thirds of the whole fault network and use this line (Line
P3201) to extrapolate the total horizontal displacement. We estimate that the fault network
could account for about 180 m of total horizontal displacement. The normal fault network thus
covers bulk extension within the same order of magnitude as proposed by the modelled block-
rotation (Wallace et al., 2004).

In 2009, an extensional earthquake (Mw 4.9) with a minor strike-slip component took place
within the upper-plate in the area of this study (Fig. 4.1a, 4.8). The en echelon normal faults we
image in this study enclose rhombic shaped subsided areas, show high dip angles (75% > 80°)
and are interconnected by small-scale fault triplets (Figs. 4.5, 4.6). These observations indicate
duplex structures in the subsurface and hence a transtensional (dextral-normal) character of the
fault network (Woodcock and Fischer, 1986). Together with the 2009 earthquake, this lends
support to the hypothesis that the differential stresses between the Central Hikurangi and the
Raukumara tectonic blocks may have contributed to development of normal faults in the marine
forearc of the northeastern Hikurangi margin (Figs. 4.8, 4.9¢).

These indications are consistent with observations in Crete, Greece, where transtension in the
Hellenic forearc forms sinistral-normal faults with distinct azimuth groups because of rotation
(Ten Veen and Kleinspehn, 2003). Similar to our indications for transtension (though dextral
in our case), the sinistral-normal deformation in Crete is inferred from en echelon rhombic
depressions and ridges (Huchon et al., 1982; Huguen et al., 2001). This proposed model (Fig.
4.9¢) agrees with local observations farther south within the Central Hikurangi block, where
shear structures form in combination with proto-thrusts and extensional faults at Omakere
Ridge (Plaza-Faverola et al., 2014).

4.6. Conclusions and outlook

Our study documents extension within the marine forearc of the Hikurangi margin based on 2D
and 3D seismic data. We map and analyze normal faults with low vertical displacements over
an along-margin distance of at least 50 km. These faults occur between the shelf-break and the
upper slope basins, and are confined to 500-1000 m water depth. We draw the following main
conclusions:
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(1) The normal faults at the upper slope of the Hikurangi margin show two major strike
directions, primarily landward dip, and steep fault angles. Where mass transport
deposits are absent, seafloor scarps indicate recent fault activity. The normal faults are
interconnected, e.g. by small-scale fault triplets, enclose rhombic-shaped subsided
sections and the majority dips at angles > 80 deg. These observations suggest
transtensional deformation.

(2) Mechanisms that may have contributed to the development of the normal faults in
the Hikurangi margin include uplift and gravitational collapse and/or flexural bending
of the upper-plate and residual extensional strain, which is induced into the marine
forearc by rotation of tectonic blocks around nearby poles.

The block rotation model agrees with the transtensional character of the normal faults.
However, the limited spatial (and depth) extent of our seismic data does not allow us to
ultimately resolve the dominant tectonic process behind the generation of the normal faults. As
in any complex geologic system, the interplay of different processes may be responsible for
causing marine forearc extension in the northeastern Hikurangi margin.

Our work adds another piece of evidence that normal faults play an important role in the seismo-
tectonic evolution of accretionary margins. However, a better understanding of the mechanisms
that cause upper-plate extension in the different place remains a research challenge. Large-scale
3D seismic experiments and scientific drilling may provide critical data to further investigate
the driving mechanisms behind forearc normal faulting.
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Key Points

1. 3D seismic imaging of an entire landslide complex
2. Shallow gas accumulation within and underneath Tuaheni Landslide Complex
3. Imaging of a basal shear zone within a subaqueous landslide complex

5.1. Abstract

The Hikurangi margin is an active continental margin east of New Zealand’s North Island. It is
well recognized as a seismically active zone and is known for the occurrence of free gas and
gas hydrates within the shallow sediments. A variety of subaqueous landslides can be observed
at the margin, including the Tuaheni Landslide Complex off Poverty Bay. This slide complex
has been interpreted previously as a slowly creeping landform, as its morphology and internal
deformation is comparable to terrestrial earthflows and rock glaciers. In 2014, we acquired a
high-resolution 3D seismic volume covering major parts of the Tuaheni South landslide. The
3D data show a variety of fluid migration indicators, free gas accumulations and manifestations
of the base of gas hydrate stability in the pre-slide sedimentary units and the lower unit of the
landslide system. The data also show that the landslide system is composed of an upper and
lower unit that are separated by an intra-debris negative-polarity reflection. Free gas
accumulations directly beneath the landslide units suggest that the debris acts as a boundary for
rising fluids and only few migration pathways to the intra-debris reflector are observed in the
distal parts of the landslide. Deformation within the landslide’s debris is focused in the upper
landslide unit, and we interpret the intra-debris reflector as a basal shear zone or ‘glide plane’
upon which the debris has been remobilized. The origin of the intra-debris reflector is unclear,
but we suggest it could be a relatively coarse-grained horizon that would be prone to fluid flow
focusing and the development of excess fluid pressure. Our seismic study provides one of the
most detailed examples of a subagqueous landslide system and reveals insights into the fluid
flow system and potential basal shear zone development of the Tuaheni Landslide Complex.

5.2. Introduction

Classification schemes for subaqueous landslides include a large number of components and
processes similar to terrestrial landslides, including translational slides, slumps, as well as
debris and earth flows (Hampton et al. 1996; Bull et al. 2009; Hungr et al. 2014). Multi-beam
bathymetry and seismic reflection datasets can resolve surface morphology, depositional
character and large-scale structure of landslides that are preserved in the marine sedimentary
record (Locat & Lee 2002; Joanne et al. 2013; Clarke et al. 2014). However, the fine scale
details of internal deformation, which are observable in landslides exposed on land, are rarely
imaged for subaqueous landslides. Much of what we know about macro- to meso scale
deformation processes and the control of the mechanical movement of large subagqueous
landslides comes from analysis of uplifted mass transport complexes (MTCs) exposed in
outcrops onshore (Ogata et al. 2014a; Ogata et al. 2014b) and numerical modelling (Urlaub et
al., 2015). Basal shear zones are readily observable in these exhumed MTCs and occur as
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discrete lithologically mixed intervals that are thin with respect to slide thickness. As with
active terrestrial landslides, kinematic indictors show that deformation in subaqueous landslides
is primarily focused within/along these shear zones (Festa et al. 2010; Ogata et al. 2012.

Basal failure surfaces in the marine sedimentary record are variably referred to as slip surfaces
or glide planes, and can be imaged in seismic reflection data as a contact between
chaotic/transparent seismic character representing the MTD and coherent/stratified reflectivity
below. The origin of slip surfaces may be correlated to specific horizons in the intact
sedimentary sequence either laterally or upslope of the landslide. These horizons are often
referred to as weak layers. Due to the complexity of submarine sampling, like deep sea drilling,
only a few examples in shallow successions of shallow seated subaqueous landslides have been
imaged and sampled (e.g. Beaten et al. 2014). Localized shear zones are well-documented
features observed in terrestrial active landslide complexes (Vulliet & Hutter 1988). They are
present at the interface between different moving masses/blocks, and are therefore a major
internal element of rock glaciers and slow-moving landslides (Haeberli et al. 2006). The most
intensive deformation of active slow-moving landslides occurs along these shear zones in terms
of repeated shearing over prolonged periods as these zones act as a basal decollement (Haeberli
et al. 2006; Kawamura et al. 2007). While the analogue between terrestrial and subaquous
landslide shear zones is informative, observations from outcrop MTCs are sparse and subject
to post-deposition deformation. Therefore, internal shear zones preserved in the subaquous
environment warrant further research.

Gas and gas hydrates are common within marine sediments in the world’s continental margins
(Klauda & Sandler 2005), and are often cited as playing an important role in sediment strength
and even contributing to subaqueous landsides (e.g. Field & Barber 1993; Paull et al. 1996;
Sultan et al. 2004). It is important to consider the flow of both water and free gas in this context,
since permeability changes can result in partial trapping of fluid flow, which can lead to the
development of excess fluid pressure. Particularly in the shallow sub-seafloor, where
differential stresses are low, trapping of fluids could have a significant influence on
overpressure development and the associated reduction of sediment strength (Ellis et al. 2010).
3D seismic data provide excellent insights into shallow fluid flow systems, and have been used
previously to highlight the role of gas migration and accumulation in slope destabilization
(Berndt et al. 2012).

In this study we use high-resolution P-Cable seismic reflection data to analyze the Tuaheni
Landslide Complex (TLC) off the East Coast of New Zealand’s North Island (Fig. 5.1). We use
seismic imaging to analyze internal features of the landslide complex including a prominent
intra-debris reflector and the distribution of free gas. We investigate the mechanisms proposed
to be influencing landslide reactivation based on 3D analysis of the spatial relationship of
landslide elements to free gas and faulting.
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5.3. Tectonic and Geologic setting

Our study area is located on an active subducting margin, the Hikurangi Margin off New
Zealand’s East Coast (Fig. 5.1c). Convergence between the Pacific and Australian plates in this
region is orthogonal to the NE-SW strike of the margin, with the inter-plate motion
approximately 46 mm yr (Beavan et al. 2002). Active upper plate faults in the offshore region
of the northern Hikurangi Margin are dominated by thrusts (Barker et al. 2009; Barnes et al.
2010; Mountjoy & Barnes 2011), but recent work has also shown evidence for upper-plate
normal faulting (Bottner et al. 2018). The TLC occurs on the upper slope in an area that is
locally relatively un-deformed by major faulting or folding. However, the Ariel Bank Fault
(Fig. 5.1a), an active splay fault with a vertical slip rate of 4.1 +/- 0.9 mm yr? , is expressed as
uplifted reefs 2 km inboard of the landward limit of the head scarp (Mountjoy & Barnes 2011).
Tuaheni Ridge bounds the distal limit of the landslide deposit and is the result of uplift and
folding above a splay fault (Fig. 5.1a). Based on all known earthquake sources, probabilistic
seismic hazard modelling indicates peak ground acceleration (PGA) of 0.4-0.5 g at a 250 year
return period across the upper slope (Stirling et al. 2012).
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Figure 5.1. The Tuaheni Landslide Complex (TLC) is located east off the North Island of New Zealand.
a) Bathymetric map of the Tuaheni North and Tuaheni South landslides. Regional faults after Mountjoy
& Barnes (2011) and Béttner et al. (2018) b) Bathymetric map of the new SCHLIP-3D dataset. The TLC
is divided into the Northern Lobe and Southern Lobe of Tuaheni South. The SCHLIP-3D seismic
volume (outlined in yellow) was acquired at the northern and southern lobes of Tuaheni South. The
white dotted line shows the 650 m contour; the approximate upper limit of gas hydrate stability. c)
Overview map of New Zealand showing the location of the enlarged map in (a).

The TLC has formed in Quaternary shelf-edge clinoform sequences that are widely recognized
on the outer shelf and upper slope on this margin (Paquet et al. 2010; Pedley et al. 2010). The
clinothemes are wedge shaped, gently dipping and parallel-bedded sedimentary packages
characteristic of sea-level-cycle controlled progradational deposits. Sediments are fine-grained
at the surface, reflecting modern sedimentation rates of 1.7 mm yr* (Alexander et al. 2010), but
likely contain a significant sand fraction at depth as documented for equivalent clinoform
sequences nearby (Barnes et al. 1991).

The debris of TLC is deposited in water depths between ~500 m and ~900 m b.s.l and it is
intersected by the upper limit of the gas hydrate stability zone at ~650 m b.s.I (Mountjoy et al.
2014). The TLC was first described by Mountjoy et al. (2009) and is divided into Tuaheni North
and Tuaheni South (Fig. 5.1b). Tuaheni South can be sub-divided into two different lobes of
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debris (Fig. 5.1c). In contrast to many other subaqueous landslides, which evacuate from
continental margins, the debris is still located on the margin within the sloping landslide scar
and has not been fully emplaced into a depositional system like an intra-slope basin or the trench
of the Hikurangi Margin. Nearly 50% of the entire landslide complex is located within the gas
hydrate stability zone (GHSZ). The base of gas hydrate stability (BGHS) manifests itself mainly
as clear truncations of anomalous high-amplitude reflections that arise from free gas within
strata beneath the BGHS (Fig. 5.2). Classic bottom simulating reflections (BSRs) are also
present in places. Based on the upper limit of the BGHS at ~650 m b.s.l., which was inferred
by Mountjoy et al. (2014), the BGHS can be traced from the central to distal parts of the debris
(Fig. 5.1c).

Based on the deformation character of the TLC from surface morphology analogous to active
terrestrial landslides, including lateral bounding scarps and stepped landslide track deflation
(indicating multiple periods of material removal) and upslope compression vs downslope
extension (the opposite from that expected for single movement landslides), Mountjoy et al.
(2009) postulated a post-slide remobilization and ongoing movement of the slide debris. They
inferred this movement to be taking place at timeframes less than the recurrence interval of
strong, earthquake-generated ground motion. By observing a spatial correlation between the
inferred BGHS and the landslide debris, Mountjoy et al. (2014) subsequently proposed three
different hypotheses for how the presence of gas hydrates could explain a potential activity of
TLC. Their first hypothesis considers gas hydrate dissociation and subsequent excess fluid
pressure generation as a driving mechanism. This mechanism has been described and invoked
elsewhere since the 1980s (e.g. Mclver 1982). Due to the considerable depth of the BGHS
beneath most of the slide mass, Mountjoy et al. (2014) deemed this mechanism unlikely.
Second, they invoked the contribution of excess fluid pressure in the absence of hydrate
dissociation, but rather as a result of focused upward gas-charged fluid flow becoming partially
trapped beneath gas hydrate-bearing sediments (e.g. Crutchley et al. 2010; Ellis et al. 2010).
Third, they presented a new failure mechanism whereby gas hydrate within the sediment could
constitute a rheology that enables the landslide debris to behave in a similar way to a terrestrial
rock glacier that slowly creeps downslope (Mountjoy et al. 2014). Despite this focus on the
possible role of gas hydrates, the potential has always remained that reactivation of the TLC
could be a co-seismic phenomenon. The relatively frequent high-frequency ground motion
experienced in this subduction zone setting, and the low rates of surface geomorphic
modification in some deep marine environments, make this a valid interpretation.

5.4. Methods

5.4.1.3D seismic data acquisition and processing of the SCHLIP-3D volume

During RV Tangaroa cruise TAN1404, we acquired a high-resolution 3D seismic volume
covering an area of ~69 km?, at Tuaheni South. The seismic volume was acquired as two sub-
volumes adjacent to each other; the first sub-volume (covering an area of ~41 km?) was
collected over the southwestern lobe of the landslides, while the second sub-volume (area of
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~28 km?) was collected over the northeastern lobe. The sub-volumes were merged during the
stacking stage of the processing flow. We used GEOMAR’s P-Cable system for high-resolution
3D seismic acquisition (Fig. 5.1c). The P-Cable system is characterized by a “cross cable”
towed behind the vessel between two paravanes (e.g. Petersen et al. 2010). At the cross cable,
a number of short streamer segments are attached. During TAN1404 we used 12 parallel 12.5
m long steamers with 8 channels and 3 25 m long streamers with 16 channels. The channel
spacing of the GEOMETRICS® GeokEel digital streamers is 1.5625 m. To ensure adequate
coverage, the distance between neighboring sail lines was set to ~55 m. For seismic signal
generation we used a GI gun with a reduced chamber volume (0.7 | primary volume), which
was shot in harmonic mode. The shot interval was set to 3 s, resulting in a shot point interval
of ~5 m at 3.5 knots. The data were recorded with a sampling rate of 0.5 ms.

We filtered the data by using a bandpass filter with corner frequencies of 40, 70, 350, and 500
Hz. We removed persistent noise in traces from channels closest to the cross cable from the
processing flow. We sorted the data into common midpoint (CMP) bins on a 3.125 x 3.125 m
grid and applied a normal move-out (NMO) correction to the CMP gathers using a constant
velocity of 1500 m s. The combination of slow acquisition speed and short shot intervals
ensured good coverage in the sail line direction on the 3.125 m grid. To reduce the number of
data gaps in the crossline direction on the 3.125 m grid, we stacked successive inlines, which
resulted in a stacked dataset with 3.125 m trace spacing in the inline direction and 6.25 m
spacing in the crossline direction. We applied an automatic de-spiking routine in the post-stack
domain to remove rare spurious noise bursts. This routine only muted short segments (20 ms)
of traces if the peak amplitude in a given 20 ms window exceeded a value 5 times that of a peak
amplitude in aligned 20 ms windows on neighboring traces. A 2D trace interpolation, run first
in the crossline direction, then in the inline direction, was used to fill small data gaps that
persisted in the stacked volume. Finally, we migrated the dataset with GLOBE Claritas’ 3D
Kirchhoff time migration, using a constant velocity of 1500 m s™* and a migration aperture width
of 500 m. The resulting 3D seismic volume spans an inline range of 478-2378 (increment 2)
and crossline range of 3376-7705 (increment 1). The inlines are ~13500 m long and the
crosslines are ~5900 m long.

We used the Kingdom Suite 2017 software for attribute analysis. In this work, we present
seismic attributes, which were calculated on horizons indicating major stratigraphic changes
and cross cutting features like the inferred BGHS. For fault and deformation fabric
identification, we used the poststack, postmigration structural feature detection tool, which is
based on a 3-D log-Gabor filter array (Yu et al. 2015). Symmetry is classified as a visual
attribute, as it is inspired by neuronal mechanisms of visual perception for orientation patterns.
The attribute’s sensitivity to amplitude variations makes it to a reliable tool for the identification
of discontinuities and curvatures of geological surfaces. We used the SCHLIP-3D seismic
volume for our Symmetry 13D Energy attribute, a derivative volume of the Symmetry attribute
(Yu et al., 2015). We used an analysis window of 100 ms and a 5x5 cylindrical filter as line
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versus trace parameter. In the following, we refer to the Symmetry I3D attribute as “Fault
Attribute”. Dip-steering was applied as part of this Fault Attribute. We inspected numerous
vertical seismic sections throughout the volume to confirm that the fault network derived from
the attribute analysis does indeed correlate to faults that can be observed in vertical seismic
sections. The reader is also referred to Bottner et al. (2018)—a detailed analysis of faulting in
this dataset—for more information on this attribute.

In our interpretation of the data we focused on four horizons, including the seafloor, the base
of gas hydrate stability, the base of debris, and an internal reflector between debris units. These
four horizons are the spatially coherent surfaces that give insight into the recent mass wasting
processes at the TLC.

5.4.2. Multi-beam and sediment echo-sounder data acquisition and processing

For bathymetric data acquisition, a Kongsberg EM302 swath multi-beam echo-sounder was
used during RV Tangaroa cruise TAN1404. Data were quality controlled and processed with
the commercial software Caris HIPS™ and SIPS™., The multi-beam data were processed with
a bin size of 8 m within water depths of 115 — 1180 m in the region of the SCHLIP-3D seismic
volume. During TAN1508, high-resolution parametric sediment echo-sounder data were
acquired by using RV Tangaroa’s hull mounted TOPAS PS 18. A linear chirp with frequencies
from 2.0 to 6.0 kHz and a chirp length of 25 ms was set as transmission waveform.

5.5. Results

Tuaheni South has a distinct surface morphology that stands out clearly from the surrounding
seafloor morphology (Fig. 5.1). The hummocky topography characterizes an area of ~74 km?,
and is related to the debris evacuated during a medium-scale landslide in this region. The head
scarp of Tuaheni South is characterized by steep slope angles of up to 30° and cuts distinctively
into the shelf sediments off Poverty Bay. As the landslide’s seafloor morphology has been
described previously by Mountjoy et al. (2009; 2014), we concentrate on the landslide’s
subsurface features. The subsurface seismic stratigraphy of the TLC can be described in terms
of three major stratigraphic units (Fig. 5.2). These are 1) the pre-slide Quaternary clinoforms
defining the intact sedimentary sequence and bounded on their upper surface by either the
seafloor or the base of the slide debris, 2) a lower landslide unit, and 3) an upper landslide unit.
A regional intra-debris reflector separates the two landslide units. The inferred BGHS is marked
by the truncation of dipping high-amplitude reflections, which mimics the seafloor beneath the
medial and distal parts of the landslide complex (Fig. 5.2).

5.5.1. Pre-slide Quaternary clinoforms

Quaternary clinoform sequences previously identified on the shelf off Poverty Bay (Paquet et
al. 2010; Pedley et al. 2010) are observable beneath the landslide debris of Tuaheni South (Fig.
5.2). The sequence beneath the landslides is characterised by gently dipping, laterally
continuous reflectivity. Reflection character alternates between high amplitude horizons that
can be tracked widely throughout the volume (Boettner et al. 2018) and tens of metres-thick
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packages of opaque chaotic reflectivity. Strata dips are flat to gentle beneath the up-slope
portion of the slide and steepen to the southeast, progressively increasing in dip back into the
slope. The southeastern region of the 3D volume images a zone of closely-spaced, steeply-
dipping normal faults (Fig. 5.2) with vertical displacements of up to ~15 m (20 ms TWT). This
network of faults is exceptionally well imaged with the Fault Attribute, which reveals a family
of N-S to NE-SW striking structures (Fig. 5.3c) that were investigated in detail by Bottner et
al. (2018). The faults are 0.5-2 km long and in places terminate against each other as well as
showing some cross cutting relationships. The chaotic to transparent seismic facies of the
landslide debris hinders tracing these faults towards the seafloor. Low-amplitude, sub-vertical
features are also observed throughout the volume, disrupting the otherwise coherent and
continuous clinoform sequences (Fig. 5.2).
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Figure 5.2. a) Representative seismic profile from the SCHLIP-3D volume through the Southern Lobe
(see small inset map for location). b) TAN1508-TOPAS-152 Sub-bottom profiler line through the
Southern Lobe (see small inset map for location). c) Interpretation of the main components of the TLC.
A Dbreak in slope angle is observed at ~6000 m (distance along profile), where the transition between
compression (upslope) and extension (downslope) has been interpreted (Mountjoy et al. 2014). The TLC
is separated into upper and lower units that are divided by an intra-debris reflector that can be seen in
both the 3D seismic data and the sub-bottom profiler data. Other interpretations are as labeled in the
legend.
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Figure 5.3. a) Picked and interpolated horizon map of the BGHS in two-way time (TWT). Note that the
upper limit of this horizon (0.87 s TWT) is equivalent to the 650 m isobath shown in Fig. 5.1b)
Amplitude map calculated on the BGHS. c) Fault Attribute extracted on the BGHS. Structural fabrics
(faults) appear as dark grey. d) Interpretation is based on features observed by assessing the amplitude
and Fault Attribute maps. The red line indicates the outlines of the TLC lobes. The attribute mapping
reveals a complex fault system in the distal part of TLC and anomalously-high amplitudes at the BGHS
are interpreted as patches of free gas.

5.5.2. Landslide debris units

We recognize two distinct landslide debris units from seismic character that are broadly
characterized by chaotic seismic facies in multichannel and high frequency seismic reflection
images, and are separated by a clear but discontinuous through going reflector (Fig. 5.2). The
upper landslide unit is almost entirely characterised by a chaotic to transparent seismic facies
(e.g. Fig. 5.4) with only localized areas of laterally discontinuous, high amplitude reflectivity
in the up-slope region of the unit (Fig. 5.2a). In contrast, the lower landslide unit includes both
chaotic and continuous high amplitude reflectivity that is present throughout the unit (e.g. Fig.
5.4b). High amplitude regions of the lower landslide debris unit include laterally continuous
reflections separating discrete packages of chaotic facies. The two units are separated by a semi-
coherent intra-debris reflector, which is further described in section 5.5.3.

Throughout most of the landslide complex the base of the lower landslide unit can be traced in
the 3D volume as the contact between chaotic reflectivity above and mostly stratified sediments
of the clinoform sequence below (e.g Fig. 5.4a). In other regions, like below the northern lobe,
older landslide deposits occur beneath the base of the lower landslide unit (Fig. 5.4d). We have
interpreted the contact at the base of debris (broken red line in Fig. 5.4) throughout the data and
then extracted attributes on this horizon, as shown in Fig. 5.5.
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The morphology at the base of landslide debris shows elongated depressions, oriented
downslope (Fig. 5.5a). The reflectivity at this level is highly variable throughout the data (Fig.
5.5b), with most of the anomalously-high reflectivity occurring in the up-slope region of the
landslide, and in the northern lobe. Anomalously-high reflectivity patches at the base of the
debris are rare in the distal parts of the southern lobe — i.e. downslope of the 650 m contour, in
the region where gas hydrates are stable beneath the seafloor. Our data do not cover as much of
the distal extent of the northern lobe to be able to make similar observations about anomalously-
high reflectivity distribution in that lobe.

The broadly chaotic nature of the debris means we do not observe clear deformation fabrics
with the fault attribute on the base of debris horizon (Fig. 5.5¢). The only clear fabrics at this
depth in the data are in the distal parts of the landslide, and they relate to the distinct fault
network that we also observe at the BGHS deeper in the sedimentary section (Fig. 5.3d).
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Figure 5.4. Seismic reflection profiles from the 3D seismic volume illustrating the continuity and nature
of the intra-debris reflector mapped in Fig. 5.6. The location of the reflector is indicated by arrows. a)
Extensional faulting soling onto the reflector in Tuaheni South. b) Continuous expression of the reflector
through Tuaheni South. c) left: Zoom-in of B, illustrating a section of the intra-debris reflector. Right:
wavelet character of a trace from the zoom-in - the seafloor shows positive polarity, whereas the intra-
debris reflector exhibits negative polarity. d) Strong reverse-polarity reflection segments (> seafloor
amplitude) on the intra-debris reflector in Tuaheni North (small white arrows).

5.5.3. Intra-debris reflector

The intra-debris reflector separating the upper and lower landslide units (Figs. 5.2 and 5.5) is
characterized by negative polarity with respect to the seafloor and is only imaged within the
debris deposits of TLC (Fig. 5.6). The reflector is best imaged with good continuity far
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downslope at the debris front of the southern lobe. In the central segment of TLC, the reflector
is less pronounced and disappears towards the proximal segments close to the headscarp.

In contrast to the hummocky seafloor morphology, the intra-debris reflector is regionally
smooth and reveals a steady dip in the direction of the debris’ runout (Figs. 5.5a, 5.6). The

character of the intra-debris reflector is resolved in both echo-sounder profiles and the 3D
seismic volume (Figs. 5.2, 5.4).

In TOPAS data, the intra-debris reflector is imaged as a high amplitude boundary between the
two landslide units. In multichannel seismic data the reflector is consistently a single wavelet
and does not occur as a package of reflectivity (e.g. Fig. 5.4a, 5.4d). In places, deformation
structures such as fault plane reflectors merge or strike off onto the intra-debris reflector (Fig.
5.4d). The reflector is also an angular unconformity to some reflections within the lower

landslide unit. In some locations, patches of anomalously-high amplitudes (negative
polarity)occur on the intra-debris reflector (Fig. 5.5d, 5.6b).
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Figure 5.5. a) Morphology of the base of debris in TWT, as mapped throughout the 3D seismic data. b)
Seismic amplitudes from the horizon mapped in (a). c) Fault Attribute extracted on the horizon in (a).

Structural fabrics (faults) appear in dark grey. d) Interpretation of free gas distribution and structural
fabrics based on the maps in (b) and (c).
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Figure 5.6. a) Morphology of the intra-debris reflector (TWT), as mapped throughout the 3D seismic
data. The intra-debris reflector is less-continuous in the proximal segments (Fig. 5.2) and was
interpolated to obtain a consistent grid throughout the 3D volume. b) Seismic amplitudes from the
horizon mapped in (a). ¢) Fault Attribute extracted on the horizon in (a) - structural fabrics (faults)
appear in dark grey. d) Interpretation of free gas distribution at the reflector and structural fabrics based
on the maps in (b) and (c).

5.5.4. Distribution of free gas and gas hydrates within TLC

2D seismic data indicate that free gas is accumulating at the BGHS within the lower region
(deeper than 650 m water depth) of the landslides (Mountjoy et al. 2014; Figs. 5.2, 5.3). Our
3D dataset provides more insight into the distribution of free gas and the gas hydrate system
from high-amplitude reflectivity and polarity reversals (Fig. 5.2, 5.7). We have mapped the
BGHS throughout the 3D volume and derived associated attribute maps (Fig. 5.3). Few true
BSRs occur in the dataset and we have picked the BGHS from truncations of high-amplitude,
gas-charged reflections for the bulk of the volume (see Fig. 5.7a). Such reflectivity character at
the BGHS is common (particularly in high-frequency datasets) and is sometimes referred to as
a discontinuous BSR (e.g. Shedd et al. 2012). Although we observe the BGHS projecting to
shallow depths beneath the landslide (Fig. 5.7¢c) we cannot confidently map any BSR pinch-
outs at the seafloor or indications of the BGHS within the landslide debris itself. We did observe
free gas escaping into the water column near a lateral shear zone of the landslide (Fig. 5.8a).
Free gas in sediments within the GHSZ is not common, but where it does occur it appears to be
associated with high-angle normal faults that act as fluid migration pathways (Fig. 5.8b).
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Figure 5.7. Examples of fluid migration pathways and gas accumulation beneath and within the
landslide debris from SCHLIP-3D. See inset in (b) for the location of each sub-section. a) 3D perspective
view in the distal region of the landslide. Free gas escapes from a lateral shear on the western sidewall
of TLC, close to where the BGHS is expected to ‘pinch-out’ at the seafloor (see Fig. 5.8a for water
column data). Free gas within the GHSZ (highly-reflective, negative-polarity patches; white arrows)
occurs on the margins of normal faults, which appear to act as fluid migration pathways. b) Example
from the proximal region of the landslide’s southern lobe, where localized free gas patches (white
arrows) exist at the intra-debris reflector and deeper in the succession. c) Proximal region of the
landslide’s northern lobe. Free gas (white arrows) is more widely distributed at shallower depths, and
exists around the intra-debris reflector.
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Figure 5.8. a) Water column imaging of gas seepage at the southwestern edge of TLC. Two flares were
imaged at this location during TAN1404. b) an example of fluid migration indicators along a fault above
the BGHS within the extensional regime of TLC (see a for location). The two maps (upper and lower)
show the Fault Attribute and amplitude, respectively, extracted along the dotted white line in the seismic
section to the right. The seismic section (on the right) is an arbitrary extraction along the orientation of
the black lines shown in the Fault Attribute and Amplitude maps. Such gas migration along faults in the
dataset is relatively rare (not a widespread feature of all faults mapped).

5.6. Discussion

Analysis of the P-Cable data has revealed several significant aspects of this landslide complex
that were not previously apparent. We have mapped two distinct units in the landslide complex.
The upper unit is a relatively continuous-thickness debris body with no evidence for internal
partitioning in terms of continuous reflectivity, indicating that it is behaving mechanically as a
single landslide body. The lower unit however is a composite body made up of multiple poorly-
defined MTD’s characterized by chaotic reflectivity separated by coherent reflectors. The two
landslide units are separated by a prominent reflector (the internal reflector) that we will
subsequently discuss as a critical component of the mechanical behavior of the TLC. The
morphology of the basal surface of the lower landslide unit shows elongate depressions in the
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direction of debris movement and we interpret these as pre-existing topographic features (e.g.
channels or landslide scars) that the landslide debris is infilling. It is unlikely that the multiple
small scale MTD’s that make up this unit would be capable of eroding the seafloor in such a
significant way. We have used the 3D seismic data to map the variable distribution of gas within
and beneath the landslide. The spatial distribution of these features within the TLC enables a
better understanding of the deformation behavior and potential role of free gas migration and
accumulation in subaqueous slope instability.

5.6.1. Intra-debris reflectivity

The intra-debris reflector is represented by one wavelet that is present as a mostly continuous
feature through most of the landslide debris within the seismic volume. It has negative polarity
with respect to the seafloor reflector (Figs. 5.5¢, d). The surface picked on the reflector has a
relatively linear dip in the direction of landslide movement without much topographic
expression (Fig. 5.6). Based on sub-bottom profiler data it is apparent that the reflector does not
mimic the seabed (Fig. 5.2b).

We consider three possibilities for the reflector. 1) It is an artifact in the data. 2) It is an intact
hemipelagic sediment drape or a tephra deposit between two MTDs. 3) It is neither hemiplegic
sediments nor a tephra deposit, but rather marks a distinct material contrast (boundary) between
successive MTDs. Mountjoy et al. (2009; 2014) postulated a reactivation of the landslide
complex. By assessing scenarios 2 and 3, we will have investigate how the upper landslide unit
could have been reactivated in a post-failure stage.

56.1.1. Is this reflector an artifact?

Mountjoy et al (2014) observed this reflector approximately mimicking the seafloor in 2D
seismic data and concluded that it represents a geophysical artifact. Our 3D seismic data show
that this feature does not mimic the seafloor everywhere and has an independent topography
(Fig. 5.2). The reflector is imaged in both the 3D seismic data and the sub-bottom profiling
data, indicating this is not a source or processing artifact. Hence, we rule out the possibility that
this reflector is a geophysical artifact.

5.6.1.2. Intra-debris reflector caused by lithological boundary

The internal reflector could represent a lithological boundary or thin layer dividing the upper
and the lower MTDs. Either a fine or coarse grained horizon draped over unit 2 could induce a
geophysical response in seismic reflection data. Previous studies (e.g. Harders et al., 2010;
Kuhlman et al. 2015) have showed that tephra layers might influence translational sliding
during seismic loading. Coarse grained volcanic tephra are widely recognized across the margin
(e.g. Orpin 20014) and may be a widespread tephra layer could be one explanation for the
observed geophysical response (Fig. 5.9C).

Alternatively, the geophysical response could be due to a thin sequence of fine grained
sediments such as a hemipelagic drape or a regional fine grained event bed. Development of a
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hemipelagic drape would require prolonged sediment accumulation to form a seismically-
imageable reflector in between the two mass transport events.

For either fine or coarse grained sediment drape between the upper and lower debris units, the
sedimentation process would lead to local build-up of sediment within topographic lows on the
surface of the lower MTD (Fig. 5.9b). Localised sediment accumulation would manifest itself
in seismic data as small packages of multiple-wavelet coherent reflectivity, which we do not
observe. Furthermore, the high resolution TOPAS profile in Fig. 5.2 characterizes the intra-
debris reflector as a boundary between two acoustic units and does not indicate a “package” of
material at any location. Based on the lack of evidence for a package of sediment we conclude
that the intra debris reflector is unlikely to represent a discrete package of either coarse or fine
grained sediments.

In the absence of sedimentation between the upper and lower debris units it is possible that the
base of the upper MTD has a higher acoustic impedance than the top of the lower MTD,
resulting in a negative polarity reflection. However, given that we expect the same source region
and therefore lithological composition for both MTDs, a difference in density and/or velocity
between the two would require significant differences in compaction to develop either in-situ
or related to the landslide processes. In Fig. 5.9c we show how the base of the upper MTD,
which would have to be more compacted than the top of the immediately underlying MTD,
could generate a negative polarity reflection. We deem this scenario rather unlikely, as
deposition of the younger MTD would itself cause increased compaction of the lower MTD.

5.6.1.3. Intra-debris reflector caused by pore fluids / pore pressure

As a pure lithological boundary is not likely to explain the reversed polarity intra-debris
reflector, we now consider the role of pore fluids and pore pressure in our analysis. Reverse
polarity can be caused by either a distinct physical properties contrast (as discussed above), by
free gas (e.g. MacKay et al. 1994) or excess fluid pressure (e.g. Moore et al. 2001). In contrast
to the gassy horizons beneath the BGHS (Fig. 5.2), the reflector has relatively weak reflectivity.
Given the lower amplitudes we consider gas unlikely to be the cause of polarity reversal, but
the presence of pressurized fluid cannot be discounted (Fig. 5.9D).

The underlying intact sequence reveals a dense fault network in the lower slide region with an
anastomosing network of NNE-SSW striking structures (Figs. 5.2, 5.3). Faults propagate
upwards to the base of debris but do not penetrate the slide base, indicating that no displacement
has occurred on these faults since the slide last moved. Faults are spatially coincident with the
gas hydrate stability zone and their strike approximately follows the orientation of the upper
limit of gas hydrate stability (Fig. 5.3). The lack of polygonal structures in the 3D data indicates
that the faults are more likely to be tectonic in nature than having a genesis related to fluid flow
and overpressure (Bottner et al. 2018).

These faults may act as fluid migration pathways and focus fluid flow from lower strata to the
intra-debris reflector. Leakage may occur localized to regions where the faults are most likely
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to slip and fault slip promotes fault-parallel flow. Once this mechanism ruptures the sediments,
the permeability increases and high pore pressure is dissipated (Wiprut and Zoback, 2000). This
steady state or episodic mechanism might hinder the development of gas chimneys or pipe

structures (Plaza-Faverola et al., 2014).

B ﬁ

increasing increasing
compaction compaction

interbeded, well-stratified
low permeability
(sealing capacity?)

=

= oD
55
S B
s =
a5
D S
Qo

= 2
D
X

Induced shear zone for
for kinematic feasibility,
permeability barrier?

Figure 5.9. Conceptual model of geological features that could result in the observed geophysical
imaging of the intra-debris reflector.
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5.6.2. Intra-debris reflector as indicator for internal deformation and slide remobilisation
Landslide movement and deformation is controlled by gravitational forces and primarily takes
place along surfaces or zones of reduced friction thus leading to reduced shear strength. In the
terrestrial realm and especially at rock glaciers, these zones show a high water or ice/water
content, which reduces the shear strength significantly (Haeberli et al., 2006; lkeda and
Matsuoka, 2006). In the marine realm, it is assumed that near surface sedimentary systems are
water saturated. To reduce shear strength of sediments in these environments, processes such
as focused fluid migration and seismic (earthquake) excitation can increase pore fluid pressure,
leading to a reduction of shear strength and possibly liquefaction.

TLC’s deformation is partitioned between compression in the proximal and extension in distal
part of the landslide (Fig. 5.2). The transition between these kinematic domains is marked by a
prominent break in slope (Fig. 5.2). The intra-debris reflector does not entirely mimic this slope
break and 3D seismic as well as TOPAS data show that it is relatively planar in long section
(Fig. 5.2). Mountjoy et al. (2014) suggested repeated slide movements, in the distal extensional
zone. Our 3D seismic data reveal a more continuous reflector in the distal extensional zone.
This observation supports the idea of repeated movements if repeated shear deformation
modifies the physical properties of the sediments, leading to a well-developed and continuous
seismic horizon.

In addition to these along-slope changes there is a disconnection between deformation in the
landslide units above and below the intra-debris reflector (Fig. 5.2). This suggests that post-
emplacement deformation in the upper slide terminates at the intra-debris reflector. Our 3D
seismic analysis reveals a significant amount of structural information that was previously not
known from 2D seismic data presented by Mountjoy et al. (2009; 2014). Structural deformation
occurs throughout the upper landslide unit, corroborating the compression versus extension
observations made by Mountjoy et al (2014) (Fig. 5.2). Faults within this upper unit sole down
to the intra-debris reflector, but do not penetrate through it. This restriction of deformation to
the upper landslide unit is a key observation in our data. We hence interpret that a remobilization
of the TLC has taken place wholly within this upper landslide unit and is utilizing the intra-
debris reflector as a basal shear surface. This is analogous to shear zones observed in terrestrial
slowly creeping landslide complexes. Marine and subaerial exposed subaqueous landslides
rarely show indications for such a basal shear zone (e.g. Frey-Martinez et al. 2006; Lee & Stow
2007) and the nature of subaqueous landslide basal shear zones is poorly known.

5.6.3.Free gas beneath and within the landslide: an agent in slope destabilization?

There are several important observations about the distribution of free gas both beneath and
within the TLC. Extensive free gas accumulations occur in dipping layers beneath the BGHS
(Figs. 5.2,5.7a). There is local evidence for gas that migrated from that reservoir into the GHSZ,
e.g. through sub-vertical features like faults (e.g. Fig. 5.8b). We also observe one place where
gas is actively migrating out of the seafloor near the up-dip limit of hydrate stability, at a
transverse shear on the western margin of the landslide (Fig. 5.8a). These observations are
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typical for many other places on the Hikurangi margin (e.g. Crutchley et al. 2010; Netzeband
et al. 2010; Plaza-Faverola et al. 2014) and elsewhere around the world (e.g. Gorman et a. 2002;
Flemings et al. 2003; Petersen et al. 2010), where high local fluid flux through sub-vertical
structures means that gas co-exists with gas hydrate within the GHSZ.

Despite the widespread indications of free gas beneath the BGHS and the localized examples
of gas migration through the GHSZ, there is a general lack of gas on the intra-debris reflector
in the central to distal parts of the slide (Fig. 5.6). If the intra-debris reflector represents the
modern glide plane (basal shear zone) for extensional deformation, the question arises: What
role, if any, does gas play in destabilizing the landslide?

It could be argued that periodic movement of the slide mass causes extensional structures to
dilate and thereby release gas from the basal shear zone through the overlying landslide mass
into the water column. If this were the case, it would indicate that we surveyed the landslide
during a phase where the gas has been released from the basal shear zone. However, such an
explanation is probably unnecessarily complicated, and we deem it unlikely that a movement
phase would release all gas from the basal shear zone. A simpler and preferable explanation
would be that the lack of free gas on the basal shear zone indicates that gas at that level in the
landslide system is not playing a key role in landslide movement.

As landslide debris is often over-consolidated and of low bulk density, it is likely that there is
a significant permeability contrast at the basal shear zone (Dugan 2012). In this case, it would
be feasible that fluid flowing into this basal shear zone from below becomes trapped by the
overlying low-permeability mass and thereby accumulates excess fluid pressure. Upward-
migrating fluid could comprise both gas and water, and given the scarcity of free gas indicators
on the basal shear zone in the landslide’s extensional domain, water may be the primary agent
for excess pressure accumulation. Here, the dense network of faults within the GHSZ would
provide suitable migration pathways for ascending liquids. Excess fluid pressure accumulating
at the BGHS, a process that has been observed elsewhere (Flemings et al. 2003), could cause
dilation of the faults and a dramatic increase in structural permeability to allow rapid upward
fluid flow (Sibson 1990; Hornbach et al. 2004).

We interpret the intra-debris reflector as the basal shear surface/zone of TLC’s upper landslide
unit. We recognize that free gas is widespread beneath the landslide, and that it does migrate
into the basal shear zone in some (albeit few) places. However, we do not observe migration
pathways throughout the landslide. This has implications for our understanding of other
subaqueous landslides in similar settings. Micallef et al. (2016) document a high amplitude
reflector in the intact sedimentary sequence beneath Tuaheni North (Fig. 5.1) that they interpret
to be gas charged. This reflector becomes the glide plane for a subagqueous landslide and at that
point the amplitudes decrease significantly, indicating that the gas has “bled’ from the horizon.
The observation of low amplitude basal reflectivity for subaqueous landslides has been made
in other places where fluid migration is interpreted to be linked to landslide occurrence (Berndt
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et al. 2012). We consider that increased fluid pressure may have contributed to reduced
frictional properties and facilitated slope failure, but once a failure has occurred the pressure
has been reduced.

5.6.4. Driving mechanisms of reactivation in the TLC

Our analysis has shown that any reactivation in the TLC is taking place within an upper debris
unit with a potential basal detachment surface that was not recognised by previous studies (e.g.
Mountjoy et al. 2009; 2014). Previous hypotheses for landslide reactivation proposed by
Mountjoy et al. (2014) were (1) Gas hydrate dissociation could result in excess pore pressure
within the upper reaches of the landslide. (2) Overpressure below low-permeability gas hydrate-
bearing sediments could cause hydrofracturing in the gas hydrate zone valving excess pore
pressure into the landslide body. (3) Gas hydrate-bearing sediment could exhibit time-
dependent plastic deformation enabling glacial-style deformation. These were proposed on top
of the potential destabilising factors suggested by Mountjoy et al. (2009) which included
earthquake ground shaking and rapid sediment loading in the up-slope region.

From our detailed 3D analysis of the distribution of gas and gas hydrate indicators we do not
see evidence for gas hydrates (from localised amplitude anomalies, c.f. Paganoni et al. 2017)
within the upper landslide unit anywhere within the data. For gas hydrates to form this shallow
in the section (i.e. well above the base of hydrate stability) there would need to be high gas flux
along focused flow pathways. Although there is evidence for such focused flow in some places
(e.g. Fig. 5.7), we do not expect significant gas hydrate occurrences within the upper
(reactivated) landslide unit. This means that hypotheses 1 and 3 of Mountjoy et al. (2014) are
not supported by our data. We do map widespread free gas deeper within the system and observe
several locations where gas pockets occur along faults, indicating gas migration related to
subvertical structures and localised gas accumulation within the landslide itself (Fig. 5.7 and
Fig. 5.8). These observations support a form of hypothesis 2 of Mountjoy et al. (2014) that gas
IS migrating into the critical mechanical zone at the base of the landslide and building up
overpressure leading to reactivation of movement. Similar mechanisms to this have been
proposed by other workers (e.g. Berndt et al., 2012; Li et al., 2016; Elger et al., 2018) implying
this could be a wide-spread process.

Distinctive differences between the TLC and many other landslides, such as the amount of
debris remaining in the landslide scar, the surface morphology analogous to regularly active
terrestrial landslides, and the distribution of kinematic indicators (upslope compression vs
downslope extension and the presence of an internal basal shear surface) have driven the search
for perturbations on similar timeframes to that provided by rainfall induced excess pore pressure
on land. We cannot however discount the potential role of earthquake-generated ground shaking
in landslide reactivation in the TLC. Although the recurrence time for high magnitude ground
motion is hundreds of years, the low rate of geomorphic change in deep water seafloor
environments can preserve sharply defined geomorphic features for long periods of time. The
lack of significant undeformed hemipelagic drape across the surface of the TLC, despite high
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sedimentation rates (Alexander et al 2010; Kuhlman et al., 2018; this study), indicates that this
landslide is not a relict feature. To the contrary, the Tuaheni Landslide Complex has been
subject to ongoing reactivation through time and remains one of the best global study sites for
understanding subaqueous landslide reactivation processes.

5.7. Conclusions

We observe an intra-debris reflector within the Tuaheni Landslide Complex, which we interpret
as a critical mechanical component of the reactivated subaqueous landslide. We cannot
conclude a unique solution for the physical nature/sedimentology of this geophysical feature
from the 3D seismic data analysed here, but note that it has to represent a distinct contrast in
physical properties. We interpret this intra-debris reflector as a basal shear feature for this
landslide, and based on our findings suggest that many other subaqueous landslides will exhibit
similar mechanical elements.

We map free gas throughout the slope sediments within which the landslide complex occurs.
Gas is migrating up from beneath the landslide and in places it is focused into the basal shear
feature. However, this gas accumulation at the base of the landslide is not widespread. We
envisage two scenarios that explain this observation. 1) Gas is not accumulating regionally on
the basal shear and therefore does not play any role in landslide mobility or 2) gas builds up on
the basal shear until movement takes place, releasing the gas and removing any evidence for its
prior existence at that point evidence for it is removed. Based on our data, we do not rule out
focused water flow and accumulation at the basal shear surface, as this mechanism could also
lead to excess fluid pressure and slope destabilization.

Our 3D characterization of the internal horizon within the Tuaheni landslide should allow easier
recognition of similar features in other locations, even if only 2D data are available. A better
understanding of the nature of basal shear zones in terms of physical properties is critical for
understanding landslides in all subagueous environments.
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6. Above the pipe — Geometry and formation processes of cold seeps in sands
and sandstone derived from UAV-based analyses of an Early Eocene

methane seep system, near VVarna, Bulgaria.
Christoph Bottner, Ben J. Callow, Bettina Schramm, Felix Gross, Jacob Geersen, Mark
Schmidt, Atanas Vassilev, Petar Petsinski, Christian Berndt

To be submitted to Solid Earth: Faults, fractures, and fluid flow in the shallow crust.

“Methane seep system with vertical fluid conduits, near Varna, Bulgaria
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6.1. Abstract

Focused fluid flow shapes the evolution of marine sedimentary basins by transferring fluids and
pressure across geological formations. Natural fluid flow systems alter geological strata and the
resulting fluid conduits can hydraulically connect deep strata with the seafloor. Vertical fluid
conduits may form where localized overpressure breaches the sealing cap rock (permeability
barrier) and thereby transport fluids and overpressure towards shallower reservoirs or the
surface. However, in the Pobiti Kamani and Beloslav Quarry fluid flow system outcrops (~15
km West of Varna, Bulgaria) the largest known carbonate conduits formed in high-permeable,
unconsolidated sands. Here, we use a customer-grade UAV (unmanned aerial vehicle) equipped
with an optical RGB sensor camera in combination with hand-drilled rock samples to calculate
geologically-calibrated ortho-rectified image mosaic, digital elevation and point clouds. Based
on this data, we map fracture networks and vertical fluid conduits over kilometer-scale distances
(km) and with very high accuracy (cm). Both outcrops comprise several hundred vertical
calcite-cemented carbonate conduits (pipes) and sub-horizontal carbonate-cemented interbeds,
which differentiate from the hosting sand formation only by their amount of cementation. Both
features are remnants of a focused marine methane seepage system that developed during the
Early Eocene in the marine realm of the Tethys margin. Carbonate precipitation likely took
place on the periphery of point-source methane seeps, which were determined by the fractured
subsurface, forming the outer walls of the pipes with a progressive inward growth, which led
to self-sustaining and self-reinforcing focused fluid flow. Two different carbon and oxygen
isotope signature groups likely indicate that ambient seawater and advected fresh/brine water
were involved in the carbonate precipitation from biogenic methane. Current submarine
groundwater discharge from sand formations may evolve a similar, where vertical fluid
conduits focused flow from below.

6.2. Introduction

Focused fluid flow shapes the evolution of marine sedimentary basins by transferring fluids and
pressure across geological formations. It alters geological strata and the resulting fluid conduits
can hydraulically connect deep strata with the seafloor (Cartwright et al., 2007; Lgseth et al.,
2009; Andresen, 2012; Karstens & Berndt, 2015). Seismic imaging is an effective way to
investigate fluid flow systems as seismic velocity and attenuation of seismic waves are highly
sensitive to pore space filling (White, 1975). This sensitivity allows the imaging and
interpretation of basin-scale fluid flow systems, subsurface geometries, fluid accumulations and
permeability barriers (Berndt, 2005; Cartwright et al., 2007). However, there is an observational
gap between seismic data (m-scale) and field geological mapping (cm-scale) of natural fluid
flow systems. Furthermore, their nature, internal architecture, and hydraulic properties
(especially permeability) are poorly understood and constrained.

Field observations and geological sampling from exhumed ancient fluid flow systems can add
information on their internal architecture, the interaction of fluid flow with the bedrock, and
physical properties of flow processes (De Boever et al., 2006a; Huuse et al., 2010; Capozzi et
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al., 2015; Nelson et al., 2017). To increase our understanding of fluid flow in the marine
environment, the integration of field observations from ancient fluid flow systems with seismic
data from modern marine sedimentary systems can help to extend the interpretation from
seismic to sub-seismic scale.

Unmanned aerial vehicles (UAVs) enable us to map fluid flow features in outcrops over large
distances (km-scale) at very high accuracy (cm-scale). UAVs equipped with high-resolution
optical RGB sensor cameras represent a cost-effective and efficient way to map complex
geological patterns in 3D (Bemis et al., 2014). Thereby, the detailed mapping adds invaluable
information on the spatial distribution patterns and internal architecture. In combination with
punctual (discrete) data from geological mapping enable a further insight into the interaction
between fluid flow and the bedrock and hydraulic properties, especially the permeability.

Pobiti Kamani, located 20 km west of VVarna, Bulgaria, hosts several hundred ancient carbonate
conduits (hereafter referred to as pipes) which are up to 10 m high (De Boever et al., 2006a,
2006b). The pipes are the largest hydrocarbon carbonate conduits known globally and are well-
exposed in the unconsolidated sands and sandstones of the Dikilitash Formation (Sinclair et al.,
1997; De Boever et al., 2006a; Capozzi et al., 2015). In addition, at Beloslav Quarry, an old
sand extraction quarry near the Village of Beloslav, the pipes crop out in a ~ 40 m cliff therewith
enabling the mapping of their spatial distribution and vertical extent (De Boever et al., 2009a).
The combination of both outcrops, the Beloslav Quarry and Pobiti Kamani represents an
excellent target for UAV-based photogrammetry of an ancient fluid flow system.

The aim of this study is to analyze pipe-forming processes within sand formations from the
combination of two outcrops (Pobiti Kamani & Beloslav Quarry), near Varna, Bulgaria. The
permeability of these sand formations with high porosities should be high and support diffusive
flow through the unconsolidated sediments. However, in the unconsolidated sands of the
Dikilitash Formation focused fluid flow is evidenced by hydrocarbon-derived carbonate
conduits (De Boever et al., 2006a, 2006b). So far, only one case study from the Kattegat,
Denmark, shows similar pipe features in the marine realm (Jgrgensen, 1992). Both settings
oppose the current understanding of focused fluid flow in marine settings, where focused fluid
flow and corresponding conduits are highly dependent on the hydraulic parameters of the
hosting sediments and predominantly observed in low permeable silty to muddy sediments (e.g.
Hovland and Judd, 2007; Bottner et al., 2018).

To determine the pipe-forming processes in sand formations, we first map the pipes as well as
the regional distribution of fractures and carbonate slabs. The latter representing carbonate-
cemented interbeds within the Dikilitash Formation. This information is used to analyze spatial
patterns and interrelation of tectonic deformation and pipe formation. Secondly, we determine
the processes involved in the development of pipes and characterize the involved fluids. Third,
we reconstruct the history and nature of fluid flow and consequent pipe formation.
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6.3. Geological setting

Pobiti Kamani is located 20 km west of VVarna, along the eastern side of the Alpine Balkanides.
It forms a section of the Moesian platform, a tectonic unit that extends from northern Bulgaria
to southern Romania (Bergerat et al., 1998; Georgiev et al., 2001). The Moesian Platform was
likely a part of a block-faulted Triassic to Oligocene siliciclastic shelf and carbonate succession
along the northern Tethys margin (Sinclair et al., 1998). Several hundreds of calcite-cemented
tubular concretions (hereafter referred to as pipes) (Figure 6.1; Botz et al., 1993; De Boever et
al., 2006a, 2006b, 2009a, 2009b, 2011a, 2011b) are hosted in the Dikilitash Formation. This
formation comprises unconsolidated coarse silt to sand sediments and carbonate-cemented
sandstone interbeds (Figure 6.1). The Dikilitash Formation is ~ 40 m thick and was deposited
in the Early Eocene in a mid to outer ramp depositional system with water depths around 100
m (De Boever et al., 2006a, 2009a, 2009b).

The pipes are 0.5-3 m in diameter and up to 10 m high. Clusters of pipes have been documented
at several locations, including the Central, Strashimirovo, Beloslav quarry, Banovo and Teterlik
groups (Figure 6.1; De Boever et al., 2009a, 2009b, 2011a, 2011b). The clusters align along
Paleogene NNE-SSW trending transtensional faults that have up to 80 m throw (Bergerat et al.,
1998; De Boever et al., 2009b). The colocation of the clusters with the Paleogene faults suggest
a structural control on the location of the pipe clusters (De Boever et al., 2009b).

Geochemical analyses of the calcite-cemented tubular concretions show that they formed
because of ascending methane-rich fluids resulting in precipitation of low-Mg carbonates (Botz
et al., 1993; De Boever et al., 2006a, 2006b, 2009a, 2009b). The fluids likely migrated along
the transtensional faults into the Dikilitash Formation (De Boever et al., 2009b). Based on
oxygen isotope ratios (520 relative to the Vienna-Pee Dee Belemnite standard [V-PDB]) the
age of the pipes has been estimated to ~50 Ma (De Boever et al., 2006a). Heavily depleted 5'°C
isotope ratios of archaeal biomarker (53C -123%. to -81%o V-PDB) indicate that the exposed
carbonates, including pipes and carbonate interbeds, likely formed because of microbially
mediated anaerobic oxidization of methane at or below the seafloor (De Boever et al., 2009a).

There are two distinct groups of pipes with differing 6*C and 50 isotope ratios. The
characteristic groups show in alternating rings around the center of the carbonate conduits.
Group 1 likely formed because of fluids from below that included biogenic methane and ancient
sea (salt) water (8*3C ~ -45 to -35%o V-PDB & &80 +1%o V-PDB). Group 2 is characterized
by alteration of the isotope ratios likely due to mixing of ascending methane with marine DIC
(8%3C ~ 0%o) and/or &'3-enriched CO. and recrystallization because of percolating Cenozoic
meteoric water (53C <-25%o V-PDB & 880 <-6.5%0 V-PDB) (De Boever et al., 2009a).

164



VI — Above the pipe — Geometry and formation processes of cold seeps in sand formations

A B 2raoe 2744
g = | g .
s 5 8 Lithology
(%] [
=
.g % marls with
_'0_2 E sandstone beds
El
Aladan nummulitic limestone
(2-5m) (wacke- to grainstone)
Strashimirovo group
—_ Central group
E — 43°14'N
g Beloslav Quarry
i
~ unconsolidated
‘E:,g sands with horizons
o of carbonate-cemented
= sandstone beds and
s fluid conduits
(=]
o| &
S| @
2| g
= /
w | > P VN :
marls __ Strashimorovo
]
E
[Te)
g coquinoid layer "’/
<
t
-
>
©
7]
% sand with | 43°10'N
m carbonate-cemented
sandstone layers
|
Quaternary [ |Eolian, alluvial, swamp deposits
2 = o Late Eocene - Clays, clayey sandstones,
E i) E = bioclastic limestane Neogene l:lsan)t'iyan oglihclimestcnes
w | = 1 1 1 | @  Podasticimesione o T —— L ey .
g| 2 3 E (wacke- to packstone) Mid-Late Eocene| [ Avren Formation {___.3 Pipe groups
% = E =4 glauconitic at base ] Aladan Formation / Faults
o ,l__, = Early Eocene | [ |Dikilitash Formation
o 5 [ IBeloslavFormation @  \Villages
] . R
=e B chalky imestone Late Paleocene | [ Undifferantiated limestone
-o é Late Cretaceous| [JI Chalks, sandstones, limestones

Figure 6.1. (a) Stratigraphic column with the main lithologies (with highlighted formations in which
the pipes appear) and (b) simplified geological setting of the survey area. BNF= Beloslav North fault
(modified after De Boever et al., 2009b)

6.4. Methods

We used the customer-grade unmanned aerial vehicle (DJI Inspire 2), equipped with a 20.8 MP
Zenmuse X5S (RGB channels) camera and a DJI MFT 15mm/1.7 ASPH lens, to acquire images
of the Pobiti Kamani area and Beloslav Quarry (Figure 6.2). The images were stored in jpg
format and saved to a micro-SD card (64 GB) aboard the UAV. We designed the flight surveys
with DJI GroundStationPro. These surveys were subsequently flown automatically by the
UAV. This procedure results in a very regular flight pattern and good overlap of neighboring
images. For the Beloslav Quarry, we additionally employed manually controlled surveys to
achieve better coverage of the cliff which represents the surface outcrop of the transtensional
faults (80 m sub-vertical relief). The average flight time was ~25 minutes with rolling shutter
set to 2-3 s resulting in a data set of more than 4500 images (~42 GB) for the Pobiti Kamani
area and more than 2000 images (~25 GB) for the Beloslav Quarry.

The software Pix4D (professors license, cloud computing access) was used to calculate the
digital elevation model (DEM), a point cloud and an ortho-rectified mosaic (RGB) of both
areas. The data were processed via cloud computing with 18 x 3 GHz and 68 GB RAM. For the
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Pobiti Kamani area, the resolution of the derived ortho-rectified mosaic, point cloud and DEM
is ~1 cm per pixel. We employed 10 ground control points to adjust the geo-referencing of the
results. Real-time kinematic (RTK) service was not available during the acquisition campaign,
resulting in a minimum accuracy of the location of the overall model of 1.3 m + 0.6 m. The area
of the Beloslav Quarry is hard to access because of the high relief and thus ground control
points could not be established, resulting in an accuracy of ~ 2 m. The resolution of the Beloslav
Quarry model is ~2 cm per pixel.
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Figure 6.2. Overview map of the survey areas located 20 km west of Varna, Bulgaria. (A) Regional
map showing the location of the investigated areas in a red box. (B) Local map of the two investigated
outcrops of Pobiti Kamani and the Beloslav Quarry. (C)  Ortho-rectified image mosaic of Beloslav
Quarry and (D) corresponding derived digital elevation model (DEM). Photogrammetric derived digital
elevation model (DEM). (E) Ortho-rectified image mosaic of Pobiti Kamani and (F) corresponding
DEM. Red dots indicate measured ground control points (GCPs) and red crosses the picked GCPS.

To delineate the outlines of the pipe structures and analyze spatial distribution patterns we used
multiple ArcGIS (version 10.6) geoprocessing tools. In a first step, we analyzed the spatial
distribution by manually picking surface fracture patterns and pipe structures in the ortho-
rectified mosaic. In a second step, we delineated the outlines of the pockmarks by calculating
the curvature of the DEM and combining it with co-located manually picked pipes of the ortho-
rectified mosaic image.
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Geological sampling was done using a hand-held drill with a diamond-coated drill bit (32 mm
diameter). The samples were taken either in vertical or horizontal transects across single well-
exposed pipes to a maximum depth 25 mm into the carbonates.

6.5. Results

6.5.1. Spatial distribution

6.5.1.1. Pobiti Kamani

The data set comprises 678 individual pipes, 42 individual carbonate plates covering at least
945 m? and 1016 individual fractures with a total length of 1471 m and a mean length of ~ 1.45
m (Figure 6.3). These fractures are predominantly oriented in NNE-SSW direction (Figure
6.3A). The pipes in Pobiti Kamani are highly clustered (Average nearest neighbor, z-score: -
13.33) with an average distance between nearest pipes of 3.48 + 3.39 m (Maximum 43.16 m;
Figure 6.3B). The z-score of -13.33 is returned by the pattern analyses tool and indicates
whether we can reject the null hypothesis (random distribution) or not. This low z-score gives
that there is a less than 1% likelihood that this clustered pattern could be the result of random
chance. The pipe distribution is densely spaced with a maximum of 0.11 pipes per m? (Mean:
0.035 £ 0.02 pipes per m?). There is no predominant direction of pipe orientation nor can we
discern a direct relationship between fracture geometries and pipe location and orientation
(Figure 6.3A vs. B, see also Figure 6.3D) as suggested by De Boever et al. (2009b). The highest
pipes in the Pobiti Kamani show predominantly solidified inner cores. The majority of pipes,
however, has unlithified inner cores (Figure 6.3E).

All of the investigated pipes are located within the investigated survey area. However, there are
more pipes to the North and to the South, which are not part of our photogrammetric model.
The fault contact that constrains the pipe location towards the West is not visible in the
photogrammetric models.
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Figure 6.3. UAV-based photogrammetric results from Pobiti Kamani. (A) Scatterplot for fractures of
their strike direction against measured distance and corresponding histograms showing the frequency of
both per unit. (B) Scatterplot for pipes and their nearest neighbor direction against nearest neighbor
distance and corresponding histograms showing the frequency of both per unit. (C) UAV-based ortho-
rectified image of Pobiti Kamani manually picked pipes and fractures. Black boxes show the location
of the insets, PK means Pobiti Kamani, red triangles show pipe location and black lines fractures. (D)
The pipe location with respect to the fractures and (E) the location of pipe with respect to each other and
the appearance of single pipes (loose inner core & solid inner core)

6.5.1.2. Beloslav Quarry

The 3D point cloud was used in combination with the original RGB-images to manually pick
the pipes on different elevation levels. The point cloud shows that the pipes are separated by at
least seven distinct horizons separating the pipes in tiers (color coded triangles between 11-17,
see Figure 6.4B). These interbeds show sub-horizontal bedding with slight dip of less than 10°
in southeastern direction (Figure 6.4B).

The data set comprises 1066 individual pipes and large carbonate plates covering more than
1600 mz, but the coarser resolution of this data set prohibits digital analyses of fractures. Spatial
analyses of the pipes show that they are highly clustered (Average nearest neighbor, z-score: -
37.84) and have a neighboring distance of 2.24 m + 3.38 m (Max. 55.47 m, Min. 0.04 m). The
pipes are densely spaced with an average of 0.07 = 0.06 pipes per m? (Max. 0.22 pipes per m2).
The angles between the nearest pipes show no preferred strike direction.
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Figure 6.4. UAV-based photogrammetric results from Beloslav Quarry. (A) Scatterplot for pipes and
their nearest neighbor direction against nearest neighbor distance and corresponding histograms
showing the frequency of both per unit. (B) Point cloud image of one prominent cliff showing six tiers
of pipes (colored triangles) corresponding to the intervals between the seven carbonate cemented
interbeds (11-17). See (D) for location. (C) UAV-based ortho-rectified image of Pobiti Kamani manually
picked pipes and fractures. Black boxes show the location of (D) and (E), red triangles show pipe
location, turquoise circle the location of Figure 6.5. (D) Pipes picked in the point cloud separated by
their elevation. Yellow dot marks the viewing location of (B). (E) Close-up of the densely-spaced pipes
in the southern part of the outcrop.

6.5.2. Geological fieldwork

UAV-based photogrammetry allows rapid mapping of pipes and tectonic deformation
structures over large areas (tens of square kilometers). However, ground-based geologic
mapping and sampling is necessary to analyze the interaction of the fluids with the bedrock and
reveal the internal architecture. Figure 6.5 shows a representative example of a cliff within
Beloslav Quarry looking NNW towards the exposure. Figure 6.5A shows a light grey sand unit
that gradually changes towards the top of the interval to sandy brown. Birds nest holes indicate
that the sediment is poorly consolidated. Except for some decimeter-scale carbonate cemented
horizons there is limited evidence for bedding, suggesting that the sand interval may be heavily
bioturbated.

The carbonate pipes are orientated sub-vertically and perpendicular to the carbonate horizons
(Figure 6.5C). Most carbonate pipes are light grey in color, which is the same color as the
surrounding sandy host rock. We attribute the darker grey color of some pipes to more severe
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weathering (Figure 6.5C). Figure 6.5D shows that the pipes are meter-scale in width and appear
to occur in discrete clusters. There is no evidence that the spatial distribution of the individual
clusters follows any regular pattern and the distance between individual pipes (~2-3 m) fits the
results from the UAV analyses.

Many carbonate pipes bifurcate of towards the tops (Fig. 4E) confirming interpretations based
on the UAV imagery. However, convergence of pipes also occurs in some places (two pipes
merging into one; see Figure 6.5). Some pipes appear intertwined, leading to more complex
geometries. All pipes show a more globular or bulbous outer surface at their top, which often
correlates with carbonate cemented horizons (Figure 6.5F). In some areas the overlying
carbonate layer dips slightly towards the carbonate pipe indicating a genetic relationship
between the pipe and carbonate horizon (Figure 6.5G). Although sub-horizontal fractures and
differing color (most likely due to preferential weathering) at the interface between the pipes
and upper carbonate unit are present (Figure 6.5G). There appear to be two main carbonate
units of meter-scale thickness that the pipes originate from (lower unit, Figure 6.5H) and
terminate into (upper unit; Figure 6.5D, G).

The host rock is composed of poorly consolidated, quartz sandstone with minor micritic cement
(Figure 6.51). The overall unit is heavily bioturbated, with an abundance of shell fragments and
an abundance of Nummulites, ranging from 0.5 — 25 mm in diameter (Figure 6.5M). The
carbonate pipes and the host sandstone have a similar composition and texture but differ with
respect to the amount of carbonate cementation and the presence of trace fossils (Figure 6.5L).
The trace fossils in the host rock consist of sub-vertically oriented burrows. They have convex
shape, thin towards their base, and show sub-horizontal branching networks (Figure 6.5L). The
outer boundary between the carbonate pipe and the surrounding host rock is sharp in weathered
examples, but slightly more diffuse in unweathered examples (Figure 6.51-K). The carbonate
pipes and the overlying carbonate unit show the same texture and composition (Figure 6.5J).
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Figure 6.5. Vantage point looking NNW, providing an understanding of carbonate pipe geometry, and
the relationship of the pipes with the surrounding sandy host rock, and the upper & lower carbonate
horizons. The letters correspond to the main field observations. Detailed analyses indicated by black
box: (I) Two carbonate pipes observed, one less weathered (in the foreground) and one more weathered
(the dark grey colored pipe). (J) The interface between the top of the carbonate pipe and the upper
carbonate unit. The carbonate pipe emanates into the upper carbonate unit, despite the false appearance
of a sharp contact due to a sub-horizontal fracture and white staining of the upper carbonate unit. (K)
Another view of the carbonate pipe, appearing to have intruded vertically upwards through the poorly
consolidated sand host rock. (L) Horizontal branching burrow network at the base of the upper carbonate
unit. (M) An abundance of shells and shell fragments 0.5-25 mm in size within the carbonate pipe,
highlighting the similarity in composition between the pipe and the surrounding sandstone host rock.
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To ground truth the UAV-based photogrammetric we collected information on fracture
distribution, orientation, and dip in the field. For Pobiti Kamani, we measured a total of 36
fractures. They predominantly trend in NNE/SSW direction and dip at high angles towards the
east, matching the NNE/SSW trend of 1016 fracture orientations measured from UAV-based
data. From fracture exposure of the fracture surfaces we can measure the dip (Figure 6.6D-F),
although erosion may have slightly distorted the true strike and dip directions.

At Beloslav Quarry, the resolution of the UAV imagery is not sufficient to resolve fractures.
From geological field data, the metre-scale carbonate pipes display sub-vertical veining within
fractures (Figure 6.6A). The veins are linear in shape, displaying no degree of sinuosity and no
evidence of branching of the veins. They are also reactive to HCL, indicating a secondary infill
of carbonates in previous fractures. The veins appear to display a predominant N/S orientation.
Within a (lower) carbonate unit, S-shearing is observed (Figure 6.6B-C).

Figure 6.6. (A) Meter-scale carbonate pipes displaying secondary sub-vertical carbonate veining within
fractures. The veins are orientated NNE/SSW. (B) Fractures and carbonate veins observed, cross cutting
both the carbonate pipes and surrounding host rock, with no clear orientation trend. (C) S-shaped shear
fabric within a carbonate horizon, indicating the presence of active N-S shear stress during the formation
of this interval. (D) NNE trending fracture network on a carbonate slab surface, at higher elevation than
the carbonate pipes observed to the East. (E, F) Zoom-ins of the measured fracture surfaces. Weathering
and erosion may have slightly altered the true orientation of the fractures.
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6.6. Discussion

6.6.1. Distribution of pipes

The pipe distribution in both areas is very similarly spaced with 3.43 m £ 3.31 m in the Pobiti
Kamani area and 2.24 m + 3.38 m in the Beloslav Quarry (Figure 6.3). The pipes are heavily
clustered and fields are located adjacent to major transtensional faults. Fracture orientation in
both areas shows a predominant N-S/NNE-SSW strike direction dipping at high-angles (Figure
6.3) and S-shearing within a carbonate interval provides evidence that the N-S stress regime
was active during pipe formation (Figure 6.6), supporting the transtensional character of
tectonic deformation. The tectonic deformation is probably a controlling factor for the location
of the respective carbonate pipe clusters. The pipes align along the eastern side of the
transtensional faults within the sediments of the Dikilitash Formation (Figure 6.3). There is no
apparent preferential orientation of the pipes (nearest neighbor) within the Dikilitash Formation
(Figure 6.3) and thus a direct influence of the stress regime (tectonic control) on the pipe
formation along pre-existing weakness planes or the fault damage zone as suggested by De
Boever et al. (2009a) is not supported by the UAV-photogrammetric results.

6.6.2. Pipe formation

The pipes are located in the Dikilitash Formation, which was deposited in a mid- to outer ramp
environment above the storm wave base and prone to moderately frequent reworking of
sediments (Sinclair et al., 1998). The sub-vertical orientation and cylindrical geometry of the
pipes (Figure 6.3, Figure 6.4B, Figure 6.5) support that they formed due to the buoyancy-driven
ascend of methane-rich fluids from biogenic sources (De Boever et al., 2006a; De Boever et al.,
2009a).

The similar composition of the sand host rock and the carbonate pipes indicate a direct genetic
relationship. The pipe forming methane-derived authigenic carbonates (MDAC) likely
precipitated because of microbially mediated anaerobic oxidization of methane (AOM) within
the unconsolidated sands of the Dikilitash Formation below the seafloor (De Boever et al.,
2009a). The large height and the well-preserved status of the pipes (Figure 6.5) argue against a
formation within the water column as bottom currents in the mid- to outer ramp environment
would likely have had more destructive influence. The presence of pisoids, highly bioclastic
units with Nummulite clusters (Figure 6.5M) and burrows, which are indicative of cold-seep
communities (Clari et al., 2004; Wiese et al., 2015), support the sub-seabed formation of the

pipes.

Towards the top of the pipes, their diameter increases and appears to emanate into the overlying
carbonate layer (Figure 6.5). Bifurcation and bulging towards the pipe tops (Figure 6.5) indicate
that there have been several phases of pipe formation during the Early Eocene. We can identify
at least seven carbonate-cemented interbeds separating the vertically stacked tiers of pipes
(Figure 6.4, Figure 6.5). If each of these interbeds represents a paleo-seafloor, we can deduce
that there have been at least seven phases of methane emission from the methane seep-system.
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The high-permeable, unconsolidated sands of the Dikilitash Formation should be conducive to
diffusive fluid flow. Considering that the pipes have an outer layer of carbonates with a diffuse
boundary to unconsolidated sands in the interior (Figure 6.5), we suggest that fluid flow was
focused in pre-existing fractures beneath the Dikilitash formation (e.g. within the Beloslav
Formation, Sinclair et al., 1997) and entered the Dikilitash formation at discrete points that
subsequently formed the center of the pipes. The propagation of pressure waves or viscous
creep of rising gas bubbles into the Dikilitash formation likely resulted in the formation of tube-
shaped zone of vertical fluid flow (Boudreau et al., 2005; Ré&ss et al., 2018). These tube-shaped
zones established themselves with a positive feedback mechanism by precipitation of carbonate
on the outside of the streams and likely resulted in a self-sustaining, positive feedback focused
fluid flow (Clari et al., 2004). Stacking of pipes in at least seven tiers, the loose inner core and
round-shaped cavities in the carbonate plates, indicate that methane flow likely persisted
through time. Where flux rates were high, the focused flow of methane prevented carbonate
precipitation, i.e. in the center of pipes (Luff & Wallmann, 2003). In combination with the high
permeability of the hosting sediments the proposed formation process also explains the large
dimensions of the pipes (height, diameter) despite their close spacing. Focused fluid flow in
marine sand formations is also documented from the “bubbling reefs” in the Kattegat, offshore
Denmark (Jargensen, 1992). These pipes show ongoing discharge of methane and have formed
below the seafloor. Constant erosion because of post-glacial isostatic uplift has exposed these
features in 10-12 m water depth. The bubbling reef pipes only distinguish from their host
sandstone by the amount of cementation. Some of the pipes are almost 4 m tall and 1.5 m in
diameter (Jensen et al., 1992). Carbon-isotope studies of the pipes identified a probable link
between the bubbling gas (5!3C -63 to -75%), the carbonates (5'C -26 to -63%o), and the
methanotrophic bacteria (§*3C -43.4%0) (Hovland & Judd, 2007). We suggest that focused fluid
flow in sands and sandstone formations is not an exceptional case but also likely in other marine
settings at the transition between low and higher-permeable formations (shale-sand-interface).
The focusing of fluids and subsequent vertical conduit formation largely depends on the focused
advection of methane from below, e.g. through pre-existing fractures, the flux rate and
progressive inward growth of carbonates.

Different to previous interpretations, however, we suggest that the two alternating isotope
signatures groups (group 1: 8*3C ~-45 to -35%o0 V-PDB & &80 +1%o V-PDB; group 2: §*°C <-
25%o V-PDB & 80 <-6.5%0 V-PDB; De Boever et al., 2009a) are not the result of a different
composition of percolating meteoric waters, as this would have only affected the outside of the
pipes. Instead we postulate that it represents the episodic fresh/brine water advection that fed
the pipe structures from below and was captured during precipitation.
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Figure 6.7. Schematic diagram showing the carbonate pipe formation through time. (A) Methane
ascends from below possibly along pre-existing planes of weakness in the subsurface due to
transtensional tectonism in the Palaeogene. (B) Buoyancy driven focused upward migration of methane
through poorly consolidated sandstone of the Dikilitash Fm. (C) Carbonate precipitation on the margins
of methane gas seeps, forming the outer walls of the carbonate pipe. Progressive precipitation of
carbonate towards the centre of the pipe through time (1 to 2). (D) Continued carbonate precipitation,
widening at the seabed interface. Cold-seep benthic communities, such as tubeworms, form at the seabed
around the methane release site. Benthic organisms may form vertical burrows or roots to allow uptake
of hydrogen sulphide from the seep sediments. Episodic submarine groundwater discharge leads to
depleted oxygen isotope ratios in precipitated carbonates (1 to 2). (E) Bottom water currents provide
additional sediment into the system, within an outer-ramp depositional setting. An outer carbonate crust
forms at the seabed, interpreted to form from continued methane flux and precipitation of carbonate. (F)
The process of pipe formation in the near subsurface repeats, methane continues to flow through
preferential pathways created by older pipe structures. (G) Schematic model of coupled methane release
and episodic submarine groundwater discharge at the shelf of the Tethys margin.
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6.6.3. Geological model

The UAV-photogrammetry shows that the pipes do not form any lineaments or other
geometrical structures that would argue for a formation of the pipes within the damage zones
of major faults in the Dikilitash Formation (Figure 6.3, Figure 6.4, Figure 6.6D-F). However,
the pipes cluster along regional transtensional faults (Figure 6.3, Figure 6.4; De Boever et al.,
2009b). Carbonate pipes in Beloslav Quarry show S-shearing (Figure 6.6A & C) indicative for
active ‘transpression’ or ‘transtension’ during their formation. The orientation of S-shears
indicates that the compression/extension was orientated NNE-SSW. The S-shear itself, a type
of ductile deformation, provides evidence that the carbonate unit was likely still water saturated
during its formation. From this we interpret that the active transtensional faults below Dikilitash
formation (1) allowed vertical flow of fluids from below towards the base of the Dikilitash
Formation and (2) induced ductile shearing in the pipes during their formation.

The alternating carbonate isotope ratios in the pipes indicate that fresh or brine waters were
episodically involved in the precipitation of carbonates (Figure 6.7). Considering the presence
and activity of the transtensional faults below the Dikilitash Formation, we suggest that the
fresh or brine water was likely sourced from an aquifer below the Dikilitash Formation (e.g. the
Beloslav Formation or deeper; Sinclair et al., 1997), which advected fluids from onshore
resulting in episodic submarine groundwater discharge (SGD). A similar coupled groundwater-
methane discharge system is currently active along the eastern Bulgarian coastal areas
documented by ongoing venting of methane (Dimitrov, 2002) and elevated Radon isotope ratios
(Moore & Falkner, 1999). In order to create topography-driven groundwater flow far out into
the shelf (Hughes et al., 2009; Morrissey et al., 2010; Post et al., 2013), tectonic compression
in the onshore realm during the Paleogene (Sinclair et al., 1997) likely provided the necessary
hydraulic head (Figure 6.7). This topography-driven groundwater flow forced episodic
submarine groundwater discharge in addition to the methane emissions resulting in the two
alternating characteristic isotope groups found in the carbonate pipes (Figure 6.7).

6.7. Conclusion

For the Pobiti Kamani area we mapped 1753 individual pipes at a mean spacing of ~3 m.
Despite the dense spacing, the pipes show large heights (up to 10 m) and diameters (mean ~3.5
m). The pipes are vertically separated by at least 7 carbonate interbeds, which likely represent
the paleo-seafloor. The outcropping carbonate plates cover more than 2500 m?. Furthermore,
we mapped more than 1000 fractures and applied ground-geological data and identified two
predominant (N-S/NNE-SSW) strike directions.

The pipes formed below the seafloor as a result of anaerobic oxidation of methane (AOM) of
methane-rich fluids that were advected to the Dikilitash Formation from biogenic sources.
Deformation of the unit underlying the Dikilitash Formation may have focused fluid flow to
certain points at which the fluids were released. The point sources have likely self-sustained
themselves though carbonate precipitation on the outside of the methane streams. This would
explain the large diameters and size of the pipes despite their dense spacing. The carbonate
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interbeds likely represent paleo-seafloors, thus, there have been at least 7 phase of methane
release.

Regional tectonic deformation likely played a key role in the location of the pipe clusters on a
regional scale. The pipe clusters tend to form to the eastern side of major transtensional fault in
the unconsolidated sand to sandstones of the Dikilitash Formation. However, on a local scale,
tectonic deformation is not governing the distribution of the pipes.

The carbonates of the conduits show two characteristic groups of carbon and oxygen isotopes
that appear in rings around the center of the pipes. These groups likely represent different phases
of episodic fluid release with different characters. The first group of methane-derived
authigenic carbonates (MDAC) has likely formed from biogenic methane and ambient
seawater. The second group of MDAC has likely formed due to the episodic release of
groundwater coupled to the biogenic methane release. Groundwater was likely advected to the
mid-to outer ramp shelf setting through an aquifer driven by topographic changes in the onshore
realm by active deformation and uplift during the Eocene. However, we suggest that focused
fluid flow in sands and sandstone formations is not an exceptional case but is also likely current
marine settings at the transition between low and high-permeable formations (e.g. shale-sand-
interface), especially where methane seepage is combined with submarine groundwater
discharge.

References

Andresen, K. J. (2012). Fluid flow features in hydrocarbon plumbing systems: What do they tell us about the
basin evolution? Marine Geology, 332, 89-108.

Bemis, S. P., Micklethwaite, S., Turner, D., James, M. R., Akciz, S., Thiele, S. T., & Bangash, H. A. (2014).
Ground-based and UAV-based photogrammetry: A multi-scale, high-resolution mapping tool for
structural geology and paleoseismology. Journal of Structural Geology, 69, 163-178.

Berndt, C. (2005). Focused fluid flow in passive continental margins. Philosophical Transactions of the
Royal Society of London A: Mathematical, Physical and Engineering Sciences, 363(1837), 2855-
2871.

Bottner, C., Berndt, C., Reinardy, B. T., Geersen, J., Karstens, J., Bull, J. M., ... & Schramm, B. (2019).
Pockmarks in the Witch Ground Basin, Central North Sea. Geochemistry, Geophysics, Geosystems,
20(4), 1698-1719.

Boudreau, B. P., Algar, C., Johnson, B. D., Croudace, ., Reed, A., Furukawa, Y., ... & Gardiner, B. S. (2005).
Bubble growth and rise in soft sediments. Geology, 33(6), 517-520.

Burnett, W. C., Aggarwal, P. K., Aureli, A., Bokuniewicz, H., Cable, J. E., Charette, M. A., ... & Moore, W.
S. (2006). Quantifying submarine groundwater discharge in the coastal zone via multiple methods.
Science of the total Environment, 367(2-3), 498-543.

Cartwright, J. (2007). The impact of 3D seismic data on the understanding of compaction, fluid flow and
diagenesis in sedimentary basins. Journal of the Geological Society, 164(5), 881-893.

Cavagna, S., Clari, P., & Martire, L. (1999). The role of bacteria in the formation of cold seep carbonates:
geological evidence from Monferrato (Tertiary, NW Italy). Sedimentary Geology, 126(1-4), 253-
270.

177



VI — Above the pipe — Geometry and formation processes of cold seeps in sand formations

Dando, P. R., Austen, M. C., Burke, R. A., Kendall, M. A., Kennicutt, M. C., Judd, A. G., ... & Southward,
A. J. (1991). Ecology of a North Sea pockmark with an active methane seep. Marine Ecology
Progress Series, 70(1), 49-63.

De Boever, E., Birgel, D., Muchez, P., Peckmann, J., Dimitrov, L., & Swennen, R. (2011a). Fabric and
formation of grapestone concretions within an unusual ancient methane seep system (Eocene,
Bulgaria). Terra Nova, 23(1), 56-61.

De Boever, E., Birgel, D., Thiel, V., Muchez, P., Peckmann, J., Dimitrov, L., & Swennen, R. (2009a). The
formation of giant tubular concretions triggered by anaerobic oxidation of methane as revealed by
archaeal molecular fossils (Lower Eocene, Varna, Bulgaria). Palaeogeography, Palaeoclimatology,
Palaeoecology, 280(1-2), 23-36.

De Boever, E., Huysmans, M., Muchez, P., Dimitrov, L., & Swennen, R. (2009b). Controlling factors on the
morphology and spatial distribution of methane-related tubular concretions—Case study of an Early
Eocene seep system. Marine and Petroleum Geology, 26(8), 1580-1591.

De Boever, E., Muchez, P., Swennen, R., & Dimitrov, L. (2011b). Evolution of deformation and fault-related
fluid flow within an ancient methane seep system (Eocene, Varna, Bulgaria). Geofluids, 11(2), 166-
183.

De Boever, E., Swennen, R., & Dimitrov, L. (2006a). Lower Eocene carbonate cemented chimneys (Varna,
NE Bulgaria): Formation mechanisms and the (a) biological mediation of chimney growth?.
Sedimentary Geology, 185(3-4), 159-173.

De Boever, E., Swennen, R., & Dimitrov, L. (2006b). Lower Eocene carbonate-cemented “chimney”
structures (Varna, Bulgaria)—control of seepage rates on their formation and stable isotopic
signature. Journal of Geochemical Exploration, 89(1-3), 78-82.

Dimitrov, L. (2002). Contribution to atmospheric methane by natural seepages on the Bulgarian continental
shelf. Continental Shelf Research, 22(16), 2429-2442.

Goff, J. A. (2019). Modern and fossil pockmarks in the New England Mud Patch: Implications for submarine
groundwater discharge on the middle shelf. Geophysical Research Letters.

Hughes, J. D., Vacher, H. L., & Sanford, W. E. (2009). Temporal response of hydraulic head, temperature,
and chloride concentrations to sea-level changes, Floridan aquifer system, USA. Hydrogeology
journal, 17(4), 793-815.

Huuse, M., Jackson, C. A. L., Van Rensbergen, P., Davies, R. J., Flemings, P. B., & Dixon, R. J. (2010).
Subsurface sediment remobilization and fluid flow in sedimentary basins: an overview. Basin
Research, 22(4), 342-360.

Jensen, P., Aagaard, I., Burke Jr, R. A., Dando, P. R., Jorgensen, N. O., Kuijpers, A., ... & Schmaljohann, R.
(1992). 'Bubbling reefs' in the Kattegat: submarine landscapes of carbonate-cemented rocks support
a diverse ecosystem at methane seeps. Marine Ecology Progress Series, 83, 102-112.

Jargensen, N. O. (1992). Methane-derived carbonate cementation of marine sediments from the Kattegat,
Denmark: geochemical and geological evidence. Marine Geology, 103(1-3), 1-13.

Judd, A., & Hovland, M. (2007). Seabed fluid flow: the impact on geology, biology and the marine
environment. Cambridge University Press.

Karstens, J., & Berndt, C. (2015). Seismic chimneys in the Southern Viking Graben—Implications for palaeo
fluid migration and overpressure evolution. Earth and Planetary Science Letters, 412, 88-100.

Maia, A. R., Cartwright, J., & Andersen, E. (2016). Shallow plumbing systems inferred from spatial analysis
of pockmark arrays. Marine and Petroleum Geology, 77, 865-881.

Moore, W. S. (1996). Large groundwater inputs to coastal waters revealed by 226Ra enrichments. Nature,
380(6575), 612.

178



VI — Above the pipe — Geometry and formation processes of cold seeps in sand formations

Moore, W. S., & Falkner, K. K. (1999). Cycling of radium and barium in the Black Sea. Journal of
environmental radioactivity, 43(2), 247-254.

Morrissey, S. K., Clark, J. F., Bennett, M., Richardson, E., & Stute, M. (2010). Groundwater reorganization
in the Floridan aquifer following Holocene sea-level rise. Nature Geoscience, 3(10), 683.

Paull, C., Ussler lii, W., Maher, N., Greene, H. G., Rehder, G., Lorenson, T., & Lee, H. (2002). Pockmarks
off Big Sur, California. Marine Geology, 181(4), 323-335.

Post, V. E., Groen, J., Kooi, H., Person, M., Ge, S., & Edmunds, W. M. (2013). Offshore fresh groundwater
reserves as a global phenomenon. Nature, 504(7478), 71-78.

Raéss, L., Simon, N. S., & Podladchikov, Y. Y. (2018). Spontaneous formation of fluid escape pipes from
subsurface reservoirs. Scientific reports, 8(1), 11116.

Taniguchi, M., Burnett, W. C., Cable, J. E., & Turner, J. V. (2002). Investigation of submarine groundwater
discharge. Hydrological Processes, 16(11), 2115-2129.

White, J. E. (1975). Computed seismic speeds and attenuation in rocks with partial gas saturation.
Geophysics, 40(2), 224-232.

179



VIl — Conclusions, Recommendations and Outlook

7. Conclusion, Recommendations and Outlook

The Southern North Sea during Alkor cruise AL512.
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7.1. Summary of main results

Fluid flow in the Earth’s crust primarily occurs within permeable beds. However, fluids can
also migrate along natural and/or anthropogenic structures. Such focused fluid flow has wide
implications for the formation of natural resources such as water or hydrocarbons, the
occurrence of geohazards including landslides and earthquakes, or the genesis of biological
seep communities. Flow of fluids often varies in both space and time and the results from my
PhD thesis highlights that an interdisciplinary and multi-scale approach is helpful to analyze
fluid flow and its consequences in the Earth’s crust. Combining data from conventional 3D
seismic data, high-resolution 3D seismic data, 2D seismic data, hydroacoustic data,
sedimentological data, UAV-based photogrammetry and geochemical data, | was able to
identify the sources, the migration pathways and the surface manifestations of wide range of
modern and ancient marine systems. This helped to gain a better understanding of the
underlying geological processes.

Fluid flow and seepage in the marine realm are primarily associated with venting of
hydrocarbons. Geochemical data from the sediments and water column can help to constrain
the fluid sources and can give insight into the migration pathways through the Earth’s crust.
Modern seep system (Chapter 2) and an ancient seep system (Chapter 6), | could show that
hydrocarbons are not necessarily the exclusive fluids which migrate through marine sediments
and form seabed manifestations.

In the Witch Ground Basin, Central North Sea, focused fluid flow in low-permeable sediments
leads to the formation of abundant pockmarks (Chapter 2). The pockmarks can be separated
into two classes dependent on their morphology, the composition of the involved fluids, and
the formation processes. Large pockmarks show continuous venting of biogenic methane
sourced from larger depth and advected through vertical fluid conduits over geological
timescales. On the other hand, in the absence of evidence for hydrocarbon venting, smaller
pockmarks may also form by purely sedimentological processes such as compaction-related
dewatering in several phases over shorter periods of time. This teaches us that greenhouse gas
emissions from natural geological sources cannot be based on seafloor observations and
present-day fluxes but require an analysis of the involved processes through geological time.

Building on the results from the Witch Ground Basin, Chapter 6 investigates if focused fluid in
the marine realm is limited to such low permeable sediments. I investigated an ancient seep
system that developed during the Eocene in the marine realm of the Tethys margin. In the Pobiti
Kamani area and the Beloslav Quarry (near Varna, Bulgaria) hundreds of carbonate pipes are
well exposed within the Dikilitash Formation, which comprises unconsolidated coarse silt to
sand sediments and carbonate-cemented sandstone interbeds. In such high-permeable
sediments, fluid flow may form vertical conduits when the underlying low-permeable
sedimentary unit is faulted or fractured (e.g. at a shale-sand-interface) and the resulting flux
rates are high enough to cause precipitation of carbonates at the margins of the seeps. For the
investigated Eocene seep system, methane seepage was likely coupled with intermittent
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submarine groundwater discharge as shown by geochemical and geological data. The
interdisciplinary data from the North Sea (Chapter 2) and the Pobiti Kamani area (Chapter 6)
highlight, that constraints on the timing of venting and constraints on the involved fluids are
important for understanding the underling geological processes.

For the Eocene convergent Tethys margin, the focused seafloor seepage of groundwater was
likely caused by crustal-scale faulting. Such interplay between tectonic deformation, fluid flow,
and fluid seepage may be applicable to many modern active margins globally and may allow
further insights on submarine groundwater discharge as well as offshore water resources. For
the Hikurangi margin (New Zealand), | have used high-resolution 3D seismic reflection data in
combination with hydroacoustic data to identify and analyze upper-plate normal faults (Chapter
4). These normal faults may play a crucial role for the drainage of the subduction-zone and the
occurrence of submarine slope-failures within the marine forearc. They guide fluids from
deeper strata towards the base of the Tuaheni Landslide Complex which may lead the
development of excess fluid pressure in the sediments therewith preconditioning slope-
instability (Chapter 5).

Closing the loop and going back to the North Sea, I have not only considered natural pathways
through the Earth’s crust but also anthropogenic pathways through marine sediments (Chapter
3). A major contributor to regional greenhouse budgets are the inadvertent emissions from
hydrocarbon wells and other subsurface operations. The exploration of hydrocarbons has left
millions of wells on continental shelves, from which greenhouse gas release may counteract the
effort to mitigate greenhouse gas emissions. | present an approach to investigate large numbers
of wells with one single methodology, which combines seismic, hydroacoustic and geochemical
data. The interdisciplinary approach enables me to assess methane release from marine
decommissioned hydrocarbon wells over a large area (20,000 km2). This thesis finds that there
are two types of leakage associated with hydrocarbon wells and other subsurface operations.
Leakage may occur through faulty casings and/or annuli of wells (Type 1), which likely affects
the safety of carbon dioxide storage formations and deep hydrocarbon reservoirs, but also
through the fractured surrounding along a well (Type 2). Type 2 leakage is largely dependent
on the presence of shallow gas accumulation, but other factors/well attributes may be helpful
to assess the propensity of wells to leak. Inadvertent greenhouse gas emissions from these
anthropogenic fluid migration pathways are likely not constrained to hydrocarbon wells but
also affect all other wells and subsurface operations that penetrate the shallow crust. My study
shows that decommissioned hydrocarbon wells alone contribute significantly to the methane
budget of the North Sea.

My results imply that natural fluid migration pathways including structure-controlled flow and
vertical fluid conduits and anthropogenic fluid migration pathways such as wells and other
subsurface operations may form complex fluid flow systems in the subsurface. The combination
of possible pathways through the Earth’s crust may bypass permeability barriers in different
tiers towards the upper strata and subsequently result in venting of fluids at the seafloor. The

182



VIl — Conclusions, Recommendations and Outlook

interdisciplinary evaluation of fluid migration pathways and the released fluids may reveal the
origin of the fluids and implications for the permeability of subsurface.

These complex fluid flow systems are a global phenomenon in the Earth’ crust may have
significant implications for potential CO. storage formations. The injection of large volumes of
CO- during industrial-scale CCS operations is necessary to effectively mitigate anthropogenic
greenhouse gas emissions into the atmosphere. The storage in marine saline aquifers, which
have the highest global storage potential, require the integrity of impermeable seals (cap rock)
for efficient long-term storage. The injection of large volumes, however, will elevate pore
pressure at depth which in turn has significant implications for the long-term storage of CO..
Elevated pore pressures may lead to higher probabilities of fault reactivation and earthquakes.
The degradation of permanent barriers in abandoned wells that penetrate through such
formations may lead to leakage along wells. Prolonged leakage along numerous abandoned
wells may counteract efficient long-term storage of CO». Seismic pipes and chimneys are
common features in seismic reflection data and their interpretation as focused fluid flow
conduits is well established, however, their nature and in particular their permeability is poorly
understood, which are both crucial for a proper assessment of the risk they pose for CO2 storage
formations. Though leakage through these pathways is possible and they should be avoided
when possible, my findings do not necessarily imply that saline aquifers are not suitable for
CO. storage. My results highlight the importance of careful evaluation of the particular storage
formation overburden with geophysical and geochemical methods prior to injection as well as
effective monitoring strategies of the subsurface and seafloor during—and after— CO>
injection at reasonable cost and appropriate temporal and spatial resolutions.

7.2. Recommendations & Outlook

This thesis highlights that the nature and internal architecture of fluid flow systems, especially
their hydraulic properties, are poorly constrained by direct observations (Chapter 2, 3, 6). The
permeability, however, is the one parameter that determines the relevance of fluid flow systems
for the safety of CO- storage formations. The geological sequestration of anthropogenic COz is
an important step towards a low carbon future. In order for CO. sequestration to have a global
climate impact, large-scale CO- storage sites in the range of tens of megatons per year are
necessary both offshore and onshore, which require careful monitoring prior, during and after
COs- injection. The STEMM-CCS (EU), CHIMNEY (NERC) and SENSE (ACT) projects
create new knowledge with regard to our understanding of leakage through the overburden of
CO; storage formations and will likely benefit from the results of my thesis. Within the
framework of these projects, | recommend the following steps forward:

First, direct probing of a seismic pipe structure in the marine realm to determine their internal
architecture was planned during my thesis. My thesis shows the geometries, stratigraphic
framework and surface manifestation of the active fluid conduit beneath the Scanner Pockmark,
which manifests itself in seismic data as seismic pipe. After technical problems at the first
attempt, the second attempt was successful and will deliver valuable information on the
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permeability of focused fluid conduits and their internal architecture. The combination of both,
the geometries, stratigraphic framework and surface manifestation and the sediment properties
and internal architecture will feed numerical two-phase flow models conducted at the Heriot-
Watt University, Edinburgh, UK.

Second, the ongoing CHIMNEY project at the National Oceanography Centre, Southampton,
including a multi-scale seismic investigation of the same pipe will benefit from my results and
additionally derive important knowledge on the seismic manifestation of vertical fluid conduits
as well as give insight into their nature and internal architecture.

Third, to further constrain permeabilities of vertical fluid conduits and their formation
processes, the blowout site in the North Sea such as 22/4B in the British sector or B1 in the
German sector represent good targets for future research, because they are very young and the
involved fluids are well known. The Figge Maar blowout was targeted during RV Alkor cruise
AL512 in 2018. My results on leakage from decommissioned hydrocarbon wells (Chapter 3),
structure-controlled flow and pipe structures (Chapter 2 & 6) may help to untangle the complex
fluid flow systems that evolved during the blowout, constrain their effective permeabilities,
study their long-term behavior and to calculate the amount greenhouse gases that have been
released over the period of activity.

Fourth, my thesis highlights that in the early stage of pockmark formation, the seafloor is likely
deforming (Chapter 2), which will be further investigated within the SENSE project, which
includes the injection of CO2 into suitable formations (e.g. sand bodies) as well as the
development of cost-effective and efficient monitoring technologies to observe seafloor
deformation offshore.

In general, | recommend an integrated, interdisciplinary approach similar to what I have shown
in this thesis. Direct probing, seismic multi-scale and interdisciplinary investigations of the
particular fluid conduit beneath Scanner pockmark or the B1/”Figge Maar” may only provide
site specific information, which is only representative for the current status. However, by
integrating the results from various targets representative of different stages of fluid flow
evolution, the study of focused fluid flow conduits will gain a better understanding.

Based on my work, | also recommend to further substantiate the seismic analyses of chimney
and pipe structures in seismic data. In particular, | recommend to use industry pre-stack seismic
data of seismic pipes and chimney structures in sedimentary basins. During the time of this
thesis, | have re-processed pre-stack seismic data provided by PGS to investigate the pipe
structure beneath the Scotia pockmark. The evaluation of reflections in far- and near-offset
should give rise whether the observed anomalies are induced by the overlying gas and
subsequent distorted propagation of the wave field or if they are induced by local geology, i.e.
by a fracture network. However, the pipes are located in shallow depth and the geometries of
pre-stack seismic data provided by the industry do not allow imaging the target area appropriate
to fulfil this task. | recommend to use other (new) seismic data sets with high quality seismic
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data above pipe features that are located in larger depth, i.e. at Nyegga pockmark field offshore
Norway or 1000 m long blow-out pipes offshore Nigeria. Both areas comprise promising targets
for which pre-stack seismic data may be able to constrain the knowledge on seismic pipe and
chimney structures and give rise whether these features are a seismic artifact induced by the
overlying gas or real geological features.

Greenhouse gas emissions from wells and other subsurface operations are now in the focus of
the Federal Ministry of Education and Research within their “Mare:N — Coastal, Marine and
Polar Research for Sustainability” German Federal Government research program (see also
concept paper “Blauer Ozean”). | have shown, that seismic data in combination with
hydroacoustic, geochemical and well attribute data is useful to assess the propensity of wells to
leak (Chapter 3). The described method can be applied to marine settings around the world’s
hydrocarbon provinces to further substantiate the knowledge on fugitive emissions from oil and
gas infrastructure and natural geological sources. The discussed pre-conditions and processes,
however, are not necessarily constrained to the marine realm but also apply for onshore wells.
In this context, the monitoring of wells during and after abandonment is crucial for a better
understanding of the involved processes. Monitoring may help attribution of released fluids to
the shallow subsurface or the deep reservoirs. Detailed knowledge on the release fluids helps
to understand how barriers in the subsurface degrade over time and help improve the materials
and methods used for permanent plugging. For the offshore realm, such monitoring may include
indirect methods such as hydroacoustic surveys and evaluation of existing seismic data but also
direct methods such as the sampling of the released fluids by a remote operated vehicle (ROV).

| have shown that steps towards fully automated analyses methods of seismic, hydroacoustic
and UAV-based data can lead to progress in understanding of the particular geological
processes (Chapter 2, 3 & 6). Methods including machine learning applications and (semi-)
automated processes represent efficient and cost-effective way to analyze existing and new data
sets. For this purpose, however, existing and future data sets have to be made available and
stored in formats that allow easy access, homogeneous archiving and integrated approaches.
Within this thesis there are multiple applications, where such methods would advance the
knowledge in the respective field of research:

First, machine-learning algorithms can be used on available information of wells to predict the
propensity of wells to leak. In the Netherlands, analyses of well attributes, i.e. location, age,
spud date, depth) and corresponding reservoir fluids with machine learning approaches
(decision tree) have led to a high degree of certainty in prediction of emissions from
hydrocarbon wells. In combination with existing seismic data, this would largely improve the
assessment process.

Second, if existing bathymetric data sets were stored in a unified format and easily accessible,
one could use various geoprocessing tools (i.e. ArcGIS) to apply these for quantitative
geomorphology and analyze existing and new data. This would provide scientific basis to draw
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conclusions for geological settings around the world. If done properly, this would allow
research solely based on existing data and the implementation of various data sets, i.e. surface,
sub-surface and sediment properties, for one study. The re-evaluation of old data in combination
with new data will allow a synthesis that will likely drive scientific progress in the near future.

Third, leakage rates are much higher were pre-existing fracture networks are present in the
subsurface around wells. | recommend to use a machine learning approach to identify areas
where wells are co-located with seismic pipes and chimneys as they are proven to enhance fluid
flow. This approach would make use of training algorithms with small training data sets of
seismic pipes and chimneys and applying them to large data sets as presented in this thesis. This
approach would require large quantities data storage and computational power. The University
Computing Centre at the CAU could provide such computational power and storage with their
high-performance computing (HPC) service.

My thesis highlights the importance of scientific drilling for geological investigations of fluid
flow (Chapter 2, 4, 5, & 6). The IODP372 drilling campaign to Tuaheni Landslide Complex
and the underlying normal fault network benefited from my thesis and the results of the drilling
will likely refine our understanding of the geological processes (Chapter 4 & 5). | recommend
to use borehole deviation data to derive the current stress regime and compare it with the seismic
analyses of the extensional system. In combination, the seismic data and the drilling campaign
provide excellent basis for future work on the complex and often intertwined relationship
between fluid flow and fault activity (fault reactivation, modes of seismic activity) but also for
the emplacement history of the landslide complex.

I show that customer-grade UAVS, equipped with high-resolution optical RGB sensor cameras,
represent a cost-effective and efficient way to map outcrops of fluid flow systems over large
areas (several kmz2) with very high accuracy (down to 1 cm; Chapter 6). The drone group at
GEOMAR provides excellent infrastructure to investigate a multitude of geological problems
onshore, offshore and across shorelines. | would recommend using UAVs equipped with RGB
sensor cameras may be used for shallow marine water down 5 m but at maximum to the Secchi
depth to quantify the seasonal changes in biology or the evolution of landslides. In addition,
UAVs equipped with real-time-kinematic (RTK)-systems and coupled RGB/infrared cameras
can help identify areas of methane venting and/or submarine groundwater discharge.

Integrated, interdisciplinary research of natural and anthropogenic fluid migration pathways
through the Earth’s crust and especially marine sediments including direct probing (drilling),
existing and future seismic surveys (4D, 3D, high-resolution 3D, 2D), geochemical analyses,
numerical modelling and fieldwork at outcrops will help untangle complex fluid flow systems
and give insight on their spatial and temporal evolution. A better understanding of these systems
will make sub-seabed operations much safer and help us to reduce offshore emissions of
greenhouse gases. The findings will also help us understand the occurrence of natural resources
such as water or hydrocarbons in the offshores and investigate their interrelation with current
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climatic processes in order to estimate the effect of global warming and its consequences on the
global carbon cycles with wide implications for the geosphere, cryosphere, hydrosphere, and
atmosphere.
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Table S2| Source data of the North Sea well inventory.

Country Data Source (Date) Link
Norway Norwegian Petroleum https://www.npd.no/en/about-us/information-
(NOR) Directorate (Dec. 2018) services/available-data/map-services/
United . . https://data-
. Oil and Gas Authority . .
Kingdom ogauthority.opendata.arcgis.com/datasets/oga-wells-
(Dec. 2018)
(UK) ed50
Niedersachsisches
German Landesamt fur Bergbau
y i g ; https://nibis.lbeg.de/cardomap3/?TH=BOHRKW
(GER) Energie und Geologie
(Dec. 2018)
Denmark Danish Energy Agency https://ens.dk/en/our-services/oil-and-gas-related-
(DK) (Dec. 2018) data/shape-files-maps
Netherland Netherland Oil and G
emertan ermeriand LI and 5as https://www.nlog.nl/en/boreholes
(NL) Portal (Dec. 2018)

Table S3| Well selection for offshore North Sea (NSEA) wells.

Country | Onshore | Offshore | Multilateral | NSEA | NSEA (non-sidetracked) ' Decommissioned

UK n/a 12040 3071 11672 8655 4048
NOR n/a 7769 764 6254 5551 1891
NL 6481 2108 661 2108 1447 750
DK 102 269 n/a 269 264 n/a
GER 21100 204 n/a 204 204 n/a
Total 27683 22390 4496 20507 16121 6689
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Table S4| Investigated wells during POS518 and POS534. The table shows field identification number (FID), well identification number (well 1D), latitude
(WGS84), longitude (WGS84), flare identification index (1 positive detection), corresponding cruise number, distance to bright spot with polarity reversal from
seismic data, the mean root-mean-square (RMS) amplitude for a 300 m circular buffer around the well location, the corresponding RMS standard deviation (RMS

STD), well spud year (start date of drilling) and well intent.

Distance to RMS RMS STD
, . amplitude (300 m Spud date :
FID Well ID Lat. [°] Lon. [°] Cruise | Flare polarity Well intent
(300 m buffer [Year]
reversal [m]
buffer mean) mean)

1 15/30-1 58.081721 0.839666 POS518 1 240 988 180 1975 Exploration
2 15/30-11Z 58.110768 0.846873 POS518 0 780 1111 202 1995 Exploration
3 15/30-12 58.100815 0.858856 POS518 1 100 1241 142 2003 Appraisal
4 15/30-2 58.102421 0.841843 POS518 1 400 1029 244 1977 Appraisal
5 15/30-7 58.068499 0.839686 POS518 0 960 975 201 1990 Exploration
6 16/26-24 58.040716 1.181016 POS518 0 950 721 147 1992 Exploration
7 16/26-3 58.061740 1.166899 POS518 1 570 956 98 1981 Exploration
8 16/27a-6 58.053665 1.225865 POS518 1 250 896 197 1991 Exploration
9 16/27b-5 58.045337 1.210067 POS518 1 570 784 176 1986 Exploration
10 21/03-2 57.960323 0.594846 POS518 1 0 1213 288 1975 Appraisal
11 21/04b-5 57.987966 0.648638 POS518 1 150 1044 316 1991 Exploration
12 22/02b-15 57.943307 1.388942 POS518 1 100 -9999 -9999 2008 Exploration
13 22/02c-10 57.950753 1.355541 POS518 0 300 -9999 -9999 1994 Exploration
14 22/03a-2 57.944971 1.439124 | POS518 1 0 717 182 1988 Exploration
15 22/03a-3 57.932767 1.426663 POS518 1 100 637 174 1991 Exploration
16 23/26a-11 57.005108 2.164740 POS518 1 0 973 313 1988 Exploration
17 29/01c-4 56.986807 1.128700 POS518 1 570 693 90 1990 Exploration
18 29/01c-9z 56.991495 1.094668 POS518 0 500 840 100 2012 Exploration
19 30/01a-7 56.998989 2.165184 POS518 1 0 985 362 1988 Exploration
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